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ABSTRACT: Optical storage properties of thin unoriented liquid crystalline and amorphous side-chain
azobenzene polymethacrylate films are examined by polarization holographic measurements. The
investigated materials are free radical copolymers derived from two photochromic monomers, 6-(4-oxy-
4′-cyanoazobenzene)hex-1-yl methacrylate and 8-(4-oxy-4′-cyanoazobenzene)oct-1-yl methacrylate, and
a nonphotochromic optically active comonomer, (-)-menthyl methacrylate. The thermal behavior and
phase transitions of the polymers have been investigated in detail through differential scanning calorimetry
and polarizing optical microscopy. Atomic force microscopy investigations have been carried out on the
polarization holographic gratings recorded in the polymethacrylate films. A surface relief grating has
been found to appear in all films after irradiation. The copolymers with 50-75% dye content exhibit the
largest surface relief. The stored information seems to be stable up to approximately 70 °C, except in the
case of polymers with low dye content.

1. Introduction
Polymers with pendant azobenzene moieties in the

side chains are potentially useful as materials for optical
information storage.1-5 The methacrylate systems in
particular have been studied in great detail by Natan-
sohn’s group.6-8 The attractive features of these systems
are the high birefringence obtainable due to polarized
laser beam irradiation and the erasability of the induced
anisotropy on irradiation with circularly polarized light.
Natansohn et al.9 have also investigated the interaction
between the side chains when the polymethacrylate
contained both azobenzene and polar or nonpolar side
chains. It was shown that a higher birefringence is
obtained when the side chains are polar due to a
cooperative motion of the azobenzenes. We have previ-
ously investigated the effect of the introduction of an
optically active comonomer in a methacrylate polymer
containing azo groups,10-12 aimed in principle to give
rise to a structural noncentrosymmetry to improve the
nonlinear optical properties.13 Besides the investigation
of the nonlinear optical properties in the solid state such
as second harmonic generation, it is also of interest to
investigate the correlations between the chirooptical
properties and the eventual photoinduced changes of the
secondary structure of the polymers.14-16

All azobenzene-containing polymers exhibit a surface
relief grating in addition to a birefringent grating,17-21

when irradiated with two polarized light beams. The
magnitude of the surface relief is different depending
on the polymer system. One of the aims of the current
investigation is to examine the surface relief introduced
in the material as a function of the concentration of the
azo dye.

After a brief introduction to the preparation and
characterization of the polymers, we discuss differential
scanning calorimetric (DSC) and polarizing optical
microscopic (POM) characterization of two series of
methacrylic polymers based on the mesogenic photo-
chromic monomers, 6-(4-oxy-4′-cyanoazobenzene)hex-1-
yl methacrylate (MC6) and 8-(4-oxy-4′-cyanoazobenzene)-
oct-1-yl methacrylate (MC8), and an optically active
comonomer, (-)-menthyl methacrylate (MnMA). Optical
storage in thin films of these polymers is investigated
through a polarization holographic technique, and atomic
force microscopy investigations have been performed to
give more details of the storage mechanism.

2. Experimental Section
Preparation of the Polymers. The polymers were syn-

thesized by free radical homo- and copolymerization of the
photochromic monomers 6-(4-oxy-4′-cyanoazo-benzene)hex-1-
yl methacrylate (MC6) and 8-(4-oxy-4′-cyanoazobenzene)oct-
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1-yl methacrylate (MC8) with (-)-menthyl methacrylate
(MnMA), as reported elsewhere.22

The copolymers of azo methacrylates with (-)-menthyl
methacrylate are denoted PCmMn(x) where m ) 6 or 8 and
x ) 1, 2, 3, 4, or 5 for different lengths of the polymethylene
spacer and different dye mole contents, respectively, as
reported in Table 1. The homopolymers are denoted PC6 and
PC8, corresponding to the hexamethylene and octamethylene
spacers, respectively.

The size exclusion chromatography (SEC) analysis revealed
the polymethacrylates number-averaged molecular mass dis-
tribution to be of Gaussian shape and the number-average
molecular masses to range among 10 000 and 30 000, with
polydispersities 1.7-2.7.

Preparation of Thin Films. For polarizing optical micro-
scopic investigations, thin polymer films were cast from a
chloroform solution. The films are typically 4-10 µm thick.
The films were dried under vacuum at temperatures ranging
between 60 and 100 °C. For holographic measurements, thin
films were prepared by dissolving approximately 40 mg of the
polymer in 150 µL of tetrahydrofuran and 30 mg of the
material in 200 µL of hexafluoro-2-propanol respectively for
the PC6 and PC8 series of polymers and spin-coating them
at 1200 rpm on to glass substrates, typically 20 mm in
diameter. The films were then dried in a vacuum oven at room
temperature for 3 h. The films were not preoriented in any
fashion.

Differential Scanning Calorimetry (DSC). DSC experi-
ments were performed on a Mettler TA-400 instrument
equipped with baseline calibration systems and computerized
data elaboration systems. The experiments were run in the
temperature range -30 to 200 °C on 5-10 mg polymeric
samples under nitrogen atmosphere, utilizing either heating
or cooling rates ranging from 2 to 15 °C min-1.

Polarizing Optical Microscopy (POM). The POM ob-
servations were made with a Reichert Polyvar polarizing
microscope equipped with a Mettler FP-52 hot stage controlled
by a Mettler FP-5 unit. The heating and cooling cycles were
performed at the rate of 10 °C min-1 up to a temperature 10
°C lower than the isotropization point and at the rate 0.2-0.3
°C min-1 up to the formation of liquid.

Polarization Holography. Figure 1 shows a typical setup
for two-beam polarization holography. An argon ion laser
(Innova 90-6) at 488 nm is used as the source. The argon ion
laser is divided into two by means of a polarization beam
splitter (PBS). The ratio of the intensities of the two beams
can be adjusted by rotating the half-wave plate (HWP). The
two beams are overlapped in the film through the adjustments
of mirrors, M. Before falling on the film, the beams pass
through suitably oriented quarter-wave plates (QWP) in order
to convert the beams to orthogonally circularly polarized
beams. A He-Ne laser with a power of 4 mW is used to
monitor the first-order diffraction efficiency. A quarter-wave

plate converts the linearly polarized beam from the He-Ne
laser to a circularly polarized beam. The laser power controller
(LPC) is used to select a given laser power. The polymer film
is mounted on a Peltier element which enables the tempera-
ture of the film to be controlled.

Atomic Force Microscopy (AFM). The AFM investiga-
tions of the grating structures in polymethacrylate films
recorded using polarization holography were carried out with
a Topometrix Explorer atomic force microscope at the laser-
irradiated spot of the film. Typically an area of 20 µm × 20
µm was scanned.

Film Thickness Measurements. The film thickness mea-
surements have been performed with a Dektak 3030 surface
profile measuring system.

3. Results and Discussion
Differential Scanning Calorimetry (DSC). The

results of the DSC investigations on the polymers are
summarized in Table 1. The table reveals the presence
of a glass transition in all the polymers. In the case of
polymers characterized by azo-dye content higher than
75%, first-order transitions are also observed. These
measurements show the monophase nature of the
polymethacrylates. Thermal treatments of the samples
(slow cooling from the isotropization temperature, Ti,
to room temperature and annealing for several hours
at Ti) did not bring about any changes in the thermal
traces. The Tg of the photochromic homopolymers is seen
to decrease from 60 to 35 °C while the length of the
polymethylene spacer increases from 6 to 8. This kind
of behavior, as reported in the literature,23 can be
attributed either to the increasing decoupling of the side
chains from the main chain or to the plasticizing effect
of the polymethylene spacer chain.

The first-order transition temperature relative to the
two homopolymers PC6 and PC8 ranges from 162 to
168 °C and the corresponding enthalpy values range
from 1.8 to 2.7 kJ mol-1. These are typical values for
the isotropization processes of smectic A phases.23

The copolymers characterized by azo-dye content
higher than 75% also show a similar behavior, and in
particular the values of Ti and ∆Hi decrease with
increasing content of MnMA units. The thermal traces
of copolymers characterized by an azo-dye content lower
than 75% only show a Tg. The Tg increases with
increasing content of (-)-menthyl methacrylate, possibly
due to an increase of the chain stiffness.

Polarizing Optical Microscopy (POM). Polymer
films were subjected to different thermal treatments
with the primary aim to promote the formation of

Table 1. Thermal Data of Homopolymers PC6 and PC8,
Their Copolymers with (-)-Menthyl Methacrylate

(PCmMn(x)), and PMnMA

polymer
MCma

(mol %)
Tg

(°C)
TSA
(°C)

TN
(°C)

Ti
(°C)

∆Hi
(kJ/mol)

PC6 100 60 163 168 1.84
PC6Mn(1) 92 57 123 125 1.37
PC6Mn(2) 76 69 92 0.24
PC6Mn(3) 51 80
PC6Mn(4) 27 104
PC6Mn(5) 7 131
PC8 100 35 158 162 2.68
PC8Mn(1) 95 35 138 141 2.33
PC8Mn(2) 79 58 99 1.09
PC8Mn(3) 51 65
PC8Mn(4) 30 90
PC8Mn(5) 7 124
PMnMA 147

a Mole percent azo-containing monomer as determined by 1H
NMR.

Figure 1. An experimental setup to record polarization
holographic gratings: HWP, a half-wave plate; LPC, laser
power controller; M, mirrors; PBS, polarizing beam splitter;
QWP, quarter-wave plates. The film is mounted on a Peltier
element facilitating heating and cooling of the film.
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mesophases and to allow the identification of optical
textures typical of liquid crystalline (LC) phases. The
films of polymers containing more than 75% azo units
are characterized by a single LC phase transition
corresponding to the isotropization of the polymers. In
every case POM observations result in perfectly revers-
ible cycles in either heating or cooling. This points to
the presence of an enantiotropic transition.

It should be noted that all the observed samples are
characterized at room temperature by a rather ill-
defined texture, lacking in distinctive optical features.
For poly(methacrylate)s PC6, PC6Mn(1), PC8, and
PC8Mn(1) it was possible, after the first heating-
cooling cycle to identify optical features typical of
smectic A (SA) (PC6, PC8, and PC8Mn(1)) and nematic
phase (PC6Mn(1)).

Photomicrographs showing optical texture changes
upon cooling at 0.2 °C min-1 from the isotropic state to
room temperature films of PC6 and PC6Mn(1) are
shown in Figure 2. Batonnet features typical of a
pretransitional state of a SA phase for PC6 are depicted
in Figure 2a. An optical texture consisting of irregularly
distributed focal conic features typical of the SA phase
is shown in Figure 2b. Finally, Figure 2c shows an
optical texture consisting of schlieren features typical
of a nematic phase for PC6Mn(1).

On the other hand, for polymers PC6Mn(2) and
PC8Mn(2), thermal treatments (slow cooling at 0.2 °C
min-1 from the isotropic state to room temperature or
annealing for 5 h at a temperature close to the clearing
point) did not promote a defined textural pattern.
Therefore, it was not possible to make a definite
assignment of the observed texture.

The POM investigations on the monomers MC6 and
MC8 revealed the direct melting to the isotropic state
at the temperatures of 90 and 92 °C, respectively,
without exhibiting any mesophases. The results show
that the mesogenic tendency of the azobenzene units is
remarkably increased when they are linked to a mac-
romolecular chain due to the cooperative interactions
between the side chains. This brings about a rather
extended mesophase (Ti - Tg > 80 °C) in the copolymers
characterized by a high thermal stability.

Copolymerization of photochromic monomers with
MnMA increases the average distance between neigh-
boring chromophores. This reduces the stability and the
extent of the structural order of the mesophase. Only a
relatively low content (<25%) of MnMA counits can be
tolerated in the copolymers without completely losing
the LC phase.

POM investigations have not revealed the formation
of chiral LC phases in any of the examined copolymers
despite the presence of optically active MnMA counits.
This incapability of the copolymers to give rise to chiral
LC phases could be due to the flexibility of the hydro-
carbon spacers and to the relatively long distance
separating the mesogens from the chiral units. This
makes the mutual interactions between the side chains
less probable.

Holographic Measurements. Time-Dependent Mea-
surements of the Diffraction Efficiency. As mentioned
earlier, the experimental system allows measurements
to be made at different laser intensities and film
temperatures. During the first 5 s of measurements,
only the HeNe laser is on; this is to observe the presence
of any residual diffraction grating in the film. The argon
ion laser is switched on after 5 s and switched off after

60 s, and the diffraction efficiency is followed on for a
period of 60 s more in order to observe any decay of the
diffraction efficiency. All the films display a permanent
grating structure after the argon ion laser is switched

Figure 2. Photomicrographs showing optical texture changes,
upon cooling from the isotropic state to room temperature at
0.2 °C min-1 of PC6 and PC6Mn(1) films: (a) batonnet
features forming at 164 °C in PC6 film, (b) focal conic textures
of SA phase forming at 163 °C in PC6 film, (c) schlieren
textures of a nematic phase forming at 123 °C in PC6Mn(1)
film. Crossed polarizers, magnification ×320.
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off, even though some of the films show an initial small
decay.

Figure 3 shows the first-order diffraction efficiency
of the polymethacrylates with hexamethylene spacers
as a function of time for an incident intensity of the
argon ion laser of 1.5 W/cm2. The decay of the diffraction
efficiency after the laser is switched off might be due to
a thermal effect; i.e., the film cools and the chro-
mophores relax to a certain extent with a consequent
decreasing in diffraction efficiency.24

For both the series of polymers it can be pointed out
that the higher the content of dye in the polymer, the
higher the value of the achieved maximum diffraction
efficiency (Tables 2 and 3).

The polymethacrylates with the hexamethylene spacer
seem to possess a shorter rise time and a higher value
of diffraction efficiency with respect to the polymethacry-
lates with the octamethylene spacer.

Temperature-Dependent Measurements of the Diffrac-
tion Efficiency. Typical erasure temperatures for the two
series of polymers are also shown in Tables 2 and 3.
Figure 4 shows the temperature dependence of the

diffraction efficiency for MC6-containing polymers.
In general, for MC6 polymers erasure is an easier

process than for the ones belonging to MC8 series.
The PCmMn(2) (m ) 6 or 8) films have lower erasure

temperatures than either PCmMn(1) or PCmMn(3).
As far as PCm, PCmMn(1), and PCmMn(2) samples
are concerned, the possibility of erasure might depend
on structural factors. The erasure temperature de-
creases in general going from the homopolymer to the
75% copolymer with the decreasing degree of structural
order. The LC order decreases passing from a smectic
A phase in PC6 to a nematic phase in PC6Mn(1) to a
fine grained texture in PC6Mn(2) and from a highly
ordered smectic A phase in PC8 to a less ordered
smectic A phase in PC8Mn(1) to a fine grained texture
in PC8Mn(2). In the LC samples the structural order
might be the factor stabilizing the photoinduced optical
anisotropy; hence, the erasure process may not depend
on the Tg. On the other hand, PCmMn(3) and PCmMn-
(4) are amorphous polymers where the erasure process
may be dependent on the Tg. As this value is reasonably
high and higher than those of the high azo-dye content
polymers, one can expect to have a higher Te despite
the lower azo-dye content. Examination of the films with
an atomic force microscope (described in detail in the
following) after recording the grating showed the pres-
ence of a surface relief. The surface relief can be erased
by heating the films up to a temperature of 130 °C in
all cases, which is well above the glass transition
temperature. Films with the surface relief can as easily
be dissolved in common solvents such as THF as
unexposed films. This indicates that cross-linking may
not be the reason for the stability of the surface relief.
We believe that an increased order created in the films
due to the alignment of the chromophores may be
responsible for the stability of the surface relief.

The importance of thermal processes in the formation
of the surface relief cannot be neglected. It has been
pointed out before25 that a temperature increase of
several degrees locally can be induced due to the laser
irradiation. This can plasticize the surface, enabling the
formation of a surface relief.

Despite the large differences in the glass transition
temperatures between the PC6 and the PC8 series, the
erasure temperatures do not vary drastically for the
homologues. The length of the side chain does not seem
to play a prominent role in the erasure process.

Figure 3. First-order diffraction efficiency in (a) PC6 ho-
mopolymer and PC6Mn(x) polymers: (b) x ) 1, (c) x ) 2, (d)
x ) 3, and (e) x ) 4, as a function of time at 25 °C. The argon
laser is switched on after 5 s and switched off after 60 s; the
intensity of the laser beam is 1.5 W cm-2. The diffraction
efficiency is measured for a further 60 s.

Table 2. Diffraction Efficiencies of PC6 Polymers

without slide on top with slide on top

polymer
MC6

(mol %)
max diffr

eff (%) Te
a (°C)

max diffr
eff (%) Te

a (°C)

PC6 100 44 65 54 59
PC6Mn(1) 92 31 67 39 61
PC6Mn(2) 76 24 49 28 40
PC6Mn(3) 51 15 60 10 49
PC6Mn(4) 27 4 58 5 40

a Erasure temperature defined here as that temperature at
which the maximum diffraction efficiency has decreased to 90%
of the maximum value.

Table 3. Diffraction Efficiencies of PC8 Polymers

polymer MC8 (mol %) max diffr eff (%) Te
a (°C)

PC8 100 34 66
PC8Mn(1) 95 31 59
PC8Mn(2) 79 29 50
PC8Mn(3) 51 15 56
PC8Mn(4) 30 4 57

a Erasure temperature defined here as that temperature at
which the maximum diffraction efficiency has decreased to 90%
of the maximum value.

Figure 4. First-order diffraction efficiency in (a) PC6 ho-
mopolymer and PC6Mn(x) polymers: (b) x ) 1, (c) x ) 2, (d)
x ) 3, and (e) x ) 4, as a function of temperature. The gratings
were recorded at a temperature of 25 °C; heating rate is 1 °C
s-1.
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Contribution to the Diffraction Efficiency from Ani-
sotropy and Surface Relief. We have shown26 that the
contributions of anisotropy and surface relief to the
diffraction efficiency can be estimated through a mea-
surement of the first-order diffraction efficiency as
follows. The grating is written with two orthogonally
polarized beams and is probed using a linearly polarized
HeNe laser beam. The first-order diffracted beam is split
into a horizontal (h) and a vertical (v) component using
a Wollaston prism. Using Jones calculus, the intensities
of the two beams after the Wollaston prism are

and

Here the first index, v, refers to the vertical polarization
of the probe beam, and the second indices, v or h, refer
to the vertical and horizontal component of the dif-
fracted wave.

For horizontal polarization of the probe beam we
obtain

and

Thus, by measuring the intensities Ivv, Ivh, Ihh, and Ihv,
we can find a, b, and δ0. In the above equations, a )
sin(∆æ)/2 and b ) cos(∆æ) J1(∆ψ). Here, ∆æ ) π(δn)d/λ
is the anisotropic phase shift due to the induced bire-
fringence δn, d is the film thickness, and λ is the
wavelength. ∆ψ ) π(∆n)(∆d)/λ, ∆n is the difference
between the refractive index of the polyester and air,
and (2∆d) is the relief height. J1(∆Ψ) is the first-order
Bessel function of the first kind in ∆ψ. δ0 is the
displacement between the anisotropic and topographic
gratings. The values of ∆æ and ∆ψ can thus be deter-
mined.

The normalized intensity curves obtained for the case
of PC6Mn(1) are shown in Figure 5a for an intensity
of 250 mW/cm2 at a wavelength of 488 nm. Figure 6
shows the phase difference due to anisotropy, ∆æ, and
due to the surface relief, ∆ψ, as a function of time. From
Figure 5a it is seen that for longer exposure times
(fluence) Ihh > Ivv. This means that there is a displace-
ment of π between the anisotropy and surface relief as
defined. In other words, the trenches of the surface relief
correspond to horizontal polarization of light. As shown
in the expansion in Figure 5b, for less than 30 s of
exposure, however, Ivv > Ihh, which leads to the conclu-
sion that the peaks of the surface relief correspond to
the horizontal polarization. This is also clearly reflected
in Figure 6. Thus as the fluence increases, the displace-
ment of the surface relief changes. This has been
observed for other PC6 films as well. At higher inten-
sity, Ivh and Ihv are both much smaller than Ivv and Ihh,
indicating that surface relief is the dominating factor
from the start.

Atomic Force Microscopic (AFM) Investigations.
The films were examined with an atomic force micro-
scope after recording a grating. The gratings were
recorded under similar conditions to those described

above. It was found that all the examined samples
exhibit a surface relief at the expected optical spatial
frequency.

In Table 4, the thickness of the films and the
maximum height of the surface relief obtained in the
PC6 and PC8 polymers are reported. A direct compari-
son between the two must be done with caution, since
the films in this case have been prepared with different
solvents, leading to different thicknesses.

Figure 7 shows an atomic force microscope 20 µm ×
20 µm scan of the irradiated area of PC6Mn(1). The
homopolymers (PC6 and PC8) show a small surface
relief, comparable by the way to the one with the lowest

Figure 5. (a) Normalized intensity curves, Ivv (vv), Ivh (vh),
Ihv (hv), and Ihh (hh), in PC6Mn(1) as a function of time for a
laser intensity of 250 mW/cm2. (b) Expansion of Ivv (vv) and
Ihh (hh) during the first 50 s.

Figure 6. Calculated values of the phase difference due to
anisotropy, ∆æ, and due to surface relief, ∆ψ, obtained from
Figure 5. The arrow denotes the point where the laser is
switched off.

Ivv ) |a + beiδ0|2 ) a2 + b2 + 2ab cos δ0

Ivh ) a2

Ihv ) a2

Ihh ) |-a + beiδ0|2 ) a2 + b2 - 2ab cos δ0
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azo-dyecontent(approximately25%)copolymers(PC6Mn-
(4)). It must be mentioned that it has not been possible
to measure the surface relief in PC8Mn(4).

Surface relief in azobenzene-containing polymers has
been observed before.17-20 At the moment, no concrete
theory exists to explain the presence of the surface relief.
Current published explanations are based on thermal
effects17 or pressure gradients due to the free-volume
requirements during trans-cis isomerization of the
azobenzene.20 However, these fail to explain the polar-
ization dependence of the observed surface relief in
azobenzene polyesters.21 While free-volume require-
ments when the molecule undergoes a trans-cis isomer-
ization may be responsible for the initiation of topo-
graphic features, it is obvious that more than one
mechanism is important in the formation of the final
surface relief. We27 have proposed that a Maier-Saupe
potential for the interaction between the dipoles may
be responsible for the surface relief in side-chain liquid
crystalline polyesters. However, this does not explain
all the observed features in the present case. It may be
necessary to consider long-range electrostatic interac-
tions between the dipoles as well. It is clear from a study
of azobenzene dendrimers28 that molecular arrangement
is an important parameter. More experimental evidence
is needed for a complete understanding of the mecha-
nism for the formation of the surface relief.

Intuitively, one might expect the homopolymers to
exhibit the largest relief as the concentration of azoben-
zene chromophores is largest as this might promote a
greater interaction between the chromophores. How-
ever, it is noteworthy that PC6Mn(2) and PC8Mn(2)
copolymers containing approximately 75% azo dye are
characterized by the highest surface relief. Another
interesting feature is that even though PCmMn(2)
shows the highest surface relief, the diffraction ef-

ficiency is smaller than in homopolymers. This is due
to the fact that the surface relief is a porous structure
with a smaller density. Thus, the change in the refrac-
tive index between “peaks” and “valleys” is not large.
Similar observations have been made in an oligopep-
tide,29 where a surface relief approximately 10 times the
pristine film thickness was obtained on irradiation with
a single off-axis p-polarized laser beam.

We have also made diffraction efficiency measure-
ments on PC6 series films with a glass cover glued on
top of the polymer film. This prevents the formation of
a surface relief and hence affects the temperature
stability of the recorded gratings. As seen in Table 2,
these gratings are erased at lower temperatures com-
pared to those in uncovered films. However, it is
remarkable that the diffraction efficiencies are as high
as or even higher than the case of uncovered films.
While the surface relief is suppressed, the anisotropy
seems to have increased in these films, as expected from
their larger local density.

AFM scanning has also been undertaken on PC6Mn-
(2), PC8Mn(1), PC8Mn(2), and PC8Mn(3) films after
they have been irradiated through a transmission mask.
The mask consists of a periodic amplitude grating, with
a period of 30 µm with the width of the transparent
region being 5 µm. The film was placed on the grating
and was irradiated with polarized light. On irradiation
with light polarized perpendicular to grating lines,
trenches were found to appear in the irradiated area,
for large fluences, confirming the observations made
earlier in the diffraction measurements.

4. Conclusion

Side-chain azobenzene polymers having a poly-
methacrylate main chain have been synthesized and
examined for optical storage. After irradiation at 488
nm with a polarized laser beam, these materials present
a fairly large diffraction efficiency that is stable at room
temperature. As in other azobenzene-containing sys-
tems, a strong surface relief was observed in the area
irradiated with two orthogonally circularly polarized
beams. Remarkably, not the homopolymers but poly-
mers with 75-80% dye content exhibit the largest
surface relief. The effect of the chirality of the side
chains is, however, not clear. More experiments with
chiral and nonchiral side groups are necessary to
evaluate their contribution.
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