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aLaboratório de Espectroscopia Óptica e Fo

Poços de Caldas, MG, Brazil. E-mail: maviv
bDepartamento de Ciências da Natureza,

Federal de São Carlos, Rod. Anhanguera – K
cUniv. Lyon, ENS de Lyon, CNRS UMR 51

Laboratoire de Chimie, F69342, Lyon, Franc

† Electronic supplementary informa
10.1039/d0ra08379h

Cite this: RSC Adv., 2020, 10, 40806

Received 30th September 2020
Accepted 29th October 2020

DOI: 10.1039/d0ra08379h

rsc.li/rsc-advances

40806 | RSC Adv., 2020, 10, 40806
performance of photoinduced
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films†
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Optical birefringence in polymeric films containing azo-chromophores is an important feature related to

the development of several technologies such as electro-optic modulators, optical switching, and optical

gates, to cite a few. Therefore, it is essential to understand the main underlying mechanisms describing

dynamic switching. In this context, we have investigated the optical birefringence performance of

a guest–host film produced from a poly(methyl methacrylate) (PMMA) matrix containing a V-shaped

azo-chromophore, which exhibited a larger optical response in comparison to the linear chromophores.

The optical birefringence was induced by a linearly polarized diode laser (532 nm, writing laser), while

a low-intensity HeNe (632.8 nm) laser and a tungsten-halogen lamp are employed, respectively, to

monitor the optical storage and the absorption change during the photoinduced birefringence. Our

results pointed out that the guest–host film presents maximum residual optical memory at around 50%

and local optical birefringence at around 3.3 � 10�4 in the low concentration and intensity regimes. The

high optical birefringence obtained in guest–host films was attributed to the considerable

photoisomerization quantum yield in the solid-state (0.15 � 0.02 for 532 nm). Besides, we have shown

that the switching mechanism is driven by angular hole-burning during the first seconds after excitation,

and, subsequently, molecular reorientation quickly rises, dominating the photochemical process. The

latter mechanism is highly efficient in converting cis to trans molecules (100%), which is responsible for

the high residual optical memory obtained. In order to better understand the isomerization mechanism

of the azo-chromophore/PMMA film, we performed quantum chemical calculations within the DFT

framework. The electronic transitions of the azo-chromophore isomers were determined using the TD-

DFT method and potential energy curves (PECs) were constructed to investigate the possibility of the

thermal-isomerization process of the V-shaped azo-chromophore through both rotation and inversion

mechanisms. For both mechanisms, the amplitude of the energy barrier and activation energy for

thermal isomerization are determined and the results are discussed.
1. Introduction

Due to their ultrafast and efficient photoisomerization process,
azo-chromophores have been widely studied for the develop-
ment of several photonic devices such as surface-relief gratings,
nanodevices for electro-optical modulators, all-optical switch-
ing, micro-resonators, logic gates, 3D optical storage and so
on.1–20 Moreover, azo-chromophores have presented high
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nonlinear optical responses such as two-photon absorption,
second harmonic generation, and rst-order
hyperpolarizability.21–24

Azoaromatic compounds can be found in two congura-
tions, trans and cis isomers, in which the cis is more unstable
due to closer aromatic rings, causing a stronger electronic
repulsion. The switching mechanism (trans–cis and cis–trans)
can be triggered by light fromUV-visible to near-infrared region,
and it is called photoisomerization. This photochemical
process plays a central role in the photoinduced optical bire-
fringence in polymers containing azo-chromophores. According
to ref. 25, such a goal is achieved due to two main mechanisms.
The rst one is called the angular hole burning (AHB), in which
the light isomerizes chromophores initially in the trans
conguration, having an electric dipole moment component
projected on the light polarization. Subsequently, there is
relaxation from cis to trans conguration caused by molecular
This journal is © The Royal Society of Chemistry 2020
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reorientation (MRO),25 and when there is no excitation arises
randomly. Thus, combining these two mechanisms, for a line-
arly polarized excitation, a set of several trans–cis–trans cycles
tends to align the chromophores perpendicularly to the light
polarization because they are no longer isomerized by the
excitation beam.

In general, to obtain an efficient device based on optical
switching in azo-chromophores, four different parameters are
essential: (i) high electronic transition rate (related to the molar
absorptivity), (ii) high photoisomerization quantum yield, (iii)
a steady-state relative abundance of trans and cis isomers at
room temperature and (iv) the reproducibility of photochemical
switching over time.1,26,27 Hence, these parameters need to be
available.

In the last decades, the linear azo-chromophore dyes such as
the disperse red (DR) family have been widely studied for optical
storage applications. However, this class of organic molecules
presents low optical birefringence and residual optical memory
due to the small photoisomerization quantum yield and optical
absorption.28–30 Otherwise, azo-chromophores with branched
structures such as V-shaped, Y-shaped, and multi-branched
(dendrimers) have emerged as an alternative synthesis route
to tune and enhance the optical response of organic mate-
rials.31,32 For example, ref. 33 and 34 have shown that the V-
shaped molecules may present higher linear and nonlinear
optical responses than linear molecules. In this context, we have
investigated optical storage performance based on photoin-
duced birefringence of guest–host lms containing V-shaped
azo-chromophores in the poly(methyl methacrylate) (PMMA)
matrix. The molecular structure of the V-shaped azo-
chromophore is illustrated in Fig. 1(a).

This study aims to understand the underlying mechanism
that rules the high performance of optical birefringence ob-
tained in this present work. For that, we have performed several
experiments in which we observed the formation and relaxation
times and residual optical memory for optical birefringence as
a function of the power laser. The ground-state transient
Fig. 1 (a) Molecular structure of V-shaped azo-chromophore. (b) V-sha

This journal is © The Royal Society of Chemistry 2020
absorption also was monitored to aid understanding of the
photoisomerization process. These results were explained
based on the photoisomerization quantum yield and the AHB
and MRO contributions obtained for the switching mechanism
based on the Kawabe et al.29 approach. Moreover, we have
studied the nature of the isomerization mechanism for the V-
shaped azo-chromophore by employing quantum chemical
calculations.
2. Experimental

We have studied two lms with different dye concentrations.
The lms were prepared from a mixture of PMMA/chloroform
solution (160 mg ml�1) with a solution of 2.0 mg ml�1 (1.25
w/w%, Film 1) or 0.09 mg ml�1 (0.056 w/w%, Film 2, see
Fig. 1(b)) of azo-chromophore/chloroform. The azo-
chromophore/PMMA solution (400 ml) was cast onto a circular
glass substrate (diameter of 2.54 cm). The glass substrate was
placed on a Petri plate and le in a chloroform-rich environ-
ment. The lms were le to dry slowly at room temperature for 6
hours. Details about the synthesis of the azo-chromophore can
be found in ref. 32. The PMMA (average Mw � 120.000, Tg ¼
105 �C (midpoint)) was purchased from Sigma-Aldrich. The lm
thickness was measured from optical microscopy, according to
ref. 35, and values 120 � 15 mm were found.

The rst experiment performed was to measure the induced
optical birefringence. In this experiment, the optical birefrin-
gence is induced by a cw diode laser (writing laser) at 532 nm
with vertical polarization (0.2–10 mW). For the reading laser, we
employed a low-intensity HeNe laser (<0.1 mW, at 632.8 nm)
with a polarization angle of 45� with respect to the polarization
of the writing beam. The reading laser passes through the
sample, and by a crossed polarizer (�45�) positioned aer the
sample that acts as an analyzer. The writing laser induces
birefringence such that a fraction of the reading laser beam
passes through the analyzer, and it is detected by the silicon
photodetector. Thus, the reading laser transmittance is used to
pe azo-chromophore/PMMA guest–host film.

RSC Adv., 2020, 10, 40806–40814 | 40807

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08379h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

1/
12

/2
02

5 
10

:1
1:

22
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
monitor photoinduced birefringence over time, which requires
a precise superposition of both beams in the sample. The
diameter of the reading (green laser and white-light) and
writing (HeNe) laser were of 2 mm and 3 mm, respectively,
which were measured through the knife-edge technique. In the
second experiment, we have changed the reading laser by
a stabilized tungsten-halogen lamp and the photodetector by an
optical ber coupled to the spectrometer to measure in real-
time the absorption change during the photoinduced birefrin-
gence. Such a procedure was performed for the white-light with
parallel and perpendicular polarization with respect to the
writing laser. In both experiments, we have used a shutter to
switch on and off the writing laser. The experiments were
automatically controlled by dedicated soware. In all
measurements, the wait time for the formation and relaxation
of the optical birefringence was of 200 s and 100 s, respectively.
3. Theoretical calculations

Quantum chemical (QC) calculations were performed using
Gaussian 09 package.36 All QC calculations were conducted at
the density functional theory (DFT) level37,38 using the hybrid
B3LYP functional39,40 and the 6-31G(d,p) basis set for H and C
atoms and 6-31+G(d,p) basis set for N and O atoms. The
geometry optimization calculations were performed with the
molecule isolated (gas-phase) and in the CHCl3 solvent. In the
solvated case, the self-consistent reaction eld (SCRF) method
based on the polarizable continuum model using the integral
equation formalism variant (IEF-PCM),41 as implemented in
Gaussian 09 package, was employed. The geometry optimiza-
tion calculations were performed free of constraints.

We also have calculated the ground-state potential energy
curves (PEC) starting from either the trans or cis optimized
geometry to investigate the thermal isomerization process of V-
shaped azo-chromophore. By constraining the C–N]N–C
dihedral angle or one of the C–N]N bond angles, while opti-
mizing all the other structural parameters, the rotation and
inversion mechanisms of the isomerization were respectively
investigated. The constrained angle was incremented in 10�

steps, between the cis and trans isomer structures, and the
Fig. 2 (a) Absorption spectrum for V-shaped azo-chromophores/PMMA
Absorbance at 448 nm as a function of the concentration.

40808 | RSC Adv., 2020, 10, 40806–40814
energy of the optimized structure with zero-point energy
corrections obtained at each point.

The energy barrier of the thermal trans–cis isomerization
process was computed as the difference between the DFT
energies with zero-point energy corrections of the trans isomer
and the one of the transition state (TS). Moreover, the activation
energy (Ea) of the kinetics of the thermal cis–trans isomerization
was computed as the difference between the DFT energies with
zero-point energy corrections of the cis isomer and the one of
the transition state (TS). The nature of the two isomers
stationary points and the transition state were conrmed by
vibrational frequency analysis.

Time-Dependent Density Functional Theory (TD-DFT)42 was
employed for computing the UV/vis spectra of the V-shaped azo-
chromophore in gas-phase and CHCl3 solvent. Indeed, TD-DFT
is oen found robust and efficient for evaluating the low-lying
excited spectra of organic and inorganic conjugated molecules
and has been the subject of numerous applications aiming at
providing a rationalization of experimental absorption spectra.
In addition, the most appealing characteristic of TD-DFT is its
ability to produce at a relatively small computational cost
accurate electronic transition energies and intensities. The ten
singlet lowest-energy of the two isomers of V-shaped azo-
chromophore were determined and using the eight lowest-
energy ones their absorption spectrum was simulated by the
superposition of individual Lorentzian lines with a full width at
half-maximum (FWHM) of 0.40 eV.
4. Results and discussions

The ground-state absorption spectrum for the V-shaped azo-
chromophores/PMMA in solution (solid line) and lm (dashed
line) is shown in Fig. 2(a). As noted, for both solution and lm
forms, the azo-chromophore presents a wide absorption band
located at 448 nm, which is related to the p–p* transition. It is
also observed that the lm is completely transparent for the
reading laser wavelength (632.8 nm). Details about the elec-
tronic and optical features for this molecule can be found in ref.
32.

In Fig. 2(b), we illustrated the results obtained for the
calculations of the absorption cross-section (or molar
in chloroform solution (solid line) and guest–host film (dash line). (b)

This journal is © The Royal Society of Chemistry 2020
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absorptivity) for the guest–host lms, which is very important to
calculate the photoisomerization quantum yield. For that, we
measured the absorption spectrum for four lms containing
different concentrations of azo-chromophores. The absorption
spectrum for the lms containing different chromophores
concentrations can be found in Fig. SI.1 (see ESI).† Our results
pointed out that the absorption cross-section value to the lm is
the same observed in solution within the experimental error
(slm (448 nm) ¼ (1.65 � 0.09) � 10�16 cm2 and ssolution (448
nm) ¼ (1.72 � 0.02) � 10�16 cm2 or equivalently 3 (448 nm) ¼
4.31 � 104 M�1 cm�1). These results conrm the high optical
quality of the guest–host lms.

In solid-state, the V-shaped azo-chromophore exhibits
a shoulder at 380 nm as compared to the solution. In order to
gain a deeper understanding of the azo-chromophore/PMMA
lm optical features, we have performed quantum chemical
calculations within the DFT framework. The simulated absorp-
tion spectrum of the V-shaped molecule in gas-phase and CHCl3
is presented in Fig. 3(a). It is worth mentioning that the implicit
solvation PCM, as implemented in the Gaussian package, adopts
a dielectric constant (or refractive index) for chloroform solvent
very similar to the one of the PMMA matrix. Moreover, the
absorption spectrum of a reduced version of V-shaped azo-
chromophore was also simulated. Such a reduced version was
obtained by substituting the four saturated chains of the mole-
cules to ethyl groups. Since the main role of such chains is to
increase the solubility of the molecule, being in principle
secondary their contribution for the V-shaped electronic struc-
ture, it was expected that the effects of such substitutions on the
absorption spectrum would be small. The simulated absorption
spectra of the reduced V-shaped azo-chromophore molecule in
gas-phase and CHCl3 are presented in Fig. 3(b) and, as it was
expected, the effects of the substitutions on the absorption
spectrum were conrmed to be small.

From Fig. 3, it is observed that the simulated absorption
spectrum of trans-isomer presents a single peak, centered at
460 nm. This feature is in agreement with the experimental
absorption spectrum of trans-isomer, in which the absorption
band peak is located at 448 nm. However, the results of the TD-
DFT/PCM calculations point out that such absorption band
should be ascribed to two electronic transitions of similar
Fig. 3 Simulated absorption spectra of V-shaped azo-chromophore isom
The spectra were simulated using the information provided by TD-DFT
and by the superposition of individual Lorentzian lines (FWHM ¼ 0.40 eV

This journal is © The Royal Society of Chemistry 2020
intensities (f¼ 1.381 and f¼ 1.384), separated by only 0.07 eV in
energy, and both described by the HOMO�1 / LUMO and
HOMO / LUMO+1 excitations. It is also observed that the
simulated absorption spectrum of trans-isomer has a tail that
extends to the red region (up to 600 nm). Such a feature is not
observed in the experimental spectrum of the molecule in
solution, which aer 560 nm no longer shows any absorption.
Such divergence from the theoretical description in relation to
experimental observation may be related to the choice adopted
in this work, for the sake of simplicity, of adopting a single
Lorentzian linewidth value (0.40 eV) for all electronic transi-
tions taken into consideration to simulate the spectrum.

As can be observed in Fig. 3, the absorption spectrum of cis-
isomer presents two peaks, lowest-energy one located at 500 nm
and the higher-energy one around 360–380 nm. In CHCl3 solvent,
the higher-energy peak of both the isomers and its reduced
version is localized at 380 nm. Such observation sheds light on
the issue of the shoulder observed in the absorption spectrum of
the molecule in solid-state and conrms that such a shoulder
should be ascribed to the contribution of the cis-isomer for the
nal absorption spectrum of the molecule in solid-state. The
experimental absorption spectrum of V-shaped azo-
chromophore in solution also shows some absorption in the
region energetically above 350 nm (ultraviolet region). However,
because only the eight lowest-energy transitions of the isomers
were taken into account to simulate the absorption spectrum,
such experimental information is not reproduced by the simu-
lated spectra here presented.

As it is well-known, the isomerization process of azobenzene
chromophores in rigid media depends strongly on the local
environment and free volume distribution around the chro-
mophores.43–45 Thus, the appearance of a more signicant
contribution of the cis-isomers to the absorption in solid-state
could, in principle, be understood in this way. Since
a shoulder in the lm absorption spectrum is observed just aer
the casting procedure onto a glass substrate, i.e., before the lm
to be irradiated with laser light, the possibility of the isomeri-
zation process having a thermal origin was theoretically inves-
tigated. Potential energy curves (PECs) were constructed
starting from either the trans or cis optimized geometry to
investigate the possibility of the thermal-isomerization process
ers (a) and their reduced version (b) in gas-phase and in CHCl3 solvent.
and TD-DFT/PCM calculations for the eight lowest-energy transitions
).

RSC Adv., 2020, 10, 40806–40814 | 40809
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Fig. 4 The computed potential energy curve for thermal isomerization of V-shaped azo-chromophore molecule in gas-phase through the
rotation (a) and inversion (b) mechanisms. The computed geometries of the cis and trans isomers and the transition state are also shown. Eb
indicates the energy barrier of the thermal trans–cis isomerization and Ea indicates the activation energy of the kinetics of the thermal cis–trans
isomerization.
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through both the rotation and inversion mechanisms. These
computations were performed with the V-shaped molecule in
gas-phase.

The PECs obtained for the rotation and inversion mecha-
nisms are shown in Fig. 4(a) and (b), respectively. For both
mechanisms, the amplitude of the energy barrier (Eb) of the
thermal trans–cis isomerization and the activation energy (Ea)
for the thermal cis–trans isomerization are illustrated in Fig. 4.
As can be observed, Eb ¼ 3.42 eV (362 nm) and Eb ¼ 4.02 eV (308
nm) for the mechanism of the rotation and inversion, respec-
tively. For such high energies, the thermal contribution for the
isomerization process of the V-shaped azo-chromophore can be
basically discarded. Therefore, we are led to conclude that the
observed isomerization process is photo-induced by the labo-
ratory ambient light.

Concerting the activation energy of the thermal cis–trans
isomerization kinetics, the values Ea ¼ 2.00 eV and Ea ¼ 2.50 eV
were obtained for the mechanism of the rotation and inversion,
respectively. Such values indicated that from the energetic point
of view, the thermal cis–trans isomerization process would
happen more easily through the rotation mechanism. However,
some studies on the literature evidence that the rotation
mechanism requires more space (free volume) to isomerize,
while the inversion mechanism takes up less space when tran-
sitioning between the isomers.43,46 Thus, for the results ob-
tained here, a difference of only 0.50 eV between the activation
Fig. 5 Optical birefringence curves as a function of the writing laser po

40810 | RSC Adv., 2020, 10, 40806–40814
energies, we believe that structural restrictions imposed by the
polymeric matrix signicantly hinder the isomerization process
from evolving through the rotational pathway and, therefore, it
is not possible to point out a predominant mechanism in the
thermal cis–trans isomerization kinetics. Since the photo-
isomerization pathways were elucidated, we have performed
photoinduced birefringence measurements.

Fig. 5 depicts the optical birefringence curves as a function
of the laser power for Film 1 (Fig. 5(a)) and Film 2 (Fig. 5(b)). To
calculate the photoinduced optical birefringence, we have used
the following equation (valid for thick sample):

Dn ¼ l

pL
arcsin

�
P

P0

�
; (1)

in which L is the lm thickness, l is the wavelength of the
reading laser (632.8 nm), P and P0 are laser power transmitted
and incident of the reading laser, respectively. The rst aspect
to highlight in Fig. 5 is that Film 1 presents higher Dn and
residual optical memory (fraction of optical birefringence at 320
s) values due to their higher density of chromophores. At the
same time, Dn values as high as 3.0 � 10�4 (for guest–host
lms) were obtained for a laser power above 2 mW. The second
one highlights the large residual optical memory obtained,
between 30% and 50% (compared to the maximum optical
birefringence), depending on the laser power. For example,
residual optical memories obtained for the DR family in
wer for the (a) Film 1 and (b) Film 2.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) Maximum optical birefringence and (b) residual memory as a function of the writing laser power. Full diamonds and empty squares
correspond, respectively, to Film 1 and Film 2.
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a polymeric matrix are between 5% and 10%, and the optical
birefringence signal is smaller than 1 � 10�4 for the samples
with a low concentration (�1 w/w%).28,47,48 Even when we
compared the V-shaped molecule results with those found for
chromophores of similar molecular geometry and experimental
condition (thickness and chromophores concentration),4 our
outcomes are more promising, in particular, ones related to the
residual optical memories. It is worth mentioning that such
values need to be compared with the results found for guest–host
lms. To emphasize these important outcomes, in Fig. 6, we
show the maximum optical birefringence (Fig. 6(a)) and residual
memory (Fig. 6(b)) as a function of the writing laser power. From
the tting of Fig. 6(a) data, we can obtain the saturation power for
Film 1 and Film 2 through the equation Dn(P) f P/(P + Psat), in
which P and Psat are the writing and saturation power. The
saturation power found was 1.65 mW for Film 1 (full diamonds)
and 2.05 mW for Film 2 (empty squares). Therefore, a high
optical birefringence (�3 � 10�4) is achieved, even under low
excitation power (<2 mW).

Regarding the residual optical memory (Fig. 6(b)), we have
observed a similar behavior, i.e., Film 1 presents a higher
performance. Besides, a residual optical memory decrease is
noticed as the laser power increase. It happens because of the
higher laser power to generate larger thermal agitation, which
increases the angular diffusion effect that tends to restore the
isotropic thermodynamic equilibrium.25 It is important to
Fig. 7 (a) Absorption change at 448 nm (peak of absorption spectrum)
parallel (squares) light to the writing laser. (b) The absorption spectra for
the end of the experiment).

This journal is © The Royal Society of Chemistry 2020
emphasize that in guest–host lms, the chromophores are not
covalently bonded to the polymer, and, therefore, there is great
freedom for angular diffusion. In such a system, the van der
Waals forces are predominantly responsible for the interaction
between the chromophores and the host matrix.49

Concerning the temporal evolution of the optical birefrin-
gence mechanism, we have employed the bi-exponential model
to obtain the formation and relaxation times.50 Our results show
that the slow (s1 and s3) and fast (s2 and s4) characteristic times
for the formation and relaxation optical birefringence decrease as
a function of the laser power (see Fig. SI.2 of the ESI†). Such
behavior is characteristic of optical storage in guest–host lms.51

Moreover, all the times found are higher for Film 1 due to the
higher chromophores density, which decreases the free volume
to occur trans/ cis/ trans photoisomerization cycle (details on
the formation and relaxation times can be found in ESI†).

To shed more light on the photoinduced birefringence
mechanism, we have analyzed the absorption change for the
guest–host lms during the formation of optical birefringence.
For this study, we have measured the absorption change only
for Film 2, because Film 1 presents a very high absorption. This
experiment was performed in two congurations using the
white light with parallel and perpendicular polarization to the
writing laser. Fig. 7(a) shows the absorption change at 448 nm
(related to the peak of p–p* transition) as a function of the time
as a function of the time for the perpendicular polarized (circles) and
the three different times (initial, after turning off the writing laser and at
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for the perpendicular (circles) and parallel (squares) polariza-
tion in respect to the writing laser.

The absorption spectra for the three different times along
the temporal window of the experiment (at the rst reading,
when the writing laser is switched off and at the last reading)
are illustrated in Fig. 7(b). For the white light polarization
parallel to the writing laser, we observed a great reduction in
the absorption during the rst 15 seconds aer the excitation.
This behavior can be explained by the increase of chromo-
phores aligned perpendicularly to the excitation laser, and,
consequently, to the white light polarization, decreasing its
absorption. Aer switching off the writing laser, the absor-
bance increase by only 45%. On the other hand, when the
white light is perpendicularly polarized to the writing laser,
the absorbance increases quickly and maintain such value
during all time even aer removing the excitation. Now, due to
the AHB and MRO mechanisms, we have the polarization of
white light in the same direction of the chromophores align-
ment. Thus, the projection of the radiation electric eld is
maximum on the dipole moment of the chromophores and,
therefore, we observed an increase in the absorption. These
two interesting outcomes suggested that the main photoin-
duced birefringence mechanism is related to the molecular
reorientation. The absorption change for perpendicularly
polarized white light is 1/3 compared to the parallel polariza-
tion. Therefore, we observed that, at the end of the experiment
(t ¼ 320 s), the average absorption (�A ¼ (Ak(t) + 2At(t))/3, as
dened in ref. 25) to the p–p* transition returns to the initial
value (Ai ¼ 0.89), indicating that there was a complete
conversion of the cis to trans isomers, corroborating the high
contribution of the MRO mechanism. To stress such a result,
in Fig. 8, we show the ground-state transient absorption
spectra for the (Fig. 8(a)) perpendicular and (Fig. 8(b)) parallel
polarization and (Fig. 8(c)) average absorption. As can be seen
in Fig. 8, the behavior previously mentioned happens for all
wavelengths (380–530 nm). Thus, we can conclude that,
indeed, the MRO mechanism is responsible for returning the
cis to trans molecules with 100% efficiency.
Fig. 8 Colormap representing the ground-state transient absorption
for the (a) perpendicular and (b) parallel polarization and the (c)
average absorption.

40812 | RSC Adv., 2020, 10, 40806–40814
Recently, Kawabe et al.29 have formulated a simple model to
discriminate the contributions of the AHB due to photo-
isomerization and MRO on the optical switching mechanism
for DR1 in PMMA. According to that model, the contributions of
the AHB and MRO mechanism can be evaluated as:

DAAHBðtÞ ¼ �3

5

�
DAkðtÞ þ 2DAtðtÞ

�
(2)

DAMROðtÞ ¼ 2

5

�
3DAtðtÞ � DAkðtÞ

�
(3)

in which DA indicates the absorption change, i.e., DA(t) ¼ A(t) �
A(t ¼ 0). Fig. 9 shows the results obtained by employing the eqn
(2) and (3).

As noted, aer switching on the writing laser during the rst
seconds, the AHB dominates the process. However, aer that,
a quick rise of MRO mechanism achieved values 250% higher
than the AHB for 9.5 mW. Similar behavior also was observed
for lower laser power. When the results are compared to ones
published in ref. 50 for PMMA/DR1, we observed that the
dominant mechanism for the chromophores DR1 and V-shaped
(this work) is distinct. For instance, we found the MRO, while
the AHB was the dominant mechanism observed by them. This
can explain the great difference obtained for residual optical
memory as we compared the V-shaped molecule with the DR
family.

We have also calculated the quantum yield of photo-
isomerization (trans–cis) for the V-shaped chromophores. For
that, we applied the model described in detail in ref. 52 for
sample in lm form that describes the absorbance change over
time due to the trans to cis photoisomerization. Such a model
can be given by:

dAðtÞ
dt

¼ �10343I
�
1� 10AðtÞ

�
NA

(4)

in which NA is the Avogadro's number (mol�1), 3 is the molar
absorptivity (which is 3.2 � 103 M�1 cm�1 at 532 nm), I is the
uence (photons per s per cm2). Fig. 10(a) exhibits the absor-
bance change at 448 nm for different writing laser power.
Fig. 9 AHB (circles) and MRO (squares) contributions to the optical
birefringence.

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 (a) Absorbance change at 448 nm over time. (b) Fitting the data by using the eqn (4).
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In Fig. 10(b), we showed the same results but only for the
rst 15 seconds aer switching on the writing laser, because in
this time interval the trans to cis isomerization occurs strongly.
The solid lines in Fig. 10(b) are the tting obtained by solving
the eqn (4) numerically. From these tting, we found 4¼ 0.15�
0.02 at 532 nm for the solid-state sample. This value is almost
twice the value reported for the red disperse family, for
example.29

5. Final remarks

We have investigated the photoinduced birefringence in a V-
shaped azo-chromophore/PMMA guest–host lm. Our result
pointed out a maximum optical birefringence of 3.3 � 10�4

along with the large residual optical memory (50%) in the low-
concentration regime. The high performance for the optical
birefringence observed in guest–host lms can be explained as
follows. The signicant photoisomerization quantum yield
(trans–cis) found for this material in solid-state (15%) is
responsible for the high optical birefringence, which is prefer-
entially related to the AHB mechanism. On the other hand, the
large residual optical memory can be attributed to cis–trans
MRO, in which our results have shown to be highly efficient
(100%). Moreover, we have employed a simple model recently
developed that corroborated these results, indicating that the
MRO mechanism dominates the optical birefringence.
Employing TD-DFT calculations, the contribution of the cis-
isomers of the V-shaped azo-chromophore to the absorption
spectrum of the guest–host lm was conrmed. Moreover,
potential energy curves (PECs) were constructed to investigate
the possibility of the isomerization occur through thermal
processes. Based on the values obtained for the energy barriers
of the thermal trans–cis isomerization, Eb ¼ 3.42 eV and Eb ¼
4.02 eV, for the mechanism of the rotation and inversion,
respectively, we were led to conclude that the observed isom-
erization process is basically photoinduced. Finally, our
outcomes indicate the V-shaped azo-chromophore as an inter-
esting material for the development of photonic devices based
on optical birefringence.
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