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Organic Glasses: A New Class of
Photorefractive Materials

P. M. Lundquist, R. Wortmann,* C. Geletneky, R. J. Twieg,
M. Jurich, V. Y. Lee, C. R. Moylan, D. M. Burland

The performance of amorphous organic photorefractive (PR) materials in applications
such as optical data storage is generally limited by the concentration of active mol-
ecules (chromophores) that can be incorporated into the host without forming a
crystalline material with poor optical quality. In polymeric PR systems described
previously, performance has been limited by the necessity of devoting a large fraction
of the material to inert polymer and plasticizing components in order to ensure
compositional stability. A new class of organic PR materials composed of multifunc-
tional glass-forming organic chromophores is described that have long-term stability

and greatly improved PR properties.

The PR effect may be defined as the spatial
modulation of a material’s refractive index
n in response to an optically induced charge
distribution. The spatial index modulation
may be out of phase with the spatial mod-
ulation of the original optical excitation,
and this phase shift can induce an exchange
of energy between laser beams, which leads
to a variety of applications including optical
correlators, beam-fanning intensity limiters,
and novelty filters (1). Photorefractive ma-
terials have also been considered for use as
reversible recording media in holographic
optical data storage. In addition to large
changes in n per unit photon absorbed,
most applications require PR media with
high optical clarity and minimal light-scat-
tering levels. We report here a new type of
PR system based on amorphous organic
glasses (2) with substantial improvements
in PR and sample-quality properties.

The PR effect was first observed in a
LiNbQO; crystal more than 30 years ago (3).
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Polymeric PR materials were initially de-
scribed in 1991 (4). In the relatively brief
intervening period, their performance has im-
proved dramatically (5, 6) to the point where
important properties, such as maximum n
modulation (An) and two-beam coupling
(2BC) gain (I'), actually cqual or cexceed
those of their inorganic counterparts (7). The
features required for PR behavior (photo-
charge generation, photoconductivity, charge
trapping, and nonlinear or birefringent optical
response) are usually provided by separate
components, each of which can be dissolved
as a guest in the polymer host or chemically
attached to the polymer. Several of the most
promising polymeric PR materials containing
a charge transport polymer host are designed
in this way (8, 9). The largest An and T’
previously reported were measured in a mix-
ture of the nonlinear optical chromophore
2,5-dimethyl-4-p-nitrophenylazoanisole
(DMNPAA) doped into a polyvinylcarbazole
(PVK) host polymer with a plasticizer (9-
ethylcarbazole, ECZ) and a small quantity of
2,4, 7-trinitro-9-fluorenone (TNF) added as a
charge-generating photosensitizer (10). Un-
fortunately, the high concentration (up to 50
weight %) of DMNPAA required to produce
the large An results in a metastable material
system in which the chromophore crystallizes
out over time, a process that scriously com-



promises optical quality (11-13). Many doped
polymeric systems share this shortcoming:
The PR performance generally increases with,
increasing chromophore concentration and
reaches an upper limit based on the solubility
of the chromophore in the host polymer.

We have devised a material design strat-
egy in which the chromophore itself forms a
glass and in which the PR effect is not
dominated by the Pockels effect, but rather
by an orientational enhancement mecha-
nism (14). Fully functionalized polymer sys-
tems are another approach to increasing
chromophore concentration but require
substantially more synthetic effort (6). The
PR effect in inorganic crystals involves the
linear electrooptic (EQ) or Pockels effect
wherein the periodic space charge field
gives rise to a spatially periodic modulation
in n. Early attempts to mimic this mecha-
nism in PR polymers led to the use of
chromophores exhibiting large linear EO
effects. Chromophores were thus chosen on
the basis of their large first hyperpolariz-
abilities (B) and large ground-state electric
dipole moments (). However, in polymer-
ic systems with low glass-transition temper-
atures T, spatial modulation of the chro-
mophore orientation in many cases makes
the dominant contribution to the observed
PR effect (14, 15). In these cases, the bi-
refringence of the chromophore causes a
periodic n modulation as the ps of the
chromophores are preferentially aligned in
the periodic internal space charge field. As
a result of this orientational enhancement
effect, the polarizability anisotropy da =
a., — (o, + a,)/2 of a given chromophore
is often more important than B (15). Here
a is the ith diagonal chromophore polariz-
ability tensor element in the molecular co-
ordinate system, with the z-axis being along
the molecule’s dipole moment vector. The
dihydropyridine chromophores described
here have large birefringences and w values
but very small B values. Nonetheless, their
PR response, as measured by the maximum
An per unit electric field, exceeds that of all
other materials previously described. These
chromophores are dominated by charge-res-
onant properties where, when the linear
polarizability (the polarizability anisotropy
da) is maximized, the first hyperpolarizabil-
ity is minimized (16).
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An important aspect of this PR mate-
rial design strategy is the multifunctional
role that the chromophore plays. Dual-

function dopants (17-19) have been re-
ported previously in which charge trans-
port and optical nonlinearity functions are
performed by a single species. Here we
report the structures and properties of se-
lected members of a family of dihydropy-
ridines (Table 1) that can be used to
formulate organic PR materials in which
the chromophore serves as the charge-
transporting species, the optically birefrin-
gent species and, additionally, acts as the
amorphous host. These chromophores are
structurally related to the previously de-
scribed PR chromophore 2,6-dialkyl-4H-py-
ran-4-ylidenemalononitrile (DPDCP) (15).
Exchange of oxygen for nitrogen in the
pyran ring produces the dihydropyridine se-
ries with enhanced electronic properties
and an additional site for functionalization.
The compounds with two cyano (malono-
nitrile) acceptor groups examined thus far
do not form glasses. Numerous chro-
mophores with other acceptor groups on
the 4-ylidene position have been synthe-
sized (20), and differential scanning calo-
rimetry (DSC) (Table 1) showed that cya-
noesters had the most pervasive glass-form-
ing properties. Most of the work reported
here was done on molecule 4 (N-2-butyl-
2,6-dimethyl-4H-pyridone-4-ylidenecy-
anomethlyacetate, 2BNCM) in Table 1,
which, at room temperature (near its T, of
25°C) persists without crystallization. This
material should be contrasted with, for ex-
ample, compound 8, which exhibits a T, of
2°C but crystallizes at 57°C. The thermo-
chemical behavior of these systems is com-
plex, and the relation between this behav-
ior and PR is just beginning to be studied.

When a small amount (<1 weight %) of
a photosensitizer is added to these glassy
monomers, the resulting material exhibits
outstanding PR properties such as steady-
state An in four-wave mixing (FWM) ex-
periments (21) and 2BC gain (22). Their
response times are somewhat slower than
many of the other PR polymers reported.
However, significant increases in the holo-
gram growth rate can be obtained by doping

the chromophore with a small amount of
polymer. We have investigated dihydropyr-
idine systems with 10 weight % of poly-
methylmethacrylate (PMMA), polysilox-
ane, and PVK, and found each to produce a
maximum PR index modulation (at a given
applied external ficld) somewhat lower
than the samples without the polymer dop-
ants, but with much faster grating formation
speeds. The small amount of polymer did
not significantly change T,. For example,
the T, of a glass formed from 2BNCM and
10% PMMA was reduced by only 3°C.

The steady-state diffraction efficiency m
was determined as a function of time and
applied electric field E by FWM. The FWM
experiments were performed on 150-pm-
thick polymer films sandwiched between
two indium tin oxide (ITO) glass plates by
using the 676-nm output from a Kr™ laser.
Details of the sample preparation technique
have been described elsewhere (8, 12). The
two interfering writing beam external an-
gles were 51° and 71° from the sample
normal, and the writing intensity was 1
W/cm?. A counterpropagating probe beam
with an intensity of 0.007 W/cm? was used
to measure 1 of the holographic gratings
formed. We determined An from measure-
ments of the p-polarized diffraction efficien-
cy using the expression (4, 10):

dAncos(6, — 6
M, = Sinl[ﬂw')] (1)

where d is the sample thickness, N the laser
wavelength, and 6, and 6, are the internal
angles of incidence of the two writing
beams. All measurements were made at
room temperature. The time constant for
grating formation 7 was measured by using
FWM for samples containing 90 weight %
of the chromophores listed in Table 1 (ex-
cept for 1 and 5), 10% PMMA, and 0.3%
TNF. The time constants 7 were obtained
by fitting the initial growth of m, to the
expression:

(1) = Mol — ¢ )’ (2)

Table 1. Chromophore structures and properties (R and R’ refer to structure in text). A DSC scanning
rate of 10°C/min was used to measure T, the crystallization temperatures T, and the melting points 7, .
The decomposition temperature T also found from DSC (20°C/min) is well above T, which permits

di

processing of the materials from the melt without decomposition.

Com- R R’ TQ T(: Tm le
pound (°C) (°C) (°C) (°C)
1 Methyl Methy! 271 385

2 Methy! Ethyl 35 84 199 377

3 Methyl 1-Propyl 26 67 178,187 380

4 Methyl 2-Butyl 25 152, 160 351

5 Ethyl Ethyl 20 66 181 378

6 Ethyl 1-Butyl 8 52,78 125 385

7 Ethyl 2-Butyl 12 86 123, 138 347

8 Ethyl 2-Ethylhexy! 2 57 105 386
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The dark decay was correlated with the
growth time constants, with the faster grow-
ing samples in general also having a faster
dark decay. The slower systems have long
dark lifetimes, on the order of several hours.
Samples composed of 90% 2BNCM, 9.7%
PMMA, and 0.3% TNF were selected for
more detailed study in order to assess the
potential of these systems for holographic
data storage applications, which require
long dark lifetimes. The characteristic 7 for
this system was determined to be 83 s at
E = 40 V/um. The Kr* writing beams
interact with a charge-transfer complex
(absorption coefficient oy, = 4 cm™!)
formed between 2BNCM and TNF. Higher
concentrations of TNF lead to stronger PR
response but higher absorption losses as
well.

Figure 1 shows m, as a function of E.
Because An is proportional to E2, 1y(E) will
have an oscillatory dependence as seen
from Eq. 1. The efficiency does not reach
100% at the efficiency maxima because of
reflectivity losses at glass/air and glass/PR
material interfaces and because of the ab-
sorption at this wavelength. The maximum
at the second peak is less than the maxi-
mum at the first peak because, for the large
An levels encountered, significant energy is
coupled from the probe beam into higher
diffraction orders, which are not Bragg
matched (23). Table 2 compares the An at
40 V/pm for a number of the best polymeric
PR systems. The 2BNCM system is an order
of magnitude better in this parameter than
any of the systems shown.

In order to verify that a given system is
photorefractive a FWM experiment is insuf-
ficient, and an experiment such as 2BC
must be done, in which the change in the
transmitted intensity of two writing beams
is recorded as a grating is being formed. An
asymmetric exchange of energy between

100

801

Diffraction efficiency (%)

0 hd T T T T
0 20 40 60
Electric field (V/um)

100

Fig. 1. Steady-state diffraction efficiency (n, from
Eq. 2) at 676 nm as a function of applied electric
field for a 90% 2BNCM; 10% PMMA; 0.3% TNF
sample of thickness 150 um.

1184

the two writing beams is a clear indication
of a phase-shifted (nonlocal) grating. The
increase in intensity of the transmitted
beam with gain is measured, and the 2BC
gain I' is obtained from the ratio vy, =
Psign;\l with pump/Psignal without pump? where
Psi“ml is the power measured after the
sample, from the equation (8):

1
I=7[n(yB) ~ I + 1 - y)] )

where L is the optical path length for the
beam with gain and B is the ratio of write
powers incident on the sample. Net internal
2BC gain occurs when I' exceeds the ab-
sorption coefficient a of the material. Table
2 compares the values of I" and a for several
different systems. Again, the net 2BC gain
for the 2BNCM system is substantially
higher than the values for other systems.
High optical quality of the PR samples
is of critical importance for holographic
data storage applications. In the organic
glass materials reported here, the optical
scattering levels are negligible in relation
to scattering from the ITO substrates. We
have monitored the scattering levels for

samples of both 100% 2BNCM and 90%
2BNCM:9.7% PVK:0.3% TNF main-
tained at room temperature for more than
90 days without any observable increase in
the scattering level, indicating excellent
compositional stability, at least during this
time period. For longer time periods (>6
months), some samples showed evidence
of increased scattering.

As already mentioned, an important
potential application for PR materials is in
reversible holographic digital optical data
storage systems (24, 25). The storage of
large numbers of holograms at a single spot
in the storage media (multiplexing) can
lead to extremely high storage densities.
The search for erasable PR holographic
storage media (26) has been concentrated
on inorganic crystals. Because the addi-
tional requirement of high external E
fields during the operation of polymeric
PR materials limits sample thicknesses to
~100 pm, the number of holograms that
can be multiplexed is smaller than is pos-
sible in centimeter-thick inorganic crys-
tals. With the substantially improved per-
formance of the organic glass systems re-
ported here, one does not need to operate

Table 2. Properties of several amorphous organic PR systems at an external field of 40 V/um.
Scattering efficiency was measured at room temperature.

) An r a 71 Scattering

Material (X109 em~1) {cm™1 (s efficiency
2BNCM* 10 69 4 0.012 0.00022
DMNPAAF 1 25 8 2 0.5
BisA-NAS:DEH# 0.12 22 105 10
FDEANST§ 02 10 17 1 0.05
DTNBI| 0.1 28 12 0.0033 0.1
DPDCPT 0.18 8 2 1

*0.9 2BNCM:0.1 PMMA:0.003 TNF (this work).

+0.5 DMNPAA:0.3 PVK:0.2 ECZ:0.01 TNF (70).
bisphenol-A-diglycidylether-4,4'-nitroaminostilbene; DEH, diethylaminobenzaldehyde-diphenylhydrazone (7).
FDEANST:0.7 PVK:0.01 TNF; FDEANST, 3-fluoro-4-N,N’-diethylamino-B-nitrostyrene (8).
0.03 Cg,; DTNBI, 1,3-dimethyl-2,2-tetramethylene-5-nitrobenzimidazoline (77, 18).

iBisA-NAS,
§0.3
l0.7 DTNBI:0.3 PMMA:
90.3 DPDCP:0.15 TPD:0.55

PMMA:0.3 Cg,; TPD, N,N'-bis(3-methylphenyl)-N,N' -bis(phenyljbenzidine (75).

A B Fig. 2. (A) Animage of the
digital data recorded on a
o - HE CCD camera after trans-
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at the highest E fields, thus permitting the
use of thicker samples.

We have measured data storage error
rates in a holographic optical storage test
stand (27-29). Here a coherent 676-nm,
data-containing object beam is intersected
with a plane-wave reference beam in the
PR sample (90% 2BNCM, 9.7% PMMA,
0.3% TNF) and a hologram is formed. A
portion of a 64-kbit random data page is
shown in Fig. 2. The size of each data bit
on the mask was 18 um by 18 wm, and
each bit was surrounded by a 9 wm thick,
opaque boarder with an overall pitch of 36
wm by 36 wm. The coherent object beam
is passed through the data page mask con-
taining the information as just described
and focused on the sample to a 4-mm-
diameter spot. The hologram is read back
by illuminating the sample with only the
reference beam and the reconstructed ho-
logram recorded on a charge-coupled de-
vice (CCD) detector array. Experiments
involved the storage, retrieval, and subse-
quent erasure of digital data pages with a
data density of 0.5 Mbit/cm?. For the
amorphous glass system described here,
single data pages could be stored and re-
trieved without error using only 1 part in
106 of the total dynamic recording range
(that is, An range). Holograms were read
back periodically at room temperature in
air for up to 6 hours with no observable
degradation in hologram quality or bit er-
tor rate.

The vanishingly small scattering levels
in these glasses reduce the hologram effi-
ciency required for error-free readout by a
factor of 10 compared with polymeric sys-
tems studied previously. Of perhaps equal
importance is the extremely large recording
dynamic range available in these dihydro-
pyridine systems. The overmodulation of
the holographic efficiency, occurring at rel-
atively small E fields (see Fig. 1), means
that the smaller field can be applied to
thicker samples, increasing the Bragg sensi-
tivity, the number of holograms that can be
multiplexed, and the overall hologram qual-
ity. In relation to existing polymeric PR
systems, these organic glasses would appear
to offer substantial advantages.
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Modulation of Insulin Activities by Leptin

Batya Cohen, Daniela Novick, Menachem Rubinstein®

Leptin mediates its effects on food intake through the hypothalamic form of its receptor
OB-R. Variants of OB-R are found in other tissues, but their function is unknown. Here,
an OB-R variant was found in human hepatic cells. Exposure of these cells to leptin, at
concentrations comparable with those present in obese individuals, caused attenuation
of several insulin-induced activities, including tyrosine phosphorylation of the insulin
receptor substrate-1 (IRS-1), association of the adapter molecule growth factor receptor—
bound protein 2 with IRS-1, and down-regulation of gluconeogenesis. In contrast, leptin
increased the activity of IRS-1-associated phosphatidylinositol 3-kinase. These in vitro
studies raise the possibility that leptin modulates insulin activities in obese individuals.

Lept'm, an adipocyte-derived cytokine that
regulates body weight, was identified by
positional cloning of the murine obese (ob)
gene (1) and was shown to affect both food
intake and thermogenesis (2). High-affinity
leptin-binding sites were detected in the
choroid plexus, which led to identification
of the leptin receptor OB-R (3). The
known activities of leptin are mediated
through the hypothalamic OB-R, but OB-R
and OB-R variants derived from alternative
splicing are expressed in other tissues, no-
tably the kidney, lung, and liver (3-5). This
receptor expression pattern suggests that, in
addition to control of food intake and body
heat, leptin may have other physiological
functions. Although leptin is produced by
adipocytes, the recent finding that excess
fat correlates with high concentrations of
leptin in serum (6), and the well-estab-
lished linkage between obesity and insulin
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resistance (7), led us to explore the possi-
bility that leptin may modulate insulin-reg-
ulated responses.

To test for possible effects of leptin on
insulin-regulated responses, we looked for
cell lines expressing a functional OB-R.
Various human cell lines derived from liver,
lung, and kidney were screened by reverse
transcription—polymerase chain reaction
(RT-PCR) with oligonucleotides corre-
sponding to the region encoding the extra-
cellular domain of human OB-R (huOB-R)
(3). The human hepatocellular carcinoma
cell lines HepG2 and Hep3B provided one
PCR product whose identity with huOB-R
mRNA was confirmed by DNA sequencing.
Additional RT-PCR was done with primers
corresponding to specific 3" end regions of
the four known splice variants of huOB-R.
Only one splice variant, with a short cyto-
plasmic  domain  (the B219.3-OB-R
mRNA) (5), was detected in HepG2 cells.
The same product was obtained when RT-
PCR was done with mRNA from human
liver (Fig. 1A), and its identity was con-
firmed by sequencing. Northern blot anal-
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