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Photoinduced optical retardation in
mesostructured dye-doped films investigated

by an imaging pump-probe technique
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The photoinduced optical retardation in mesostructured polymeric materials containing photo-orientable dyes
has been investigated as a function of time and pump irradiance by an imaging pump-probe technique. The
mesostructured samples show higher maximum retardation and lower residual anisotropy than amorphous
ones. Several hypotheses are made to explain both results, taking into account the influence of the mesostruc-
tures on the chromophores. The retardation-irradiance curves measured in different samples are fitted against
current available models. © 2009 Optical Society of America
OCIS codes: 110.5405, 160.1190, 160.2900, 160.4236, 160.5335, 260.1440.
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. INTRODUCTION
olymeric materials containing photoisomerizable azo-
ye molecules become birefringent when illuminated with
olarized light of a suitable wavelength and find wide ap-
lications for optical storage [1,2], optical switching [3,4],
nd surface-relief gratings [5–7]. Photoisomerization oc-
urs when the azo-dye molecules are promoted from the
ower-energy trans form to their cis form upon absorbing
ight. The process is angularly selective as the absorption
robability is proportional to I cos2 �, where I is the pump
rradiance on the film (power on unit area) and � is the
ngle between the molecular axis and the polarization of
he incoming light. The cis form rapidly decays to trans,
ith a random orientation, and then it can absorb again.
nder irradiation, each molecule undergoes several

rans-cis-trans cycles. If the molecule decays to trans with
ts axis perpendicular to the light polarization, an equilib-
ium position is attained and reorientation will not take
lace anymore. Thus, the molecular distribution function
ecomes anisotropic and, as the polarizability of each
ingle molecule is anisotropic also, birefringence and di-
hroism occur in the system. The birefringence ��n� can
e revealed by measuring the transmission of a weak non-
esonant probe beam through crossed polarizers in a
ump-probe experiment [8].
In previous works [9,10], we applied a wide-field map-

ing technique to sol–gel derived photobirefringent sys-
ems. The wide-field mapping of the transmitted probe
eam allows the measurement of the optical retardation
=�n2�d /� (where d is the film thickness and � is the
robe wavelength) induced by a bell-shaped pump beam
n an extended region of the sample and the determina-
ion of its dependence from the local pump irradiance �I�
0740-3224/09/030384-6/$15.00 © 2
nd the irradiation time �t�. In this paper, we call this pro-
edure the “imaging pump-probe (IPP) technique.”

Mesostructured polymeric or hybrid materials can be
btained by the insertion of surfactants into the starting
olution [11,12]. In mesostructured photobirefringent sys-
ems, one can expect that the optical properties of the
hromophore are highly sensitive to the local environ-
ent and that the mesostructures may have also indirect

ffects upon, for example, the chromophore–chromophore
nteractions. Indeed, it has been suggested that photoi-
omerizable dye molecules could be used to probe the in-
ernal structure of mesostructured systems [13], but the
nfluence of the internal structure of mesostructured ma-
erials on the dynamics of their photoinduced properties
s a field that still requires systematic investigations. In
articular, it would be important to determine if the me-
ostructures have influence on the efficiency of the photo-
nduced birefringence (PIB) phenomenon and on the
memory” (residual birefringence) of the samples.

From a theoretical point of view, several models, ob-
ained under different hypotheses, have been proposed to
xplain the kinetics of PIB in azo-dye-doped systems by
ekkat and Kroll [14], Sajti et al. [15], Thieghi et al. [16],
nd Fu et al. [17]. In these studies, the birefringence data
re usually reported as time-dependent curves ��t� and
he irradiance is taken as a parameter of the experiment.
n the other hand, the IPP technique allows the mea-

urement of continuous retardation-irradiance curves,
�I�, on which the models can now be directly tested.

Summarizing, in this paper we measure the photoin-
uced retardation of some dye-doped mesostructured
olymeric films by our IPP technique, investigate the in-
uence of mesostructures on the photoinduced properties,
009 Optical Society of America
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nd test the theoretical models on the retardation-
rradiance curves. The dye molecules, Disperse Red 1
DR1, 4-[N-ethyl-N-(2-hydroxyethyl)amino]-4�-nitroazo-
enzene) or Disperse Orange 3 (DO3, 4-(4-
itrophenylazo)aniline), are dispersed in a poly(methyl
ethacrylate) (PMMA) network (guest-host system).
etyl trimethylammonium bromide (CTAB) and sodium
odecyl sulfate (SDS) have been used as templating
gents. In the samples prepared with CTAB, one can ex-
ect that the dye molecules are located inside tubular
avities, which are arranged in a hexagonal mesostruc-
ure, while for the samples prepared with SDS the chro-
ophores should lie between the planes of the lamellar
esostructure [11,12]. Visible absorption spectroscopy

as been used to obtain additional information about the
roperties of the studied systems.

. EXPERIMENTAL
able 1 reports the sample list. DR1/PMMA thin films
ere synthesized by first dissolving DR1 �10 wt. % � and
MMA �90 wt. % � in tetrahydrofuran (THF) and stirring
he solution for 20 min. The PMMA used has an average
olecular weight �Mw� of 120,000 g/mol. The molar ratio

f the reagents in the starting solution was
MMA:DR1:THF=0.024:1:121. To prepare sample A2

A3), 1.5 wt. % of CTAB (SDS) was added to the initial so-
ution that then was stirred again for 5 min. Samples B1,
2, and B3 were obtained in a similar way, using DO3 in-
tead of DR1.

All the solutions were filtered to remove undissolved
articles and dust and then were dipcoated on glass sub-
trates. Previous to the deposition of the films, the glass
ubstrates were boiled in an acidic solution of sulphuric
cid with hydrogen peroxide. The films were drawn with
quipment that uses hydraulic motion to produce a steady
nd vibration-free withdrawal of the substrate from the
ol [18]. Convection-free drying was critical to obtain high
ptical quality films.

Absorption spectra of the samples were collected with a
ouble beam spectrophotometer Jasco model 7850 UV-Vis
etween 350 and 700 nm. The thickness was measured
ith a Thermomicroscope AutoProbe CP Research atomic

orce microscope (AFM) in noncontact mode; a small por-
ion of the film was removed with a metallic blade and the
rofile was measured across the border of the removed re-
ion. The thickness of the films was about 2 �m. In the
PP technique, the expanded and spatially filtered probe
eam (632.8 nm, 10 mW, linearly polarized, nearly flat on

Table 1. List of the Samples with Chemical
Components

Name Components

A1 PMMA:DR1
A2 PMMA:DR1:CTAB
A3 PMMA:DR1:SDS
B1 PMMA:DO3
B2 PMMA:DO3:CTAB
B3 PMMA:DO3:SDS
50 mm diameter) is transmitted through the sample
nd a crossed analyzer, and finally it is collected on a dif-
user screen (Fig. 1).

The unexpanded pump beam (543 nm, 1 mW, linearly
olarized at 45° with respect to the probe beam and
lightly off axis) irradiates the sample inducing optical re-
ardation. The fraction of the probe intensity transmitted
y the analyzer depends on the local retardation of the
ample, and its spatial distribution is mapped with a digi-
al camera (computer controlled FireWire b/w DMK
1BF02 camera, equipped with a MeVis-C 16/1.6 lens)
ointed to the diffuser screen. A long-pass optical filter
revents green light from reaching the screen.
To obtain a retardation map, we start by acquiring an

mage of light transmitted by the sample at crossed polar-
zers, I�

T �x ,y�. The analyzer is then rotated 90° by a
omputer-controller stepping motor and the image at par-
llel polarizers, I�

T�x ,y�, is acquired. To reduce the CCD
oise, each image is obtained as the average of 16 shots.

�
T�x ,y� is used to normalize I�

T �x ,y� in order to eliminate
he probe fluctuations in the calculation of the retardation
ap [9]

��x,y� = 2 arctan�I�
T �x,y�

I�
T�x,y�

.

ith this setup, the spatial maps of the photoinduced re-
ardation, ��x ,y�, were acquired during a cycle of irradia-
ion (pump on, 132 min= tMAX) and relaxation (pump off,
68 min= tLAST) with a time step of 2 min between each
ap. In addition, five maps of the unperturbed (isotropic)

ample were recorded before starting irradiation for ref-
rence purposes. All the maps were downsized by a factor
f 4 (original size: 1280�960 pixels), and the spot area
as cropped to remove the outer dark region, obtaining

mall maps formed by 40�40 values, corresponding to a
eal size of about 2.3 mm�2.3 mm.

At each time, the maps were correlated pixel-to-pixel to
he pump irradiance map I�x ,y� (which was acquired once
efore the measurement run). The correlation is obtained
s follows: the I�x ,y� matrix is transformed to a monodi-

ig. 1. IPP optical setup. Polarizers (P1 and P3) and half-wave
lates (W1 and W2) for 632.8 and 543 nm are used to set the
roper polarization of the probe and the pump beams. The probe
eam passes through a beam expander with spatial filter (B). S,
ample; F, long pass optical filter; P2, analyzer; D, diffuser
creen; L, imaging lens; C, CCD camera. Inset, the bright circu-
ar region in the image (plot of level curves) is due to a PIB spot
ritten in the sample A1.
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ensional array and is sorted in ascending order; the
�x ,y� matrix is transformed also, and arranged according
o the same ordering indices of I. The two arrays define
he function ��I�, which holds for the time t. Collecting the
�I� at all times, one obtains the complete response func-
ion of the system ��I , t�. This procedure is equivalent to a
arge number �40�40� of simultaneous measurements of
he local retardation kinetics at different pump irradiance
evels.

. RESULTS
n Fig. 2 we report the absorption spectra of the samples.
he absorbance peak for DR1 containing samples is at
bout 491 nm, whereas for DO3 it is at about 437 nm.
hile the peak position is determined by the dye, the ab-

orption intensity depends on the presence and type of
urfactants. For both groups, the absorption increases
ith the presence of the surfactants with SDS causing the
ighest effect. The spectrum of the sample A3
PMMA:DR1:SDS) shows a quite flat structure. A similar
ehavior, even if less marked, may be noticed for sample
3 (PMMA:DO3:SDS). We have of course verified that the
atness of the absorption spectrum is not due to instru-

ig. 2. Absorption spectra of the samples in the visible rang
amples; inset, DO3 molecule. The flatness of the absorption ban

ig. 3. Photoinduced retardation curves ��t� for the area ele-
ent corresponding to the maximum pump irradiance in differ-

nt samples. A1, �; A2, �; A3, �; B1, *; B2, �; B3, �.
ental saturation; at least three close bands may be iden-
ified by a Gaussian deconvolution.

All the samples have been analyzed with the IPP setup.
igure 3 shows the retardation kinetics ��t� correspond-

ng to the area element �57 �m�57 �m� irradiated with
he maximum irradiance level (about 1.2 mW/mm2). The
ighest values are obtained for DR1-based samples. For
oth dyes, the maximum retardation is obtained with
DS and the minimum is obtained for the nonmesostruc-
ured samples.

The retardation as a function of the local irradiance,
�I�, obtained at tMAX is reported in Fig. 4 for each sample.
he ��I� curves shown here differ from those usually re-
orted in literature [16] as they have been obtained in a
ingle experiment on a quasi-continuous range of irradi-
nces. The six curves have the same exponential shape;
his shape is observed at all times, both during growth
nd relaxation of the retardation (data not shown).
Following [10], we define the fractional residual retar-

ation R=100��LAST�I� /�MAX�I�, where �LAST is the retar-
ation at the end of the relaxation �tLAST� and �MAX is the
aximum value (at tMAX) obtained at each irradiance

alue. The ratio R, shown in Fig. 5, measures the residual
memory” of the sample after a given relaxation time for a
arge range of excitation irradiances.

, DR1-based samples; inset, DR1 molecule. Right; DO3-based
mples A3 and B3 is not due to instrumental saturation.

ig. 4. Retardation-irradiance curves ��I� measured at the time
for each sample. A1, �; A2, �; A3, �; B1, *; B2, �; B3, �.
e. Left
MAX
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The ratio R is nearly constant at all the irradiance lev-
ls for each sample, in agreement with what was found in
10] for a hybrid sol–gel sample. On the other hand, our
ata show that R strongly depends on the chromophore
ype and the host structure. For both dyes, the minimum

Table 2. Analytical Expressions for the PIB as a
Function of Irradiance I at the Fixed Time tMAX

used in the Text for the Fitting of these Data

Model ��I , tMAX�

Monoexp
[10]

a1�1−exp�−a2I��

Sekkat and Knoll
[14]

a1�exp�−a2ItMAX�–exp�−a3ItMAX��

Sajti et al.
[15]

a1I / �1+ tMAX�a2+a3I��

Thieghi et al.
[16]

a1�1−a2 / �a2+a3I��
��1−exp�−�a2+a3I�tMAX��

Fu et al.
[17]

�a1a2I / �a2I+a3���a4 / �a4+a5I+a6��
��1−exp�−�a2I+a3�tMAX��

��1+ ��a5I+a6� /a4��
��exp�−�a4+a5I+a6�tMAX��

Biexp a1�1−exp�−a2I��+a3�1−exp�−a4I��

Table 3. RSS and Coefficient of Determination „R2
…

with Different

Model A1 A2

Monoexp
[10]

RSS 0.707 1.532
R2 0.989 0.982

Sekkat and Knoll
[14]

RSS 0.346 0.873
R2 0.995 0.99

Sajti et al.
[15]

RSS 0.143 0.454
R2 0.998 0.995

Thieghi et al.
[16]

RSS 0.143 0.454
R2 0.998 0.995

Fu et al.
[17]

RSS 0.135 0.404
R2 0.998 0.995

Biexp RSS 0.084 0.205
R2 0.999 0.998

ig. 5. Residual retardation as a function of the local irradi-
nce. A1, �; A2, �; A3, �; B1, *; B2, �; B3, �. Points calculated
t low irradiance values have not been plotted due to high noise.
esidual retardation is obtained in SDS-based systems
nd is maximum for the nonmesostructured (amorphous)
nes.

Irradiance-retardation data measured at tMAX have
een fitted with the ��I� analytical curves obtained from
he available models [15–17], whose expressions are re-
orted in Table 2. Here, we consider also two other simple
unctions: the monoexponential [10] and the biexponen-
ial. The monoexponential is attractive for its simplicity.
he biexponential function is universally known and ap-
lied in literature to describe retardation behavior in
ime, both during buildup and relaxation of the PIB. Its
wo characteristic times are usually attributed to distinct
olecular mechanisms: angular hole burning and angu-

ar redistribution [8]. In this paper, we use a biexponen-
ial as a descriptive function of the retardation depen-
ence on irradiance. Sekkat and Knoll’s model [14] is very
imilar to a biexponential both in time and irradiance as
he product t by I appears at the exponents but the
eights of its two components are not independent as in

he “dummy” biexponential (see the expressions of the
unctions in Table 2).

Table 3 reports the residual sum of squares (RSS) and
he coefficient of determination, R2, obtained for each fit-
ing function. The last column in Table 3 contains the val-
es averaged over the six ��I� curves. Notably, the num-
er of free parameters is different for each function of
able 2. It is interesting to notice that the models [15] and
16] give very similar fitting results (differences are found
eyond the fourth decimal place of RSS and R2 values) as
he model in [16] for the calculated values of the fitting
arameters is analytically equivalent to that in [15].

. DISCUSSION
he absorption spectra indicate that the concentration of

he dye is higher inside mesostructured samples than in
morphous ones, being maximum for lamellar systems
SDS), where the additional bands of the spectrum may
e due to dye aggregation [19]. This agrees with photocon-
uctivity studies [20], which suggest a larger amount of
ye molecules between the planes of the lamellar system
han within the tubes in the hexagonal mesostructures.

ined by Fitting the �„I… Experimental Data at tMAX
ytical Models

A3 B1 B2 B3 Avg.

.493 0.176 0.883 0.651 1.407

.967 0.984 0.958 0.976 0.976

.438 0.087 0.2 0.176 0.520
0.99 0.992 0.991 0.993 0.992
.815 0.068 0.39 0.227 0.516
.987 0.994 0.982 0.991 0.991
.815 0.068 0.39 0.227 0.516
.987 0.994 0.982 0.991 0.991
.644 0.06 0.108 0.104 0.242
.995 0.995 0.995 0.996 0.996
.138 0.054 0.063 0.088 0.105
.999 0.995 0.997 0.997 0.997
Obta
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he planes are spaced enough (about 4 nm) to allow a fa-
orable arrangement of the molecules while the width of
he tubes is almost half �2.2 nm� the plane spacing.

Our data show that the PIB from lamellar mesostruc-
ured systems (SDS) is stronger than that from hexagonal
ystems (CTAB), whereas the amorphous systems give
he lowest response. Thus, the experiments reveal a cor-
elation between the presence of mesostructures and the
irefringence efficiency. This agrees for example with the
igher birefringence induced in Langmuir–Blodgett
zopolymeric films as compared to amorphous systems,
hich has been attributed to the organized nature of the

amples [21]. However, this correlation is still unclear as
he high birefringence could be due directly to the effect of
he concentration, or indirectly to a chromophore–
hromophore interaction (aggregation) or a chromophore–
nvironment interaction inside the mesostructures dur-
ng the photo-orientation.

Furthermore, the PIB in our mesostructured samples
as a lower residual retardation. To explain this, we can
uppose a “restoring” effect due to the interaction of the
hromophores with the hosting mesostructures. In dark
onditions (before the irradiation), the dye molecules are
acked inside the mesostructure, forming a molecular as-
embly that can be tubular or planar due to the influence
f the cavity walls. The assemblies are distributed isotro-
ically because the mesocavities are distributed randomly
nside the matrix, and then the system is optically isotro-
ic at the macroscopic level. During the irradiation, the
ye molecules are forced to assume a macroscopic aniso-
ropic distribution, but when the light is off, they reorien-
ate according to the local configuration of the mesocavity.
n contrast, in the amorphous systems, the only restoring
echanism is the thermal reorientation. An additional

xplanation of the high efficiency and low relaxation time
ould be a large free volume for the dye molecules in the
esostructured samples, enabling easier chromophores

rientation and back reorientation.
The theoretical models applied to fit these ��I� data

ave different fitting results. The worst model is the mo-
oexponential (RSS=1.407, R2=0.976) while the better
ne is the biexponential (RSS=0.105, R2=0.997). The lat-
er is a phenomenological model and would suggest two
echanisms responsible for the PIB with characteristic

rradiance levels 1/a2 and 1/a4, respectively. Our experi-
ental approach makes available the continuous curves

�I�, thanks to the imaging birefringence technique and
ts point-to-point correlation between retardation maps
nd irradiance maps. This makes the difference with the
sual description of the kinetics of the PIB, in which the
etardation is considered at a fixed intensity as a function
f time.

In regard to the other models, it is very interesting to
otice that, neglecting the Fu et al. model [17], which re-
uires a high number of free parameters, the other physi-
al models (Sekkat and Knoll [14], Sajiti et al. [15], and
hieghi et al. [16]) give similar results. At last, our results
how that all observations made here about the effects of
esostructures apply both to DR1- and DO3-based

amples. The only apparent differences are the efficiency

f the PIB phenomenon and its residue value, which are
ainly due to the different absorption coefficient values of
he two molecules at the wavelength of the pump light.

. CONCLUSIONS
pectroscopic and imaging pump-probe analyses show
hat the mesostructured nature of the samples has a re-
arkable influence on their properties. The templating

urfactants CTAB and SDS allow the highest concentra-
ion of dye molecules, which probably fill the tubular or
amellar mesostructures. The imaging pump-probe tech-
ique enables the measurement of the retardation-

rradiance curves that may be fitted with current models.
esostructured samples give the strongest birefringence

ignal. The residual birefringence in mesostructured
amples is lower than in amorphous ones due to the in-
eraction of chromophores with the hosting mesostruc-
ures.
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