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a b s t r a c t

The applicability of azopolymers in optical storage can be extended through the use of nanostructured
films produced with the Langmuir–Blodgett (LB) technique, but the film properties need to be optimized
since these polymers generally do not form stable Langmuir films to be transferred onto solid substrates.
Here, photoinduced birefringence was investigated for mixed Langmuir–Blodgett films from the homo-
polymers 4-[N-ethyl-N-(2-methacryloxyethyl)]-40-nitroazobenzene (HPDR1-MA) and poly(dodecylmeth-
acrylate) (HPDod-MA). The interactions between these polymers were studied in Langmuir and LB films.
Surface pressure–area isotherms pointed to molecular-level interactions for proportions of 51 mf%,
41 mf% and 31 mf% of HPDR1-MA. Phase segregation was not apparent in the BAM images, in which
the morphology of the blend film was clearly different from that of the Langmuir films of neat homopoly-
mers. Through PM-IRRAS, we noted that the interaction between the azopolymer and HPDod-MA affected
the orientation of carbonyl groups. Strong interactions for the mixture with 41 mf% of poly(dodecylmeth-
acrylate) led to stable Langmuir films that were transferred onto solid supports as LB films. The photoin-
duced birefringence of 101-layer mixed LB films show features that make these films useful for optical
storage, with the advantage of short writing times in comparison to other azopolymer films.

� 2010 Elsevier Inc. All rights reserved.

1. Introduction

Nonlinear optical materials have been widely studied for appli-
cations in transmission and manipulation of information, telecom-
munications, optical signal processing and optical storage [1].
Azopolymers, in particular, have been exploited owing to the prop-
erties arising from photoisomerization of the azo groups, especially
the photoinduced anisotropy with polarized light [2,3]. The photo-
isomerization mechanism consists in the reorientation of the azo-
benzene groups through trans–cis–trans isomerization cycles,
which produce an excess of chromophores oriented perpendicu-
larly to the laser polarization direction [4,5]. This photoisomeriza-
tion is highly sensitive to the molecular environment and may be
inhibited by aggregation owing to intermolecular interactions. Its
kinetics depends on whether the azobenzenes are chemically
bonded onto the polymer backbones [6]. Photo-orientation de-
pends on several factors, such as the free volume for the chro-
mophores and the spacer between the azo groups, the main

chain structure of the polymer [7–10], the light intensity, and the
film thickness [11,12].

The formation of thin films is required for several applications.
In this context, highly organized, oriented films can be produced
with the Langmuir–Blodgett (LB) technique [10,13], particularly
when advantage can be taken of molecular engineering ap-
proaches. The latter may be important to obtain stable Langmuir
films amenable to transfer onto solid supports, as is the case of
mixtures of polymers and amphiphiles. However, such mixed sys-
tems are seldom homogeneous, displaying phase separation of the
components in the Langmuir and LB films [14–17]. Because phase
segregation normally affects other film properties, several combi-
nations of polymers have been used in Langmuir films [18], where
the miscibility of the components is inferred from the area per
repeating unit at a fixed surface pressure as a function of composi-
tion [19]. The expansion or contraction of a mixed monolayer can
be related to the Gibbs free energy, in which DG < 0 indicates con-
traction of the mixed monolayer and DG > 0 corresponds to mono-
layer expansion [20].

This paper addresses the molecular-level interactions of a
binary mixture containing the azopolymer 4-[N-ethyl-N-(2-meth-
acryloxyethyl)]-40-nitroazobenzene (HPDR1-MA) and polydodecyl-
methacrylate (HPDod-MA) in Langmuir films, for which use was
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made of surface pressure and surface potential measurements,
in addition to Brewster angle microscopy (BAM) and polariza-
tion-modulated infrared reflection absorption spectroscopy (PM-
IRRAS). Langmuir–Blodgett (LB) films were then transferred from
the mixed monolayers, which could be employed for optical
storage.

2. Materials and methods

2.1. Materials and characterization

HPDR1-MA was synthesized via atom transfer radical polymer-
ization (ATRP) using the 4-(N-ethyl-N-(2-methacryloxyethyl)-40-
nitroazobenzene (DR1-MA) monomer [21] which was obtained
by esterification reaction of methacrylic acid and the commercial
dye DR1. This polymerization was performed using purified DR1-
MA (2.4 � 10�4 mol), ethyl-2-bromobutyrate (EBB) (Aldrich)
(6.15 � 10�5 mol) as an initiator, and the catalytic system CuCl/
1,1,4,7,10,10 hexamethyltriethylenetetramine (HMTETA) (J.T. Ba-
ker/Aldrich) (6.15 � 10�5 mol), for 72 h at 45 �C. HPDod-MA was
synthesized via conventional radical polymerization from lauryl-
methacrylate (Aldrich) (0.074 mol, 23 mL), using AIBN
(0.074 � 10�3 mol, 0.0121 g) as initiator at 100 �C for 12 h. The
molecular structures of the polymers, which are shown in
Scheme 1, were confirmed by their UV–Vis, FTIR and H-NMR spec-
tra, obtained respectively with a Hitachi U-2001 spectrophotome-
ter, in the 1100–190 nm spectral region, Nicolet Nexus 470
spectrophotometer in the region of 4000–400 cm�1 using a NaCl
window and Bruker AC (200 MHz) spectrometer using deuterated
chloroform (CDCl3) as solvents. The molecular weights of these
homopolymers were obtained by high-performance size exclusion
chromatography (HPSEC) in tetrahydrofuran (THF) at 35 �C

(1 mL/min), using polystyrene standards in an Agilent 1100 chro-
matographic system, with refraction index detector.

2.2. Fabrication and characterization of Langmuir films

Langmuir films were prepared at ca 23 ± 1 �C using a KSV-
5000 LB system placed on an antivibration table in a class
10,000 clean room. Ultrapure water with resistivity 18.2 MX cm
supplied by a Milli-RO coupled to a Milli-Q purification system
from Millipore was used as subphase. The solutions were ob-
tained by dissolving the polymers in chloroform HPLC grade
(99.9%) provided by Aldrich at 0.5 mg/mL, which was sufficiently
low to allow for polymer spreading, and spread drop by drop on
the pure water surface using a microsyringe. For the neat poly-
mers HPDR1-MA and HPDod-MA the amounts spread corre-
sponded to 2.61 � 10�4 and 3.93 � 10�4 mol, respectively. After
the evaporation of the solvent, the surface compression started
at a barrier speed of 10 mm min�1. The surface pressure (p)
was measured using the Wilhelmy method. Monolayer stability
was inferred by holding the monolayer at a compressed state
(fixed surface pressure) and monitoring the change in mean
molecular area with time. The mean molecular area values were
calculated based on the molecular weight of the repeating units
of HPDR1-MA (382.5 g mol�1) and HPDod-MA (254.0 g mol�1).
Surface potential–area (DV–A) isotherms were taken in triplicate
using a Kelvin probe. The isotherms were obtained for films from
neat polymers and blends with 61%, 41% and 23% molar fraction
of HPDR1-MA.

Langmuir films of HPDR1-MA, HPDod-MA and of their mixture
with 41% molar fraction of HPDR1-MA were analyzed using PM-IR-
RAS in a KSV PMI 550 instrument (KSV, Biolin Scientific Oy, Hel-
sinki, Finland). The IR beam impinged on the water surface with
an incidence angle of 80� being then reflected. Simultaneous mea-
surements of the spectra for the two polarizations were taken by
continuous modulation between s- and p-polarizations, as de-
scribed in detail by Buffeteau et al. [22]. All spectra were recorded
with 6000 scans with resolution of 8 cm�1. To enable the compar-
ison of the main PM-IRRAS features of the mixture with those of
the neat polymers, the spectra were taken at a fixed surface pres-
sure of 10 mN m�1. The spectra were treated with the Origin� soft-
ware to obtain a flat baseline.

The Langmuir film morphology of the neat polymers and of the
mixture with 41% molar fraction of HPDR1-MA was studied with a
Brewster angle microscope (BAM) BAM2 Plus (Nanofilm Technolo-
gies Germany), equipped with a 10� objective, positioned over a
Nima trough.

2.3. Langmuir–Blodgett films

Mixed Y-type LB films were deposited onto hydrophilic sub-
strates, B270 glass, with transfer ratios close to 1.0 at a constant
surface pressure of 10 mN m�1, using the vertical dipping method.
Polarized UV–Vis spectroscopy was applied for the LB film made
with the mixture of HPDR1-MA/HPDod-MA in the molar fraction
of 41/59, with measurements taken at room temperature with a
Hitachi U-2001 spectrophotometer. A polarizer was introduced be-
tween the lamp and the sample to obtain the desired polarized UV
irradiation. The polarization direction, either parallel or perpendic-
ular, was defined with respect to the dipping direction. The possi-
ble film anisotropy was studied for LB films with 5, 11, 15 and 47
layers, and the dichroic ratio (A///A\) was calculated, where A// is
the absorption in the s polarization and A\ is the absorption in
the p polarization. To investigate possible orientations of the func-
tional groups on the LB film of the mixture, the FTIR spectra of the
LB and cast films in the transmission (on silicon wafer and NaCl
window) and reflectance (on glass coated with gold) modes were
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Scheme 1. Chemical structures and abbreviations of the polymers adopted in this
paper.
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recorded on a Nicolet Nexus Fourier Transform Infrared Spectrom-
eter, with a resolution of 4 cm�1 in the region of 4000–650 cm�1.

2.4. Optical storage experiments

Optical birefringence was induced in 101-layer mixed LB films
using a linearly polarized Ar+ continuous laser operating at
514 nm (writing beam), with a polarization angle of 45� with re-
spect to the polarization of the probe beam (reading beam). A low
power He–Ne laser at 632.8 nm, passing through crossed polarizers
and the sample, was employed as probe to measure the induced
birefringence in the film. The dynamics of photoinduced birefrin-
gence was studied with writing beam powers varying from 0.4 to
3.5 mW. The optically induced birefringence, Dn, was calculated
by measuring the probe beam transmission (T = I/I0) using:

Dn ¼ ðk=pdÞ sin�1 ffiffiffi

T
p

;

where k is the wavelength of the probe beam, d is the film thickness,
I0 is the incident beam intensity and I is the intensity after the sec-
ond polarizer. The thickness of these films was obtained from sur-
face profile measurements using a Dektak 150 profilometer.

3. Results and discussion

3.1. Polymerization of HPDR1-MA and HPDod-MA

ATRP was successfully used to prepare a methacrylate homo-
polymer from an azocontaining monomer. The HPSEC data yielded
a weight average molecular weight (Mw) of 10,900 g mol�1 with a
small polydispersity index of 1.2 for HPDR1-MA, which is typical of
ATRP polymers [23]. The molecular structure of HPDR1-MA and
HPDod-MA was confirmed with the H-NMR spectra. A comparison
of the spectra for the DR1-MA monomer and HPDR1-MA showed
the similarity for the peaks and the complete disappearance of
the vinylic proton signal of the methacrylate group centered at
5.6 and 6.1 ppm owing to the polymerization reaction. 1H-NMR
assignments for the HPDod-MA homopolymer were: 0.89 ppm
(6H, CH3), 1.27 ppm (2H, CH2ACH3), 1.62 ppm (2H, backbone
CH2), and 1.84 ppm (2H, CH2ACH2AO). Table 1 shows the main
FTIR bands assigned to the HPDR1-MA and HPDod-MA structures.

3.2. Study of interactions on Langmuir films

The surface pressure isotherm for HPDod-MA in Fig. 1 displays a
long plateau at 10.3 mN m�1, which can be attributed to the col-
lapse of the monolayer. In contrast, the HPDR1-MA isotherm
exhibits a liquid-condensed phase that withstands surface pres-
sures above 50 mN m�1. The surface pressures for the mixtures
are intermediate between those for the neat homopolymers, as ex-
pected. Mixed films with more than 77% molar fraction of HPDod-
MA have isotherms resembling that of neat HPDod-MA, while the
mixtures with less than 49% resemble the HPDR1-MA isotherm. In
Langmuir films of polymers, the area per monomer unit is usually

lower than that expected the monomer would occupy at the inter-
face, owing to possible bending and twisting of the chains, forming
a 3D structure. The Langmuir film should not be considered a true
monolayer is such cases. Nevertheless, in the experiments reported
here the isotherms were reproducible, with negligible influence
from the polymer concentration in the solution, and therefore ef-
fects from aggregation do not play a major role.

To further examine the interaction between the homopolymers
in the films, we plotted in Fig. 2 the changes in Gibbs free energy
versus the molar fraction of HPDR1-MA for the surface pressure
of 5 mN m�1. DG of the HPDR1-MA/HPDod-MA monolayer indi-
cates a strong attraction between the two polymers for the concen-
trations of 41%, 51% and 61% in molar fraction of HPDR1-MA, which
corresponds to the range within which there is considerable in-
crease in the maximum pressure. Similar dependencies were ob-
served for plots made with areas at other fixed surface pressures.

The surface potential isotherms for monolayers of neat HPDR1-
MA and HPDod-MA, in addition to mixtures at three relative con-
centrations, are shown in Fig. 3. These isotherms show a sharp in-
crease in potential at a critical area [24] due to the coming together
of domains. This area is usually larger than the onset for the surface
pressure isotherm. Also worth noting was the higher surface po-
tential for HPDod-MA. The mixed monolayers displayed intermedi-
ate isotherms, normally shifted toward a smaller area in
comparison to the isotherm for neat HPDod-MA, as one should
expect, since the isotherm for HPDod-MA was also shifted to
lower areas. Unfortunately, the isotherms cannot be explained

Table 1
Main peaks in the FTIR transmission spectra, in cm�1, for the polymers.

Vibrational groups HPDR1-MA HPDod-MA

CH2 stretching, (symmetric and
asymmetric)

2918 and 2850 2924 and 2854

C@O 1736 1731
C@C stretching in benzene rings 1599 –
CH2 stretching 1461 1467
NO2 asymmetric and

symmetric stretching
1516 and 1338 –

CH3 stretching 967 967

Fig. 1. Surface pressure isotherms for HPDR1-MA, HPDod-MA, and their blends at
several proportions.

Fig. 2. Plot of mean molecular area at 5 mN m�1 versus relative concentration of
HPDR1-MA.
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quantitatively because one would need to know the precise posi-
tioning of all the polar groups that contribute with large dipole
moments to the surface potential. As discussed for other polymers
[25], a quantitative interpretation of surface potential measure-
ments is still not possible for macromolecules.

Brewster angle microscopy (BAM) was used to study the mor-
phology of the Langmuir films and possible interactions between
the polymers in the mixture [26]. For neat HPDR1-MA, Fig. 4a

and d shows that a uniform, homogeneous film is never achieved,
though the area occupied by water obviously decreased while the
surface pressure increased from 0 (Fig. 4a) to 5 mN m�1 (Fig. 4d)
leading to the formation of fractures. Even for surface pressures
as high as 20 mN m�1 (images not shown), the film rigidity pre-
vented the domains formed at lower pressures from coalescing.
Fig. 4b and e for HPDod-MA indicate that upon compression the
film is relatively uniform, but the whole area of the trough does
not seem to be covered. Small domains appear together with black
spots that correspond to the subphase water. The mixed Langmuir
film displays a morphology that differs from those of the neat
homopolymers, as shown in Fig. 4c and 4f for the 1:1 HPDR1-
MA:HPDod-MA mixture. In subsidiary experiments we observed
that for all mixed films the morphology was different from that
of the homopolymers, which may be interpreted as if the mixtures
are not made of separate phases of the two polymers. This finding
is consistent with the molecular-level interaction suggested to ex-
plain the surface pressure and surface potential isotherms of the
mixed Langmuir films. The miscibility is also important for the
transferability of the Langmuir film onto solid substrates, as we
shall discuss later on, for adding HPDod-MA helps the transfer of
HPDR1-MA.

The molecular interaction between HPDR1-MA and HPDod-MA
was confirmed by polarization-modulated infrared reflection
absorption spectroscopy (PM-IRRAS), with Fig. 5 showing that
the spectrum for a mixed Langmuir film is not the superimposition
of the spectra of the films for the neat polymers. The main feature

Fig. 3. Surface potential isotherms for monolayers of the homopolymers and
mixtures with three relative concentrations of HPDR1-MA and HPDod-MA.

Fig. 4. BAM images (430 � 642 lm2): from left to right: HPDR1-MA, HPDod-MA and mixture with 41% molar fraction of HPDR1-MA. Top row, p = 0 and bottom row,
p = 5 mN m�1.
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in the PM-IRRAS spectra is the remarkable positive peak at 1730–
1745 cm�1 corresponding to the ester carbonyl stretching vibra-
tion (v(C@O)), which indicates that most C@O groups have their
transition moment oriented perpendicularly to the surface. The

shift to lower energies in the band assigned to v(C@O) is indicative
of molecular-level interactions, as this group is sensitive to intra-
chain and intermolecular interactions, including those with water
molecules at the air–water interface.

For the region between 1050 and 1250 cm�1, corresponding to
bands assigned to CACAO and CAOAC symmetric and asymmetric
stretching, the spectrum of the mixed film resembled that of
HPDR1-MA. The symmetric and asymmetric stretching bands of
CH2 at 2800–3000 cm�1 are not visible in the HPDR1-MA spec-
trum, due to its lower quantity in the polymer structure, but they
are present in the spectra for the films of HPDod-MA and the mixed
film. Significantly, a slight shift and broader bands than those of
HPDod-MA appear in the spectrum of the mixture, which is a clear
confirmation that the spectrum is not a superimposition of the
individual spectra for the neat homopolymers.

3.3. Langmuir–Blodgett films properties

Films of the pure polymers could not be transferred onto solid
substrates with good quality, while the mixed films presented
excellent transferability for various substrates, including glass, sil-
icon and gold. The UV–Vis absorption spectrum for the mixed LB
film in Fig. 6 exhibits an absorption maximum at 467 nm, ascribed
to a p–p� transition for the azo chromophores. This spectrum is
only slightly red shifted in comparison to that of the mixture in
chloroform solution, which possesses kmax = 460 nm. Furthermore,
the peak in the LB film is not much broader than the peak for the
solution (see Fig. 6) as usually seen in LB films. Therefore, such
small changes mean that the level of aggregation in these LB films
[12,27] is smaller than the usual, probably because HPDod-MA,
which does not show significant absorption over the entire UV–
Visible range, prevents a strong coupling between the azobenzene
groups in the organized LB films.

To investigate possible film anisotropy, polarized UV–Vis
absorption spectroscopy experiments were performed. The di-
chroic ratios (A///A\) for the LB films with different numbers of lay-
ers at the maximum absorption, assigned to the p–p� transition of
the azobenzene group, ranged from 1.02 to 1.05. The degree of
anisotropy is small and therefore the azo groups are almost ran-
domly oriented. The possible orientation of the hydrocarbon chains
and other groups cannot be probed with this technique, but this
will be addressed with FTIR spectroscopy (see below). The UV–
Vis spectroscopy was also useful to monitor the amount of material
transferred for distinct numbers of layers in the LB film. Fig. 7a
shows the spectra for 41 mf% HPDR1-MA/HPDod-MA LB films with
various numbers of layers. The absorbance increased linearly up to

Fig. 5. PM-IRRAS spectra at p = 10 mN m�1 for HPDR1-MA, HPDod-MA, and
mixture with 41% molar fraction of HPDR1-MA. (a) At 1700–1770 cm�1, (b) at
1000–1300 cm�1 and (c) at 2830–2960 cm�1.

Fig. 6. UV–Vis absorption spectra of 41/59 mf% HPDR1-MA/HPDod-MA in chloro-
form and in a mixed LB film.
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ca. 30 layers, and then had a smaller slope, as indicated in Fig. 7b. It
seems that the transfer of a large number of layers becomes ineffi-
cient, which is typical of polymer LB films [28].

Analyzing LB films with FTIR spectroscopy in the absorption and
reflection modes may allow one to probe whether the molecules in
the film are oriented preferentially and if interactions occur be-
tween the polymers. Fig. 8 shows the reflectance and transmit-

tance spectra for 31-layer-LB films of mixture containing 41%
molar fraction of HPDR1-MA. The peaks are essentially the same
as those in Table 1, which referred to the synthesized polymers.
It is worth noting that the transmittance and reflectance spectra
for the LB films are quite different. One recalls that the transmit-
tance mode probes vibrations with transition dipole moments in
the plane of the film, while vibrations with transition moments
normal to the film plane are captured in the reflectance spectra.
The absorption bands at 1730 cm�1 and 2850–2930 cm�1 due to
the carbonyl stretching and the CH2 stretching vibrations are more
intense than the aromatic C@C stretching at 1599 cm�1 in the
reflectance spectrum. Therefore, these groups are preferentially
oriented perpendicularly to the substrate surface. In addition, the
NO2 symmetric stretching at 1341 cm�1 is less intense than the
C@O stretching in the reflectance spectrum indicating that this
group is parallel to the substrate surface. The orientation of the
chemical groups in the LB film can be compared to that in the cast
film, by concentrating on the relative intensity of the C@O and CH2

stretching vibrations for the reflectance FTIR spectra of the LB and
cast films. As Fig. 8 shows, the C@O groups are more strongly ori-
ented perpendicularly to the substrate than in the cast film, which
is consistent with the order expected for the LB film.

With regard to the molecular-level interactions between the
two polymers, in the spectrum of the mixed LB film one should ex-
pected shifts related the interactions observed in the Langmuir
films with PM-IRRAS and probable formation of hydrogen bonds
in neighboring layers [29]. However, Fig. 8 shows that the spec-
trum for the LB film is similar to that for the mixed cast film, being
a superimposition of the spectra of cast films of the neat polymers
(spectra not shown). Therefore, even though some of the order
associated with the orientation of C@O groups was preserved in
the LB film, the transfer onto the solid substrate hindered the
changes that should be caused by other molecular-level interac-
tions between the polymers. This is probably because of the large
number of layers required for a good signal-to-noise ratio to be ob-
tained, for which it is known that the order decreases.

3.4. Photoinduced birefringence

Fig. 9 shows the photoinduced birefringence curves for LB films
of two mixtures with different azo contents, for the lower

Fig. 7. (a) UV–Vis absorption spectra of LB film of mixture with 41% molar fraction
of HPDR1-MA for several numbers of layers. (b) Plot of absorbance at 467 nm versus
the number of layers of a mixed LB film.

Fig. 8. Reflectance and transmittance FTIR spectra for 31-layer-LB and cast films containing 41/59 mf% HPDR1-MA/HPDod-MA.
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(0.4 mW) and higher (3.5 mW) laser powers used. The dynamics of
the photoinduced birefringence comprises two processes: the fast,
initial process is attributed to the alignment of azochromophores,
while the second, slower process is ascribed to the orientation of
chain segments along with the azo moieties. After the writing laser
has been switched off, birefringence is lost due to the thermal
relaxation of the induced orientation, which can again be modeled
with two relaxation processes. The films for the two mixtures dis-
play essentially the same behavior, with only a small difference of
0.1 in the birefringence value. The curves for the buildup and decay
of birefringence were fitted with biexponential functions of the
form

DnBuildup ¼ A1ð1� e�t=s1 Þ þ A2ð1� e�t=s2 Þ ð1Þ

DnDecay ¼ A3e�t=s3 þ A4e�t=s4 þ A5 ð2Þ

where A1, A2, A3, A4 and A5 are the pre-exponential factors, t is the
time and s1, s2, s3 and s4 are the time constants for the fast and
slow writing and relaxation processes, respectively. The coefficient

A1 depends on the quantum yield and local mobility of the azo moi-
eties, which is controlled by the size of the azo moieties, the free
volume around them and the strength of the coupling interactions
between the azo moieties and the polymer backbones. The coeffi-
cient A2 depends on the coupling interaction between the azo moi-
eties and the polymer segments, and on the mobility of the polymer
segments. A3 and A4 are coefficients representing the fast and slow
relaxation processes, with A3 being attributed to the thermal cis–
trans isomerization and dipole reorientation while A4 accounts for
the reorientation of chromophores arising from the thermal relaxa-
tion of the polymer chains. A5 represents the fraction of the induced
birefringence which is stable over time, i.e., it does not depend on
time [30–32].

Table 2 summarizes the parameters used to fit the dynamics of
writing and relaxation for the two LB films for a writing power of
0.4 mW. The values of A1, which corresponds to the fast process
of writing, are higher for the film with 51% molar fraction of
HPDR1-MA in the mixture, because of the larger number of azo-
chromophores. The time constants s1 and s2, however, did not
change with the number of azo units in the mixture. For this low

Fig. 9. Buildup and decay of the photoinduced birefringence for a 101-layer-LB film containing 51/49 mf% HPDR1-MA/HPDod-MA at 0.4 mW and 3.5 mW. The solid lines in
this figure represent the fitting obtained with Eqs. (1) and (2).

Table 2
Parameters obtained by fitting the birefringence curves in Fig. 9 with Eqs. (1) and (2) for the lower laser power, 0.4 mW. We kept the parameters with several decimal places, just
for the sake of numerical calculations.

mf% HPDR1-MA Buildup Decay

s1(s) s2(s) A1 A2 s3(s) s4(s) A3 A4 A5

51 13.00 45.70 0.036 0.011 3.84 55.79 0.082 7.715 0.025
41 12.02 48.81 0.010 0.028 3.45 55.51 0.083 18.717 0.024
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laser power (0.4 mW), we clearly observed two distinct time con-
stants, with s2 being 3.5 times s1. For the higher power
(3.5 mW), however, s2 and s1 were identical, thus pointing to a
photoinduced orientation determined only by a fast process, attrib-
uted to the local movement of the azobenzenes groups in the
trans–cis–trans isomerization. Thus, one single exponential func-
tion may represent the photoisomerization buildup process, as
illustrated in Table 3. The values of s1 show that a relatively high
storage speed can be reached for the mixtures at 3.5 mW.

When the writing beam was switched off, two relaxation pro-
cesses were apparent. The initial, fast decay occurred with a time
constant close to 3 s while the second process, associated with
the mobility and relaxation of the polymer backbone, was much
slower with a characteristic time constant close to 55 s. The pres-
ence of two relaxation processes was observed regardless of the la-
ser power used to photoinduce the birefringence. The fitting with
the biexponential function for the decay indicated similar relaxa-
tion rates for the two mixtures, as shown in Tables 2 and 3. Note
that we kept the values of characteristic times and other parame-
ters in the tables with several decimal places for the sake of the
numerical calculations. From the measurements we cannot obvi-
ously identify the characteristic times with such accuracy. The
presence of the low Tg polymer, HPDod-MA, in the mixture could
lead to a faster decay of dipole orientation. However, with the
azo chromophores being attached as side groups in the polymer
backbone and with the close packing of the LB films, the relaxation
processes were slow. The compensation of competing effects is
also related to the restrictions in the chromophores mobility in
an LB film, which affect both the photoisomerization efficiency
and the kinetics of writing and decay. For example when chro-
mophores are closely packed into an ordered structure such as
LB films, photoisomerization is hampered because of the lack of
free volume [33,34]. The A5 values correspond to the birefringence
kept after long times, which will be discussed below in the analysis
of the residual birefringence.

We investigated the effect of varying the laser power on the
optically induced birefringence for LB films (thicknesses of approx-
imately 170 nm) with 41% and 51% molar fraction of HPDR1-MA.
The amplitude of the birefringence increased slightly with the con-
tents of azochromophores in the sample, being independent of the
power of the writing beam within the experimental error (result
not shown). In addition, one could infer that a laser power of 0.4
mW was sufficient to induce birefringence in a 101 layer-LB film
for any proportion, with Dn = 0.038 and 0.047 for the mixtures
with 41% and 51% molar fraction of HPDR1-MA, respectively. The
saturation was reached at the power of 1.4 mW for the two mix-
tures analyzed.

A desirable characteristic for optical storage systems is short
writing and reading times. The time to achieve 50% of the maxi-
mum birefringence (T50%) decreased drastically as the laser power
was increased from 0.4 to 1.4 mW, as seen in Fig. 10a. Upon further
increasing the laser power (up to 3.5 mW), only small changes
were noted in T50%. T50% was independent of the azo content in
the mixture, with similar values for mixtures with 41% and 51%

molar fraction of HPDR1-MA, as indicated in Fig. 10a. The use of
a polymer with low Tg mixed with the azopolymer facilitates the
trans–cis isomerization leading to a fast rate of achieving the bire-
fringence close to 3 s for the laser power of 1.4 mW.

Another important requirement for optical storage is the resid-
ual birefringence after the writing laser is switched off. The mixed
LB films studied here had a significant number of molecules with
the orientation preserved, i.e., the birefringence could be main-
tained resulting in a considerable residual ratio (RR). Fig. 10b
shows that the LB films of the two mixtures exhibited residual ra-
tios between 45% and 58% after 100 s. The A5 values in Tables 2 and
3 were higher for the mixture containing 51% molar fraction of
HPDR1-MA, but this may be attributed to a higher Dn that in-
creases with the contents of azochromophores. The calculated
residual birefringence ratios were similar for the two mixtures.
While the structural polymer characteristics such as chain mobility
or chain entanglement affect the residual birefringence, the RR val-
ues obtained are a consequence of the freedom to move found by
chromophores in the mixture. Close to 50% of the birefringence sig-
nal lost did so in a very short time, because of the mobility in the
mixed film afforded by the presence of HPDod-MA, whose Tg is ca.
�65 �C. Our results show that by increasing the laser power five
times a decrease in the RR value of 10% was observed, as indicated
in Fig. 10.

In summary, the LB films with the HPDR1-MA/HPDod-MA
mixtures displayed a residual birefringence that makes them appli-
cable in optical storage. The features of the photoinduced birefrin-
gence are similar to analogous systems with azopolymers

Table 3
Parameters obtained by fitting the birefringence curves of the mixtures with Eqs. (1) and (2) at different laser powers.

mf% HPDR1-MA Laser Power (mW) Buildup Decay

s1(s) A1 s3(s) s4(s) A3 A4 A5

51 1.4 5.473 0.028 2.24 49.20 0.130 4.325 5.473
51 2.6 2.807 0.022 2.73 50.56 0.093 7.003 2.807
51 3.5 2.771 0.024 2.23 52.76 0.085 5.342 2.771
41 1.4 4.221 0.018 3.74 65.16 0.077 2.394 0.018
41 2.6 3.141 0.018 3.79 59.74 0.067 1.395 0.020
41 3.5 2.482 0.019 2.88 52.04 0.078 9.020 0.017

Fig. 10. Dependence of birefringence properties with the laser power for mixed
101-layer-LB films with 51% (square) and 41% (circle) of HPDR1-MA, T50% (a) and
residual birefringence (RR) (b). The lines are drawn to guide the eye.
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[4,10,24,35], copolymers [5,10,17,36,37] and blends [38,39] with
the advantage of a relatively small writing time. The comparison
of the two mixtures indicated that 41% molar fraction of azopoly-
mer are sufficient for the photoinduced birefringence, with an opti-
mized writing process using 1.4 mW of laser power.

4. Summary

The surface pressure isotherms pointed to an interaction be-
tween HPDR1-MA and HPDod-MA for proportions from 31% to
61% fraction molar of HPDR1-MA. By examining the isotherms, it
was possible to conclude that the mixtures containing 31–41%
fraction molar of HPDR1-MA are the most adequate for deposition
of Langmuir–Blodgett films. For the mixture containing 41% molar
fraction of HPDR1-MA, the PM-IRRAS spectra indicated strong
molecular interaction with a shift in the peak assigned to C@O
and CH2 vibration stretching. Furthermore, BAM images showed
no phase separation of the polymers, again attributed to a molec-
ular-level interaction. Good quality LB films could not be obtained
from pure HPDR1-MA monolayers due to the rigidity of film. In
contrast, uniform LB films with several numbers of layers were ob-
tained with the aid of the polymethacrylate HPDod-MA. The UV–
Vis results indicated that the presence of HPDod-MA prevented
aggregation of the azo chromophores. In polarized UV–Vis absorp-
tion spectroscopy, the azo side chains in the polymer films were
shown to have no preferred orientation, while the FTIR spectra in
reflectance and transmittance mode showed changes on the
molecular orientation in the LB films.

The LB films of the HPDR1-MA/HPDod-MA mixtures were ame-
nable to achieve a photoinduced birefringence, with relatively
small writing times for a sufficiently high laser power. Other fea-
tures of these films, including maximum birefringence and residual
ratio, demonstrate that these mixtures are promising for use in
optical storage, with the possible tuning of the properties by vary-
ing the relative concentrations of the mixtures.
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