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*S Supporting Information

ABSTRACT: Optical memories with long-term stability at high temperatures have long been pursued in azopolymers with
photoinduced birefringence. In this study, we show that the residual birefringence in layer-by-layer (LbL) films made with
poly[1-[4-(3-carboxy-4 hydroxyphenylazo)benzene sulfonamido]-1,2-ethanediyl, sodium salt] (PAZO) alternated with
poly(allylamine hydrochloride) (PAH) can be tuned by varying the extent of electrostatic interactions with film fabrication at
different pHs for PAH. The dynamics of both writing and relaxation processes could be explained with a two-stage mechanism
involving the orientation of the chromophores per se and the chain movement. Upon calculating the activation energies for these
processes, we demonstrate semiquantitatively that reduced electrostatic interactions in films prepared at higher pH, for which
PAH is less charged, are responsible for the longer stability at high temperatures. This is attributed to orientation of PAZO
chromophores via cooperative aggregation, where the presence of counterions hindered relaxation.
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■ INTRODUCTION
The use of photorefractive materials in organic photonics
applications, such as optical memories and surface-relief
gratings with antireflecting properties, requires long-term
stability of the light-induced changes in the refractive index,
even at high temperatures. The main thrust in the search for
novel materials with enhanced optical properties for those
applications has focused on the molecular control that can be
achieved with some fabrication techniques. For nanostructured
polymer films, for instance, various methods have been used,
including the layer-by-layer (LbL) technique based on the
adsorption of oppositely charged materials.1−4 With the LbL
method, one is able to produce supramolecular architectures,
where not only the thickness and composition can be
controlled precisely, but also their properties may be tuned
synergistically with a combination of distinct materials in the
same film. Examples of synergistic activity may be found in
various areas, such as in sensors and biosensors5 or organic
light-emitting diodes.6−9 LbL films made with azopoly-
mers,10−17 in particular, may have their photoinduced proper-
ties altered by varying the electrostatic interactions responsible
for the film formation.18 The interest in azopolymers arises
mainly from the photoisomerization of the azochromophore
from trans to cis isomers that leads to birefringence.19−24 This
photoisomerization is achieved by impinging light of adequate
wavelength on the film, which induces a change in molecular
conformation and molecular reorientation after several trans−
cis−trans photoisomerization cycles. The azochromophores will
tend to align perpendicular to the polarization direction of the
electric field of the incoming light.

One challenge in using azopolymers in optical memories is to
guarantee long-term stability for the photoinduced birefrin-
gence, and at high temperatures. The physical properties of
polymers depend significantly on temperature, especially near
the glass-transition temperature (Tg), where polymer chains
have their mobility increased. Birefringence is relatively stable
below the azopolymer Tg

25 value and is erasable by heating the
polymer to this temperature. Therefore, in order to obtain long-
term storage optical devices, one must seek polymers with good
thermal stability and high Tg values. Several reports have been
made in the literature with this purpose. These include
photoactive polymers with high Tg values,26−30 ionic
complexes,31 and LbL films based on a high Tg azopolyelec-
trolyte that displayed stable induced dichroism.32 Other
strategies to prepare stable birefringent materials should
nevertheless be considered, and the possible tuning of
photoisomerization and reorientation processes with changes
on the electrostatic interactions in LbL films has motivated us
to institute research into the dynamics of birefringence creation
and relaxation at distinct temperatures.
In this study, we used films containing poly[1-[4-(3-carboxy-

4 hydroxyphenylazo)benzene sulfonamido]-1,2-ethanediyl, so-
dium salt] (PAZO), which is an azopolymer with ionized
groups, alternated with the polyelectrolyte poly(allylamine
hydrochloride) (PAH), where the latter layers were adsorbed at
different pHs (i.e., with different degrees of ionization) in order
to tune the electrostatic interactions. A semiquantitative
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treatment for the kinetics of writing and relaxation of the
photoinduced birefringence will be provided, which may be
useful to guide the search for stable optical devices at high
temperatures.

■ MATERIALS AND METHODS
The LbL films were prepared from poly[1-[4-(3-carboxy-4
hydroxyphenylazo)benzene sulfonamido]-1,2-ethanediyl, so-
dium salt] (PAZO) and poly(allylamine hydrochloride)
(PAH) (average Mw = 50 000−65 000 g/mol), obtained from
Aldrich, whose chemical structures are shown in Figure 1.

PAZO was dissolved in pure water supplied by a Milli-Q system
from Millipore (resistivity = 18 MΩ cm) to a concentration of
10−2 M with pH ca. 9. The PAH aqueous solutions had a
concentration of 10−2 M and a pH that was varied by adding
either HCl or NaOH. The PAZO/PAH LbL films were
adsorbed onto glass substrates that had been hydrophilized in a
Piranha solution for 30 min. Deposition comprised the
following steps: (i) immersion of the substrate in PAH solution
for 30 s; (ii) washing the substrate + PAH layer with pure
water; (iii) immersion of the substrate + PAH layer into the
PAZO solution for 30 s; (iv) washing the substrate + PAH/
PAZO bilayer with pure water. By repeating steps (i) through
(iv), a large number of bilayers could be deposited.
The experimental setup for optical storage measurements is

similar to that described in refs 33−38. The 488- and 514-nm
lines of a tunable Ar+ laser were used as writing beams for
inducing birefringence. The photoinduced birefringence was
measured with a low power, ca. 1 mW, 633-nm HeNe laser
beam, referred to as the probe beam, with the sample placed
between crossed polarizers. The induced birefringence (Δn)
was calculated from the measured light intensity passing
through the crossed polarizers, using38

Δ = λ
π

−n
l

I
I

sin 1

0 (1)

where λ is the wavelength of the probe beam, l the film
thickness, I0 the incident beam intensity, and I the intensity
after the analyzer.
Differential scanning calorimetry (DSC) analysis was

performed with a Shimadzu Model Twi50 system, with the
PAZO and PAH polyelectrolytes samples heated from ambient
temperature up to 225 °C at a heating rate of 10 °C/min and
under an inert atmosphere of nitrogen. The thermogravimetric
analysis (TGA) was made in a calorimeter model TA 2910,
where the thermograms were measured at a heating rate of 10
°C/min under 20 mL/min of synthetic air flow. The LbL films
were characterized using Fourier transform infrared (FTIR)
spectroscopy with a Mattson spectrophotometer and ultra-
violet−visible light (UV-Vis) spectroscopy with a Shimadzu
UV-2101PC spectrophotometer.

■ RESULTS AND DISCUSSION

Photoinduced birefringence in azobenzene-containing films is
known37 to be generated by the movement of chromophores
responding to the repeated trans−cis−trans photoisomerization
cycles. After a given cycle, the chromophores can be oriented in
any direction, and those with their dipole moment
perpendicular to the direction of the writing laser polarization
will no longer undergo photoisomerization. Therefore, after a
series of cycles, there will be a larger number of chromophores
perpendicular to the polarization direction than in any other
direction, thus leading to the birefringence. This process
obviously is dependent on the free volume available for the
chromophores to isomerize and reorient, which, in turn, is
dependent on the temperature and molecular interactions with
the medium. The effects from the temperature on photo-
isomerization processes in azopolymers have been investigated
in cast and spin-coating films,36−40 and in LbL films.41 For the
latter, the other relevant factor was the degree of ionization.42

Here, we produced PAZO/PAH LbL films with PAH solutions
at pH 4, 6 and 8, whose degrees of ionization were 0.95, 0.9 and
0.7, respectively, according to Choi and Rubner.43 While
adsorbing the PAZO layers, a pH 9 solution was used, at which
its degree of ionization is 0.8.42 Because the pH affects the
electrical charge density of weak polyelectrolytes such as
PAH,44 swelling/deswelling of LbL films made with weak
polyelectrolytes occur when they are treated or stored at
different pHs. Treatment in water at neutral pH for long times
affects the degree of ionization of PAH free amine groups due
to elimination/reestablishment of hydrophobically associated
PAH chain segments, thus leading to molecular rearrange-
ment.44,45 In the LbL films studied here, both PAH and PAZO
are weak polyelectrolytes; therefore, the polymer chains may be
organized in different ways, depending on the pH used for
adsorption, even before the experiments of photoinduced
birefringence.
Because we wished to investigate temperature effects on the

photoinduced properties of PAH/PAZO LbL films, we had to
ensure that thermal treatments up to 100 °C did not affect the
chemical structure of the polymers. In subsidiary experiments,
we characterized the polymers with DSC to obtain their Tg
values, which were 95 ± 5 °C for PAZO and 91 ± 5 °C for
PAH (see the Supporting Information). From thermogravim-
etry, we observed that, up to 100 °C, there is only some small
mass loss, because of the release of water. Moreover, upon
heating, no chemical changes were noted with FTIR spectros-
copy (see the Supporting Information).

Dynamics of Birefringence Buildup and Relaxation.
The 20-bilayer PAH/PAZO LbL films (PAH/PAZO)20 were
heated to various temperatures, from room temperature (25
°C) up to 100 °C, through the PAZO and PAH glass-transition
temperature regions. The residual birefringence was erased with
circularly polarized light before each experiment in which the
birefringence buildup was studied. The writing and relaxation
curves were obtained as a function of time for each
temperature, as shown in Figure 2a for (PAH/PAZO)20 LbL
films prepared from PAZO aqueous solutions at pH 9 and PAH
aqueous solutions at pH 4. Similar curves were obtained for
films with PAH solutions at pH 6 and pH 8, and, therefore,
they have been omitted here. The maximum in birefringence
decreased with increasing temperatures. Moreover, for the
samples prepared at pH(PAH) 8, there was no significant
relaxation (when there was no writing beam) for temperatures

Figure 1. Chemical structures of (a) poly(allylamine hydrochloride)
(PAH) and (b) poly[1-[4-(3-carboxy-4 hydroxyphenylazo)benzene
sulfonamido]-1,2-ethanediyl, sodium salt] (PAZO).
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of 80 °C or higher. The buildup of birefringence was
normalized for all samples taking, as unity, the value at 25
°C. Figure 2b shows the maximum intensity of normalized
birefringence curves for (PAH/PAZO)20 LbL films prepared
from PAH solutions with different pHs. With increasing
temperature, the relative percentage of oriented chromophores
decreased quasi-linearly, and the decrease varied with pH. For
pH(PAH) 4, the intensity of the birefringence normalized
signal decreased more significantly, attaining 0.1 at 100 °C
(10% of the value at room temperature), than for pH(PAH) 6
and pH(PAH) 8 for which the induced birefringence had
practically the same behavior. At 100 °C the normalized
birefringence reached 0.2 and 0.3 for samples prepared at
pH(PAH) 6 and pH(PAH) 8, respectively.
Since the films were prepared from PAH solutions at

different pHs, the adsorbed amounts of PAH and PAZO could
differ. The adsorbed amount per unit area (Γ) of PAZO was
estimated using the UV−Vis spectra data of the LbL films
shown in Figure 3, assuming the absorption coefficient at 360
nm, where only PAZO absorbs, to be 4.30 ± 0.07 g−1 m2.46

This adsorbed amount of PAZO increased with the pH of the
PAH aqueous solutions, which is consistent with the increased
birefringence at higher pHs, because the birefringence is
expected to be proportional to the number of PAZO
chromophores. As shown in the inset of Figure 3, the
birefringence normalized by the amount of adsorbed PAZO

is practically the same for pH 6 and pH 8, being ca. 20% higher
at pH 4. For the latter, the higher birefringence could be
explained either by a facilitated orientation of the chromo-
phores or by enhancement due to aggregation.16,47 The first
hypothesis is unlikely because, at pH 4, the stronger
electrostatic interactions tend to preclude reorientation, as
will be shown in the discussion of the writing kinetics.
The hypothesis of dye aggregation may be examined by

considering the shape and position of the peaks in the spectra
of Figure 3.48 The bathochromic or red shift for the film
prepared with PAH solution at pH 4 may be associated with a
tilted J-aggregation in the LbL film, according to Advincula et
al.16 For the PAH/PAZO LbL films obtained at pH 4, this may
also apply, with the PAZO chromophores adsorbing onto PAH
molecules in a tilted orientation, because the PAZO charged
group is at the end of the chromophore. This orientation causes
the absorption intensity to decrease and the maximum
birefringence per chromophore to increase, which explains
the higher birefringence ratio attained at pH 4 in the inset of
Figure 3.

Analysis of Birefringence Buildup. The buildup of
birefringence could be fitted with a two-exponential function,
as is usual in the literature,49−52 with the kinetics comprising
two processes:
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where Iw1 and Iw2 are pre-exponential factors representing the
intensity of the two processes and τw1 and τw2 are the
characteristic time constants. The fastest process is normally
attributed to the trans→cis→trans photoisomerization dynam-
ics, thus depending on the local mobility of the chromophore in
the film. This mobility is dependent on the available free
volume and the interaction between the chromophore and the
oppositely charged polyelectrolyte, PAH. The second, slower
process is related to the mobility of polymer chains, which is
dependent on the size of the chain and on interactions with

Figure 2. (a) Birefringence buildup and relaxation kinetics curves at
different temperatures for (PAH/PAZO)20 films prepared from PAH
aqueous solutions at pH(PAH) 4. (b) Maximum intensity of
normalized birefringence for (PAH/PAZO)20 LbL films prepared
from PAH solutions with different pHs. The solid lines are only in
place to guide the eyes.

Figure 3. Visible absorption spectra of (PAH/PAZO)20 LbL films
prepared from different pHs. The inset shows the birefringence signal
per adsorbed amount, as a function of the pH of the PAH aqueous
solutions.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am201722x | ACS Appl. Mater. Interfaces 2012, 4, 1470−14771472



both polyelectrolytes, manifested as the viscoelastic behavior of
the polyelectrolytes.
Figure 4 shows the normalized birefringence signal for the

fast (Iw1) and slow (Iw2) processes. For samples prepared with
PAH solution at pH 4, the normalized birefringence for the
first, fast process corresponded to 65% of the total birefringence
for temperatures up to 60 °C. For 70 °C and above, the first
process became less important, with only 35% of the
birefringence. Similar trends were observed for the samples
prepared at the other pHs, as indicated in Figures 4b and 4c,
with the second, slower process dominating at high temper-
atures. It is worth mentioning that, for pH 6, the fast and slow
processes practically give the same contributions at high
temperatures.
The characteristic times (τw1 and τw2) for the birefringence

buildup are depicted in Figures 5a and 5b, respectively. The
orientation process of the azo-groups, because of photo-
isomerization, is temperature-dependent, in addition to being
dependent on the pH. Upon increasing the temperature, one
should expect the characteristic time to decrease, because of the
enhanced mobility of the molecules. On the other hand, the
number of oriented dipoles tends to decrease due to relaxation.
For the films prepared from PAH solutions at pH 4 and pH 6,
τw1 decreased as the temperature increased, but it would
probably increase again at high temperatures (above Tg, if they
were to be reached). Hence, for these samples, the facilitated
chromophore movement with increased temperatures over-
came the relaxation processes. In contrast, τw1 was minimum at
an intermediate temperature (50 °C) for the sample prepared
at pH 8, indicating a more balanced competition between the
temperature-dependent orienting and relaxation effects. As for
the slow process, τw2 was practically temperature-independent
for the samples prepared with PAH at pH 4 and pH 6, but
increased at high temperatures for the sample obtained at pH 8.
The increase in the characteristic time with the temperature for
the latter sample suggests the presence of some other type of
chromophore orientation, as will be discussed later.
Analysis of Birefringence Relaxation Kinetics. For the

sake of comparison, the relaxation curves were normalized with
respect to the maximum birefringence for each temperature.
The decay curves were also fitted with a two-exponential
function, as in Debye processes with two relaxation times:
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where Ir1 and Ir2 are the pre-exponential factors for the
birefringence normalized intensity taking values between 0 and
1, and τr1 and τr2 are the characteristic time constants of the two
processes. As mentioned above, this two-exponential Debye-
type behavior is often observed in birefringence decay
experiments, in which the fast decay is attributed to dipole
disorientation and the slow decay is related to disorientation
arising from the movement of polymer chains. Here, the slow
process had time constants exceeding tens of hours, so that the
overall decay could be represented by an exponential decay for

the first process plus a constant IC that represented the long-

term relaxation, as follows:

Figure 4. Normalized birefringence intensities, Iw1 and Iw2, as a
function of temperature. These parameters were obtained by fitting the
buildup data with eq 1 in (PAH/PAZO)20 films fabricated from PAH
aqueous solutions at (a) pH(PAH) 4, (b) pH(PAH) 6, and (c)
pH(PAH) 8. The lines are merely in place to guide the eyes.
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The kinetics for the birefringence after the writing laser was
turned off in Figure 2 was fitted using eq 3, with the parameters
used being plotted in Figures 6a and 6b. There is little
relaxation of the chromophores, with the birefringence being
largely preserved. At room temperature, the normalized
intensities associated with the fast relaxation process, Ir1,
correspond to 0.10−0.12 for all three types of samples, i.e., ca.
10% of the total photoinduced birefringence decayed quickly
while the remaining 90% decayed with longer characteristic
time constants. Here, the birefringence at the end of the
experiments is referenced as “residual birefringence”. The
number of chromophores oriented at higher temperatures is
smaller, as indicated in Figure 2b, which is justified by the ease
with which dipoles are disoriented at such temperatures.
However, the residual birefringence is still high, and the
difficulty in disorienting the dipoles can only be explained if the
orientation process at high temperatures involves movements
of the polymer chains in a way that the chromophores are
arranged in more-stable positions. For the film fabricated at pH
8 and near Tg, in particular, there seems to be no relaxation
within the time scale of the measurements, as no decrease in
birefringence was observed even after 8 h of the argon-ion laser
being turned off for a sample kept at 100 °C.
At pH 8, the electrostatic forces between the polyelectrolytes

are minimized, because PAH has less charge, but PAZO is
ionized. Therefore, the presence of counterions and co-ions,53

which was inferred from X-ray photoelectron spectroscopy data
in PAH/PAZO films,54 may hinder the orientation of the azo-
group.55 It should also be mentioned that the PAZO molecules
are ionized even in films prepared from PAH solutions with pH
4, as demonstrated in the FTIR spectrum (see Figure SI3 in the
Supporting Information), where peaks appear in the 1700−
1500 cm−1 region of the spectrum, assigned to carboxylate
(COO−) and carboxylic acid (COOH) groups.42

Upon increasing the temperature, the characteristic time
constant of the fast process of relaxation decreased, as indicated
in Figure 6b), tending to almost the same value for all films.
This behavior means that, near the glass transition, the
interactions between polyelectrolytes no longer affect the
relaxation process. This is consistent with the work of Song et
al.,56 although their explanation was different. They concluded
that the fast process was associated with the kinetics of the cis
isomer while the second, slower process was related to the trans
isomer. However, this explanation cannot be applied to the
results reported here, because the azochromophores would not
adopt the cis conformation for long.57

Figure 5. Characteristic times obtained by fitting the buildup data with
eq 1 for (PAH/PAZO)20 LbL films prepared from pH(PAH) 4,
pH(PAH) 6, and pH(PAH) 8: (a) τw1 (fast process) and (b) τw2 (slow
process). The lines are only in place to guide the eyes.

Figure 6. (a) Normalized signal of the first relaxation process (Ir1) for
PAH/PAZO films made from PAH solutions with different pHs. (b)
Characteristic time associated with the first process of the relaxation
mechanism for (PAH/PAZO)20 LbL films prepared with PAH
solutions with different pHs. Arrhenius plots are shown in the inset.
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The residual birefringence is another important parameter,
because it reflects the oriented chromophores with long
characteristic times. Although this residual birefringence
decreased with temperature, as shown in Figure 2a, its
normalized value, represented by IC = 1 − Ir1 increased until
unity for high temperatures. Therefore, chromophores may
remain oriented at high temperatures, with the relative number
of long-term oriented chromophores even increasing with the
temperature. This can only be explained if a temperature-
dependent mechanism is used to “freeze” chromophores. Such
a mechanism may rely on the presence of counterions near
ionic PAZO groups that maintain azochromophores in their
trans conformation.
Determination of Activation Energies. The results just

described lead us to conclude that the temperature affects the
competition between the two processes for both the
birefringence buildup and relaxation. In order to make this
analysis more quantitative, we determined the activation
energies for the writing and relaxation processes from
Arrhenius plots, using58

= − ⎜ ⎟
⎛
⎝

⎞
⎠k A

E
R T

ln( )
1

i
a

(4)

where ki is the process rate (s−1) (ki = 1/τwi), A a pre-
exponential constant, R the universal gas constant (R = 8.314 J
mol−1 K−1), and T the temperature (given in Kelvin). Table 1
gives the activation energies calculated from plotting the
logarithm of the reciprocal characteristic times in Figures 5a
and 5b, as a function of the inverse of the temperature.
The activation energy for the fast writing process varied from

17.4 kJ/mol for the film fabricated at pH 4 to −8.6 kJ/mol for
the film at pH 8. A similar behavior was observed for the
activation energy of the second process, with values of 18.2, 0.5,
and −14.6 kJ/mol being observed for samples prepared with
PAH solutions at pH 4, 6, and 8, respectively. The activation
energies of the fast process for samples obtained at pH(PAH) 4
and pH(PAH) 6 are close to those of Langmuir−Blodgett
films,59 particularly for films of 4-[(N-ethyl,N-2-ethyl-
metacryloxy)amino]-2′-chloro-4′-nitroazobenzene and cadmi-
um stearate (HPDR13/CdSt) and of 4-[(N-ethyl-N-(2-
hydroxyethyl)]-amino]-2′-chloro-4′ nitroazobenzene and cad-
mium stearate (MMA-DR13/CdSt), for which energies of 9.0
± 0.7 kJ/mol and 14.0 ± 0.9 kJ/mol were obtained,
respectively. The much-higher activation energy for the samples
at pH 4 is due to PAH being fully charged, with the electrostatic
interactions with PAZO groups hindering photoisomerization.
The negative activation energy (−8.6 kJ/mol) for the sample
prepared at pH(PAH) 8 means that the process cannot be
stopped, suggesting that, as the ionic interactions between
polyelectrolytes are reduced, the azochromophores are available
for orientation without dragging the PAH molecules. There-
fore, because a larger number of azo-groups are not bound
electrostatically to PAH, the increase in temperature promoted
the alignment of azo-chromophores via a cooperative

orientation process. Here, we recall that a cooperative
interaction in azopolymers upon irradiation has already been
demonstrated,60 where the cooperativity was driven by a few
molecules differing in behavior from the majority. In addition,
the stability of photoinduced orientation in azopolymers is
strongly affected by aggregation.61

The energy barrier for relaxation is higher for samples
prepared at pH 6 and pH 8, consistent with a more-stable
orientation in these films, inferred from the rationale that
azochromophores can be oriented cooperatively. We have also
used the Eyring equation62 to investigate the relaxation process,
with

τ
=

ℏ
− Δ⎜ ⎟⎛

⎝
⎞
⎠

k T F
RT

1
expB

(5)

where τ is the characteristic time constant, kB the Boltzmann
constant, ℏ Planck’s constant, R the gas constant, and ΔF the
free energy of azo-group relaxation, which can be decomposed
in

Δ = Δ − ΔF H T S
with ΔH being the activation energy for relaxation of the azo-
groups and ΔS being the entropy of activation. These
parameters were calculated from eq 5 and plotting ln τr1 versus
1/T. The results in Table 1 indicate that the changes in both
enthalpy and entropy related to the fast relaxation process
increased with pH. The result for the enthalpy means that it is
more difficult to disorient chromophores for samples prepared
at higher pHs. As for the entropy results, the larger changes for
samples prepared at higher pHs point to more-organized
chromophores after the first relaxation process. This is
consistent with the cooperative phenomena of aggregation
proposed here, and with the increased intensity of the 1260
cm−1 band in the FTIR spectrum of the sample subjected to
100 °C (see the Supporting Information).
The importance of the degree of ionizationand, hence, of

the electrostatic interactionswas further confirmed by a
direct comparison of the pH dependence for the activation
energies in the writing processes with that of the degree of
ionization. Indeed, Figure 7 shows a similar behavior for the
degree of ionization of PAH, as obtained from the data by Choi
and Rubner,43 and the activation energies.

■ CONCLUSIONS
Photoinduced birefringence was investigated in the temperature
range between 25 and 100 °C for poly[1-[4-(3-carboxy-4
hydroxyphenylazo) benzene sulfonamido]-1,2-ethanediyl, so-
dium salt]/poly(allylamine hydrochloride) (PAZO/PAH)
layer-by-layer (LbL) films, in which PAH layers were adsorbed
from solutions of different pHs. The dynamics for the
birefringence could be described by two processes associated
with the orientation of chromophores required for the trans−
cis−trans isomerization cycles and with the chain movement. A
strong dependence on the PAH solutions pH was observed

Table 1. Activation Energies for the Writing and Relaxation Processes in the Buildup and Relaxation Curves, In Addition to the
Change in Enthalpy and Entropy Calculated with the Eyring Equation

Writing Activation Energy (kJ/mol) Fast Relaxation Process

pH(PAH) From τw1 From τw2 EaR1(kJ/mol) ΔH(kJ/mol) ΔS(kJ K−1 mol−1)

4 17.4 ± 3.8 18.2 ± 6.3 16.8 ± 1.7 14 ± 2 0.170 ± 0.005
6 6.4 ± 2.0 0.5 ± 1.8 46 ± 14 44 ± 11 0.26 ± 0.04
8 −8.6 ± 2.1 −14.6 ± 2.2 49 ± 4 46 ± 5 0.26 ± 0.02
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since, for less-ionized molecules, the trans → cis → trans
photoisomerization cycles and chromophores orientation were
facilitated. For all films, the maximum birefringence decreased
with the temperature, as expected from the literature,58 because
of increased polymer chain flexibility and mobility.
One of the most important features was the higher long-term

stability in birefringence at high temperatures for the LbL films
produced with low ionized PAH (at high pH). This effect was
associated with the presence of co-ions and counterions that
may compensate for the electric charge of PAZO chromo-
phores and hinder relaxation. Further evidence for this
interpretation came from the activation energies calculated
from Arrhenius plots, where a negative energy was obtained for
the orientation mechanism for the film prepared at high pH. An
important implication of these findings is that the strategy
reported here represents an avenue for obtaining long-term
stability for birefringence, and at high temperatures, which can
be achieved by tuning the electrostatic interactions in LbL
films. Applications in stable optical devices, including optical
memories, can then be envisaged.
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