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ABSTRACT: Poly[4’-[[2-(acryloyloxy)ethyl]lethylamino]-4-nitroazobenzene] (pDR1A) is used as an example
to demonstrate the ability of amorphous high- T, azoaromatic-containing polymers to reversibly store optical
information. Writing, reading, erasing, and rewriting processes are performed using laser beams on a pDR1A
film. This ability is based on the well-known trans—cis-trans isomerization process which was previously
studied on liquid-crystalline polymers containing azoaromatic groups. Liquid crystallinity is not a necessary
condition for optical storage. As well, erasing can be performed optically, eliminating the need to heat the
polymer sample. The writing and erasing are statistical processes, and the level of optical anisotropy induced
depends on the photon flux directed at the sample. The time evolution of the writing process is investigated.
A computer simulation of these processes is performed taking into account a relaxation process in which some
of the reoriented trans molecules are randomized by thermal motion. The computer model replicates the
general features of the optical storage processes. Possible applications and future work on this class of

polymers are also discussed.

Introduction

It was demonstrated in 1972 that the isomerization of
various azobenzenes bound on the side chain or within the
main chain of poly(methyl methacrylate), poly(ethyl meth-
acrylate), polystyrene, a polyamide, and a polyester can
be studied in the solid state.® There are three processes:
a trans—cis photochemical isomerization, a cis—trans pho-
tochemical isomerization, and a cis—trans thermal isomer-
ization, which occurs due to the higher stability of the
trans configuration. Since that pioneeringstudy, twomain
directions of research developed and are very active in the
current literature. This survey of the literature will omit
the more recent development of using azoaromatics as
active groups for nonlinear optical properties. Some
comments on this application will be presented in the
Results and Discussion section of this paper.

The first direction is pursued by two research groups.
Sung et al. use azobenzenes as probes for investigating the
overall mobility of the host polymer. A few studies were
dedicated to molecular motion and physical aging in a
polyurethane with the azobenzene moiety bound in the
main chain.*® Another publication studies the behavior
of the azo probe as a side chain, in the main chain, and
at the chain ends of a polystyrene.” Victor and Torkelson
use azoaromatics as probes in polystyrene and poly(me-
thyl methacrylate).8-10

The second direction of research is concerned with the
kinetics of isomerization itself when the azoaromatic
moiety is mixed or incorporated into a polymer matrix.
This direction of research is a direct continuation of
Morawetz’'s work. Eisenbach!! used an azobenzene-based
comonomer for ethyl methacrylate and studied the isomer-
ization kinetics in the copolymer. Sung!2investigated the
above-mentioned polystyrene-based compounds. Poly-
(ethylene terephthalate) doped with a few azo dyes was
the subject of investigation by Dubini-Paglia et al.,! who
are the only ones to mention a photofading effect noticeable
after a few hundred hours of exposure to light. Azoben-
zene,!4 substituted azobenzene,!® azonaphthalene,®¢ and
azophenanthrene!? embedded in a polycarbonate film were
investigated by Mita et al. and Naito et al. Isomerization
of azobenzene in an oriented polyethylene matrix was
studied by Kryszewski et al.!® When the matrix was a
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copolymer of vinylidene fluoride and trifluoroethylene,?
the shift of electronic absorbances of 4-amino-4’-ni-
troazobenzene and a stilbene derivative upon illumination
or poling was assigned to a protonation of the dye.
Probably the most significant papers in relation to the
subject of the present research are those published by
Spiess et al.2021 A combination of backbone relaxation,
dye reorientation, and cis—trans isomerization processes
is postulated for some liquid-crystalline polymers used in
reversible holographicstorage. The mechanism of isomer-
ization involves rotation or inversion, as demonstrated by
Rau®?in a poly(methyl methacrylate) matrix. Ionbinding,
hence, the metal extraction ability of the materials
containing azobenzene, is directly dependent on the cis or
trans configuration.??

The possibility of using a polymer for reversible optical
storage, holographic or digital, was first suggested in 1984,
using an azo dye (methyl orange) dispersed into poly-
(vinyl alcohol). The real interest in the subject, accom-
panied by an increasing number of papers, started in 1987,
when Wendorff demonstrated reversible optical storage
properties on some liquid-crystalline polymer films.25:26
One was a homopolymer?® containing a p-nitroazoben-
zene bonded as a side chain in a polycarbonate through
an oxygen atom and a spacer of six methylene groups. The
spacer allowed the mesogenic azobenzene moiety to move
about and organize into a liquid-crystalline phase. The
other film was an acrylic copolymer2é containing two types
of mesogenic units: a p-cyanoazobenzene bonded through
an oxygen and a spacer of six methylene groups and a
p-cyanophenylbenzoate bonded in a similar way. The
azobenzene moiety was ca. 30% of the structural units.
When exposed to laser beams, these films stored the
information written on them. The writing was done in
the nematic or in the glassy phase (T is about 30 °C), and
erasure could be achieved by heating the film above the
clearing temperature. The mechanism postulated for the
phenomenon was obviously related to the well-known
trans—cis isomerization and was believed to involve a re-
orientation of the side groups brought about by the
movement of the trans—cis isomerization. Thisexplanation
is plausible when one considers that, if a rotation mech-
anism is the main one in isomerization, a volume of 0.25
nm? is required to accommodate the change.!” A more
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detailed investigation on the above copolymer, published
in 1989,%” showed that the polarized laser light is turning
the optical axis of the liquid-crystalline polymer perpen-
dicular to the polarization plane. The same writing
phenomenon was observed in an amorphous copolymer
(methyl acrylate with 25 mol % azo component), except
that in this case the writing beam was inducing the
alignment.?” The azo side chain was designed to include
a long enough spacer in order to allow for reorientation.
Probably the most important conclusion of this paper was
to propose that the laser light induced a trans—cis isomer-
ization accompanied by reorientation and that the reori-
entation was being maintained even after all the cis isomers
reverted to the more stable trans form. A more detailed
study of the writing phenomenon was published in 1990
on one of the liquid-crystalline copolymers.2® The same
anisotropy could be induced by laser writing onto gelatin
films doped with azo dyes.?®

Recently, Ikeda et al. published two studies on similar
copolymers, where the azo component is either a dopant
in a liquid-crystalline copolymer or a side-chain comono-
mer.30:31  All polymers were liquid crystalline, but the
spacers introduced to allow for liquid crystallinity were
sometimes shorter (as low as two methylene groups). This
produced polymers with higher glass transition temper-
atures, and the laser writing was performed in the ne-
matic phase® or in the glassy state.3!

The most significant developments in the field, in our
opinion, appeared very recently in the literature. Gibbons
et al. demonstrated that induction of orientation can be
obtained or can be changed with a polarized laser.3? This
orientation can be transmitted to a liquid-crystalline
material adjacent to the oriented film. The film employed
in that publication was a polyimide doped with a diazo
dye. At about the same time, a paper by Stumpe et al.®
synthesized a liquid-crystalline methacrylate copolymer
with 14 mol % azobenzene side chains and with a T, of
60 °C, significantly higher than any of the previous
polymers. They demonstrated that writing can be per-
formed in the glassy state and that the reorientation of
the azobenzene moieties actually affects the neighboring
mesogenic groups, probably by the same mechanism as
described in the Nature paper. To erase the writing on
their copolymer, heating above the clearing temperature
(84 °C) was necessary.

The conclusions that can be drawn from all these studies
are that writing with a polarized laser onto a polymer film
is being performed by a trans-cis isomerization accom-
panied by reorientation and that the reorientation per-
pendicular to the laser polarization is being maintained
even after the cis—trans isomerization, which occurs
spontaneously with a time constant of ca. 4 h* at room
temperature. This reorientation is being transmitted to
the neighboring mesogenic units which are not photo-
sensitive. Anderle etal.**recently observed thatan overall
orientation is obtained only when writing is performed
above the glass transition temperature of the polymer, in
the liquid-crystalline state. Below T}, only the azoaro-
matic groups are being reoriented by the beam. A
discussion of the state of the polymer (glassy or liquid
crystalline) and its effect on the reorientation is also
presented by Spiess et al.2! The writing is permanent (a
2-year stability was reported for a hologram at room tem-
perature?®) unless heating above the glass transition tem-
perature, or above the clearing temperature, is performed.
The liquid-crystalline nature of the polymers involved
helps in allowing enough flexibility for the azo side group
toreorient after the isomerization. The writing procedure
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itself requires a first step of orientation of the liquid-
crystalline film, usually in an electric field, followed by
writing in the liquid-crystalline state or in the glassy state
obtained by slowly cooling the oriented film in the electric
field (i.e., maintaining the preorientation in the glassy
state). One drawback is that spacers long enough to allow
movement decrease the glass transition temperature of
the film and probably increase the rate of relaxation at
room temperature.? In principle, the higher the T, of the
polymer, the greater the stability of the writing at room
temperature (well below T).

We will show in this paper that liquid crystallinity is
not a necessary condition for a material to exhibit the
reversible optical storage properties. The synthetic pro-
cedure is then muchsimpler and cheaper. By synthesizing
amorphous polymers containing azo side groups and very
short spacers, the glass transition temperatures can be
designed to be relatively high. This resultsin a significant
increase in the stability of the written material. Also,
erasing can be done by optical means, not necessarily by
heating the sample above a certain temperature. Poly-
[4’-[[2-(acryloyloxy)ethyllethylamino]-4-nitroazoben-
zene] (pDR1A) was the first polymer we tested. Its
synthesis, physical measurements, and a model of the
physical phenomena occurring during writing will be
presented in this paper. A few other polymers, with even
shorter spacers, were synthesized and tested with very
good results. This work will be described in forthcoming
publications. Chart I shows the chemical formulas of the
polymers tested to date.
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Figure 1. 'H NMR spectrum of pDR1A in CDCl;. The
assignments are given on the spectrum.

Experimental Section

The monomer was synthesized by reacting Disperse Red 1
(Aldrich) with acryloyl chloride in THF in the presence of tri-
ethylamine as HCl acceptor at ca. 0 °C for 1 h followed by stirring
at room temperature for 6 h more. The acryloyl chloride solution
in THF was added dropwise to the cooled mixture of THF,
Disperse Red 1, and triethylamine. Theresulting salt was filtered,
and the resulting solution was concentrated on a rotovap and
then poured into water. The precipitated monomer (yield 60%)
was then filtered, dried, and recrystallized from ethanol. Proton
NMR (CDCly): 4 1.30 (-CH3), 3.56 (-CH; ethyl), 3.75 (-NCHz-),
4.40 (-CH,0-), around 6.15 (-CH=CH,), 6.82 (2 aromatic H,
ortho to N), 7.91 (4 aromatic H, ortho to N=N), 8.33 (2 aromatic
H, ortho to NO;). The monomer melting point was 82-84 °C.

Polymerization was performed in dry toluene with 10% AIBN
as initiator (this concentration of initiator was found to produce
the highest yield (50% ) without adversely affecting the average
molecular weight) at 60 °C for 4 days. The polymers were
precipitated in methanol and reprecipitated from a THF/
methanol system. A proton NMR spectrum of pDRIA is
presented in Figure 1. The GPC indicated an equivalent mo-
lecular weight of 4000.

The measure induced optical birefringence and dichroism, thin
films of pDR1A were obtained by dissolving the polymer in THF
and casting onto a clean glass slide which acts as a substrate. The
films were allowed to dry and subsequently heated above the T,
of the polymer. Relatively homogeneous thin films of approx-
imately 500-nm thickness were obtained by this procedure.

The optically induced anisotropy was measured by placing
the sample between two crossed linear polarizers. A low-power
He-Ne laser at 632.8 nm was used as a light probe to measure
the power which is transmitted through this optical setup. Optical
anisotropy was induced in the polymer film using a polarized
argon beam at 514.5 nm to write on the sample at a polarization
angle of 45° with respect to the polarizer orientation. The
transmittance was measured using a fast photomultiplier and
was recorded for further analysis. The polarization state of the
argon laser beam was controlled using an electronically driven
Pockels cell which allowed rapid switching from linearly to
circularly polarized states. All measurements were performed
at room temperature.

Results and Discussion

The DSC curve of pDR1A shows a glass transition at
91 °C and no other enthalpy changes before decomposition.
Observation of a polymer film on a microscope under
polarized light shows no birefringence below or above Ty,
indicating that pDR1A is an amorphous polymer.
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Figure 2. Writing and erasing test on a pDRI1A film: (1) The
writing beam is turned on. (2) The writing beam is turned off.
(3) The erasing beam in turned on. (4) The writing beam is
turned on again on the same spot of the film.

A typical writing sequenceis presented in Figure 2. The
sample is initially homogeneous and optically isotropic,
and no transmission of the probe beam through the crossed
polarizers is observed. Optical anisotropy is induced by
switching on the linearly polarized argon beam. The
writing beam is polarized at 45° with respect to the po-
larizer axes. As optical anisotropy is induced in the
polymer film, the probe is partially transmitted through
the optical setup. The transmission is seen to reach 60%
of saturation in about 1 s and 90% in about 7 s. In this
sample the saturation corresponds to a transmission of
0.5% of the input. This corresponds to an induced bi-
refringence of about 102,

At a second stage, the writing beam is switched off and
the transmitted signal is observed to decrease to about
60% of the saturation value in about 10 s. This shows
that the induced optical anisotropy is not completely
preserved after writing with linear polarized light, but a
significant long-term effect is nevertheless seen. The
induced anisotropy has been observed to be stable for
several months, from the time of the first test to the time
of writing this paper.

At a third stage in the writing sequence, the optically
induced anisotropy is optically “erased” by overwriting
the test spot with a circularly polarized argon beam. This
mode of writing effectively returns the film to an optically
isotropic state, thereby erasing the previously encoded
information. Asseen in Figure 2, the erasing time for this
sample is about 0.5 s. Finally, in a fourth stage of the
writing sequence, information is rewritten onto the test
spot by writing once again with linearly polarized light.
The writing time is again about 1 s.

Asindicated in the Introduction, the optical anisotropy
is an induced birefringence and dichroism in the polymer
film resulting from a reorientation of the azo moieties.
Linearly polarized light is used to cause a trans—cis isomer-
ization followed by a molecular reorientation and a cis—
trans isomerization. The absorption and reorientation
sequence will be repeated until the molecule’s dipole
moment lies in a direction which is perpendicular to the
polarization direction of the writing beam. In this way a
net macroscopic optical anisotropy can be induced in the
film. The writing times will thus be controlled by the
photon flux, the trans—cis isomerization rate, and the
degree of molecular reorientation attainable in a given
sequence. The erasing procedure using circularly polarized
light is interpreted in a similar fashion except that in this
case light is absorbed for any molecular orientation and
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Figure 3. log-log plot of the time to achieve 50% erusure (curve
3 in Figure 2) as a function of the erasing beam power.

no particular reorientation is favored; the result is a
removal of the optical anisotropy of the film. The processes
invoked to explain these observations are, to first order,
statistical in nature, and this aspect is reflected in the
observation that the writing times are inversely propor-
tional to the power of the writing beam as illustrated in
Figure 3. In this case, the time required to achieve 50%
of erasure from saturation is plotted as a function of the
power of the circularly polarized argon beam. The level
of optical anisotropy is seen to be directly proportional to
the number of photons involved in the writing process,
confirming the statistical nature of the process. Thermal
effects are expected to be reflected in deviations from this
observation as well as in affecting the level of saturation
attainable.

In a previous publication®® we have reported the
electronic absorption spectra of the written polymer film.
The absorbance in the direction of the polarization of the
laser is smaller than that in the direction perpendicular
to the polarization of the laser. This dichroism can be
translated into an “order parameter” (as defined in ref 27)
of ca. 0.05.

Model for the Photokinetics. In this section we
propose a preliminary model to describe the kinetics of
the signal observed in the optical anisotropy experiments
illustrated in Figure 2. The signal observed can be
interpreted as follows. Consider a molecule in the trans
configuration whose dipole moment is at an angle with
respect to the polarization direction of the incoming probe
beam. The signal which is transmitted to the detector
behind the analyzing polarizer is then proportional to sin
(26). Given a distribution of molecular directions, the net
signal received is then given by

S(t) = K)_[T); sin (26) 1)

where K is a constant incorporating geometrical factors,
[T]; is the concentration of trans molecules oriented at
the angle 6;, and the sum is performed over the entire
angulardistribution. For a homogeneous distribution the
signal is zero, and it goes to a maximum if the molecules
are oriented at 45°. The time dependence of the signal
then reflects the time dependence of the distribution of
dipole moments in the sample. In the present model we
will assume that the cis configuration does not contribute
to the net orientation of the dipole moment of the sample.

The distribution of molecular orientations is changed
when light is absorbed by the trans molecule which
undergoes photoisomerization to the cis configuration and
then reverts back to the trans configuration in a new
direction via an optical or thermal isomerization process.
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Figure 4. Computer simulation of the write~erase process
obtained using parameters discussed in the text: (1) writing
simulation; (2) simulation of process no. 2 in Figure 2 (writing
beam turned off); (3) erasing simulation.

The reaction kinetics is described by

dICl/dt = ) w[T); - ) _wylC] @

d(T1/dt = —w, [T, + wy[C] + Zwﬁ[T] - D _wlTI,
J J
6)

where w;. is the transition rate from trans to cis for the
molecule in the ith orientation, w,; is the transition rate
from cis to trans, w;; is a thermal reorientation rate for
molecules in the trans configuration (a thermal relaxation
process), and [C] is the concentration of cis molecules.
These equations are numerically solved, resulting in a
model for the writing-erasing experiment illustrated in
Figure 2. An example is presented in Figure 4, with the
following conditions on the model parameters.

The parameters are defined in terms of the clock units.
Equations 1 and 2 are calculated with differential times
of dt = 0.1.

(A) wy; = /5. The transition rate from cis to trans is
assumed to be random and equally probable for all trans
orientations.

B)w;j=1sj=i+1 A30% fraction of the trans
molecules is allowed to reorient at this transition rate, We
assume that the reorientation is only onto the neighboring
orientation position.

(C) For w;c, the transition rate from trans to cis takes
on three values here:

w;c = I cos? ¢ where [ is the transition rate proportional
to the writing intensity and ¢ is the angle between the
linearly polarized writing beam and the molecular orien-
tation. This value of w;. is used in the first part of the
writing process with I = 0.1. Theterm cos? ¢ clearly implies
that only the molecules oriented perpendicular to the
polarization of the laser beam are inactive in the trans—cis
isomerization process. The consequence is that this
orientation will be the preferred one while the “writing”
process is taking place.

w;c = 0. During the second part of the writing process
the writing beam is off.

w;c. = 0.1. For the erasing part with circularly polarized
light we assume the transition rate is equally probable for
all orientations.

Thesimulation presented in Figure 4 is seen toreplicate
the general features of the experimental results. Asinthe
experimental case illustrated in Figure 2, the time constant
for the erasing segment of the simulation was found to be
inversely proportional to the writing intensity. This



2272 Natansohn et al.

indicates that the erasing phenomenon is mostly limited
by the photon flux rather than by the intrinsic time
constants for the photon flux we have used. Thesimulation
also indicates that the signal decreases after the writing
beam is switched off. This reflects the fact that not all
the optically oriented molecules maintain their new
alignments over the long term but that a significant fraction
of the molecules which can be reoriented may not be frozen
into position. This thermal relaxation factor was intro-
duced to account for the signal decay when the writing
beam is switched off. Even if the polymer is well below
its T,, some azo groups (especially the ones attached to
the chain ends) have arather high freedom of motion. The
molecular weight of this first polymer analyzed is low,
having a high proportion of terminal structural units. This
is probably at least part of the explanation for the ca. 40%
decay of the signal observed in Figure 2. The initial part
of the writing simulation is controlled by time constants
that reflect both the photon flux and the relaxation
phenomenon.

We also note that the simple model presented here only
considers molecular reorientations in two dimensions. A
more realistic model will allow for molecules to align also
in the propagation direction of the writing beam. This is
expected to change the specific kinetics of the writing
process and, in particular, will allow for the photobleach-
ing of the sample. This photobleaching effect is inter-
preted as resulting from the alignment in the direction of
the beam, which can happen especially with circularly
polarized light. The dipolar moment of these molecules
would now point in or out of the film, and they would no
longer participate in the absorption of the light which
traverses the film. This bleaching can be removed by
heating the sample above its T

From the data given in the literature on the kinetics of
the three processes taking place during the laser writing
it appears that the cis—trans thermal isomerization is the
rate-determining step. One of the parameters that affects
thisrate is temperature, and we are presently investigating
writing at various temperatures. The wavelength of the
laser employed for writing is important only in the
efficiency of one of the photochemical processes. When
the wavelength of the excitation is close to the absorbance
of the trans (or cis) isomer, the efficiency of the trans—cis
(or cis—trans) photochemical isomerization will increase.
Hence, working with yellow-orange dyes and a 514.5-nm
laser might result in a better cis—trans isomerization, while
working with a red dye and the same laser might increase
the efficiency of the trans—cis isomerization. None of these
processes is rate-determining, which means that even UV-
absorbing azoaromatics could be activated without the
need of higher energies or longer times.

It is reasonable to believe that the same writing
phenomenon would be present for azoaromatic moieties
within the main chain of the polymer, at least for those
which have a reasonable rate of thermal cis-trans isomer-
ization. Aswell, “diluting” the concentration of the active
group by obtaining copolymers with nonactive nonme-
sogenic units will presumably still generate the same
properties. In this case it is reasonable to assume that a
minimum amount of active groups would be necessary.
The writing phenomenon has been reported for contents
as low as 1 mol %,?” but the rest of the comonomer in that
case had mesogenic groups which were being oriented by
the neighboring azoaromatics. It would be interesting to
find out what the lowest limit of sensitivity is when the
comonomer has no mesogenic groups. These two direc-
tions of research, polymers with azo moieties within the
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main-chain and side-chain copolymers, are under inves-
tigation in our laboratory. We are also pursuing another
method of diluting the active groups: blending pDR1A
and the other azo polymers with “neutral” polymers, such
as poly(methyl methacrylate).?> Blend compatibility is
an important issue, because the films obtained have to be
homogeneous and transparent in order to produce writing
of good quality.

Possible applications of these azoaromatic-containing
amorphous high-T, polymers include erasable optical
memory disks and tape (here the rate of the writing process
is very important), erasable holographic storage materials
(with no developing necessary), and optical sensors usable
over a wide range of temperatures.

Finally, it is worth mentioning that there is a renewed
interest in polymers containing substituted azobenzene
units, due to their potential nonlinear optical properties.3
One of the conditions for second harmonic generation is
alignment of the chromophores, and this is usually done
by poling the material in strong electric fields above the
glass transition temperature and then cooling with the
field on. The phenomenon of perpendicular orientation
of the azoaromatic groups to the polarized light of the
laser beam is in fact another poling procedure, much
“milder” than the usual one. A recent paper®” tested the
waveguide properties of a polyester containing disperse
red 19 bound on the side chain.®® The waveguides were
obtained by photochemically changing the refractive index
of the film and poling. We are also investigating the non-
linear optical properties of the “written” materials and
the possibility of designing optical “printed” circuits drawn
with a laser beam on a polymer film.

Acknowledgment. We thank NSERC Canada, De-
partment of the National Defense, Canada, and Queen’s
University for partial funding of this project.

References and Notes

(1) Queen’s University.
(2) Royal Military College.
(3) Paik, C. S.; Morawetz, H. Macromolecules 1972, 5, 171.
(4) Sung, C. S. P.; Lamarre, L.; Tse, M. K. Macromolecules 1979,
12, 666.
(5) Sung,C.S.P.;Lamarre, L.; Chung, K. H. Macromolecules 1981,
14, 1841.
(6) Lamarre, L.; Sung, C. S. P. Macromolecules 1983, 16, 1729.
(7) Yu, W.C,; Sung, C. S. P.; Robertson, R. Macromolecules 1988,
21, 356.
(8) Victor, J. G.; Torkelson, J. M. Macromolecules 1987, 20, 2241.
(9) Victor, J. G.; Torkelson, J. M. Macromolecules 1987, 20, 2951.
(10) Victor, d. G.; Torkelson, J. M. Macromolecules 1988, 21, 3490.
(11) Eisenbach, C. D. Makromol. Chem. 1978, 179, 2489.
(12) Sung, C.S. P,; Gould, I. R.; Turro, N. J. Macromolecules 1984,
17, 1447.
(13) Dubini-Paglia, E.; Beltrame, P. L.; Marcandalli, B.; Carniti, P;
Seves, A.; Vicini, L. J. Appl. Polym. Sci. 1986, 31, 1251.
(14) Mita, I.; Horie, K.; Hirao, K. Macromolecules 1989, 22, 558.
(15) Naito, T'.; Horie, K.; Mita, 1. Polym. J. 1991, 23, 809.
(16) Naito, T'.; Horie, K.; Mita, I. Eur. Polym. J. 1990, 26, 1295.
(17) Naito, T.; Horie, K.; Mita, I. Macromolecules 1991, 24, 2907.
(18) Uznanski, P.; Kryszewski, M.; Thulstrup, E. W. Eur. Polym. J.
1991, 27, 41.
(19) Tsutsumi, N.; Thomas Davis, G.; DeReggi, A. S. Polym. Com-
mun. 1991, 32, 113.
(20) Wiesner, U.; Antonietti, M.; Boeffel, C.; Spiess, H. W. Mak-
romol. Chem. 1990, 191, 2133.
Weisner, U.; Reynolds, N.; Boeffel, C.; Spiess, H. W. Makro-
mol. Chem., Rapid Commun. 1991, 12, 457.
(22) Shen, Y. Q.; Rau, H. Makromol. Chem. 1991. 192, 945.
(23) Nanasawa, M.; Nishiyama, T.; Kamogawa, H. Polym. J. 1991,
23, 127.
(24) Todorov, T.; Nikolova, L.; Tomova, N. Appl. Opt. 1984, 23,
4309.
(25) Eich, M.; Wendorff, J. H.; Reck, B.; Ringsdorf, H. Makromol.
Chem., Rapid Commun. 1987, 8, 59.

(21



Macromolecules, Vol. 25, No. 8, 1992

(26) Eich, M.; Wendorff, J. H. Makromol. Chem., Rapid Commun.
1987, 8, 467.

(27) Anderle, K.; Birenheide, R.; Eich, M.; Wendorff, J. H. Mak-
romol. Chem., Rapid Commun. 1989, 10, 477.

(28) Eich, M.; Wendorff, J. J. Opt. Soc. Am. B: Opt. Phys. 1990, 7,
1428.

(29) Ebralidze, T. D.; Mumaladze, A. N. Appl. Opt. 1990, 29, 446.

(30) Ikeda, T.; Horiuchi, S.; Karanjit, D. B.; Kurihara, S.; Tazuke,
S. Macromolecules 1990, 23, 42.

(31) Ikeda, T.; Hasegawa, S.; Sasaki, T.; Miyamoto, T.; Lin, M. P.;
Tazuke, S. Makromol. Chem. 1991, 192, 215.

(32) Gibbons, W.M.; Shannon, P.J.;Sun,S. T.;Swetlin, B. J. Nature
1991, 351, 49.

(33) Stumpe, J.; Muller, L.; Kreysig, D.; Hauck, G.; Koswig, H. D.;
Ruhmann, R.; Rubner, J. Makromol. Chem., Rapid Commun.
1991, 12, 81.

Azo Polymers for Reversible Optical Storage. 1 2273

(34) Anderle, K.; Birenheide, R.; Werner, M. J. A.; Wendorff, J. H.
Lig. Cryst. 1991, 5, 691.

(35) Rochon, P.; Gosselin, J.; Natansohn, A.; Xie, S. Appl. Phys.
Lett. 1992, 60, 4.

(36) Robello, D. R. J. Polym. Sci., Part A: Polym. Chem. 1990, 28,
1. Ulman, A.; Willand, C. S.; Kohler, W.; Robello, D. R.;
Williams, D. J.; Handley, L. J. Am. Chem. Soc. 1990, 112, 7083.

(37) Shi, Y.; Steier, W. H,; Yu, L.; Chen, M,; Dalton, L. R. Appl.
Phys. Lett. 1991, 58, 1131.

(38) Chen, M.; Yu, L.; Dalton, L. R.; Shi, Y.; Steier, W. H.
Macromolecules 1991, 24, 5421.

Registry No. pDRIA, 13695-46-0; pDRIA (homopolymer),
139427-10-4; disperse Red 1, 2872-52-8; acryloyl chloride, 814-
68-6.



