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Optical Switching and Image Storage by Means
of Azobenzene Liquid-Crystal Films

Tomiki Ikeda* and Osamu Tsutsumi

Liquid crystals are promising materials for optical switching and image storage because
of their high resolution and sensitivity. Azobenzene liquid crystals (LCs) have been de-
veloped, in which azobenzene moieties play roles as both mesogens and photosensitive
chromophores. Azobenzene LC films showed a nematic phase in trans isomers and no
LC phase in cis isomers. Trans-cis photoisomerization of azobenzene with a laser pulse
resulted in a nematic-to-isotropic phase transition with a rapid optical response of 200

microseconds.

Nematic liquid crystals (NLCs) are now
used extensively as active media in liquid-
crystal display (LCD) devices because of
their quick response to a change in electric
field. Although their viscosity is low com-
pared with other LC materials such as smec-
tic LCs, their response times (typically mil-
liseconds) are still not satisfactory for use in
animation and large-area LCD. Ferroelec-
tric liquid crystals (FLCs), which exhibit a
chiral smectic C phase, respond toward the
electric field on a time scale of microsec-
onds because of the presence of spontane-
ous polarization, but their cell fabrication
requires a cell gap smaller than 2 pm and
no short-circuiting of the two electrodes.
This requirement has made exploitation of
FLC:s in display devices difficult, and NLCs
still predominate.

Photochromic molecules change their
molecular shape upon photoirradiation, and
this property has been used extensively to
control the orientation of LCs by light (I1—
9). For instance, the trans form of azoben-
zene derivatives is rod-like, which stabilizes
the LC phase, whereas the cis form is bent
and destabilizes the LC phase when it is
present. Therefore, the trans-cis photo-
isomerization of azobenzenes in the LC
phases can cause disorganization of the
phase structure. This property has formed
the basis of the photon-mode response of
FLCs (8).

[sothermal phase transitions of LCs can
be induced reversibly by photochemical re-
action of photochromic molecules dispersed
in the LC phase at concentrations of 1 to 5
mole percent (mol%). Time-resolved mea-
surements have shown that the photochem-
ical nematic-to-isotropic phase transition
occurs on a time scale of 50 to 200 ms for
nematic hosts of low molecular weight and
polymeric LCs (5, 6). Propagation of this
perturbation due to the trans-cis isomeriza-
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tion of a small amount of the photosensitive
molecules may need a relatively long time
in the LC systems.

Photoisomerization of photochromic
molecules is a fast process: Transient ab-
sorption spectroscopy shows that the trans-
cis photoisomerization of azobenzene deriv-
atives is completed within 10 ns (5). Some
azobenzene derivatives (trans form) exhibit
a nematic phase, whereas their isomers (cis
form) show no LC phase. If a large fraction
(ideally, all molecules) of the LC azoben-
zene molecules (trans form) in the nematic
phase could be isomerized to the cis form
simultaneously by means of a short laser
pulse, the disappearance of the LC phase
could take place in principle on the same
time scale as the trans-cis photoisomeriza-
tion, because the cis forms show no LC
phase. We report a photochemical response
of very thin films of photochromic LCs
(~200 nm) composed of photosensitive
azobenzenes. Because the trans-cis photo-
isomerization is a fast process, the nematic-
to-isotropic phase transition of the azoben-
zene LC films took place in 200 ps both for
low molecular weight and polymeric LCs.

We synthesized three azobenzene deriv-
atives that exhibited the nematic phase in
the trans form [BMAB, 8AB8, and
PA6AB2 (10); Fig. 1] and prepared thin
films of these azobenzenes by casting dilute
solutions (~1073 mol/liter in chloroform)
on glass plates that had been coated with
poly(vinyl alcohol) and then removing the
solvent. The surface of the poly(vinyl alco-
hol) layer was rubbed before the casting of
the solution to align the LC molecules (rub-
bing treatment). The thickness of the LC
films was estimated to be ~200 nm by
absorption spectroscopy on the basis of the
molar extinction coefficients of the azoben-
zene moieties. Annealing of the LC films at
temperatures corresponding to the nematic
phase yielded a well-aligned monodomain
of the nematic phase as confirmed by po-
larizing microscopy. The films became dark
when viewed with the rubbing direction
parallel to one of the crossed polarizers, and
the transmitted light intensity was highest
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when the rubbing direction was 45° with
respect to the polarizers. Photoirradiation
was performed with a 500-W high-pressure
Hg lamp, and the 366-nm line was isolated
by a combination of glass filters. Time-re-
solved measurements were performed with
a yttrium-aluminum-garnet-Nd (YAG-
Nd) laser as a light source [the third har-
monic at 355 nm, 10 ns full width at half
maximum (FWHM)]. The change in
transmittance of a probe light at 633 nm
(a He-Ne laser) through a pair of crossed
polarizers, with the thin LC film between
them, was measured with a photomulti-
plier as a function of time after a single-
pulse irradiation of the laser.

[rradiation of the LC films in the
nematic phase at 366 nm, which brings
about the trans-cis photoisomerization of
the azobenzene moieties, caused an isother-
mal nematic-to-isotropic phase transition of
the films, as shown in Fig. 2, for PAGAB2.
The nematic phase was recovered when
photoirradiation ceased, because thermal
cis-trans back-isomerization took place.
The cis-trans back-isomerization proceeded
even at room temperature, but it took place
quite effectively at >100°C. Irradiation of
the LC films (BMAB and 8ABS8) in the
nematic state by means of the laser pulse
(70 mJ/cm?) brought about the nematic-to-
isotropic phase transition in 200 ws. Fur-
thermore, the corresponding phase transi-
tion of the polymeric LC film (PA6AB2)
was also induced in 200 ps at 140° and
23°C, as demonstrated in Fig. 3 for the
behavior at 23°C. This polymer shows a
glass transition temperature (T,) at 45°C,
so that the nematic-to-isotropic phase tran-
sition could be induced in 200 ps even
below T, by a single-pulse irradiation of the
laser. This response was faster by at least
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Fig. 1. Structures and phase-transition tempera-
tures of three azobenzene liquid crystals. Abbre-
viations: K, crystal; N, nematic; |, isotropic; G,
glass; M,,, number-average molecular weight; and
M,,,, weight-average molecular weight.
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two orders of magnitude than the response
of polymeric NLCs previously reported (5,
6). We examined whether a heat-mode pro-
cess was involved in the phase transition by
irradiating the LC films with a high-power
infrared laser pulse at 1064 nm (YAG-Nd)
laser, fundamental; 1 J/em?, 10 ns FWHM).
No phase transition was induced in any
sample by this process.

The polymeric azobenzene LC films
have two advantages. First, they show a
much wider temperature range for the
nematic phase, and so a wide temperature
range is available for optical switching. Sec-
ond, they have a T, so that they can func-
tion as image storage materials when they
are operated at temperatures below T,. For
instance, the stability of the induced isotro-
pic phase was quite high when the irradiat-
ed sample was kept below T, Figure 4
shows a photograph of the stored image in
the polymeric LC film obtained by the use
of the standard photomask: the thin film of
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Fig. 2. Photochemical nematic-to-isotropic
phase transition and thermal isotropic-to-nematic
transition of PAGAB2. Photoirradiation was per-
formed at 366 nm. The transmitted light intensity
of the He-Ne laser (633 nm) through crossed po-
larizers, with the thin LC film between them, was
measured with a photodiode.
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Fig. 3. Time-resolved measurements of the pho-
tochemical nematic-to-isotropic phase transition
in PABAB2 at 23°C. Pulse source: YAG laser, 10
ns FWHM at 355 nm. The change in transmittance
of the He-Ne laser through the crossed polarizers,
with the thin LC film between them, was mea-
sured with a photomultiplier as a function of time
after a single-pulse irradiation of the laser.
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PA6AB2 was covered with the photomask
(Fig. 4A) and irradiated with a single pulse
of the YAG laser, the third harmonic at 355
nm and 23°C, and was kept at the same
temperature in the dark. The stored image
remained unchanged after 8 months (Fig.
4B). Even at 23°C PA6AB2 showed cis-to-
trans thermal back-isomerization, which
was nearly completed in 24 hours, but the
isotropic phase induced at the irradiated
site remained unchanged even after 8
months.

Trans-azobenzene shows an absorption
at ~360 nm due to the m-7* transition, and
its transition moment lies along the molec-
ular long axis of the azobenzene moiety.
Therefore, order parameters of azobenzene
dyes can be evaluated by the ultraviolet
dichroism at the absorption band of the
w-m* transition. The order parameter de-
termined by the polarized absorption spec-
tra was 0.45 before photoirradiation. The
polymeric LC film was irradiated at 23°C to
cause the trans-cis isomerization, and this
film was kept at the same temperature in
the dark for 1 week to ensure that the trans
form was restored. After the trans-cis-trans
cycles, the order parameter was 0.05, which
indicates that the orientation of the trans
form became random. To restore the
nematic phase, it is necessary to raise the
temperature of the irradiated sample above
T, to enable the trans-azobenzene mesogens
to reorient so as to align with the segmental
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Fig. 4. Stored image in a polymeric NLC. The thin
film of PAGAB2 was covered with a photomask (A)
and irradiated with a single pulse of the YAG laser,
the third harmonic at 355 nm, at 23°C (below the
Ty). The image, after storage for 8 months, is
shown in (B).
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motion of the main chain of the polymer, as
shown in Fig. 5. This characteristic is quite
favorable to the use of this polymeric LC
film as an image storage material: the image
can be stored stably below the T, of the
polymer for a long period, and the image
can be erased just by raising the tempera-
ture of the material above T,.
g
Intensive studies have been performed
to determine the mechanism of photo-
isomerization of azobenzene derivatives (in-
version or rotation mechanism), and it is
now accepted that photoisomerization of
azobenzenes occurs mainly through an in-
version mechanism (11, 12). This mecha-
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Fig. 5. Orientation of trans-azobenzene meso-
gens after the trans-cis-trans cycles. The orienta-
tion of the trans-azobenzene mesogens is ran-
dom after the thermal cis-to-trans back-isomer-
ization, and this random orientation is fixed below
the T, of the polymer. The nematic phase can be
restored if the temperature is raised above T,
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Fig. 6. Schematic illustration for the loss of optical
anisotropy. In crystals (A), optical anisotropy still
remains after the anisotropy in the shape of each
molecule vanishes because the center of gravity
of each molecule is aligned regularly. However, in
NLCs (B), the optical anisotropy disappears when
the anisotropy in the shape of each molecule is
eliminated because in NLCs the optical anisotropy
arises only from the anisotropy in moIecuIar shape
(rod-like shape).
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nism requires a much smaller sweep volume
for isomerization than the rotation mecha-
nism, so that the azobenzene derivatives
undergo isomerization in relatively rigid
matrices such as polymer matrices below T,
depending on the spatial and temporal dis-
tribution of the free volume in the polymer
(13-15). Below T,, segmental movement of
the main chain of the polymers is frozen;
however, movement of side chains is al-
lowed to-some extent.

In a system in which the center of grav-
ity of each molecule is aligned regularly, as
in crystals, optical anisotropy still remains
active even after the anisotropy in the
shape of each molecule vanishes (Fig. 6A).
On the other hand, in NLCs optical anisot-
ropy arises only from the anisotropy in the
molecular shape (rod-like shape); the cen-
ter of gravity of each molecule is random.
Therefore, in the NLCs the optical anisot-
ropy disappears if the anisotropy in the
shape of each molecule is eliminated by
trans-cis isomerization (Fig. 6B). This be-
havior provides the basis of the microsec-
ond response time observed for the poly-
meric NLC film in the present study.
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Observation of Shoemaker-Levy Impacts by the
Galileo Photopolarimeter Radiometer

Terry Z. Martin,” Glenn S. Orton, Larry D. Travis,
Leslie K. Tamppari, lan Claypool

The Galileo Photopolarimeter Radiometer experiment made direct photometric obser-
vations at 678 and 945 nanometers of several comet Shoemaker-Levy 9 fragments
impacting with Jupiter. Initial flashes occurred at (fragment G) 18 July 1994 07:33:32, (H)
18 July 19:31:58, (L) 19 July 22:16:48, and (Q1) 20 July 20:13:52 [equivalent universal
time coordinated (UTC) observed at Earth], with relative peak 945-nanometer bright-
nesses of 0.87, 0.67, 1.00, and 0.42, respectively. The light curves show a 2-second rise
to maximum, a 10-second plateau, and an accelerating falloff. The Q1 event, observed
at both wavelengths, yielded a color temperature of more than 10,000 kelvin at its peak.

The impact of comet Shoemaker-Levy 9
(SL9) into Jupiter in July 1994 stimulated
an unparalleled set of astronomical obser-
vations. The instrument complement of the
Galileo spacecraft, on its way to a Decem-
ber 1995 orbit insertion at Jupiter, observed
the impact events directly from a vantage
point above the dawn terminator. A num-
ber of Earth-based observers have reported
detection of impact-related phenomena at
times preceding those from Galileo, in spite
of the impacts occurring behind the limb of
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Jupiter as viewed from Earth. Correlation of
these disparate data sets should lead to a
model of how those singular events took
place. We report here observations by the
Photopolarimeter Radiometer (PPR) (1), a
single—field-of-view instrument that uses a
rotating filter wheel covering wavelengths
in the visible and near infrared for photo-
metric and polarimetric remote sensing of
Jupiter’s atmosphere and satellites.

For the SL9 observations, the PPR was
used as a high-speed photometer, maximiz-
ing the likelihood of observing the radia-
tion associated with the impact events, giv-
en the considerable uncertainty about their
magnitude, timing, and duration (2). Con-
sequently, single-filter measurements with a
0.23-s sample time were used for most of the
observed impacts.
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Among the available wavelengths, we
selected 678 and 945 nm (with bandwidths
of 9 and 11 nm, respectively). Most events
were observed at 945 nm alone, to allow
detection of thermal emission from a rapid-
ly rising fireball, which at some 3000 K (3,
4) would be cooler than the entry meteor
flash. For fragment Q1, however, measure-
ments alternated between 678 and 945 nm,
with a sample period of 1.26 s at either
wavelength.

For impact events B, H, L, Q1, and S,
the PPR 2.5-mrad field of view was cen-
tered on Jupiter’s 0.6-mrad disk (5), and the
data were buffered in the spacecraft com-
puter memory and read out within 1 day
(6). For the C, G, and R events, the PPR
was set up to record data on tape simulta-
neously with the infrared andk ultraviolet
spectrometer measurements (7).

Detection of an impact event by the
PPR depended on (i) the time.of the actual
impact relative to a fixed observing inter-
val, defined in mid-June, (ii) the brightness
of the impact, and (iii) the amount of stored
data that could be returned within the
available downlink communication time.
Among the set of memory-buffered obser-
vations, definite signals were found for H,
L, and Q1 (8) (Figs. 1 and 2). These events
were all much shorter than the observed
time span (Table 1). The 1o noise level at
945 nm for all observations was 1.2 data
numbers (DN) after averaging the two po-
larization channel signals together without
smoothing (2). This is about 0.5% of the
integrated brightness of Jupiter at 945 nm.

All of the events detected rose to max-
imum signal within 2 s, at which time there
was a sudden slope change at the peak
intensity. All of the 945-nm measurements
had a similar shape, with about a 10-s pla-
teau before falloff. The maximum duration
of detected light was 35 s for the impact of
fragment L. Data returned from the G im-
pact, although sampled less frequently,
show the same general behavior as the oth-
ers (Fig. 3). There was a suggestion of sec-
ondary flashes in the 3 min following the
main G flash. However, examination of the
two PPR channels shows a lack of correlat-
ed signals during this period, and it is un-
likely that these peaks are real. It should be
pointed out that there is no ‘structure in the
G, H, or L data indicating the detection of
separate meteor and fireballphases, except
perhaps for the slope change.

The 678-nm signal for Q1 decayed faster
(Fig. 4) (9). The brightness curve extracted
from the time-drift images of impact K at
890 nm by the Solid State Imaging (SSI)
instrument on Galileo (10) shows a similar
shape and a duration comparable to our 945-
nm data for G, H, and L. The SSI sequence
of images for impact W at 559 nm show a
rise and fall within about 5 s, which is similar
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