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1 he PR effect may he defined as the spatial 

modulation of a material's refractive index 

n in response to an optically induced charge 

distribution. T h e spatial index modulation 

may be out of phase with the spatial mod

ulation o{ 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. W e 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 

L i N b 0 3 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 (T), actually equal or exceed 

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 - d i m e t h y l - 4 - p - n i t r o p h e n y l a z o a n i s o l e 

(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 seriously com-

Organic Glasses: A New Class of 
Photorefractive Materials 

P. M. Lundquist, R. Wortmann,* C. Geletneky,f R. J. Twieg,$ 
M. Jurich, V. Y. Lee, C. R. Moylan, D. M. Burlandl: 

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. 
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promises optical quality (1 1-13). Xtany ilopeil 
roly~nertc systems share t h ~ s  shortcorulnr: 
 he PR perform;ince generally increases \vi;h 
~ncre;isino chromophore concentratlon anii 
reaches ;in upper 111ntt haseii on the soluh~lity 
of the chromophore In the host polymer. 

We have iieviseil a material ilesign str;it- 
egy in ~vhich the chromophore ttselt t;)rms ;I 
glass anil in which the PR effect is not 
ilomtnateii hy the Pockels etfect, hut rather 
hv an orlentational enhance~nent mecha- 
nism (1 4) .  Fully functlona11:eii polymer sys- 
telns are another approach to tncreasing 
chrornophore concentratlon hut require 
substantiallv more svnthetic eftort (6) .  The 
PR efkct in inorganic crystals invcllves the 
linear electrooptic (EO) or Pockels efkct 
~vherein the per~i~ilic space charge flelil 
gives rise to a spat~ally perioilic moii~~lation 
in n. Early atternpts to rnirnic this mecha- 
nism in PR polymers lei1 to the use o t  
chrornophores eshihiting large linear EO 
effects. Chrornophores Lvere thus chosen on 
the hasis of their large tirst hyperpolari:- 
ahllities (P )  anil large grounii-state electr~c 
d~pole rnonlents ( k ) .  Ho~vever, in polymer- 
ic systems with lo~v glass-transttion ternper- 
atures T,,, spattal moiiulation of the chro- 
nlophore orientation in many ca.;es rnakes 
the ilomlnant contrll>ution to the ohserveil 
PR etfect (14,  15). In these cases, the hl- 
refringence of the chromophore causes a 
perioilic n mi)ilulation as the ks of the 
chromophores are aligneil in 
the perioilic internal space charge ftelii. As 
a result of this orientational enhancement 
effect, the polarizahility amsotropy Sa  = 

a:: - (a , ,  + a,,)/2 of a given chromophore 
is often more important than B (15). Here , , 

a,, is the ith ii~agonal chrornophore polariz- 
ahtlity tensor elernent In the mi~lecular co- 
ordinate system, 1 ~ 1 t h  the :-ax15 helng along 
the molecule's iiipole nlornent vector. The 
ilihyilropyrliltne chrornophores ilescr~heil 
here have large hirefrlngences anil t~ values 
hut very srnall p values. Nonetheless, their 
PR response, as measureil hy the maxlmum 
111 aer unit electric tielii. exceeils that o t  all 
other rnaterials previously iiescrilieil. These 
chrornophores are ilorninateil hy charge-res- 
onant properties where, \\.hen the llnear 
po1ari:ability (the polarlzah~l~ty anlsotropy 
6 a )  1s maxirnt:ed, the first hyperpo1ari:ahil- 
ity is mtnimlzed (16) .  

A n  important aspect of t h ~ s  PR mate- 
rial design strategy is the mult~f~tnct ional  
role that the chromophore plays. Dual- 

func t~on  iiopants ( 17-1 9) have heen re- 
porteil previously In which charge trans- 

, port anil op t~ca l  nonl~nearity funct~ons are 
perhrmeil hy a single species. Here \ve 
report the structures anii properties of se- 
lecteil rnernl>ers of a family of ii~hyilropy- 
riillnes (T;il>le 1 ) that can he useil to 
fi~rmulate oroanlc PR materials in \vh~ch  
the chromophore serves ,IS the charge- 
transporting species, the opttc;illy h~refrin- 
gent spectes anii, aiiilit~onally, acts as the 
a~norphoits host. These chromophores are 
struct~~rally relateii to the previc~usly ile- 
scr~heil PR chrornophore 2,6-iiialky1-4H-py- 
ran-4-yliilenernalononitrile (DPLXP) (15). 
Exchange o t  oxygen for nltrogen In the 
pyran ring proil~~c-es the ilihyiiropyriillne se- 
ries ~v i th  enhanceil electronic properties 

anil an ailii~t~onal site for hnctiona1i:;ition. 
The  compouniis \vith t ~ v o  cyano (~nalono- 
nitrile) acceptor grc~ups examineil thus far 
ilo not k)rm glasses. Numerous chro- 
mophores lvith other acceptor groups on 
the 4-ylliiene pos i t~ i~n  have heen synthe- 
sizeil (2L1), anil ilifferentid scanning calo- 
rimetry (DSC) (Table 1) sho\veil that cya- 
noesters hail the most pervasive glass-form- 
ing properties. Most of the work repclrteii 
here \v,~s clone on molecule 4 (N-2-hutyl- 
2 , 6 - i l i 1 1 1 e t h y l - 4 H - p y r i i 1 ~ ~ 1 1 e - 4 - y l -  
anomethlyacet,~te, ZRNCM) ~n Tahle 1 ,  
~vhich, at room temperature (near its T, ot  
25°C) persists ~vithout crystal1i:ation. This 
nlaterial sho~~l i l  he contrasteii \vith, for es-  
arnple, compounil 8, which exhihits a T_ ot 
2°C l>ut crvst,illl:es at 57°C. The thermo- 
chemical heh;ivior of these systems is corn- 
plex, anil the relation het\veen t h ~ s  hehav- 
lor anil PK is just heginning to he stud~eii. 

When a srnall arnount ( < I  lveight '31) of 
a photosensitizer 1s ailileil ti] these glassy 
monomers, the resulting rnater~al esh~hits  
outstaniilng PR properties such as steaily- 
state 111 in tour-~vave rnlxlng (FWM) es-  
pulments (21) mil 2RC gatn (22). T h e ~ r  
response tilnes are some\vhat sloa.er than 
many of the other PR polymers reporteil. 
Ho~vever, s lgn~f~cant  increases in the holo- 
gram growth rate can he ohtaincil hy ilclptng 

the chro~nc~phore \v~ th  a small ;rmc~unt of 
pi~lymer. We h;ive invc\t~gateii ilihyilropyr- 
iillne systerns lvith 10 weight 'i4, of poly- 
methylmethacrylate (PMMA),  polystlos- 
ane, anii PVK, anil founii e ,~ch to proiluce a 
maxirn~~m PR ~ni ies  ruoilulation (at ; I  given 
;ipplieil external t~elil) some\vhat lo~ver 
than the sa~nples \v~thout the polymer iiop- 
ants, hut ~v i th  ~ n u c h  f:~ster grating format~on 
speeils. The 111;111 amount of pc~lymer diil 
110t \~gnificantly ch,lngc T,,. For example, 
the T, ot a glass formeil fl-oh 2BNChl anii 
10'h PMMA reiiuccil hy i~nly 3°C. 

The \te,~iiy-state iliffraction ett~ciency q 
~vas iletermlneil as a fitnctic~n clt time anil 
applieil electric t~elii E 1'7; FWIM. The FWM 
esperirnents Lvere perk~rlneii on 1 50-km- 
thick polymer f~ lms  sanil\v~cheil Iyet\veen 
t ~ v o  inilium tin oxide ( ITO)  glass plates hy 
using the 676-nm c~utput from a Kr- laser. 
Details c~t the sample preparation technique 
have heen ilescriheii clse\vhere (8,  12). The 
t ~ v o  i n t e r f e r ~ n ~  ~vriting heal11 external an- 
gles \\.ere 51" anil 71" from the sanlple 
normal, anii the ~vrittng intens~ty \vas 1 
W/cm2. A cc~unterpropagat~ng prohe hearn 
~v i th  an intensity of 0.007 W/cm2 \vas ~tsed 
to me,~surc q of the holographic gratings 
fc~rmeil. Wc ileterm~neil An from measure- 
ments o t  the 11-po1ari:eil ilitfraction efficien- 
cy using the expression (4, Id) :  

\\.here d is the sarnnle thickness. A the laser 
wavelength, anil HI anii 8? are the internal 
angles ot ~nc~i lence  of the t\vo Lvrltlng 
t'e;~tns. All ~lleasit~-etnent\ Lverc made at 
room ternperature. The tlrne constant for 
grating formatton .r \v,ls mc,isu~-cd hy using 
FWM for samples contatntng 90 ~ v e ~ g h t  ')/I, 

of the c l~romo~hores  listeil in Table 1 (ex- 
cept for 1 anii 5 ) ,  I0'i0 PMIMA, anii 0.3% 
TNF. The time cc~nst,~nts .r \\ere ohtatneii 
hy titting the initial gro\vth ot q,, to the 
espression: 

Table 1. Chromophore structures and propertes (R and R refer to structure In text) A DSC scannlng 
rate of 1 O0C/mn was used to measure T, the crystall~zat~on temperatures T and the melt~ng ponts T,, 
The decompost~on temperature T ,  also found from DSC (2O0C/mn) IS well above T, wh~ch perm~ts 
processing of the materals from the melt wthout decompos~t~on 

Com- 
pound 

1 Methyl Methyl 271 385 
2 Methyl Ethyl 35 84 199 377 
3 Methyl 1 -Propyl 26 67 178, 187 380 
4 Methyl 2-Butyl 25 152 160 35 1 
5 Ethyl Ethyl 20 66 181 378 
6 Ethyl 1 - B ~ t y l  8 52, 78 125 385 
7 Ethyl 2-Butyl 12 86 123, 138 347 
8 Ethyl 2-Ethylhexyl 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% ZBNCM, 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 
lone dark lifetimes. The characteristic T for - 
this system was determined to be 83 s at 
E = 40 V/ym. The Kr+ writing beams 
interact with a charge-transfer complex 
(absorption coefficient a676 = 4 cm-I) 
formed between 2BNCM and TNF. Higher 
concentrations of TNF lead to stronger PR 
response but higher absorption losses as 
well. 

Figure 1 shows qo  as a function of E. 
Because An is proportional to E2, qo(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 glasslair and glasslPR 
material interfaces and because of the ab- 
sor~t ion at this waveleneth. 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/ym for a number of the best polymeric 
PR systems. The ZBNCM 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 

0 2 0 4 0 6 0 8 0 1 0 0  
Electric field ( V l ~ m )  

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 r is obtained from the ratio yo = 

'signal with pumplPsignal with'wt pump' where 
Ps,,n,I is the power measured after the 
sample, from the equation (8): 

where L is the optical path length for the 
beam with gain and p is the ratio of write 
powers incident on the sample. Net internal 
2BC eain occurs when r exceeds the ab- - 
sorption coefficient a of the material. Table 
2 comuares the values of r and a for several 
different systems. Again, the net 2BC gain 
for the ZBNCM svstem is substantiallv 
higher than the values for other systems. ' 

High optical quality of the PR samples 
is of critical importance for holographic 

samples of both 100% ZBNCM 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 scatterine. - 

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 ym, the number of holograms that 

data storage applications. In the organic can be multiplexed is smaller than is pos- 
glass materials reported here, the optical sible in centimeter-thick inorganic crys- 
scattering levels are negligible in relation tals. With the substantially improved per- 
to scattering from the IT0 substrates. We formance of the organic glass systems re- 
have monitored the scattering levels for ported here, one does not need to operate 

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

Material An I- (Y 7-1 Scattering 
(X 1 0-3, (cm-') (cm-l) (s-') efficiency 

'0.9 2BNCM:O.l PMMA0.003 TNF (this work). t0.5 DMNPM0.3 PVK:0.2 ECZ:O.Ol TNF (10). SBisA-NAS, 
bisphenol-A-diglycidylether-4,4'-nitroaminostilbene; DEH, diethylaminobenzaldehyde-diphenylhydrazone (7). 90.3 
FDMNST:0.7 PVK:O.Ol TNF; FDEANST, 3-fluoro-4-N,N'-diethylamino-8-nitrostyrene (8). 110.7 DTNBI:0.3 PMMA: 
0.03 C,,; DTNBI, 1.3-dimethyl-2,2-tetramethylene-5-nitrobenzimidazoline ( 1  18) 410.3 DPDCP:0.15 TPD:0.55 
PMMA0.3 C,; TPD, N,N'-bis(3-methylphenyl)-N,N'-bis(phenyl)benzidine (15). 

Fig. 2. (A) An image of the 
digital data recorded on a 
CCD camera after trans- 
mission through the sam- 
ple. (B) The reconstructed 
hologram of the digital 
data of (A) recorded in the 
sample. 

Fig. 1. Steady-state diffraction efficiency (T,, 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 km. 
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at  the  highest E fields, thus permitting t h e  
use of thicker samples. 

\Ve have measured data storage error 
rates in  a holographic optical storage test 
stand (27-29). Here a coherent 676-nm, 
data-containing object heam is intersected 
with a plane-wave reference beam in the  
PR sample (90% 2BNCM. 9.7% PMMA,  
0.3% T N F )  and a holoeraln is formed. A - 
portion of a 64-kbit random data page is 
shown in  Fie. 2. T h e  size of each data hit - 
o n  the  mask was 18 pn l  by 18 p m ,  and 
each hit was surro~lnded by a 9 pln  thick, 
opaque boarder with a n  overall pitch of 36  
pn l  by 36  pin. T h e  coherent object beam 
is passed through the  data page Inask con-  
tainlng the  infornlation as just described 
and focused o n  the  samnle to  a 4-mm- 
diameter spot. T h e  hologram is read back 
by illuminating the  sanlple with only t h e  
reference bean1 and t h e  reconstructed 110- 
logran1 recorded o n  a charge-coupled de- 
r i ce  ( C C D )  detector array. Experiments 
involved the  storage, retrieval, and suhse- " 

quent erasure of digital data pages with a 
data density of 0.5 Mbitlcm'. For the  
amorphous glass system described here,  
single data pages could be stored and re- 
trieved without error us i l~g only 1 part In 
1O%f the  total  dynanlic recording range 
( tha t  is, An range).  Holograrns were read 
back periodically a t  room temperature in 
air for un t o  6 hours with n o  observable 
degradation in hologram quality or bit er- 
ror rate. 

T h e  vanishingly small scattering levels 
in these glasses reduce the  hologram effi- 
ciency required for error-free readout by a 
factor of 10 compared nit11 polymeric sys- 
tems studied previously. Of perhaps equal 
inlportance is the  extremely large recording 
dynamic range available in these dihydro- 
pyridine systems. T h e  overnlod~llation of 
the  holographic efficiency, occurring at rel- 
atively s~llall E fields (see Fig. I ) ,  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 a~ou ld  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-I), association of the adapter molecule growth factor receptor- 
bound protein 2 with IRS-I, and down-regulation of gluconeogenesis. In contrast, leptin 
increased the activity of IRS-l-associated phosphatidylinositol 3-kinase. These in vitro 
studies raise the possibility that leptin modulates insulin activities in obese individuals. 

L e p t i n ,  a n  adipocyte-derived cytokine that 
regulates body a~eight ,  was identified by 
positional clolling of the  rnurine 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) .  T h e  
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 
filnctions. Although leptin is prod~lced by 
adipocytes, the  recent finding that excess 
fat correlates nit11 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. 

T o  test for possible effects of leptin o n  
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) a ~ i t h  oligon~~cleotides corre- 
sponding to  the  region encoding the  extra- 
cell~llar domain of hulnan OB-R (huOB-R) 
(3) .  T h e  human hepatocellular carcinonla 
cell lines HepG2 and Hep3B provided one 
PCR product a~hose  identity with huOB-R 
lnRNA was confirnled by D N A  sequencing. 
Additional RT-PCR was done nit11 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 donlaill ( the  B219.3-OB-R 
m R N A )  (5)) was detected in HepG2 cells. 
T h e  sanle product was obtained when RT- 
PCR was done with m R N A  from hunlan 
liver (Fig. I A ) ,  and its identity was con- 
firmed by sequencing. Northern blot anal- 
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