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In this study, azocopolymers containing different main-chain segments have been synthesized with diglycidyl
ether of bisphenol A (DGEBA, DER 332, n=0.03) and the azochromophore Disperse Orange 3 (DO3) cured
with twomonoamines, viz. benzylamine (BA) andm-toluidine (MT). The photoinducedbirefringencewas inves-
tigated in films produced with these azopolymers using the spin coating (SC) and Langmuir Blodgett (LB) tech-
niques. In the LB films, birefringence increased with the content of azochromophore and the film thickness, as
expected. The nanostructured nature of the LB films led to an enhanced birefringence and faster dynamics in
the writing process, compared to the SC films. In summary, the combination of azocopolymers and the LBmeth-
od may allow materials with tuned properties for various optical applications, including in biological systems
were photoisomerization may be used to trigger actions such as drug delivery.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The photoisomerization of azobenzene-containing materials has
been known for several years but only recently has this process been
applied to biological systems. The fundamental challenge of coupling
the photoisomerization process to a large functional change in a
biomolecule has been fulfilled in many instances, and it appears that
the effective photocontrol of biomolecules might be possible [1,2]. Sev-
eral new possibilities can be envisaged with photoisomerization in
biologically-relevant systems, including the use of photocontrol for
drug delivery. In all such applications, in addition to the search for
novel materials displaying the required optical properties, one impor-
tant issue is related to the degree of control overmolecular architecture,
which is not offered by the conventional casting and/or spin coating
fabrication methods of polymeric films. Higher degree of molecular
control can be reached with film fabrication techniques where the
polymer chains may be deposited in a layer-by-layer fashion, as in the
case of Langmuir Blodgett (LB) films or electrostatically assembled
layer-by-layer (LbL) films [3–8]. These techniques allow for control at
the molecular level, yielding nanostructured films with controllable
thickness and architecture. LB films built with conventional amphi-
philics may be highly organized with a structure comprising layers
with crystalline order, but those obtained from polymers have no
rights reserved.
order in the plane. In this case, organization is mainly caused by the
layer-by-layer nature of the films [9].

For optical storage, for example, higher birefringences are normal-
ly reached with thin LB films owing to their layered nature. To reach
the orientation responsible for the birefringence, azobenzene chro-
mophores have to move cooperatively, and their motion depends
on the neighboring molecules. The presence of the substrate (for
monolayers especially) has a significant influence on the motion of
the molecules directly in contact [10]. In the LB method, an insoluble
layer of the material spread on an aqueous subphase is transferred
onto a solid substrate by dipping the substrate vertically across the
film at the air/water interface. Repeated dipping cycles of the same
substrate lead to multilayer films. The photoinduced birefringence
has been found to decrease with the number of layers in the LB film
because some order is lost when certain number of layers is exceeded
[9]. The difference in behavior of these materials and their films is
given by the difference in packing.

In a previous publication [11] we synthesized epoxy polymers
containing azo groups covalently linked, with the amines benzylamine
(BA) and m-toluidine (TA) used as hardeners. Materials with different
chemical structures and azo group concentrations were prepared and
characterized. With regard to their optical storage properties, the max-
imum birefringence obtained increased linearly with the weight frac-
tion of the azo groups, regardless of the power of the writing beam
and of the interactions between the dyes and their environment
[11,12]. The residual birefringence after relaxation was smaller in
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Fig. 1. Surface pressure-area (π-A) isotherms for Langmuir monolayers of the precur-
sor TAZ and the copolymers TAZ50/DGEBA/BA and TAZ50/DGEBA/MT.
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BA-based copolymers with lower Tg, in comparison with MT-based co-
polymers. In this study, the azobenzene-containing epoxy polymers
were processed as thin films by spin coating or with the LB technique.
The aimwas to evaluate improvements in the optical storage properties
of the polymer caused by manipulation in nanostructured films, which
could be useful in producing optical memories or other optical devices.

2. Experimental

2.1. Materials

A difunctional epoxy resin, diglycidyl ether of bisphenol A (DGEBA,
DER 332, n=0.03), with an epoxy equivalent of 175 g/eq, kindly pro-
vided by Dow Chemical, was used. The azochromophore Disperse Or-
ange 3 (DO3) was supplied by Aldrich and tetrahydrofuran (THF) was
purchased from Panreac. The reactants and solvent were used as re-
ceived with no further purification. The epoxy-based azocopolymers
were synthesized following the procedure described elsewhere [11].
First, a thermoplastic precursor modified with azobenzene groups
(TAZ) was synthesized through reacting DO3 and DGEBA. A stoichio-
metric ratio DO3 eq/DGEBA eq=0.5 was used to generate a reaction
product with epoxy groups at the end of the chains. A selected amount
of the resulting TAZ, with a chromophore concentration per weight rel-
ative to the polymer backbone of 26 wt.%, was blended with the same
amount of DGEBA and benzylamine (BA, Fluka) or m-toluidine (MT,
Fluka). A total epoxy/amine stoichiometric relation r=1 was selected
in order to prepare two azocopolymers containing different side chains
segments (TAZ50/DGEBA/BA and TAZ50/DGEBA/MT). The chemical
structures of the reactants and the final properties of the polymers
were reported in previous works [11,12].

2.2. Fabrication of spin coated and Langmuir Blodgett films

Spin coated (SC) films were prepared with a P6700 spin coater from
Specialty Coating System Inc. from 5 wt.% azocopolymer solutions in
THF onto clean glass slides, following a method previously described
[12]. Langmuir films were prepared in a Langmuir trough model
KSV5000 fromKSV Instruments (Finland). A typical solution concentra-
tionwas 1 mg/mL, and ca. of 100 μLwere spread at the air–water inter-
face. After chloroform evaporation, the films were compressed with
movable barriers at 20 mm/min. Surface pressure-area (π-A) isotherms
were measured using a Wilhelmy plate made of filter paper and the
curve was computer-recorded. Pure water provided by a Milli-Q purifi-
er, with a resistivity of 18.3 MΩ·cm, was used as subphase. All the iso-
therms were measured inside a class 10,000 clean room, with the
temperature controlled at 21±1 °C.

The pre-formed Langmuirmonolayers of TAZ and the azocopolymers
were transferred onto solid substrates in the form of Langmuir Blodgett
films (LB). The BK7 glass slides used as substrates were cleaned with a
2% ethanolic KOH solution diluted with 10% of water. The deposition
pressure was 30 mN/m in most cases, with only a few depositions
being conducted at 20 mN/m. The dipper speed for downstrokes and up-
strokes was continuously tuned in the range between 2 and 5 mm/min
in order to obtain a transfer ratio around1. LBfilmswith several numbers
of layers were produced for each material. The film thickness of LB films
was obtained with ellipsometry using a Semilab Sopra GES-5E
ellipsometer from Telstar, leading to values from 112±3.1 to 170±
4.5 nm. Homogeneous thin films were obtained by spin coating, with
typical thickness of 500±100 nm, determined with atomic force mi-
croscopy (AFM) using a Nanoscope IIIa scanning probe microscope
(Multimode™, Digital Instruments). The thickness was obtained from
the topographic AFM images of scratched films, from the difference in
height between a flat area of the sample and the surface of the clean
glass slide. The images were taken in the tapping mode in air using an
integrated tip/cantilever (125 μm in length with ca. 300 kHz resonant
frequency and spring constant of ca. 40 N/m). Typical scan rates during
recording were 0.7–1 line∙s−1 using a scan head with a maximum range
of 50×50 μm.

2.3. Optical measurements

Optical storage experiments were carried out at room temperature
and under ambient conditions, using the experimental setup described
in Ref. [11]. The irradiation process was performed using a linearly po-
larized argon laser operating at 488 nm (writing beam)with a polariza-
tion angle of 45° with respect to the polarization direction of a low
power He–Ne laser operating at 632.8 nm (reading beam). The power
of the writing beam used in the experiments was varied between 6
and 18 mW on a spot of 0.4 mm2. The change in the transmission of
the reading beam, which passed through the sample between two
crossed polarizers, was measured with a photodiode. The induced opti-
cal birefringence (Δn) was determined bymeasuring the reading beam
transmission (T= I/I0) using:

Δn ¼ λ=πdð Þ sin−1 I=I0ð Þ1=2 ð1Þ

whereλ is thewavelength of the reading beam, d isfilm thickness, I is the
intensity of the reading beam after the second polarizer, and I0 is the
transmitted intensity of the reading beam between parallel polarizers
in absence of anisotropy. In order to remove the photoinduced birefrin-
gence, a circularly polarized argon laser operating at 488 nm (erasing
beam) was used.

3. Results and discussion

3.1. Langmuir and Langmuir Blodgett films

The precursor TAZ and its copolymers with DGEBA and two mono-
amines were spread as Langmuir monolayers onto an ultrapure water
subphase, whose surface pressure-area (π-A) isotherms are shown in
Fig. 1.Meanmolecular area valueswere calculated based on the average
molecular weight of the repeating units, which were estimated by the
molar ratio of each material in the feed mixture for copolymerizations.
The monolayers were stable, with small changes in area per molecule
when the pressure π was kept at 30 mN/m. The collapse pressures
were ca. 58 mN/m for TAZ and ca. 63 mN/m for TAZ50/DGEBA/BA and
TAZ50/DGEBA/MT. These film features make them adequate for Lang-
muir Blodgett depositions, as discussed later.

The isotherm for TAZ exhibits a plateau-like region, which is typical
of phase transitions, such as the liquid-expanded to liquid-condensed
transition in phospholipids [13]. The extrapolated area to zero pressure



Fig. 3. Comparison of the optical behavior of TAZ50/DGEBA/BA in spin coated and
Langmuir Blodgett films. The various points for the same time of writing (open and
closed circles) represent distinct measurements with the same sample.
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for the condensed phase of themonolayerwas 23 Å2/mol, asmarked by
a dashed line in Fig. 1, which corresponds approximately to the area oc-
cupied by the repeating unit of the copolymer. The shape of the curves
for the copolymers TAZ50/DGEBA/BA and TAZ50/DGEBA/MT was simi-
lar to that for TAZ, butwith a longer, better-defined plateau and a larger
area per molecule. Stable films could not be produced with DGEBA
owing to its small amphiphilic character. The plateau in the isotherms
is believed to be due to some reorganization of the DGEBA moiety
that is present in all the copolymers. This hypothesis is supported by
the observation of longer plateaus for the copolymers that have higher
proportions of DGEBA. Nevertheless, a definitive conclusion can only be
reached upon using spectroscopic methods, such as the polarization-
modulated infrared reflection absorption spectroscopy (PM-IRRAS) for
Langmuir monolayers, with which one may determine the orientation
of molecular groups.

The slope of the π-A curves in the liquid-condensed phase is not as
steep as for traditional amphiphiles such as fatty acids and phospho-
lipids, being however typical of polymeric materials. The extrapolated
areas to zero pressure were 43 and 48 Å2/mol for TAZ50/DGEBA/BA
and TAZ50/DGEBA/MT, respectively. Therefore, the repeating unit of
these copolymers occupies a larger area than the repeating unit of
TAZ, probably because the incorporation of monoamines BA and MT
caused an increased anchoring of the molecule on the water surface.
These amine groups would share the surface with the polar regions
of the azodyes.

Langmuir Blodgett films with up to 100 layers could be transferred
onto glass substrates. The transfer ratio, obtained by dividing the de-
crease in area of the monolayer on the trough by the area of the sub-
strate crossing the interface, was close to 1 in all depositions, thus
indicating good transfer in the up and downstrokes (Y-type LB films).
The uniform growth was further confirmed by UV–vis spectroscopy,
inwhich the absorbancemaximumat 480 nm increased almost linearly
with the number of deposited layers. An example of such kind of plot is
shown in Fig. 2 for TAZ50/DGEBA/MT, while similar plots were ob-
served for all the other materials (results not shown).

3.2. Optical properties

To analyze the influence of the film structure over the induced an-
isotropy, films of TAZ50/DGEBA/BA preparedwith SC and LB techniques
were used in optical storage experiments. The thickness of the SC film
was 512 nm, while the 100-layer LB film was 129 nm thick. Fig. 3
shows the optical storage curves with thewriting beam (6 mW) turned
on at point A and turned off at point B. Optical anisotropy was induced
in the SCfilm aswell as in the LBfilmupon switching thewriting laser at
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Fig. 2. UV–vis absorbance at 480 nm vs. the number of layers for LB films of TAZ50/
DGEBA/MT.
point A. The increase in the signal was faster for the LB film, with the
time necessary to reach 80% of the maximum anisotropy (t80) being
172 ms, much shorter than the 1980 ms for the SC film. So, the ability
to reorient for the chromophores in the nanostructured LB film is
much higher, and optical memories should be 10 times faster with
this kind of film. Furthermore, the maximum signal was a little higher
for the LB film, in spite of its much smaller thickness. The photo-
induced birefringence was Δn=1.3·10−2 and 8.2·10−2 for the SC
and LB films, respectively. The six-fold increase in birefringence for
the LB film is consistent with the higher birefringence reported for
azopolymers in the form of LB films in comparison to spin coated
films [9,14]. The increase in birefringence has been attributed to the lay-
ered nature of the LB films, although the azochromophores appeared to
be randomly oriented in the layer plane [9]. This can be assigned to the
ordered packing in LB films which increases the induced anisotropy
[15].

Upon turning the writing laser off at point B, the signal decayed to
almost zero for the LB film, while for the SC film some remnant bire-
fringence was observed. This result was not expected based on the lit-
erature, as the remnant birefringence is normally higher for LB films
owing to the close packing of the azochromophores attached as side
groups [16]. It seems that for the present results, the same factors in-
ducing high mobility in LB films, leading to faster writing processes
and higher birefringence, allow for a complete randomization of the
azochromophores after the laser was turned off.

The influence of the polymer structure and azochromophore con-
centration over the optical properties was evaluated for 100-layer LB
films of different azopolymers, and compared with values for SC films
of similar thicknesses. The data are shown in Fig. 4 and Table 1. The
birefringence Δn increased with the azobenzene concentration in SC
films, as expected [12], with higher values for TAZ (26 wt.% DO3,
Δn=2.8·10−2) than for the azocopolymers (13 wt.% DO3, Δn=
1.3–1.5·10−2). A different behavior was observed for LB films from
the azocopolymers (Δn=8·10−2) in which the birefringence was
higher than in TAZ (Δn=4.5·10−2) even having a lower DO3 con-
tent. It is also remarkable that only the TAZ LB films had a non-zero
remnant birefringence, analogously to the SC films. One possible ex-
planation for this different behavior is the larger thickness of the LB
TAZ film (170 nm) than for the azocopolymer films (110–130 nm),
probably because the polymeric chains with functional groups in
the chain ends had a larger volume. It is known that as the LB films
become thicker, their properties asymptote those of SC films owing
to the loss in organization, as reported for LB films of HPDR13 and
cadmium stearate [17]. Moreover, TAZ molecules are probably more
closely packed due to the LB processing (see the lowest extrapolated



Fig. 4. Optical storage curves for 100-layer LB films of TAZ, TAZ50/DGEBA/BA, and
TAZ50/DGEBA/MT.

Fig. 5. Writing sequence for TAZ LB films (100 layers) irradiated at different laser powers.

1406 R. Fernández et al. / Materials Science and Engineering C 33 (2013) 1403–1408
area of TAZ in Fig. 1), which may imply a lower free volume available
for the azo groups to isomerize.

In a previous paper [12], the maximum induced birefringence was
shown to be independent of the laser power of the writing beam for
SC films of azopolymers, with maximum birefringence saturating
when the laser power reached 6 mW. In the case of LB films, the same
behavior versus beam power as the SC films is observed for the TAZ
films, as shown in Fig. 5. In contrast, Fig. 6 shows that for TAZ50/
DGEBA/BA LB films the dependence on the power beam is seen up to
18 mW, the same applying to TAZ50/DGEBA/MT LB films (results not
shown). These dependences are better illustrated in Fig. 7, where the
maximum transmitted signal of the reading laser increased with the
laser power of the writing beam for an azocopolymer LB film.

Fig. 8 shows an increased transmitted signal with the number of
layers in the LB film for the TAZ50/DGEBA/MT copolymer, which
should be attributed to the increased thickness, as was the case of
SC films [12]. The dependence of the photoisomerization process on
the thickness of LB films from azopolymers has been investigated by
Haro et al. [18], where the efficiency of the process was assumed to
depend on the balance between the stress arising from the larger
cross-section of cis-isomers and their interaction with neighboring
molecules. Furthermore, the cis-trans isomerization was faster in
well-packed azobenzene layers in the LB films, while the slowest
isomerization process took place for a 35-layer LB film, which was
presumably less ordered [18]. It is clear therefore that for this copol-
ymer system up to 100 layers the film thickness is still not sufficient
for a decrease in the order which would lead to lower birefringence.

The mechanisms responsible for the photoinduced birefringence
in all the results reported here are essentially the same as extensively
described in the literature (see Ref. [9] for a review). Information is
written by reorienting chromophores after several photoinduced
trans-cis-trans isomerization cycles, since after a given cycle the chro-
mophores oriented perpendicularly to the polarization direction of
the writing laser beam no longer suffer isomerization. Therefore, bire-
fringence is photoinduced with an increasingly larger fraction of
Table 1
Induced optical anisotropy for LB films of TAZ, TAZ50/DGEBA/BA and TAZ50/DGEBA/
MT with 100 layers. The thickness of each LB film is also shown, and Δn for spin coated
(SC) films with similar thickness of LB films are given as references.

Sample Thickness (nm) Δn (10−2)

LB SC LB

TAZ, 100 layers 170±4.5 2.8±0.12 4.5±0.11
TAZ50/DGEBA/BA, 100 layers 129±2.6 1.3±0.14 8.1±0.16
TAZ50/DGEBA/MT, 100 layers 112±3.1 1.5±0.03 7.6±0.20
these perpendicularly oriented chromophores until saturation occurs.
The writing rate and the maximum birefringence achieved depend on
various factors, especially on the concentration of azochromophores
in the polymer system and on the free volume available for each chro-
mophore to isomerize. When the writing beam is switched off, relax-
ation takes place reducing the birefringence to an extent that depends
on the environment of the chromophores. For the LB films reported
here, it seems that the azochromophores in the copolymers had a
larger free volume for isomerization, thus leading to enhanced optical
properties.

The importance of the free volume for the photoisomerization
processes has been demonstrated in various types of work in the lit-
erature (see [19]). The role of several parameters governing the
final photoisomerization results being discussed in a review paper
by Natansohn and Rochon [10 and references therein]. The minimum
volume required for the photoisomerization of an azopolyester was
determined with measurements at high pressures [20], while the
free volume requirement has also been proven essential for the pho-
tomechanical effects in azopolymer films studied with neutron reflec-
tometry [21]. Significantly, changes in the free volume were shown to
affect the mechanical properties of azopolymer films too [22]. The de-
pendence on the free volume has been treated quantitatively with
theoretical models, such as the one proposed by Mita et al. [23] and
extended by Dallagnol et al. [24]. The latter was based on two as-
sumptions involving size distributions of cavities which suffered ther-
mal fluctuations. The first assumption was that the volumes of the
cavities were described by a Gaussian function centered at an average
Fig. 6.Writing sequence for TAZ/DGEBA/BA LB films (100 layers) irradiated at different
laser powers.
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Fig. 7. Influence of the writing laser power over themaximumphotoinduced birefrigence
for TAZ, and TAZ50/DGEBA/BA LB films.
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volume, while in the second assumption azobenzenic molecules were
uniformly distributed in the cavities. The model explains the photoin-
duced birefringence as a function of time, temperature and the initial
free volume state, in which the photoreorientation obeyed the model
proposed by Sekkat et al. [25] where the kinetics of the photoinduced
mechanisms was explained by biexponential functions.

The application of theoretical models to treat photoisomerization
data quantitatively is not straightforward owing to several parameters
that need to be known.Weidner et al. [26] showed that the free volume
for the chromophores to isomerize depends on themolecular geometry
of the azomolecules used for producing self-assembled monolayers
(SAMs), and indeed a strategy to create free volume in SAMswas devel-
oped by incorporating a bulky group in the monolayer-forming mole-
cules [27]. The kinetics of isomerization was also found to depend
strongly on the packing of mixed LB films containing polyions [6].

4. Conclusions

Azo-containing epoxy copolymerswere processed in LB films and had
their photoinduced birefringence studied, with results being compared to
the optical storage for spin coated films studied previously [12]. Particular
emphasis was given to the influence of factors such as polymer structure,
azo concentration, writing laser power, and number of layers in the LB
films. The higher birefringence and faster kinetics in the writing process
for the LB films pointed to an increased ability to orient for the chromo-
phores in comparison with the spin coated films. While spin coated
films exhibited no influence of the laser power over the transmitted sig-
nal, the signal increased with the writing power in azocopolymers LB
Fig. 8. Influence of thenumber of layers over optical behavior for TAZ/DGEBA/MT LBfilms.
films. As expected, the maximum transmitted signal increased with the
number of layers in LB films owing to the increased film thickness. For
spin coated films, the copolymer architecture caused a decrease in the
maximum birefringence from 2.8·10−2 to 1.3–1.5·10−2 (see Table 1),
which is attributed to a dilution of the azo monomer concentration in
the chain. However, when the same copolymers were deposited as LB
films they displayed enhanced optical storage characteristics in compari-
son with the precursor TAZ (Δn=8·10−2 for the copolymers and
4.5·10−2 for TAZ). The latter is probably a consequence of the larger
area occupied by these copolymers in the Langmuirfilmon thewater sur-
face, which confers a larger free volume for isomerization of the
azochromophores.

An important contribution in this work was to show that LB films
are promising for optical applications of azo-containing epoxy poly-
mers, since the improved mechanical properties arising from the
epoxy network [12] do not reflect in a poorer optical performance
after film processing, unlike the case of spin coated films. This
opens new avenues for research and development in various areas,
including for biological applications. Indeed, fundamental studies
on photoisomerization of azodyes have been proven relevant in var-
ious recent endeavors. For example, azobenzene molecules were at-
tached inside 3 nm pore channels of mesoporous silica nanoparticles
which served as drug delivery carriers [28] in a single living cell,
where the release was photodriven by isomerizing the azogroups.
Isomerization of a photoresponsive surfactant was used to control
the reversible folding-refolding of the protein lysozyme [29]. The
mechanisms and potential applications of photoswitching in biomol-
ecules driven by isomerization of azobenzene-containing materials
have been reviewed by Beharry and Woolley [1], where functional
changes in peptides, proteins, nucleic acids, lipids and carbohydrates
are discussed. More specifically, a synthetic optical switch was pro-
posed for the ionotropic glutamate receptor, which is an important
ligand-gated ion channel for neurosciences [30]. The channel con-
ductance could be controlled with the photoisomerization of an
azobenzene moiety attached to the receptor, in a device that –

according to the authors [30] – could be used in biology as well as
in bioelectronics and nanotechnology.
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