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ABSTRACT: Azo benzene derivatives are dispersed in a poly(carbonate) or poly(N-vinyl
carbazole) matrix, and their photoconductive characteristics are investigated in terms of the
structure of azo benzene derivatives and polymer matrix. These azo benzene derivatives are
composed of electron donating and accepting parts bridged by azo bonds and are intramolecular
charge transfer complexes as determined by UV-Vis spectra and electrochemical measurements.
This charge transfer is effective for the increase of photoconduction in these derivative-dispersed
poly(carbonate) films. When poly(N-vinyl carbazole) is used as a polymer matrix, photocurrent
increases by one order of magnitude in comparison with that in a poly(carbonate) system. The roles
of azo derivatives and polymers for photoconduction are discussed with the action spectrum of the
photocurrent in these systems.
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The organic photoconductor, or OPC, has
attracted much interest for theoretical and
basic research as well as for applications to
photoreceptors used in electrophotography.
Actually, some of these materials have been
commercially used in photocopiers, laser print
ers and electrophotography. Recent develop
ment of OPC has been drastically activated
since the preparation of poly(N-vinyl car
bazole) and research on its photoconductive
characteristics in the latter half of 1950's.1
Especially, sensitization of photoconductivity
in poly(N-vinyl carbazole) by adding electron
acceptor has been widely reported.v' and its
carrier generation and transport characteris
tics have also been investigated." -6 This sensi
tization is revealed to be due to intermolecular
charge transfer interaction between electron
donating carbazolyl groups on the polymer
and electron accepting molecules. Other nu
merous polymers containing carbazolyl groups
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and suitable electron accepting molecules or
polymers have been synthesized and investi
gated in order to realize excellent carrier gen
eration and transport." -10

Photosensitive molecules dispersed polymer
films are also investigated as OPC. Triphen
ylmethane and hydrazone derivatives are typ
ically used as charge transport materials, 11 - 13
and these are dispersed in inert matrices such
as poly(carbonate) at high concentration. The
present authors have already reported the
photoconduction mechanism in rhodanine de
rivatives'" and phthalocyanines.l" Especial
ly, photoconduction in rhodanine derivatives
is revealed to be considerably affected by the
effect of electron accepting and donating sub
stituents.

These investigations suggest that the photo
conduction in the above mentioned OPCs is
considerably affected by interaction between
the electron acceptor and donor. The introduc-
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Figure 1. Structures of azo benzene derivatives.

EXPERIMENTAL

Measurements
JC dye dispersed polymer films were pre

pared as follows. A THF solution of JC dye
was mixed well with a polymer THF solution.
The concentration of the JC dye was 30 wt%
of the matrix polymer. The polymer film was
prepared on a Sn02 coated glass electrode with
spin-coating method. The film obtained was
dried in vacuo at 25 "C for 24 h to remove the
solvent. All polymer films presented in this
experiment were prepared with a film thickness
of about 4/lm. An Ag electrode was sub
sequently attached to the polymer film as a
counter electrode by spattering method (San
yu Oenshi, SC-701 quick coater), and a sand
wich type cell was then constructed. The
electrode area of the cell was 1.13crrr'.

The cell thus obtained was placed in a
cryostat, and the pressure in the cryostat was
reduced to under 10- 5 Torr. Photoconduc
tivity was measured with a 500 W Xe lamp
(Ushio Oenki VI-50lC) and a de power supply
(Kikusui Oenshi Model 103) at 30 -c. Light
was irradiated from the Sn02 glass electrode
side of the cell through a thermoabsorbent (IR
cu t oft) filter. The energy of the irradiated light
was estimated to be 256 mW em - 2 by a
radiometer/photometer (EG & G Model 550).
The obtained signal was picked up with a
probe connected to a vibrating reed electrom
eter (Advantest TR-84M), and recorded on
an X-t recorder (Riken Oenshi SP-H8V).
Action spectral response of the photocurrent
was measured at a constant electric field of
104 V em -1. Light from the Xe lamp was mon
ochromatized through a single grating mon
ochromator (Jovin Yvon H20 IR) using a
suitable interference filter to remove undesir-

(carbonate) (PC) and poly(N-vinyl carba
zole) (PVCz) were selected as matrix poly
mers. These polymers were purified by the re
precipitation with methanol for three times.
The molecular weight of each polymer was
over 30,000, which was determined by gel
permeation chromatography.

SQ)-N(C2HS)2

NHCOCH3

00-2

CN

CN

AC-2

Materials
The structures of azo benzene derivatives,

abbreviated as JC dye (JC-7, 8 and 9) are
shown in Figure 1. These dyes were obtained
from Nippon Kayaku Co., Ltd. The samples
were purified by Soxhlet extraction twice with
acetone. The acetone soluble part was col
lected, and its structure was confirmed by
elementary analyses, FT-IR (Perkin Elmer
Model 1640) and 1H NMR spectra. AC-2
and 00-2 were also obtained from Nippon
Kayaku Co., Ltd., and used as model mol
ecules for the accepting and donating parts of
JC-9, respectively. Bisphenol-A type poly-

tion of this interaction into photosensitive
molecules is therefore considered to be useful
as one of the molecular designs of oPC. This
paper describes photoconduction in polymer
films containing azo benzene derivatives which
are composed of electron accepting and donat
ing parts bridged by azo bonds. The effects of
polymer matrices and intramolecular charge
transfer in azo benzenederivatives on photocon
duction are also discussed.
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able second and third interference wavelength
light. In this measurement, photocurrent was
evaluated as photo-induced current per in
cident photon unit.

UV-Vis absorption spectra ofa JC dye/THf
solution and a dispersed film were measur
ed with a double beam spectrophotometer
(Shimadzu UV-220).

De electrochemical behavior was evaluated
from cyclic voltammograms measured with a
potentiogalvanostat (Toho Technical Research
Model 2020), a function generator (Hokuto
Denko Model HB-lll) and a Riken Denshi
F-3DG recorder. For ac voltammetry, an os
cillator (ac function generator, Kikusui Elec
tronics model 459), a lock-in amplifier (NF
Electronic Instruments Model LI-570) and
an oscilloscope (Meguro Electronics MO
1253) were connected to the apparatus for de
cyclic voltammetry. The details of the in
strumentation for ac voltammetry were de
scribed previously.l" All electrochemical mea
surements were carried out at 20 "C.

RESULTS AND DISCUSSION

All the JC dyes consisted of electron donat
ing part and electron accepting part bridged by
an azo bond. JC-7 has structurally the same
electron accepting part of JC-8 and stronger

::j
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.Q
L-a
(J)
.Q
<{

electron donating part than JC-8. On the other
hand, JC-9 has the same electron donating
part of JC-8 and stronger electron accepting
part than JC-8. If intramolecular charge trans
fer occurs in these molecules through azo
bonds, JC-7 and JC-9 have more electron
donating and accepting characteristics than
JC-8. The absorption spectrum for each JC
dye in a THF dilute solution is shown in
Figure 2. In general, the introduction of elec
tron donating and accepting groups into a tt

electron conjugated system makes the HOMO
level increase and the LUMO level decrease.
The formation of an intramolecular charge
transfer complex, therefore, causes decrease in
the energy gap between HOMO and LUMO,
resulting in a red shift in the absorption spec
trum of the molecules. In this case, although
trans-type azo benzenes with no substituent
showed an absorption peak at around 350 nm
in a THF solution, each JC dye showed an
absorption peak at a wavelength longer than
550nm. Each JC dye seemed to form an
intramolecular charge transfer complex. An
absorption peak for JC-7 or JC-9 in a THF
solution was observed at a longer wavelength
than that for JC-8. Molar extinction coef
ficients (cmax) of JC-7, JC-8, JC-9 in a THF
solution were 4.0 x 104

, 3.9 X 104
, and 4.3 x 104

(1 mol- 1em -1), respectively. These results

JC-7
JC-8
JC-9

400 500 600 700 800
Wavelength ( nm )

Figure 2. Absorption spectra for each JC dye in a THF solution.
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10gI=m·logE+logK (2)

The dark current in such a system is frequent
ly associated with various effects such as

Where I, K, and E are current, constant and
electric field, respectively. This equation gives
eq 2 in a common logarithmic form.

support the above consideration that JC-7 and
JC-9 show more electron donating and accept
ing characteristics than JC-8.

Electric field (E) dependence of the dark
current and photocurrent was measured for a
JC dye dispersed poly(carbonate) (PC) films,
and a typical relationship for the JC-9 dispers
ed PC film is shown in Figure 3. In this figure,
superscripts+and-for the dark current (I d )

and the photocurrent (I p) are defined to be the
polarity of Sn02 electrode at the irradiated
side. Generally, the electric field dependence of
the dark current for the cell is described by
eq 1.

Shottoky barrier, the Pool-Frenkel effect and
so on. These effects can be estimated from the
value of m; m = 0.5 for Shottoky barrier or
Pool-Frenkel effect, m = 1 for Ohmic be
havior, and m> 1 for space charge limited
current. The relation between log I d and log E
seemed to be linear and its slope was almost
unity, suggesting that this cell is an ohmic
system. The photocurrent for the JC-9/PC film
was about 1.6 x 102 times larger than the dark
current at the electric field of 1 x 104 V em -1 . A
drop in the photocurrent was observed in an
electric field of about 5 x 102 Vern -1 as shown
in Figure 3. This was caused by the photo
induced voltage of the cell. The logarithmic
correlation between the photocurrent and the
electric field was corrected by removing the
effect of photo-induced voltage. The correla
tion thus obtained was estimated to be linear,
and its slope was almost unity, the same as
the dark current. This suggest that the photo
current is not affected by photo-induced space
charge during irradiation. AC-2 and DO-2
were used to evaluate the effect of the in-

(1)I=K· en

Figure 3. Electric field dependence of the dark current
and photocurrent in each JC dye dispersed PC film.
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Figure 4. Electric field dependence of the photocurrent
in JC-9 or AC-2 and 00-2 dispersed PC film.
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Furthermore, an azobenzene dispersed PC sys
tem showed a small photocurrent. These re
sults suggest that intramolecular charge trans
fer in JC dye is effective for carrier generation
and/or carrier transport.

Poly(N-vinyl carbazole) (PVCz) was used as
a matrix polymer in order to prepare a system
with superior photoconductive characteristics
and to evaluate the effects of the polymer
matrix on the photocurrent. PVCz is well
known as a photoconductive polymer, and its
characteristics are considerably enhanced
when it is mixed with a suitable electron
acceptor such as 2,4,7-trinitro-9-fluorenone
(TNF).2,3 Electric field dependence of the dark
current and the photocurrent were evaluated
for JC dye dispersed PVCz films. A typical
relationship of the photocurrent vs. electric
field for a JC-9 dispersed PVCz film is shown
in Figure 5, and compared with that for a PC
system. There was little difference in the dark
current between PVCz and PC systems.
However, the photocurrent for the PVCz sys
tem was about one order larger than that for
the PC ststem at the electric field of about
104 V cm - 1. PC is considered to be an inert
matrix for photoconduction, but PVCz is a
photoconductive matrix in itself. The charac
terisitcs of the polymer affect the photocurrent
for each system. UV-Vis spectra for the JC-9
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Figure 5. Typical relationship of photocurrent vs. elec
tric field for a JC-9 dispersed PVCz or PC film.

tramolecular charge transfer complex on the
photocurrent in the PC dispersed system. Dark
current for the AC-2 and 00-2 dispersed PC
films was comparable to that for the JC-9
dispersed PC film. However, the photocurrent
for the AC-2 and 00-2 dispersed PC film was
about 30 times lower than that for the JC-9
dispersed PC film as shown in Figure 4.
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Figure 6. Absorption spectra for a JC-9 dispersed PC or PVCz film.
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dispersed PVCz and PC films were analyzed in
order to evaluate the interaction between JC
dye and polymer, and are summarized in
Figure 6. The absorption peak for JC-9 be
came broader and shifted to longer wavelength
in a polymer matrix than in a THF solution
as .shown in Figure 2. This can be explained
as due to a polymer effect. The absorption
spectrum for JC-9 in a PVCz matrix was sim
ilar but shifted to a longer wavelength than
that in the PC matrix. JC-9 was considered
to have stronger electron accepting character
istics than others. JC-9 therefore interacted
with PVCz in the film, resulting in a red shift
of the absorption spectrum for the JC-9 dis
persed PVCz film. Certainly, the photocurrent
increment for the PVCz film is considerably
affected by carrier generation and transport in
the carbazolyl rings in PVCz. From the re
sults of these absorption spectra, intermolecu
lar interaction between PVCz and JC-9 may
affect the photoconduction to some extent in
this system.

Electrochemical analyses were conducted
for each JC dye in order to evaluate the
electron donating and accepting characteris
tics. Generally, half wave potentials of chemi
cals for oxidation (E1/2 (Ox ») and reduction
(E 1 /2 (r ed ») have proportional correlation with
ionization potential (IP) and electron affinity
(EA), respectively. These correlations are ex
pressed as follows:

E1 /2(ox)==IP+E:-ER +const. (3)

E1 /2 ( r ed ) == EA + ER -E;+const. (4)

Table I. Half wave potential for oxidation
and reduction of each JC dye

E1 /2 (ox ) E1 /2 (r ed )

Sample
(±0.02 V) (±0.02 V)

JC-7 + 1.20 -0.47
JC-8 + 1.32 -0.50
JC-9 + 1.32 -0.42

196

where ER , E:, and E; are solvation energy for
neutral, cationic, and anionic molecules, re
spectively. Phase selective second harmonic ac
polarography or voltammetry is considerably
effective for determining the precise half wave
potential for a system which contains system
atic error due to the kinetic influence of the fol
low-up chemical reaction." Half wave potentials
for oxidation and reduction of JC-7, 8, and 9
were measured in a THF solution with a phase
selective second harmonic ac voltammetry, and
are summarized in Table I. As 00-2 and AC-2
showed irreversible electrochemical reaction,
we did not obtain E 1/2 for these molecules.
Peak potentials for dc cyclic voltammetry,
however, indicated that 00-2 and AC-2 had
electron donating and accepting characteris
tics, respectively. In spite of the irreversible
electrochemical reaction for 00-2 and AC-2,
each JCdye as well as JC-9 showed reversible
electrochemical reaction. This is evidence for
intramolecular charge transfer in JC dye by
bridging 00-2 and AC-2 through an-electron
conjugated azo bond. E 1 /2 (Ox ) and E1 /2 (r ed ) re
presented electron elimination and injection
properties for the chemicals, respectively.
These were therefore effective to estimate the
electron donating and accepting characteris
tics. In Table I, the absolute value of E1 /2 (r ed )

was smaller than that of E1/2(ox) in each JC dye,
suggesting that each JC dye itself had rather
electron accepting characteristics than donat
ing characteristics. E1/2(ox) of JC-8 was similar
to that of JC-9. This was considered to be due
to the same electron donating group for JC-8
and 9. The small value of E 1/2 (Ox ) for JC-7
indicated that JC-7 had relatively stronger
electron donating characteristics than JC-8 or
JC-9. On the other hand, the absolute value of
E1 /2 ( r ed ) decreased in the sequence JC-8 >JC
7 > JC-9, suggesting that electron accepting
characteristics increased in the order JC
8 <JC-7 <JC-9.

The dark current (Id ) and the photocurrent
(Ip + and Ip -) for each JC dye dispersed PVCz
film at the electric field of 104 V em -1 are

Polym. J., Vol. 22, No.3, 1990
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summarized in Table II. All of these values
increased in the sequence JC-8 <JC-7 <JC-9.
This sequence was also maintained under an
electric field ranging from 4 x 101 to 2 X 104

V em -1. Especially, in the JC-9 dispersed
PVCz film, 2.1 x 103 times larger current was
obtained by light irradiation. Electron accept
ing characteristics increased in the sequence
JC-8<JC-7<JC-9 as mentioned in Table I.
When PVCz was used as a polymer matrix, the
photocurrent in the JC dye dispersed PVCz
film was revealed to be considerably affected
by the degree of electron accepting characteris
tics of JC dye. The same tendency was also
noted for the dark current and photocurrent
in the JC dye dispersed PC film in an electric
field of 104 V em - 1. In the PC system, the dark
current and the photocurrent considerably de
pended on the electronic characteristics such
as the degree of intramolecular charge transfer

Table II. Dark current and Photocurrent for
each JC dye dispersed PVCz film

Dark current Photocurrent
Sample

Id/A Ip+/A Ip-/A

JC-7 8.9 x 10- 12 6.9 X 10- 9 8.1 x·10- 9

JC-8 8.4 x 10- 12 5.6 X 10- 9 3.4x 10- 9

JC-9 1.1 x 10- 1 1 2.3x 10- 8 2.3 x 10- 8

for JC dye itself because of the inert matrix of
PC. Taking the data in Table I into account,
the degree of intramolecular charge transfer
was considered to increase in the sequence
JC-8 < JC-7 < JC-9, and affected the photo
carrier generation and/or transport in this se
quence on the PC system.

The action spectrum of the photocurrent
in JC-9 dispersed PVCz films is shown in Fig
ure 7 together with its absorption spectrum.
Irradiated light energy was about 50-80
J1 W em - 2 at each wavelength. In this figure,
photocurrent is given as the corrected value
per incident photon in unit area (ern"). The
action spectrum of each photocurrent (I p + and
I p -) showed antibatic correlation to the absorp
tion spectrum. The same tendency was also
found for other JC dye dispersed PVCz films.
The irradiation light was considerably absorb
ed at the surface but not in the bulk of the
film in the region corresponding to the absorp
tion peak of the dye. Then, the carrier was
generated and its density increased at the
surface of the film. This probably brought
about increase of the carrier recombination
even in an electric field of 104 V em - 1 .

Consequently, a decrease of photocurrent was
observed in the region corresponding to the
absorption peak of the JC dye. The peak of
photocurrent at the longer wavelength lies in
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Figure 7. Action spectrum of photocurrent in a JC-9 dispersed PVCz film.
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the absorption edge for each JC dye in the
PVCz film. This suggests that each dye is
effective for carrier generation in this region.
This also supports that carrier recombination
is carried out in the region corresponding to
the absorption peak of each JC dye. Namely,
carrier generation took place in the JC dye at
the absorption edge of the JC dye, and affected
the photocurrent of the PVCz system. As
shown in Figure 2, the absorption spectrum of
JC-9 in PVCz shifted to a longer wavelength
than that in the PC system. Intermolecular
interaction between JC dye and PVCz was also
considered to affect carrier generation to some
extent in this region. Action spectral response
of the photocurrent in the PC system, how
ever, did not appear in our measurement
with the same electric field and irradiated light
energy as the PVCz system. This suggests that
JC dye is effective for carrier generation rather
than carrier transport, and carrier transport is
assisted by the hopping through carbazole
rings in the PVCz system. When light was
irradiated from the Ag electrode side into the
bulk of the film, antibatic correlation was also
obtained between the photocurrent action
spectrum and the absorption spectrum. Thus
possibly the carrier is not generated at the
interface of the electrode and the film sample
but at the surface and/or in the bulk of the

198

film.
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