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A series of amorphous molecules that possess both photoconductive and electro-optic properties was
synthesized in order to investigate photorefractive properties of bifunctional organic-glasses. Diethylamino-
benzaldehyvde-diphenylhyvdrazone was covalently attached to 5-(4-diethvlamino-benzylidene)- 1.3-dimethyl-
pyrimidine-2.4.6-trione through a flexible alkyl chain (3. 4. 5. 6 and 10 cartbons) containing two ether linkages.
The longer linkage not only lowered the glass transition temperature (T,) of the molecules. but also allowed
faster orientation of the chromophore. To examine the photorefractive properties. a 50 ym-thick film was
prepared from the mixture of a bifunctional molecule. butyl benzy1 phthalate. and Cg. The photoconductivity
of this composite was as high as 8.01 x 107'=S/cm at 60 V/gm. and the maximum diffraction efficiency (#u.)

of 50 gm-thick film was about 3% at 80 V/um.
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Introduction

Photorefractive effect refers to a spatial modulation of the
refractive index in a material due to the light-induced
redistribution of charge - Photorefractivity (PR) combines a
photoconductivity with a nonlinear optical (NLO) response
to produce a reversible light-induced modulation of the
refractive index.” In general. photorefractive materials are
prepared by combining all required functional moieties to
form multifunctional organic-glasses or more commonly in
host-guest composite.

Among many organic photorefractive materials reported
to date. composite polymers such as poly(siloxane carba-
zole) or poly(vinyl carbazole) doped with NLO chromo-
phore have been extensively studied. due to their remarkable
photorefractive properties.™’ This host-guest system. how-
ever. often lacked the device stability arising from the
limited compatibility between nonpolar photoconducting
polymer and polar NLO chromophore® The phase
separation of composite seriously limited the photorefractive
properties and life-time of photorefractive materials.

An important aspect of multifunctional organic-glasses
was to improve the long-term stability and to minimize the
phase separation of the device comparable with the host-
guest system. The amorphous organic-glasses possessed
many desirable material properties such as transparency. low
crystallization and facile fabrication. Recently. organic
photorefractive glasses based on bifunctional molecules.
which provide electro-optic property and charge transport in
a single molecule. have been reported. ¥'' In addition fo
much improved lifetime of device. several low molecular
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weight organic glasses have shown the excellent photo-
refractive properties. comparable to the polymeric host-guest
composites. ™

In this study. a series of amorphous coupled-molecules
was synthesized based on diethylaminobenzaldehyde-
diphenylhydrazone (DEH) and nonlinear optical chromo-
phore, 3-(4<liethylamino-benzylidene)-1.3-dimethyl-pyrimi-
dine-2 4.6-trione. A flexible spacer of the alkvl chain with
different lengths (3. 4. 5. 6 and 10 carbons) was introduced
between the photoconducting unit and the electro-optical
chromophore unit. which prevented crystallization of
molecules and lowered their glass transition temperatures.
To characterize the photorefractive performance of the
molecule. the composite was characterized by DC photo-
current measurement. fransmission ellipsometry method.
and degenerate four-wave mixing.

Experimental Section

Characterization and Measurement. 'H-NMR spectra
were taken by Varian Unityplus NMR Spectroscopy 300
MHz. The UV-vis absorption spectra were recorded using a
Jasco V-330 spectrophotometer. The glass transition temper-
atures (Ty) were determined with a differential scanning
calorimeter (DSC). Perkin-Elmer Pyris 1 serigs. at a heating
rate of 10 °C/min under nitrogen atmosphere.

The DC photocurrent measurement was performed on
about 30 gm-thick composite film sandwiched between ITO
electrodes at a temperature of near Ty The illuminating
beam from He-Ne laser (633 nm) was expanded into the
diameter of 6 mm and its intensity was 13 mW/cm-.

The electro-optical property of the composite was charac-
terized by the transmission ellipsometric measurement at
various electric fields."” The sample tilted by +43° and —43°
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in air was placed between the polanizer and the analyvzer. The
birefringence (An) of the sample was determined from the
transmittance of the reading beam passing through crossed
polarizers upon the applied electric field.

Diffraction efficiency (1) was measured bv a degenerate
four-wave mixing method. The expeniment was performed
near the T, (17 °C) of the composite. Twvo coherent laser
beams from He-Ne laser were irradiated on the sample in the
tilted geometry with the incident angle of 30° and 60° with
respect to sample normal. Both of writing beams were s-
polarized and had the equal intensity of 60 mW/cm". A p-
polarized counter-propagating beam was used to read out the
recorded photorefractive grating. Attenuated reading beam
with the intensity of 0.1 mW/em® was used. The internal
diffraction efficiency (Ijma) of photorefractive material was
detemlined' from an equation M = IR wicacted /(IR Giffracted T+
IKLr-ansmined)-:'

Materials, 4-(Diethvlanuno)salicvlaldehvde, potassium
hvdroxide. Aliquat®336, and L.1-diphenvlhvdrazine hydro-
chloride were purchased from the Aldrich Chemical Co. 1,3-
Dibromopropane. |.4-dibromobutane, 1,3-dibromopentane.
1,6-dibromohexane. 1,10-dibromodecane were purchased
from the Merk-Schuchardt. 1.3-Dimethylbarbitunic acid
purchased from the Tokvo Kaseir Kogvo Co. Ltd was used
without further purification.

Synthesis of C3: In a 2 L three-necked flask equipped
with a magnetic stirrer and a reflux condenser, 75 g (0.388
mol) of 4-(diethvlamino)salicylaldehvde. 600 mL of tetra-
hvdrofuran. 33.6 g of potassium hyvdroxide, and several
drops of Aliquat®336 were added and stirred at 100 °C. 1.3-
Dibromopropane (39 g/0.194 mol) was dropped into the
mixture. This mixture was reacted at a reflux for 24 hours
and then the cooled mixture was poured into cold water. The
precipitate was filtered, dried, and punfied by recrvstalli-
zation from ethyl acetate to give 77 g (94% wvield) of a
desired product as vellow solid (mp 143 °C): 'H-NMR
(DMSO-de): 6 (ppm) 10.03 (2H, s). 7.49 (ZH. d). 6.33 (2H.
d), 6.17 (2H, s). 4.29 (4H. 1), 3.44 (8H, m), 2.27 (2H, m). and
1.11 (12H. t).

The svnthetic procedures (C4, C3. C6. and C10) were
used as the same method to C3.

C4: 93% vield. mp 140 °C at first heating of DSC: 'H-
NMR (CDCls): & (ppm) 10.18 (2H. s). 7.72 (2H. d), 6.31
(2H, d), 6.04 (2H. s), 4.14 (4H. t), 3.43 (8H, m), 2.01 (4H.
m). and 1.22 (12H, m).

C5: 95% vield. mp 123 °C at first heating of DSC: 'H-
NMR (CDCL): & (ppm) 10.18 (2H. s). 7.72 (2H. d), 6.28
(2H, d), 6.03 (2H. s), 4.07 (4H. t), 3.43 (8H, m), 1.94 (4H.
m). 1.73 2H. m), and 1.22 (12H. t).

C6: 94% vield. mp 155 °C at first heating of DSC: 'H-
NMR (CDCL): & (ppm) 10.19 (2H. s). 7.72 (2H. d), 6.28
(2H, d), 6.02 (2H. s), 4.06 (4H. t), 3.43 (8H, m), 1.86 (4H.
m). 1.58 (4H. m), and 1.22 (12H. t).

C10: 34% vield. mp 121 °C at first heating of DSC: 'H-
NMR (CDCL): & (ppm) 10.18 (2H. s). 7.74 (2H. d), 6.30
(2H, d), 6.02 (2H. s), 4.06 (4H. t), 3.48 (8H, m), 1.88 (2H.
m). and 1.48-1.18 (26H. m).
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Synthesis of H-C3-ald: Into a flask 100 mL of ethanol, 4
g of C3 (9.38 mmol) was added with sturing at 80 °C. The
mixture of l.1-diphenvlhydrazine hvdrochloride 2.07 g
(9.38 mmol) and sodium acetate trihydrate 1.91 g (14.07
mmol) in ethanol were slowly dropped into the above
solution and maintaned at 80 °C. The mixture was stirred
Just for 2 hours, and then the cool mixture was evaporated to
remove solvent under reduced pressure. This mixture was
extracted with methylene chloride. and the organc layer was
dried over with anhvdrous sodium sulfate, and filtered. The
condensed product was purified by column chromatography
on silica gel (eluent; ethyl acetate : hexane = 1:4). The
product was obtained as vellow powder (1.45 g. 26% vield,
mp 124 °C at first heating of DSC): '"H-NMR (CDCla): §
(ppm) 10.18 (IH. s), 791 (IH. d). 7.77 (lH, d). 7.38 (4H,
m). 7.18 (4H. m), 7.05 (2H, m), 6.38 (2H. m). 6.07 (1H, s).
398 (LH. s), 4.04 2H. t). 3.97 (2H. t), 3.44 (8H, m), 2.14-
2.09 (ZH,m), and 1.24-1.19 (13H, m).

The synthetic procedures (H-C4-ald, H-C5-ald, H-C6-
ald, and H-C10-ald) were used as the same method to H-
C3-ald.

H-C4-ald: 17% vield. mp 121 °C at first heating of DSC,
'H-NMR (CDCls): 6 (ppm) 10.18 (1H, s). 7.95 (IH. d). 7.77
(IH. d), 7.38 (4H, m). 7.19 (4H, m), 7.09 (2H. m), 6.37 (2H,
m). 6.04 (1H. s). 599 (1H, s), 3.94 (4H. m). 3.47 (8H, m),
1.84-1.75 (4H, m), and 1.24-1.19 (13H, m).

H-C5-ald: 20% vield. mp 128 °C at first heating of DSC:
'H-NMR (CDCls). 6 (ppm) 10.20 (1H, s). 7.94 (IH. d). 7.75
(IH. d), 7.38 (4H, m). 7.17 (4H, m), 7.11 (ZH. m), 6.35 (2H,
m). 6.05 (1H. s). 5.87 (1H, s), 3.91 (4H. m). 3.43 (8H, m),
1.80 (6H, m), and 1.21-1.16 (13H, m).

H-Cé6-ald: 13% vield. mp 98 °C at first heating of DSC:
'H-NMR (CDCls). 6 (ppm) 10.22 (1H, s). 7.93 (IH. d). 7.75
(LH. d), 7.39 (4H, t). 7.20 (4H. d), 7.13 (CH. d), 6.38 (2H,
m). 6.07 2H, d). 4.03 (2H. t), 3.85 (2H, t), 3.47-3.34 (8H,
m). 1.82 2H. m), 1.62 (2ZH. m), 145 2H. m), and 1.31-1.13
(I5H. m).

H-C10-ald: 19% vield. mp 110 °C at first heating of DSC:
'H-NMR (CDCls); § (ppm) 10.22 (I1H, s), 7.94 (1H.d), 7.77
(LH. d), 7.40 (4H, t). 7.21 (4H. d), 7.14 (2H. d), 6.39 (2H,
m). 6.07 2H, d). 4.03 (2H. t), 3.85 (2H, t), 3.47-3.34 (8H,
m). 1.85 2H. m), 1.68 (4H. m), 146 (2H. m), and 1.35-1.15
(I7H. m).

Synthesis of H-C3-B: In a 250-mL two necked flask
equipped with a magnetic sturer and a reflux condenser,
0.85 g (1.43 mmol) of H-C3-ald. 100 mL of ethanol. 0.22 g
(1.43 mmol) of 1.3-dimethylbarbituric acid were added and
stirred at 80 °C. This mixture was reacted at reflux for 3
hours. And the reaction mixture was then cooled to room
temperature, filtered the precipitation which was extracted
with ethyl acetate (EA). dried over anhydrous magnesium
sulfate, filtered and then evaporated the solvent. This product
was purified by column chromatography on silica gel (eluent
ethyl acetate : hexane = 1 : 2). The product was obtained as
red powder (0.39 g. 37% vield, mp 152 °C at first heating of
DSC): 'TH-NMR (CDCl;). & (ppm) 9.04 (1H. s), 8.98 (1H, d).
7.82 (IH. d), 7.53 (1H. s), 7.35 (4H. t), 7.16 (4H. m), 7.03
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(ZH, t), 6.39 (2H. t), 6.08 (1H, s), 6.91 (1H, 5), 4.10 (2H, t).
3.95 (2H, 1), 3.45-3.31 (14H, m), 2.20 (2H, m), and 1.22-
1.16 {12H, m).

The synthetic procedures (H-C4-B, H-C5-B, H-C6-B,
and H-C10-B) were used as the same method to H-C3-B.

Synthesis of H-C4-B: 29% yield, mp 125 °C at first
heating of DSC: "H-NMR (CDCls); 8 {ppm) 9.09 {1H, s).
896 (1H, d). 7.92 (1H, d). 7.57 (1H, s), 7.39 (4H, 1), 7.18
(6H, m), 6.35 (2H, d), 6,05 (2H, d), 3.95 (4H. t). 3.46 (4H,
m}, 3.40-3.37 (10H, m), 1.85 (4H, m), and 1.30-1.18 (12H,
m

2

Synthesis of H-C5-B: 40% yield, mp 140 °C at first
heating of DSC, 'H-NMR (CDClL): & (ppm) 9.09 (1H, s).
894 (1H, d), 7.90 (1H, d). 7.57 (1H, s), 7.36 (4H, t), 7.15
(6H, m), 6.33 (2H, d), 6.01 (2H, d). 3.99 (2H. 1), 3.88 (2H. 1),
3.50-3.30 (14H, m), 1.84 (2H, m), 1.69 (2H, m), 1.64 2H,
m}, and 1.30-1,18 (12H, m),

Synthesis of H-C6-B: 22% yield, mp 126 °C at first
heating of DSC: "H-NMR (CDClLyY; 8 {ppm) 9.12 (1H, s),
894 (1H, d). 791 (1H, d). 7.57 (1H, s), 7.39 (4H, 1), 7.15
(6H, m), 6.35 (2H, d), 6.05 (2H, d). 4.04 (2H, 1), 3.85 (2H. ).
3.51-3.33 (]4H m), 1.86 {(2H, m), 1.63 (2H, m), 1.48 (2H,
m), dndl 3-1,16 (14H, m),

g\nthesm of H-C10-B: 29% yield, mp 111 °C at first
heating of DSC, 'H-NMR {CDCIy); & (ppm) 9.10 (1H, s),
898 (1H, d). 7.98 (1H, d). 7.59 (1H, s), 7.43 (4H, t), 7.22
(8H, m), 6.40 (2H, d), 6.10 {2H, d), 4.10 (2H, t), 3.84 {4H,
m)}, 3.53-3.37 (14H, m), 1.93 (4H, m), and 1.32-1.19 (20H,
m),

Sample Preparation; H-C10-B:BBP:C. The bifunc-
tional molecule (H-C10-B), butyl benzyl phthalate (BBP)
and buckminstertullerene {(Cqy) were dissolved in toluene for
casting solution, Cep was added as a sensitizer for the
photogeneration in visible region and BBP was added as a
plasticizer for decreasing the glass transition temperature

SN
KOH / Allquat336
+ Br—(CHz)n—Br
OH
Yo
/N\n/N\
O—(CHz)n—O (0] fo)
X N e
E /'J"\\ EtOH
O~ "N” 0O
|
H-Cn-B

(n=3,4,5 6 and 10)

Scheme 1. Synthesis of amorphous molecules.
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(T.) of the sample. The mass ratio of the three constituents
was H-C10-B : BBP ; Cq = 89 : 10 : | (wt%). The solution
was filtered through a 0.2 mm filter and casted on an indium
tin oxide (ITO)-patterned glass plate, dried for 12 hours at
ambient temperature and subsequently heated in an oven at
80 °C for 24 hours to completely remove the residual
solvent. Then thick film was softened by placing it on a hot
plate at 100 °C and then it was covered with another [TQ
coated glass. Teflon spacers with the thickness of 50 gm
between two 1TO glass plates were used to control the film
thickness.

Results and Discussion

We synthesized a series of amorphous molecules with
photoconducting unit and nonlinear optic chromophore unit
in order to improve the phase stability of photorefractive
system. As shown in Scheme 1, the coupled dialdehyde Cn
(n=3, 4, 5, 6, and 10) was readily synthesized by
condensation  of  4-(diethylamino)salicylaldehyde  with
dibromoalkyls using potassium hydroxide as a base. The
coupled molecules (H-Cn-B) with different lengths of
carbon chains (3, 4, 5, 6 and 10 carbons) were successfully
synthesized by condensation of [,1-diphenylhydrazine
hydrochloride with Cn to give H-Cn-ald, and followed by
condensation of barbituric acid derivatives with the corre-
sponding H-Cn-ald to give H-Cn-B. The DEH is well
known as a photoconducting molecule, and the DEH-doped
polymer has been reported as a good candidate with
excellent hole-mobility and photorefractivity.'™"" Simple
amine-donor-substituted barbituric acid derivatives chromo-
phore have been already well studied as a nonlinear optical
chromophore with large hyperpolarizability and enhanced
thermal stability. '®

Figure 1 shows the DSC curves for H-C6-B as a

0—(CHp—0 NHZ +HCI
Sodlum acetate trlhydrate
EtOH
/\N/\ /\N/\

—(CHy)7-0
N
N

H-Cn-ald
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Figure 1. DSC curve of an amorphous molccule. H-C6-B.

representative example. The sample was cooled below to
melting temperature (T, = 126 °C at the first heating). No
recrystallization was observed at first cooling and the
bifunctional molecules formed a glass with a glass transition
temperature of 49°C at second heating, All coupled
molecules (H-Cn-B) had melting points around 111-152 °C
at first heating, However, only the glass-transition temper-
ature at second heating was determined to be around 26-58
°C without melting points. All H-Cn-B {n =3, 4, 5, 6, and
10) photorefractive bifunctional compounds formed stable
glasses, 1.e., no recrystallization occurred upon cooling at 10
"C/mim.  All results of the thermal properties were
summarized in Table 1. As the spacer group became longer
(n = 3.4, 5, 6, and 10), the glass transition temperature
gradually dropped, that is, the longer chain made the two
moieties having more freedom to move relatively to each
other. The longer linkage not only lowered the glass
transition temperature of the samples but also allowed faster
orientation of the chromophore.'? This observation indicates
that these molecules were organic-glasses that formed a
stable amorphous phase. Interestingly, all H-Cn-B (H-C3-B,
H-C4-B, H-C5-B, H-C6-B. and H-C10-B) photorefractive
bifunctional molecules could form amorphous organic-
glasses by themselves. H-C10-B of the longest chain had the
lowest glass transition temperature of 26 °C among the
coupled molecules, therefore, it was chosen to prepare for
photorefractive composite in this study.

‘Table 1. Thermal propertics of the coupled moleeules

T (°CY T °Cy T (CC)
at first heating  at second heating  at second heating
1-C3-13 152 58 -
11-C4-13 125 57 -
1-C3-13 140 43 -
1-C6-13 126 49 -
11-C10-13 111 26 -

“determined with a dillerential scanning calorimeter (DSC) at a heating

ratc of 10 °C/min under nitrogen atmosphere
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300 400 500
Wavelength (nm)

600 700

Figure 2. UV-vis absorption spectrum ol a coupled molecule: H-
C10-B,

The absorption maximum (Ay,,) of the coupled molecule,
H-C10-B, was 466 nm as shown in Figure 2, which was
virtually the same as that of the corresponding electro-optic
chromophore, 5-(4-diethylamino-benzylidene)-1,3-dimethyl-
pyrimidine-2,4,6-trione (A = 470 nm).’® This observation
implies that the long aliphatic spacer did not give any
influence on the electron conjugation ot coupled molecules,

The photorefractive composite sample consisting of 89
wt% of H-C10-B (bifunctional molecules), 10 wt% of BBP
(plasticizer) and | wt% of Cay (photosensitizer) [FFigure 3]
showed an excellent optical quality and no phase-separation
or crystallization for a long time, The glass transition
temperature of the composite was around 17 °C, which was
determined by differential scamning calorimeter [Figure 4].

|
SN o N\(O

NS

oo

a) H-C10-B

(€) Ceo

(o) BBP

Figure 3. Chemical structures of components of photorefractive
compositc: (a) 5-(4-dicthylamino-2-{ 10-[S-dicthylamino-2-(diphenyl-
hydrazonomethyl)-phenoxy]-decyloxy }-benzy lidene)-1.3-dimethyl-
pyrimidine-2.4.6-trione.  H-C10-B: (b) plasticizer. BBP: (¢)
sensitizer. buckminsterfullerene Ceo.
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Figure 4. DSC thermogram: [1-C10-B : BBP : Ceo composite at a
heating rate of 10 °Cimin under nitrogen atmosphere.
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Figure 5. Photo-current/dark-current (A) and photoconductivity
(13) of H-C10-B: BBP: Ceo composite.
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Figure 6. Llcctric ficld induced birefiingencee of the composite. H-
C10-B : BBP : Ce. depending on the applicd cleetrie ticld.

The photoconductivity of photorefractive material must be
one of the important factors since it significantly influences
the buildup time of photorefractive grating formation and
magnitude of the space-charge field. The electric field
dependence of the photocurrent is shown in Figure 5(A), The
photoconductivity of H-C10-B composite was measured to be
8.01 x 107" S/cm at the applied electric field of 60 Vigm,
which was remarkably high photoconductivity [Figure 5
(B)]. It may be attributed to the superior hole-transporting
ability of DEH,

Field-induced birefringence of the photoretractive com-
posite was characterized by a transmission ellipsometric
method at various applied electric fields, As shown in Figure
6, birefringence (An} of the composite containing 89 wt% of
H-C10-B chromophore was quadratically increased with the
applied electric fields. The composite showed an anisotropic
property of An = 1.8 x 107 at 60 Vium, This was relatively a
lower value, compared to the other chromophore in host-
guest composite system. The birefringence (An) originates
from the alignment of chromophores in noncentrosymmetric
structures under the poling field. In the case of low I,
photorefractive material, the modulation of refractive index
(An) is known to arise predominantly from reorientation of
the optically nonlinear chromophore under the spatially
modulated space-charge field." The orientational birefrin-
gence of the current composite is associated with the large
WA of H-C10-B chromophore where A¢ is the
polarizability anisotropy and g is the dipole moment.

‘The photorefractive property of H-C10-B: BBP : Cy
composite was evaluated by diffraction efficiency, which
was measured by a degenerate four wave mixing method.
Figure 7 shows the applied electric field dependence of the
steady-state diffraction efficiency. The maximum diffraction
efficiency {7max) of 50 pm-thick film was about 5% at 80 V/
pm, This .. was relatively low compared to the other host-
guest composites, which might be responsible for the
relatively low refractive index modulation (An) of ca. 1.8 X
107" Also, according to the equation 17 o< (%mEs)’. the
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Figure 7. Steady-state diffraction efliciency depending on electric
ficld of H-C10-B : BBP : Cse composite.

relatively small values for the diffraction efficiency might be
due to a small value of the space-charge field.”' The
photorefractive behavior of this coupled-amorphous material
system still seems to be limited by the chromophore
reorientation despite of very high photoconductivity.

Conclusions

We synthesized a series of organic glassy molecules in
order to improve the phase stability for photorefractive
materials. The DEH unit, photoconducting moiety, and
barbituric acid moiety, the electro-optical chromophore,
were connected with a tlexible spacer. Depending on the
aliphatic chains length, the glass transition temperature (T,)
gradually dropped as the longer chain gave the two terminal
moieties more freedom to rotate or move relatively to each
other. Also, DSC observation indicated the organic-glasses
to form a stable amorphous phase. When doped with
plasticizer BBP and sensitizer Ceo, it was determined to have
a high photoconductivity of 8.01 x 107'? S/em but showed a
moderate electro-optic behavior of An = 1.8 x 10 at the
applied electric field of 60 Vium. The diffraction efficiency
as a photorefractive behavior was just about 5% at 80 V/um
despite of its high photoconductivity in this system.

Sung Ho Lee et dl.
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