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Abstract

A physical model for the induced orientation of azochromophores in sol-gel films is presented. This model describes the poling time
dependence of the order parameter @ based on a damped oscillator. This model provides a different approach to the chromophore ori-
entational dynamics, with the property that all its parameters are physical meaningful. The model results have been experimentally ver-
ified in DR1 doped sol-gel films, by means of optical absorption measurements. We considered two kinds of sol-gel films: amorphous
with a side-chain doping and mesostructured ones with a guest-host doping. The experimental results were fitted successfully with our

model.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Functionalized polymers have been extensively studied
to incorporate non-linear optical (NLO) chromophores
into macromolecular systems. For an optimization of the
second-order non-linear optical response in an assembly
of NLO active molecules [1], a high degree of non-centro-
symmetric order of the dipoles is needed. It can be attained
by either electric field [2] or single-point Corona poling
technique field [3]. In the last case an important goal is to
get the alignment optimization of the dopant dipolar mol-
ecules under the influence of a d.c. external applied field. In
order to do that, some studies have been performed to opti-
mize the orientation by taking into account the intermolec-
ular electrostatic [4-6] and the chromophore-matrix
interactions [7,8]. Some models have been developed to
describe the time dependence of this alignment [9,10] or
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even the time and temperature dependence of its relaxation
[11].

In this work, we modeled the orientation dependence
with respect to the poling time considering the equation
of a damped oscillator. This model considers implicitly
the chromophore-matrix interactions into the damping
constant. We use this model to fit the behavior of the order
parameter @ as function of the poling time in different
kinds of films. We analyzed the results previously obtained
for two types of sol-gel materials, amorphous with a side-
chain DR1 doping [12,13] and mesostructured with a
guest-host DR1 doping [14]. The model predicts a mini-
mum in the @ parameter at short times and new experi-
ments were performed to test this prediction with
mesostructured films whose phase was controlled with car-
bazole [15].

In Section 2 we develop the model and describe the con-
siderations that we did for applying it to the different kind
of films. Section 3 contains the materials preparation and
the experimental methods for poling the samples and for
measuring ®. The results are presented and discussed in
Section 4. Finally, we give our conclusions in Section 5.
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2. Theory
2.1. Basics

In general, the planar structure of certain organic mole-
cules, as azo-chromophores, is due to ¢ links, while the lin-
ear and non-linear optical properties of these molecules are
mainly due to the m electrons involved in m links also
present in their structure. The lateral overlapping of two
carbon orbitals in a « link gives place to a mirror plane
for the electron they share. This fact is the origin of
the observed delocalization of the m electrons [16], which
allows the traveling of the electrons along the entire
molecule.

The optical absorption for a given organic molecule
having an important dipolar moment may be expressed
in terms of the component of the electric field of the light
along the molecular dipole, Ej sin 0, where Ej is the magni-
tude of the electric field of the light and 0 is the angle
between the light propagation direction and the symmetry
axis of the dipole (n/2 — 0 is the angle between the light
electric field and the dipole). We make this choice because
we are interested in the angle between the applied poling
field (Corona poling) and the axis of the molecule, which
is, at normal incidence, the same angle between the light
direction and the axis of the molecule. Finally, the poling
field and the incident light have the same direction. Then,
the light intensity absorbed by this molecule is propor-
tional to the square of this component, Eé sin0).

Since we are interested in the optical absorption of
natural light by the sol-gel films, for each chromophore
orientation there is a well defined angle between the chro-
mophore main axis and some electric field component of
the incident light.

For an azo-chromophore like disperse red one (DR1),
which has a planar structure with a cylindrical symmetry
and a large dipolar moment of 8.7 D [1], the © electrons
are distributed as shown in Fig. 1. Fig. la allows to see
that, when the entire molecule, and then its dipolar
moment, is oriented parallel to the direction of the light
(therefore perpendicular to the electric field of the light),
there will be a very small light absorption cross section.
In Fig. 1b is clear that a chromophore exhibits a maximum
optical absorption when its dipolar moment is perpendicu-
lar to the direction of non-polarized light. Then, the optical
absorption of one chromophore can be written as:

2(0) = oy, sin’0), (1)

where o, is the maximum optical absorption of one
chromophore.

If we consider all the chromophores in a film then the
total optical absorption («t) could be written as

N
o (0) = o »_ sin’0, 2)
i=1

where N is the total number of chromophores in the film.

OL

(a) (b)

Fig. 1. Electronic distribution of delocalized m-electrons for a DR1 azo-
chromophore when the molecule is aligned (a) parallel and (b) perpen-
dicular to incident light’s direction.

Thus the average of the total optical absorption of the
film is

A = (ar(0)) = o(sin’0), (3)

where we have defined the product No,, as the constant o.
2.2. Damped oscillator

A permanent dipole under the influence of a constant
electric field (as a Corona field is) behaves like an oscillator.
For simplicity we consider each chromophore in the film
subjected to a Corona field as an harmonic oscillator.
The most general harmonic oscillator equation is

04290 + 0?0 = F, (4)

where dots are derivatives with respect to the poling time, 0
is the angle between the dipole and the Corona field, y is a
damping constant, w is the natural oscillation frequency of
the dipole, and F is an external force (non-related to the
Corona field). o is related to the dipolar moment (i) of
the chromophore, the main inertia moment (/..) of the
chromophore (due to the shape of DR1 molecule its main
inertia moment is almost aligned to its dipolar moment),
and the effective electric field inside the films, in the next
way

o= \/% (5)

The most general solution to Eq. (4) can be written as
. F 90 4 <U<)w2*1';)(7+9)
. _ o —(—Qt
9(t,00,90) —w2+ 20 (&
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with 0y as the initial angular position of the chromophore,
0y its initial angular speed and Q = \/y*> — w?.

y represents the chromophore-matrix interactions,
which avoid a fast chromophore orientation. F represents
an effective force due to chromophore—chromophore inter-
actions, which avoid a perfect alignment of the molecules
along the Corona field direction.

2.3. Molecular angular distribution

The N chromophores of the sol-gel film are randomly
oriented and they are homogeneously distributed before
any Corona field is applied. With respect to the z-axis,
which is perpendicular to the film surface, each chromo-
phore can be oriented at an angle 6 between 0 and 27 with
equal probability.

Since there is azimuthall symmetry, the average of sin’0
over all the possible initial angular orientations is

oy 2msin O sin®0(; 0y, 0o) d0y

HO:TI . ’ )
00=0 2msin 0, d0,

(sin®0(t; O, 90)>9(, =

with 6(z; 6y, 6,) given by Eq. (6).

At ¢t =0 the system is in stationary equilibrium but the
molecules may have an initial speed 0, different to zero.
Assuming that all of their thermal energy corresponds to
their rotational kinetic energy, then the molecules can have
two most probable opposite initial speeds. They are given
by

ke T
IZZ ’

0y = & (8)

where kg is the Boltzmann constant and 7' the absolute
temperature.

Because there are not great changes if we consider all the
possible initial directions of movement, the complete aver-
age of sin’0 over the initial conditions can be written sim-

ply as

(sin”0(t; 0o, 00)), 4,

_(sin®0(t; 00, +00)),, + (sin®0(¢; 00, —0o)),, o)
- . ,

This complete average of sin?0 depends explicitly on the
poling time. This average is not exactly the same that the
one expressed in Eq. (3), because thermal effects have not
been considered yet (if we do not consider thermal effects,
Eq. (3) would give us an absorbance tending to zero as the
poling time get very large values, but such a thing has not
been observed in this kind of materials). However Eq. (9)
contains all the dynamics of the chromophores orientation.
Employing Eq. (9) and incorporating thermal effects we
will be able to describe how the optical absorption of a film
changes with respect to the time of application of a Corona
field at a given temperature 7.

2.4. Thermal effects and the order parameter &

At every time chromophores are in movement due to
thermal energy. This thermal movement avoids chromoph-
ores to acquire, during the poling process, a perfect orien-
tation along the z-axis. The degree of orientation of the
chromophores can be related to an order parameter ¢
which considers the thermal energy contribution by means
of a rigid oriented gas model [17]. This order parameter ¢
is given by

m@:1+%72mm@, (10)

with u the ratio of the electrostatic dipole alignment energy
to the thermal energy

_PE
=7 (11)

Here E is the same electric field than that one of Eq. (5).

The order parameter @ describes the chromophore ori-
entation when the film is at thermodynamical equilibrium.
Which means that the statistical distribution G(60) from
which the expression of @ is derived as in [17] is centered
at =0

G(0) = e"c. (12)

Eq. (12) is only valid for a very large poling time, while
the knowledge of an order parameter valid for all poling
times requires to consider other kind of statistical
distribution.

From Eq. (9) is possible to know, at any time, the orien-
tation angle (0) of a representative chromophore of the
system

mnzammn<¢@m%oﬁm%»%%>. (13)

u

The angle 0(¢) depends on the poling time explicitly. In par-
ticular, the angle 0(¢) tends to zero when the poling time is
very large. Thus, Eq. (12) is recovered at large poling times
if we choose the next time-dependent statistical distribution
for the system

G(Q, t) — eucos(9+9(t)). (14)

The main peak of this statistical distribution function is
determined by 0, thus the main peak indicates the mean
angular orientation of the chromophores in the films at
each time. Besides, u# determines how strong is the chro-
mophores thermal agitation, i.e. the width of the statistical
distribution function. In other words, Eq. (14) is the prob-
ability distribution function, at each time, of one chromo-
phore, at temperature 7, with an angular orientation equal
to the mean angular orientation of all the chromophores in
a film.

A time-dependent order parameter ¢ can be deduced
from the statistical distribution written in Eq. (14).

The order parameter of Eq. (10) has a direct experimen-
tal way to be measured by means of the optical absorption
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with normally incident natural light. The order parameter
is related to the optical absorption as

(15)

As a matter of fact Eq. (10) comes straightforward from
Eqgs. (12) and (15) for the steady state [17]. As can be seen
from Eq. (3), the explicit expression for the order parame-
ter requires the average of sin?0 which now is time depend-
ing and is given by

T amsin 0[G(0, 1) + G(—0,1)] sin*0d0

(sin”6()) = o 2msin 0[G(0, 1) + G(—0,1)] 0

where the terms in the square brackets are the total distri-
bution function of the system, which is always centered at
the zero angle. Of course, the real total distribution func-
tion is not only centered at the zero angle, it also has its
maximum value at the zero angle. We approximate the real
distribution function with one which is centered at the zero
angle, which have the same mean angular values than the
real one, but steady-state at each poling time, in conse-
quence, its maximum is not always at the zero angle and
its shape is always the same. With Egs. (15) and (16) we
have a time-dependent order parameter, which is equal to
that one of Eq. (10) for very large poling times.

3. Experimental

The sample preparation for the materials used in this
work to test this model has been previously reported [12—
15]. For the amorphous sol-gel films [12], the reorientable
chromophore was disperse red 1 (DR1) functionalized in
high concentration relative to the also functionalized mol-
ecule of carbazole (SiK) with a molar ratio of 1 DR1/5 car-
bazole/1 TEOS. These spin-coated samples had a thickness
around of 1.3 um. An amorphous sol-gel film with side-
chain DR1 doping, without carbazole and without HCI
as a catalyzer was also considered [13].

For the mesostructured sol-gel films with a guest-host
DR 1-doping [14], the molar ratio was of 1 DR1/20 carba-
zole/20 SDS, where sodium dodecyl sulfate (SDS) is the
ionic surfactant responsible of the lamellar phase structure
of the material. These dip-coated films were withdrawn
with a speed of 5 cm/min giving a thickness of 100 nm.
Also, to test some of our model predictions, we pre-
pared new mesostructured sol-gel films with guest-host
DR1-doping, with the ionic surfactant cetyl trimethyl
ammonium bromide (CTAB) and with different carbazole
concentrations. We have reported that the molar ratio
between carbazole and CTAB is the responsible of the
hexagonal, mixed and lamellar phase structure of the mate-
rial [15]. The ratios were 1 DR1/3 carbazole/10 CTAB, 1
DR1/4 carbazole/10 CTAB and 1 DRI1/5 carbazole/10
CTAB for hexagonal, mixed and lamellar phases respec-

tively. These dip-coated films were withdrawn with a speed
of 5.3 cm/min giving a thickness of 100 nm.

The linear normal-incidence absorption was measured
in amorphous sol-gel samples with carbazole and in meso-
structured sol-gel samples with SDS, using a Milton Roy
5000 Diode Array spectrophotometer. The orientation of
the DR1 molecules in the sol-gel film (and the non-linear
optical properties of the material [9]) was induced by the
single-point Corona poling technique (needle-surface
distance = 12 mm, voltage = +6 kV d.c., poling tempera-
ture = 120 °C). The poling times studied for the amor-
phous samples were 10, 30, 60 and 120 min, while for
the mesostructured were 6, 56 and 116 min. It is neces-
sary to say that, for both cases, a new, different sample
was used for each poling time studied. The absorption
was measured before and after every poling process. In
order to calculate the order parameter we considered the
maximum absorption value of the DRI main peak (at
490 nm wavelength).

For the amorphous sample without carbazole, as
reported [13], the orientation was made by applying an
external Corona field over the indium tin oxide (ITO) elec-
trodes that are in contact with the sample. This orientation
was estimated by measuring the order parameter by means
of the ultraviolet—visible absorption spectra. We took the
experimental data obtained by this group [13], to fit them
by using our model.

For the new mesostructured samples prepared with
CTAB and carbazole the linear normal-incidence absorp-
tion was measured using a ThermoSpectronic spectropho-
tometer model Genesys 2. In order to calculate the order
parameter we considered the maximum absorption value
of the DR1 main peak (at 490 nm wavelength). The
orientation of the DR1 molecules in the sol-gel film was
induced by the same single-point Corona poling described
conditions.

4. Results and discussion

The experimental orientation dynamics for the meso-
structured sol-gel samples with SDS and for the amor-
phous sol-gel samples are shown in Fig. 2. Each data set
was fitted by using the following procedure. First, the max-
imum value of the order parameter is deduced by direct
observation of the experimental results. This value allows
us to find the magnitude of the electric field E, employing
Eq. (10), and to solve it numerically. For solving Eq. (10)
the following values were employed: u = 2.871 x 107> C m,
kg =1.38x 107>’ J/K and T =393.15 K. Also, it is useful
to consider the known value of the DRI main inertia
moment: I.. = 7.0 x 10~ kg m? [7] and with the obtained
value for E and with Eq. (5), the w value can be deduced.
The calculation of the chromophores initial speeds from
Eq. (8) requires using the I.. value, too. Now it is possible
to find an explicit expression for Eq. (9). We assume that
the dipole—dipole electrostatic interactions are negligible
(F=0) and we left y as the unique fitting parameter.
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Fig. 2. Experimental order parameter data showing the field-induced
orientation as function of the poling time for (a) lamellar (SDS) [14], (b)
amorphous (with carbazole) [12] and (¢) amorphous (without carbazole)
[13] sol-gel samples. The fitting curves are represented by continuous lines.

With a given y (for simplicity we are only concerned
with values such that y > w, i.e., we consider the over-
damped situation), from Eq. (13), it is possible to calculate
the corresponding values of 0(¢) for each considered poling
time. In consequence, there are as many statistical distribu-

be made. Each numerical integration gives a point in the
plot &(¢) in Figs. 2 and 3.

G(0,1) is obtained from Eq. (14), (sin’0(¢)) from Eq.
(16), and the plots come directly from Eq. (15), with the
calculated value (sin’0(¢ = 0)) = 2.

The fitting parameter y values are shown in Table 1. As
it can be observed in Fig. 2, our model predicts a minimum
value for the order parameter @ at very short times, where
no data are reported. In order to test this prediction, we
prepared the new mesostructured sol-gel films with CTAB
and with different carbazole concentrations described
above. The experimental orientation dynamics results for
these three mesostructured phases of sol-gel samples with
CTAB are shown in Fig. 3. Their fitting parameter values
y are also contained in Table 1. The data for the film with
a lamellar structure confirm the negative @ value predic-
tion. We did not detect the minimum ¢ value for the hex-
agonal structured film, maybe it is at shorter poling times.
We did the detection of the minimum for the film with a
mixed structure but it is not reliable at all, because of this
kind of film exhibited a non-reversible damage of its optical
properties, evident from the persistent loss of absorbance.
However, we have fitted the data by means of Eq. (15) with
an empirical extra term which represents an exponential
degradation of the film. This equation is the following one:

tions G(0, t) as considered poling times, and the same quan- B(1) = 1 — A(t) o (17)
tity of numerical integrations for obtaining (sin0(¢)) has to Ait=0)" ~
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Fig. 3. Experimental order parameter data showing the field-induced orientation as function of the poling time for (a) lamellar (CTAB), (b) mixed
(CTAB) and (c) hexagonal (CTAB) structured sol-gel samples. The fitting curves are represented by continuous lines.
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Table 1
Parameters used for the best fitting to the experimental results obtained
for each studied material

Material y(s7h Dax

Amorphous (with SiK) [12] 2.5%10% 0.35

Amorphous [13] (without 1.0 x 10% 0.36
HCI as a catalyzer)

Lamellar (SDS) [14] 7.0x10% 0.58

Lamellar (CTAB) [15] 5.0x10% 0.39

Hexagonal (CTAB) [15]

1.8 x 10?2 0.39
Mixed (CTAB) [15] - -

where / gives the degradation rate. The dotted line in
Fig. 3b corresponds to a maximum order parameter @,
of 0.10, a y value of 1.0x 10 s7!, and a 2 value of
1.5x1072s ",

By calculating the goodness of the fit [18], we found that
the experimental results in all the fittings agree with the
model with a precision bigger than 99.5%.

Fig. 4 relates the minimum in the order parameter func-
tion with the statistical distribution G(6), i.e, relates the
increase in the absorbance with the statistical distribution
behavior. The existence of the minimum is due to the dis-
placement of the maximum value of the statistical distribu-
tion G(0) toward angles near to w/2 at very short times.
Before any poling (¢ = 0) the statistical distribution is con-
stant over all the 6 angles. But the distribution moves
toward larger angles when the corona field is turned on
(from time #; until time ¢, in Fig. 4), due to the movement
of the dipoles which initially are at larger angles than /2
(the maximum value of the statistical distribution corre-
sponds to the orientation angle 0 representative of all the

1.00 T T T

0.75 1

0.00

0 /4 /2 3n/4 T
o

Fig. 4. Statistical distribution G(0) vs. angle of orientation 6 for different
poling times. The figure corresponds to chromophores with initial angles
in the range [0,n]. The G(6) peak position represents the mean angular
orientation of the chromophores, which always is in the range [0,7]. The
G(0) width is related to the chromophores thermal agitation. Thus, at very
large times the G(0) peak position is very near to zero and the thermal
agitation determines the probability of the chromophores to be in other
angles around the G(6) peak position. By symmetry reasons, at each time
the figure is similar for the chromophores with initial angles in the range
[—m, 0]

chromophores in the system, and is straightforward calcu-
lated from Eq. (13)). This movement gives place to the neg-
ative values of the order parameter ¢. For times larger
than #, (in Fig. 4) the distribution returns to small 6 values,
and after a very large time (#; in Fig. 4) the distribution
tends to be centered at zero.

As it can be seen in Figs. 2 and 3, the model proposed
into this work fits well the observed response of the mole-
cules to an external field for two different kinds of sol-gel
materials, amorphous and mesostructured. This model
has two main features, the first one is that all of its param-
eters are directly related to physical quantities of the sys-
tem, the second one is that only one fitting parameter is
required (if the maximum value for the order parameter
is known).

We have two types of structures for the samples: meso-
structured and amorphous. In the first one, due to the use
of surfactant, the electrostatic interactions that oppose to
chromophore orientation are different to that ones in the
amorphous samples, in consequence the y values in Table
1 are really different between the two kind of films. As a
matter of fact, in general, the y values for the amorphous
samples are larger than or comparable to the y values for
the mesostructured films. Nevertheless, seeing the maxi-
mum value of @ obtained for each case, we may say that
there will be also a preferential orientation for the molecu-
lar dipoles when the surfactants induce a planar structure
into the system.

We worked with two kinds of mesostructured films, clas-
sified by their surfactant: those which contain SDS and
those which contain CTAB. It is remarkable that all the
samples with CTAB exhibit shorter y values than the rest
of the samples.

As a matter of fact, there are molecules which modify
the local electrostatic conditions of chromophores, and
we have already shown for SiK that there is a change in
the local electrostatic interactions [6]. The amorphous sam-
ples without carbazole have larger y values than the amor-
phous samples with carbazole.

It is worthy to note that the y values depend of two
things: the kind of molecules which surround to the DR1
and the geometrical matrix structure. For instance, the
sample without surfactants and without SiK has the largest
values of 7, and the y values for the films with a lamellar
structure is at least one order of magnitude larger than
the y value for the film with an hexagonal phase structure.

5. Conclusions

A time-dependent model of the rotational response of
dipolar molecules to an external applied electric field in
amorphous and structured media has been proposed. This
description has been verified experimentally by monitoring
the optical absorption for amorphous and mesostructured
sol-gel materials containing the reorientable dipolar chro-
mophores DR1. A very good agreement between theory
and experiment has been found, as a matter of fact, the
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negative values for the order parameter predicted by the
model were observed experimentally. In opposition to a
biexponential distribution model, the parameters involved
into our model give information about the physical charac-
teristics of the system, in which the chromophores are
embedded. In particular, from the value of y we obtained
information about the electrostatic interactions existing
into the system that oppose to chromophore orientation.
Finally, we have shown from this analysis, that electro-
static damping can be modified for different sol-gel materi-
als. In particular, the presence of carbazole and structure
diminish this damping, which is an interesting feature
that makes these materials more attractive for several
applications.
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