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. Introduction

Typical examples of photochromic reactions of
spiropyrans 1 and the closely related spirooxazines
2 are the reversible photochemical cleavage of the
C—0 bond in the spiropyran or spirooxazine rings:
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Comprehensive reviews on the photochromism of
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spiropyrans and related compounds are given in
books,'™6 which covered the literature until 1990.
More recent information on the topics is contained
in the proceedings of the 1st and 2nd International
Symposia on Organic Photochromism”® and in a
recent monograph.®

Discovery of the photochromic reactions of spiro-
pyrans by Fischer and Hirshberg® in 1952 and
Hirshberg's idea of using the phenomenon for a
“photochemical erasable memory”!! initiated active
research on photochromism. Numerous other ap-
plications based on reversible color and other changes
in physical and chemical properties were suggested
and examined for photochromic spiropyrans and
spirooxazines: self-developing photography, actinom-
etry, displays, filters, and lenses of variable optical
density, including eye-protective glasses, etc. The two
most interesting directions were started recently:
three-dimensional optical memory based on a two-
photon-generated spiropyran—merocyanine conver-
sion'? and photoswitching of protein activity by a
spiropyran covalently bound to the protein.’® A
detailed review on photoswitchable biochemicals was
previously published by Willner'* and is not ad-
dressed here.

In the present review, we consider three topics
relating to potential applications of spiropyran—
merocyanine systems in memories and switches. The
first topic is the formation of organized structures,
such as aggregates and mesophases whose optical
properties, including nonlinear ones, can be affected
by an electric field. The second topic is the nonlinear
optical properties of the photochromic systems, and
the third topic is real-time holography, employing
photochromic spiropyran and spirooxazine systems.

Il. Organized Photochromic Materials

A. Spiropyran—Merocyanine Aggregates

The colored merocyanine form of the photochrome
has a very strong tendency to associate into ag-
gregates with a stack-like arrangement of the mero-
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cyanine molecules.'®> When the molecular dipoles are
arranged in a parallel (head-to-head) structure (the
so-called J-aggregates), their absorption spectra are
shifted to the red, as compared with the isolated
merocyanine molecules. In the case of the antiparallel
(head-to-tail) dipole arrangement (H-aggregates), the
spectra are shifted to the blue. Under certain condi-
tions, when a spiropyran solution is irradiated in a
nonpolar solvent, the aggregates produce a very
peculiar form of colloidal-sized beads with submi-
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crometer J-aggregate cores and an amphorous exte-
rior. Under an external electrostatic field the beads
form threads along the electric lines of force.'®

The tendency for merocyanine aggregation is so
strong that the aggregates are formed on irradiation
of a spiropyran in a methacrylate polymer and even
on swelling of the polymer film in a solvent.” Under
prolonged irradiation in a more dilute spiropyran
solution, rather stable three-dimensional J-type crys-
tals (up to 100 um) are formed.*®

Particularly stable J-aggregated films were pre-
pared by Hashida et al.*® from spiropyrans with long
hydrocarbon tails covalently connected to both the
indoline and benzopyran parts of the photochromes.
These compounds were used to prepare multilayered,
J-aggregated, thin-layer films on glass surfaces. The
aggregates had well-separated, sharp absorption
maxima, which could be erased separately by ir-
radiation with a pulsed dye laser beam of different
frequencies. The device was suggested as a model for
a multifrequency reversible optical memory cell.

B. Photochromic Mesophases

1. Quasi-Liquid Crystals

The main goal in preparing photochromic liquid
crystals is to obtain a material responding reversibly
to both an electric field and light. The most straight-
forward design of such a material would be a “hybrid”
molecule composed of mesogenic and photochromic
units.

Compounds 3 and 4 represent examples of such
combined molecules.?® These compounds form a
metastable mesophase, which can be aligned in an
electrostatic field and stabilized by supercooling to
room temperature. In this respect the mesophase
resembles a liquid crystal polymer below T4 The
molecules 3 and 4 are not photochromic, but concen-
tration of the colored merocyanine molecules is
substantial in the melt due to the thermochromic
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effect. This leads to their aggregation and to the
distortion of the liquid crystalline order, which in
turn decreases the clearing temperature, sometimes
below the crystal melting point. The materials were
named quasi-liquid crystals (QLCs).

Molecules 5 and 6 represent QLCs that show the
photochromic effect.?! The supercooled films of these

CH; CH;,

CHgch OQ o_@ ’

CH; CH;,

compounds form blue merocyanine molecules (non-
aggregated) on UV irradiation, which are spontane-
ously converted back to a noncolored spirooxazine
form in the dark.

Under an electrostatic field, both aggregated mero-
cyanine molecules, which are “frozen” in the me-
sophase below T4, and nonaggregated ones, which are
formed on irradiation, are oriented along the me-
sophase alignment direction.

2. Photochromic Liquid Crystal Polymers (PLCPS)

While the combination of photochromic and me-
sogenic groups in one low molar mass molecule
seldom gives photochromic liquid crystals, the syn-
thesis of side-chain liquid crystal polymers containing
both mesogenic and photochromic groups represents
a much more universal approach for obtaining the
photochromic mesophase.3¢ It opens many possibili-
ties in molecular engineering because the mesogenic
and photochromic groups are more autonomous in
this case. For example, the relative content of the
functional groups in a macromolecule, length of the
flexible spacers, structure of the main chain, molec-
ular weight, and many other characteristics of a
polymer can be easily tailored. Examples of poly-
acrylic, polyamide, and polysiloxane photochromic
side chain liguid crystal polymers are 7, 8, and 9.2%23

Phase transitions of PLCPs containing spiropyran
side groups are influenced by thermochromic spiro-
pyran—merocyanine side groups.?® The spontaneous
conversion of the associated merocyanine groups to
spiropyrans on cooling the copolymer is insignificant,
and the purple color, which belongs to the dimers
acquired by the film on heating, is preserved after
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cooling below Tg. The blue color, which is typical for
nonaggregated merocyanine groups, fades on cooling.

Spectacular color transformations occur in polysi-
loxane copolymers.?® The high flexibility of the chain
segments, characteristic of polysiloxanes, leads to
polymers with glass transitions below room temper-
ature, which in turn affects the photochromic trans-
formations in these polymers. The copolymer films
cast from solution form a mesophase (strong bire-
fringence) at room temperature. Irradiation with
visible light brings about a pale-yellow color, while
irradiation of the yellow film with UV light results
in a deep-red color. A yellow film irradiated with UV
light at —20 °C turns blue, and can be converted back
to yellow by irradiation with visible light. The blue
film is stable in the dark at —20 °C but turns red
upon heating above —10 °C. The red film is thermally
fairly stable but turns yellow on irradiation with
visible light. At room temperature the fading of the
red color takes several days or more, but less than 1
min above the clearing point. The purple-red color
(Amax = 550 nm) corresponds to aggregated merocya-
nines, which cause physical cross-linking of the
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Scheme 1

(Merocyanine)

macromolecules. The blue color (Amax = 580 nm) has
been ascribed to isolated merocyanine groups. The
yellow color (Amax = 370 nm, tailing into the visible)
corresponds to the spiropyran absorption. The in-
duced color transformation can be explained by the
mechanism given in Scheme 1.

The alignment of the photochromic liquid crystal
copolymers in an electric field is quite similar to that
of the corresponding nonphotochromic liquid crystal
homopolymers. It is convenient to align a polymer
homogeneously between parallel electrodes deposited
on a glass slide to measure the order parameter of
the dye units. An electrostatic field of about 1 kV/
mm is usually sufficient to homogeneously align the
liquid crystal polymer with the appropriate dielectric
anisotropy at a temperature above Tg. Cooling the
aligned films below Ty in the electric field and
subsequent UV irradiation produce dichroic absorp-
tion in the visible, which allows estimation of the
orientational order of the dye.

The orientation of photochromic as well as perma-
nent dyes depends on the shape of the dyes and their
means of fixation. For example, the merocyanine
formed on irradiation of acrylic copolymers with
spiropyran groups gives an order parameter of 0.1—
0.2, while 4-dimethylamino-4'-nitrostilbene (DANS)
dissolved in the same copolymers gives a substan-
tially larger order parameter, 0.5, probably because
of the better compatibility with mesogenic domains.
The low order parameter for the merocyanine groups
formed from spiropyran was explained by the as-
sumption that the photochromic groups are accom-
modated outside mesogenic domains. This is also
confirmed by the rather weak influence of the me-
sophase on decoloration kinetics and the absence of
impact of photochromic conversion on the film align-
ment.

The hypothesis of the existence of two sites in
photochromic side chain liquid crystal polymers (me-
sogenic domains and amorphous sites) implies that
polymer backbones and photochromic side chains are
located in the amorphous site, which is expanded
with an increase of the photochrome content until the
mesophase eventually vanishes. However, a certain
“mixing” of mesogenic domains and spiropyran groups
occurs, which is manifested in a non-zero-order
parameter and certain retardation of thermal color
decay in some copolymers.

Berkovic et al.

lIl. Nonlinear Optical Properties of
Spiropyran—Merocyanine Systems

In organic molecules, nonlinear optical (NLO)
properties are generally associated with conjugated
m electron systems. Since such electronic structures
are found in typical photochromic molecules, they can
exhibit interesting nonlinear optical properties. In
particular, the photochromic transition from spiro-
pyran to merocyanine is accompanied by a major
change in the conjugation of the iz electrons, and thus
large changes occur in the NLO properties. In this
section we review many interesting NLO studies
associated with the merocyanines, and the photo-
chromic transformation between spiropyran and
merocyanine. For a more detailed background into
the molecular origins of optical nonlinearity and the
various types of NLO phenomena—both second- and
third-order—reviews which have been presented else-
where are recommended,?*?5 as well as the review
by Delaire and Nakatani in this issue.

A. Second-Order NLO Properties

Merocyanine dyes have some of the highest known
molecular second-order NLO () coefficients.?® It has
been shown?* that, for typical organic NLO molecules,
p is proportional to the oscillator strength of the
transition to the lowest excited state, and to the
difference in dipole moments (Au) between the ground
and excited states. The large 3 values for merocya-
nine-type molecules can be understood?6~*° by con-
sidering its structure as an admixture of ionic and
guinone resonance forms, as follows from its conju-
gated x electron system. This is represented?® for the
merocyanine molecule 10 as

ch—ﬁo_ —

10

HgC —N

The ionic resonance form will have an extremely
large dipole moment, which may reach 50 D, while
the quinoid form has a much smaller dipole mo-
ment.?® The true ground-state structure will be some
admixture of these resonance forms; the weights of
the contributions will determine the actual dipole
moment. In a typical polar solvent, the zwitterionic
form will contribute substantially, giving a resultant
dipole moment of 26 D.?” The dipole moments of the
ground and excited states, and the difference between
them, Au, have been discussed?®?° in terms of the
“bond length alternation” (BLA) model. The admix-
ture of the two resonance forms determines the
length of a given chemical bond, and one examines
the difference in lengths of adjacent bonds. BLA is
greatest in the pure resonance forms, and reaches
zero for 50% admixtures of the two forms. The actual
contribution of each resonance form in a given
merocyanine molecule—and thus Au—can be solvent
dependent, leading to a large solvent dependence on
experimental 8 values.?® Typically, for merocyanines
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the dipole moment is larger in the ground state,
leading to large negative 8 values.?” The large nega-
tive Au for merocyanine in common solvents also
causes its well-known negative solvatochromism, i.e.,
a large blue shift in the absorption peak in solvents
of increasing polarity.?®3 Another manifestation of
the relationship among molecular resonance struc-
tures, solvatochromism, Ay, and nonlinearity is
presented by electroabsorption spectroscopy, also
known as Stark spectroscopy.3? The absorption spec-
trum of a merocyanine in solution will shift when the
molecule is exposed to an external electric field. The
applied field will change the internal electronic
distribution in the molecule, analogous to the effect
of changing the solvent.

Other studies of second-order optical nonlinearity
of merocyanines have used optical second harmonic
generation (SHG) as a sensitive structural probe in
noncentrosymmetric environments. As has already
been described, irradiating spiropyrans under the
influence of an external electrostatic field can produce
colloidal globules and QLCs. SHG was used to deduce
structural information about these unique struc-
tures.3334 SHG was observed from cooled QLC films,
indicating that the merocyanines have a partial polar
alignment along the direction of the electrostatic field
used in their preparation. Subsequent application of
an electric field to the QLC films amplified the signal,
whereas application of a negative electric field (i.e.,
in the opposite direction) led to its cancellation.
Further increase of the negative field strength
achieved a realignment in the negative field direc-
tion.3*

More detailed information about microscopic struc-
ture has been obtained from SHG studies of Lang-
muir—Blodgett (LB) films.35-38 LB films of 11 were

cr

+
o MO~ O —
1

HysCop —N

analyzed by SHG, showing that the long axis of the
molecule is essentially perpendicular to the glass
substrate. For films transferred from a compressed
monolayer, analysis of the SHG polarization ratios
gave a value of 9° for the angle between the molecular
long axis and the surface normal.3®
Langmuir—Blodgett films have also been
studied®¢—38 for molecules such as 12. The SHG signal

N
CH,COOH

provided information about the structure of domains
of J-aggregates, showing variations as a function of
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deposition method, deposition pressure, and thermal
treatment after deposition.

To observe SHG from NLO chromophores in poly-
mers, the isotropic structure must be perturbed, and
a common technique is the application of an electric
field (poling) around the glass transition tempera-
ture, Ty, followed by cooling.?* Several SHG studies,
using the photochromic transformation between the
nonconjugated spiropyran form (low ) and the mero-
cyanine (high g) form, have been carried out in
polymer matrixes, including derivatized polymers
where the chromophore is covalently attached to the
polymer. For example, a polypeptide has been de-
rivatized with spiropyran and poled,® to give a
material whose SHG efficiency is dependent on
whether it is light sensitized or kept in the dark.
Similarly, switching of the SHG intensity by irradia-
tion has been reported for poled spiropyran in poly-
(methyl methacrylate) (PMMA).4°

We have also demonstrated light-switchable modu-
lation of SHG*! in the spiropyran—merocyanine (SP—
MC) containing quasi-liquid crystals (molecules 5 and
6) and photochromic liquid crystal polymer 7 de-
scribed in the previous section. However, a more
remarkable effect first seen in this study was the
creation of a stronger nonlinear response perpen-
dicular to the applied field, rather than parallel to
it. Although this phenomenon is not related to
photochromism, the photochromic and aggregation
properties of SP—MC helped prove that the perpen-
dicular nonlinearity arose from an anisotropic dis-
tribution of charged dimers formed as a result of
charge injection during the in-plane poling process.*?
By simultaneously monitoring absorption and SHG
when the merocyanines decayed thermally to spiro-
pyran, we observed a clear correspondence between
the perpendicular nonlinearity and the merocyanine
aggregate population. The weaker nonlinearity par-
allel to the field decayed similarly to the merocyanine
monomer population.

An interesting variation of the usual T4 poling
process—photoassisted poling (PAP)—uses light to
enable poling at room temperature* as described in
the review by Delaire and Nakatani in this issue.
Two groups reported*4® photoassisted poling experi-
ments on blends of spiropyran in PMMA. One group*
studied SHG of molecule 13 in PMMA, while the
other group*® probed the changes in second-order
nonlinearity by the electrooptic effect.

A/hvz
ﬁHa o OCH3
"
oL < CE
S CH3 NO;

Another means to achieve large second-order non-
linearities in a bulk medium is in noncentrosymmet-



1746 Chemical Reviews, 2000, Vol. 100, No. 5

ric crystals. To the best of our knowledge, no photo-
chromic spiropyran or merocyanine is known to
crystallize in a noncentrosymmetric crystal. However,
production of noncentrosymmetric merocyanine coc-
rystals with large SHG has been reported*6—*° when
merocyanine was cocrystallized with a second com-
ponent, creating a hydrogen-bonded network. For
example, in one such study*® merocyanine 14 ina 1:1

OH
+ o]
HOCH,CH,— N N <:> o - HO
OCH,4
14

Dihydroxy methyl benzoate

mole ratio with dihydroxymethyl benzoate was shown
to give noncentrosymmetric crystals on the basis of
the hydrogen-bonded packing motif shown. Two
different noncentrosymmetric crystal phases were
found, both exhibited promising second-order NLO
coefficients for SHG and electrooptic modulation.
Merocyanine molecules have also been incorpo-
rated into a photorefractive polymer composite con-
taining a photoconducting polymer, plasticizer, and
sensitizer as well as the NLO chromophore.>° Mero-
cyanine was used as the NLO chromophore, and the
performance of this composite was compared to that
of composites containing an azo dye known to give a
strong photorefractive effect. Photorefractive efficien-
cies were quite similar, and an improvement of about
a factor of 5 was achieved for an optimized mixture
of the azo and merocyanine dyes. This improvement
was ascribed both to higher NLO efficiency for the
merocyanine and to a decrease of merocyanine ag-
gregation in the presence of the azo dye.*°

B. Third-Order NLO Properties

Merocyanines also have large third-order nonlin-
earities, and we will review the results of several
studies, performed in both the transparent and
absorption regimes. Strong optical third harmonic
generation (THG)%! and an intensity-dependent re-
fractive index®? have been observed from merocya-
nine microcrystals.

In another study,®® the photochromic transforma-
tion from spiropyran to merocyanine caused a large
light-switchable change in the third-order nonlinear-
ity, in the same way as the second-order nonlinear-
ity.53 The authors chose molecule 15 since the mero-

A/hvay
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cyanine form of some spiropyrans substituted with
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Figure 1. Scheme for three-dimensional optical recording
based on photochromism of spiropyran (from ref 54).
Information is written by a two-photon absorption (532 nm
+ 1064 nm) of spiropyran, which leads to merocyanine
formation in the volume element where absorption oc-
curred. Reading of information is absorption of two 1064
nm photons, followed by fluorescence.

two long-chain alkyl groups gives much more stable
J-aggregates.>® Films (1:1) of the spiropyran form of
15 in a PMMA matrix were irradiated by UV light
to produce merocyanine; aging at 30 °C for 12 h
produced the J-aggregates as evidenced by a shift in
the merocyanine absorption peak from 580 to 600 nm
with considerable narrowing of the peak. THG of
these films was probed by tunable laser light in the
region 1.5—2.1 um; the maximum THG was recorded
around 1.8 um, corresponding to a three-photon
resonance with the J-aggregate absorption. The THG
of irradiated films was 50 times stronger than that
of unexposed films. The J-aggregated regions of the
films were stable for more than a year at room
temperature, but could be reversibly transformed
back to spiropyran by heating to 80 °C.

Two-photon absorption (TPA) in a photochromic
system was suggested as an efficient means for
“three-dimensional” data recording.5* Using tightly
focused lasers, TPA will only occur in the small
volume element defined by the focus; thus, a given
volume element (pixel) in the medium can be ad-
dressed selectively by appropriate translation along
three axes (for a linear absorption process, only two-
dimensional recording is possible). The process can
be envisaged as shown in Figure 1, and uses a
spiropyran molecule whose merocyanine form is
fluorescent.

Simultaneous absorption of one photon from a
(strong) 1064 nm laser beam and a second photon
from a (weaker) 532 nm beam mutually focused on a
certain pixel will “write” information by creating
merocyanine in that pixel. This information can be
read by monitoring fluorescence emission following
irradiation using only the focused 1064 nm laser, as
now only the merocyanine can be excited by two-
photon absorption of this laser. Recorded information
can be erased locally by irradiation, or entirely erased
by heating. This principle was first suggested in
19895 and subsequently developed in more detail 1?55

More interest has been directed to resonant third-
order NLO effects, where the absorption or refractive
index of the sample becomes dependent on the light
intensity. Under these circumstances, one may ob-
serve saturable absorption, optical limiting, spatial
light modulation, the optical Kerr effect, and optical
bistability. All these effects arise due to the creation
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Figure 2. Surface plasmon geometry of ref 58 for dem-
onstration of ultrafast switching of the probe beam follow-
ing the spiropyran—merocyanine transformation.

of molecules in an excited or photoproduct state with
different absorption characteristics. Photochromic
materials will generally afford these effects over
longer time scales—and thus build up a larger
nonlinear response—than regular, nonphotochromic
species, where a short-lived excited state perturbs the
absorption. Photochromic fulgides were used in early
studies of saturable absorption and bistability.56:57

The spiropyran—merocyanine transformation has
been used to demonstrate ultrafast switching result-
ing from the change in refractive index.>® In this
study, a right-angle prism is covered on its hypot-
enuse with a thin film (50 nm) of silver, and a film of
spiropyran in polystyrene. A He—Ne probe beam will
be strongly reflected (as shown in Figure 2), except
at a certain well-defined angle of incidence, at which
light will be coupled into the silver film. Small
changes in the refractive index of the polymer film
will cause a measurable change in this angle.

Irradiation as shown with a 355 nm pump initiates
the photochromic conversion of spiropyran in the
polymer to merocyanine. This causes a small change
in the refractive index, and consequently the angle
at which the reflectivity dips due to the surface
plasmon resonance. Ultrafast switching of light in (or
out) of the plasmon resonance was demonstrated; the
refractive index change was registered by the probe
beam within 20 ns of the pump beam. The merocya-
nine state was thermally stable for at least 30 s, but
could also be rapidly photoconverted back using a 600
nm laser; again the refractive index changes were
observed within 20 ns.

[V. Photochromic Materials for Real-Time
Holography

Several organic and inorganic photochromic media
were investigated in the past as recording materials
for holography.5°=%3 The reader is also referred to
general reviews on materials for in situ and real-time
optical holographic recording, all of which have some
advantages, but also some limitations.®*"* A very
important advantage of photochromic materials lies
in the fact that they need no chemical or physical
development, so they can be exploited for in situ
optical recording.'~372 Moreover, the recorded infor-
mation can either be permanently stored or be erased
for repeated recordings. For example, due to their
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photochromic nature, the recording layers may first
be recorded by coloration with UV radiation and then
erased by bleaching with visible light or by heat, or
vice versa.

Some basic characteristics of photochromics are
important for holographic recording and storage,
including exposure sensitivity, diffraction efficiency,
and thermal (dark storage) and environmental sta-
bility. The exposure sensitivity of photochromic sys-
tems depends on the photochemical and thermal
reaction kinetics, which in turn depend on the
spectral absorption cross-section, quantum vyield,
wavelength of excitation, temperature, concentration,
and solvent of the photochromic compound.l~373
Unfortunately, one of the limitations of photochromic
recording materials was their low exposure sensitivi-
ties to visible recording irradiations, typically over 1
J/cm?, so that they were not practical for real-time
applications. With UV laser holographic recording,
the exposure sensitivities were usually higher (0.1—-1
J/cm?),827475 due to the fact that photochromic quan-
tum yields are usually significantly higher in the UV
region than in the visible. However, new investiga-
tions on real-time holographic recording in photo-
chromic spirooxazine- and spiropyran-doped polymer
thin films revealed that the exposure sensitivity in
the visible could be significantly increased by choos-
ing the proper optical recording procedure.”s"”

Another limiting parameter with real-time holo-
graphic recording involving spiro compounds is their
low diffraction efficiencies (DEs), usually not exceed-
ing a few percent. This limitation is mainly due to
the absorptive characteristics of the colored mero-
cyanine, yielding lossy amplitude holograms, when
read with probing beams of wavelengths falling
within their absorption band. Increased DEs of over
10% were found for holograms recorded by UV laser
beams in spiropyran-doped polymers, when probed
at the absorption minimum at 488 nm.”®

Below, we first consider in some detail erasable
organic photochromic polymer materials incorporat-
ing spiro dyes for real-time and in situ holographic
recording, to determine what factors influence expo-
sure sensitivities and diffraction efficiencies.”>°
Specifically, it is shown how the temporal holographic
response and exposure sensitivity of such photochro-
mic doped polymers are influenced by optical record-
ing procedures. Photokinetic modeling indicates that
the effects originate from optical addressing of dif-
ferent photochromic stereoisomers.”””8 We also show
the possibility of modulating holographically recorded
gratings by modulating an external UV excitation
beam.’®

Photochromic materials were also considered with
respect to optical recording with middle infrared (IR)
laser radiation.8782 |n the near-IR, spirothiopyran-
doped polymer layers have been investigated for
holographic recording by photobleaching of the col-
ored dye with diode laser beams at 780 nm.”® This
was possible because the merocyanine absorption
band of this spirothiopyran extends to over 800 nm.
Yet, at wavelengths longer than about 1 um, the
exposure sensitivity of recording materials usually
drops very rapidly, because the absorption of radia-
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tion does not cause a change in the electronic levels,
which could, in turn, induce primary photochemical
reactions. Therefore, suitable materials that can
record at long wavelengths in the infrared (IR) are
very scarce.8384 Also, few real-time materials are
available that possess suitable resolution capabilities
in the middle IR. An alternative approach for record-
ing in the IR may be accomplished with thermally
activated reactions. Chemical bond dissociation or
association is thermally activated through vibrational
excitation. For example, the conversion of spiropyran
to merocyanine (coloring and the back-conversion—
bleaching—of merocyanine to spiropyran) is known
to be both photochromic and thermochromic.'? There-
fore, the absorption of thermal radiation should, in
principle, leave a permanent optical record in such
systems. In this review, we consider recording IR
irradiation by thermal bleaching in colored spiro-
pyrans.882 In these investigations, nonthermal pro-
cesses at 10.5 and 10.6 um are also discussed.8182

A. Mechanism of Real-Time Holographic
Recording with Visible Light

To explain the temporal holographic recording in
photochromic materials, a semiempirical approach
may be applied, describing a closed system of one
independent rate equation. It was also assumed that
a pseudo-first-order process with linear intensity
dependence adequately describes the present photo-
chromic system. These are reasonable assumptions,
because, first, relatively low optical densities are
involved (OD < 1) and, second, low light powers are
applied, so that nonlinear effects from multiphoton
absorption can be neglected. Furthermore, in solid
polymers, the thermal conversion from the colorless
spiro compound A to its colored form B may be
neglected. B may be a mixture of several stereo-
isomers!~385-88 of the merocyanine form and their
aggregates.®® The overall change in concentration
of B with time can then simply be given by the
following rate equation:

—dB/dt = RgB — R,A + R;B = RgB — R,A, +
RAB + RB (1)

where A and B are the concentrations of the colorless
and colored forms, Ra and Rg are the photochemical
rate constants for the colorless and colored forms, and
Rt is the thermal rate constant of conversion of B to
A. A is the total concentration of all the dye species,
satisfying Ao, = A(t) + B(t). Integration of eq 1 with
respect to B and t yields a general solution given
by77,78

B(t) = (C1/C){1 — exp(—=C,)[1 — (Cl/Cz)B(O)]}( )
2

where C]_ = RAAo, Cz = RA + RB + RT, and B(O) is
the concentration of B at t = 0 Equation 2 represents
the time dependency of B, exposed simultaneously
to all photochemical and thermal processes, as indi-
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cated in eq 1. The photochemical processes are
characterized by their respective rate constants,
which for species i is given by
R; = I;Fi€i¢i(4;/Nhc) 3)

where [; is the light intensity (J cm~2 s71) at wave-
length 11, F; is a photokinetic factor, which corrects
for absorption, € is the decadic molar absorption
coefficient [or cross-section (cm?/mol)], ¢; is the quan-
tum vyield, N is Avogadro’s number, h is Planck’s
constant, and c¢ is the speed of light. For some
exposure configurations, not all the processes will be
active (I;, F; = 0), and eq 2 can be simplified. The
photokinetic factor in eq 3 is usually not a constant,
as the absorbance is time dependent. However, here
its time dependency can be either neglected or
corrected for by normalization.”®7°

When B is exposed to an interference pattern
between two plane waves at 1g, a cosinusoidal spatial
modulation of concentration in the x-direction, B(x),
will be formed and thereby recorded as the holo-
graphic grating. Temporal holographic recording will
therefore consist of a time-dependent spatial modula-
tion, B(x,t), as

B(x,t) = By(t) + B,(t) cos(27x/d) 4)

where Bo(t) and By(t) are the average and the peak
of the (time-dependent) spatial modulation in con-
centration (mol/cm3), respectively, and d is the grat-
ing period. The gratings are recorded in the photo-
chromic materials as a spatial modulation in absorb-
ance. The time-dependent modulation is thus

a(x,t) = 2.303¢gB(x,t) (5)

where ¢g is the absorption coefficient at the readout
wavelength. The readout radiation can in principle
also lead to photochemical interactions. To minimize
destructive readout, the readout powers have to be
significantly lower than those of the recording beams.
The temporal diffraction efficiency DE(t) for thick
amplitude gratings in photochromic materials® is

DE(t) = exp(—2a,(t)L/cos ) sinh®(a,(t)L/2 cos 6)
(6)

where ao(t) is the (time-dependent) average absor-
bance, a;(t) the amplitude of the absorbance modula-
tion, L the grating thickness, and 6 the readout angle.

B. Experimental Investigations

The photochromic polymer material systems which
were investigated involved spiropyran or spirooxazine
derivatives blended at 5—10 wt % into PMMA or into
poly(vinylcarbazole) (PVK) plastic binders, and coated
as thin layers of thickness ranging between several
micrometers and several tens of micrometers.”#-76.7°

A typical optics setup for recording and readout of
simple holographic gratings is schematically shown
in Figure 3. For experimental analysis, three differ-
ent recording procedures were used.’®’” In procedure
a, the photochromic layers were initially exposed to
a homogeneous and incoherent excitation beam from
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Figure 3. Schematic of the optics setup for holographic
recording and readout. SG = signal generator, UV =
mercury lamp, D = Si photodetector, S = sample, M =
mirror, C = collimators and spatial light filters, BS = beam
splitter, and CH = chopper.

a UV lamp at A4 = 364 nm, until maximal coloring
occurred. The initial exposure was then followed by
a simultaneous exposure to the two coherent Ar ion
laser recording beams at Ag= 514 nm and to the UV
excitation beam. At this stage of the exposure, the
holographic interference pattern, created by the two
coherent beams, is recorded by the bleaching of the
colored merocyanine molecules, while, at the same
time, new merocyanines are being formed by the
homogeneous UV beam. In procedure b, the photo-
chromic layers were again initially exposed to the UV
excitation beam, until maximal coloring occurred.
The initial exposure was then followed by a separate
exposure to the two coherent Ar recording beams. At
this stage of the exposure, the holographic interfer-
ence pattern, created by the two coherent beams, is
recorded by bleaching of the colored merocyanines
only. Finally, in procedure c, the photochromic layer
was first simultaneously exposed to the homogeneous
UV excitation beam and to the two coherent record-
ing beams. This was immediately followed by an
additional exposure to the two recording beams only.
At this stage of the exposure, the initially recorded
holographic grating is enhanced by a further bleach-
ing of the colored merocyanines.

The results with the spirooxazine-containing
samples are presented in Figure 4, showing the
diffraction efficiency (DE) versus exposure time
(holographic growth). These results were measured
in real time by a He—Ne laser beam at 633 nm,
operated at sufficiently low power (0.5 mW/cm?) to
minimize destructive readout. As is evident, signifi-
cantly different holographic growth rates and expo-
sure sensitivities are obtained for the three recording
procedures. With the most sensitive procedure (c), the
exposure sensitivity, i.e., the exposure needed for
maximum DE, was found to be 350 mJ/cm? for the
spirooxazine-doped layers. With the spiropyran-
doped layers the corresponding exposure sensitivity
was 750 mJ/cm?. These results therefore clearly
indicate that the exposure sensitivities of a given
photochromic material can be significantly increased
(by a factor of about 2) by a variation in the optical
recording procedure. These visible exposure sensitivi-
ties are within the same order of magnitude com-
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Figure 4. Real-time DE versus exposure time (t) of
holographic gratings recorded at 514 nm in spirooxazine—
PMMA films for three recording procedures (a, b, and c).
Readout was at 633 nm. (a) Initial exposure to the UV (364
nm) excitation beam of 5 mW/cm? and then simultaneous
exposure to the UV beam and to the two recording beams
of 9 mW/cm?Z. (b) Initial exposure to the UV beam and then
separately to the two recording beams. (c) Initial simulta-
neous exposure to all the beams, followed by exposure to
the two recording beams only.

pared to those obtained for holographic recording in
the UV.

The experimental results of Figure 4 can be ex-
plained by using egs 2, 3, 5, and 6, and the proper
boundary conditions for each of the recording proce-
dures.””"® Specifically, the photokinetic rate constants
Rg increased from about 0.06 s~* in procedures a and
b, to about 0.10 st in procedure c. The corresponding
guantum yields ¢g, which were calculated according
to eq 3, increased from about 0.09 to 0.16 einstein/
mol. The existence of two thermal and photochemical
decoloration rate constants indicates that a more
suitable reaction scheme to explain the results of
Figure 4 may be given by

Ralta) Rrp,
Re,(4s), Rr,  © Re,(is), R,

B, ()

where B; and B, are now two different forms of the
colored merocyanine molecules, satisfying the rela-
tion B = B; + B», Rg, and Rg, or Ry, and Ry, are the
respective photochemical or thermal rate constants
for the transformations from B; to A and from B; to
B;, and Ry, is the thermal rate constant for the
transformation from B; to B,. The reaction scheme
in eq 7 suggests a consecutive conversion among A,
B1, and B,. However, a parallel conversion among A
and the two merocyanine forms may also be consid-
ered. The exact identities of the two merocyanine
forms B; and B, cannot be derived from these
holographic investigations, but they are most prob-
ably merocyanine stereoisomers of different thermal
and photochemical stabilities.?388

The experimental results of Figure 4 can now be
interpreted in terms of the relative populations of the
two merocyanine isomers B; and B,. With recording
procedures a and b, the photochromic film is initially
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Figure 5. Modulation of holographic gratings (dotted
traces) as a result of square wave modulation of the UV
beam (line traces). The modulated gratings were continu-
ously exposed to the recording beams, each of 20 mW/cm?2:
(a) with a modulation frequency of 0.2 Hz; (b) with a
modulation frequency of 2.5 Hz.

exposed to the UV excitation beam alone, so that at
steady state the more stable colored isomers B, will
be dominantly populated. A subsequent exposure to
the visible recording beams causes decoloration to A,
with the rate-determining step being the transforma-
tion from B, to B; (and/or B, to A in a parallel
scheme). With recording procedure c, however, the
initial exposure to all beams yields a mixture of all
the species associated with the scheme of eq 7, with
a significant population of B;. Therefore, a subse-
guent exposure to the recording beams causes decol-
oration at a significantly increased rate, being mainly
determined by the transformation from B; to A.

In a further step, when the layers are again
simultaneously exposed to the UV and the recording
beams, the DE is significantly reduced, since the UV
beam partially erases the gratings. These results
indicate that it should be possible to reversibly
control the population of the photochromic isomers
by optical addressing using the different recording
procedures. Therefore, by modulating the UV excita-
tion beam, it was possible to correspondingly modu-
late the holographically recorded gratings.”®”® Figure
5 shows the results, when the gratings were continu-
ously exposed to the recording beams, each of 20 mW/
cm?, while the UV excitation beam was modulated.
The modulated UV excitation square waves are also
shown in the figure. It was found that the photochro-
mic layers doped with spirooxazine could be modu-
lated at higher frequencies than the layers with
spiropyran, as expected from their holographic ex-
posure sensitivities. In addition, the temporal holo-
graphic growth rates and the modulation frequencies
increased, when the recording beam intensities were
increased, in accordance with our model predic-
tions.””’® Similar increases in the temporal holo-
graphic growth and the modulation frequencies were
obtained by increasing the excitation beam intensity.
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Alternative holographic recording procedures were
applied by Ghailane et al. in their experimental
studies on spiropyran—poly(vinylcarbazole) blends.”™
Specifically, the UV line of a krypton ion laser was
used for the recording, an Ar ion laser at 488 nm for
readout, and a He—Ne laser for erasure. Variations
in the layer thickness or the recording beam powers
significantly affected both the exposure sensitivities
and the diffraction efficiencies (DE). For example, at
optimum conditions, a DE of over 10% was achieved
at an exposure of about 300 mJ/cm? in a 12 um thick
layer. However, in layers of 50 um the DE dropped
by more than 1 order of magnitude. The relatively
high achievable DEs at optimum conditions may be
attributed to the fact that at the readout wavelength
there is negligible absorption. Therefore, a refractive
index modulated phase grating is probed mainly,®®
as can be explained by using the Kramers—Kronig
relation.”®°1

C. Recording in the IR

The feasibility of exploiting spiropyrans for holo-
graphic recording at infrared wavelengths was first
demonstrated by Izawa et al.° In their experiments,
the spiropyrans were blended with PMMA or poly-
styrene polymers. In more recent investigations,
spiropyran—PMMA copolymers of increased thermal
stability were used.882 Specifically, the photochromic
layers were first colored by irradiation from a UV
lamp at 364 nm and an exposure energy of 1 J/cm?.
The colored photochromic samples were then incor-
porated into an optical setup, very similar to that
depicted in Figure 3. However, in these experiments,
a CO; laser, rather than an Ar laser, was used. The
samples were simultaneously illuminated with one
or two recording beams at 10.6 or 10.5 um from the
CO;, laser, and with a readout beam at 633 nm from
a He—Ne laser. The change in optical density as a
function of absorbed exposure to the 10.6 and 10.5
um lines of a CO; laser are shown in Figure 6. The
IR response is of the positive type; i.e., the optical
density (OD) measured at 633 nm decreases as a
function of the IR exposure. In other words, the laser
radiation bleached the precolored merocyanine,
thereby converting it back to spiropyran. It can be
seen that there is a significant reduction in exposure
sensitivity for the samples exposed at 10.5 um, when
compared to those exposed at 10.6 um. Specifically,
at 50% of the initial optical density, the exposure
sensitivity was about 0.1 J/mm? at 10.6 um wave-
length and about 0.2 J/mm? at 10.5 um.

It should be noted that the irradiations at 10.6 and
10.5 um are absorbed in these spiropyran-containing
layers to different degrees, as indicated by IR spec-
troscopic data. Specifically, a strong band at ~959
cm™! (=10.43 um) was assigned to the nitrogen—
spirocarbon—oxygen (N—C—QO) stretch vibration.®?
Therefore, the 10.6 um (~941 cm™) laser line falls
just outside that spiroband, whereas the 10.5 um
(~954 cm™1) laser line falls well within that band.
The results of Figure 6 indicate that the absorbed
IR energy is dissipated by a different mechanism at
each of these two wavelengths. When thin organic
layers are on top of a thick glass substrate, which
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Figure 6. Normalized optical density as a function of
absorbed IR exposure energy of spiropyran—MMA copoly-
mer layers. The irradiation wavelengths were 10.6 and 10.5
mm from a CO; laser. (a) The spiropyran concentration is
6 mol %. (b) The spiropyran concentration is 25 mol %.

represents a very efficient heat sink, small differ-
ences in thermal dissipation processes within the thin
layers can be neglected. Therefore, the results in
Figure 6, in conjunction with the spectroscopic
data,®18292 suggest that, since the 10.5 um radiation
is essentially absorbed by the spiropyran molecules
(because the —N—C—O— group does not exist in
merocyanine), the thermal bleaching is retarded at
10.5 um because of partial spiropyran to merocyanine
reconversion (coloration). Such reconversion may be
neglected at 10.6 um, where the IR absorbance of the
—N—C—0— group is much weaker. In other words,
“hot” spiropyran molecules formed on absorption of
10.5 um radiation are reconverted to merocyanine
before the absorbed energy is dissipated into heat.
It must be noted that, with organic solids, it is
extremely difficult to measure differences in vibra-
tional excitation and relaxation processes, because
the intermolecular energy dissipation is normally
dominant. Nevertheless, such wavelength-selective
IR laser induced chemical reactions were observed
in the gas phase.®® Finally, the results of Figure 6
also reveal that the exposure sensitivities are es-
sentially independent of spiropyran concentrations;
this indicates that the intermolecular merocyanine
interactions and/or the degree of aggregate formation
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1 mm

Figure 7. Interference patterns of two beams from a CO,
laser, recorded in a photochromic polymer film.

do not play a significant role within the concentration
range that we considered.

In related experiments, the interference patterns
of two planar beams derived from a CO, laser were
recorded in the photochromic films. A photograph of
a representative recorded interference pattern is
shown in Figure 7. The distance between adjacent
fringes was about 500 um. Also recorded were focused
CO;, laser spots of about 25 um diameter, indicating
that the resolution capabilities of these photochromic
materials is equal or better than 40 lines/mm.8-82
This resolution is similar to that reported with
chemically developed silver halide materials that
were used for recording 10.6 um radiation.®

In conclusion, it was shown that organic polymer
layers, doped with photochromic spirooxazine and
spiropyran dyes, can be exploited for in situ and real-
time holographic recording with visible laser light.
Furthermore, all-optical modulation of the holo-
graphically recorded gratings was achieved by modu-
lating a UV excitation beam. It was found that the
temporal holographic growth is significantly influ-
enced by the specific UV excitation and visible
recording beam procedures. Specifically, the exposure
sensitivities and modulation frequencies could be
increased by changing the optical recording procedure
and/or by increasing the UV excitation and visible
recording beam powers. In these experiments, the
maximal excitation and recording beam powers were
limited, so that the holographic growth rates and the
modulation frequencies were limited to about 0.5 s7*
and about 5 Hz, respectively. However, these can still
be further improved by resorting to light sources of
increased powers. The holographic results can be
modeled by thermal and photochemical transforma-
tions between colorless spirooxazine and at least two
stereoisomeric forms of colored merocyanine. In other
recording procedures, holographic recording in spiro-
pyran-doped polymers was performed with UV laser
beams and probed with visible Ar laser beams at an
absorption minimum of 488 nm, and erased at 633
nm. These procedures yielded relatively high expo-
sure sensitivities (several hundreds of mJ/cm?) and
diffraction efficiencies (over 10%), and exhibited
significant dependencies on coating thickness and
recording beam powers.

Precolored photochromic spiropyran copolymers
were also exploited for optical recording in the
infrared. The results indicate that the recording is
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predominantly due to thermal bleaching. However,
as revealed by changes in exposure sensitivity with
a small change in the CO, laser wavelength (from
10.5 to 10.6 um), some nonthermal IR processes can
also contribute during the recording. In related
experiments, the interference pattern and focused
spots derived from a CO, laser were recorded; the
resolution capabilities were found to be over 40 lines/
mm.
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