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I. Introduction

During and after the energy crisis in the 1970s, there
was a projected severe shortage of fuel energy globally.
A huge surge of research activities aimed at alternative
clean energies, such as solar energy, took place. The
conversion of sunlight to electricity and chemical fuel
has been an attractive subject since. Early work on
photovoltaic and photoelectrochemical devices has been
focused on inorganic photoconductive (semiconductive)
materials, such as silicon (crystalline and amorphous),
CdS, CusS, TiOq, etc.® Much less attention was paid
to organic materials, which had a stereotype of inef-
ficient, impure, and unstable upon solar degradation,
etc. Nonetheless, the advantages of using organic
photoconductive materials in solar cells, such as low
cost and ease of fabrication into large area, were
recognized.*% In the 1980s, we came to realize that
the global energy shortage is real but not as severe as
it was forecasted. Moreover, we have also learned to
use our fuels more efficiently and have been seeking
alternative energy at every opportunity. The urgency
of researching new photoconductors for solar energy
conversion has lost its momentum. Meanwhile, an
explosion of research activities, aimed at the develop-
ment of cheaper and better organic photoconductors
for xerographic photoreceptors in copiers and laser
printers, has taken place in the copier industry. Today
more than 90% of the xerographic photoreceptors are
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made of organic photoconductors.?*-26 The intention
of this article is to provide an overview on the classes
of organic photoconductive materials that have been
studied and successfully developed in the photoreceptor
industry. Critical scientific issues related to the mech-
anism of photogeneration and the subsequent electron-
transfer processes are reviewed. Trendsin the research
of organic photoconductors and the future utilization
of the materials and know-how developed in the
photoreceptor industry for other electronic device
applications are noted.

I11. Background

A. History of Xerography

The term xerography originates from the Greek words
xeros and graphos, which together mean “dry writing”.
In the early 1930s, out of the need of making carbon
copies of legal documents in his own work, the inventor
of xerography, Chester Carlson, envisioned the benefit
of having a copying machine in the office. He studiously
examined various light-related electrostatic phenomena.
In 1938, he filed the first patent on what he called
electrophotography.”” The photosensitive devices Carl-
son examined were sublimed thin films of sulfur and
anthracene on zinc plates. The photogenerated elec-
trostaticimages were developed by lycopodium powder.
The road of commercialization of the electrophoto-
graphic process was quite dramatic.?® Initially, Carlson
failed to use his invention to impress the couple of dozen
companies he contacted. It was not until 1944 that a
group at Battelle Development Corporation, headed
by Schaffert, took the responsibility to reduce the
Carlson invention to practice. Subsequently, a small
photographic film company in Rochester, the Haloid

=l
N
w

EXEETETrTerees
PP R E R AR
R R
R T
TR T TR
Pt rr e bbb te s
R

==

)

X3
e
e
4
4
4
++

Photoreceptor Charging

Image Transfer Fusing

Development

Figure 1. Basic steps in the xerographic process.

Company (the predecessor of Xerox Corporation),
joined the effort in 1947. In 1949, the first copier
machine, the Xerox Model A, was introduced. Model
A basically consisted of three subunits, a charging and
developing unit, a camera for exposure, and a radiant
heat fusing unit. The copying process was totally
manual, involving about a dozen steps before a pho-
tocopy could be produced. Inaddition, the copy quality
was operator dependent and unpredictable. The need
to automate the entire copying process to enable
reliability and dependability was recognized. The work
on automation took another 10 years. In 1959, the
Xerox copier Model 914 was introduced. This was the
world’s first automated photocopy machine. It was one
of the most successful single products in the history of
business. It not only turned the small photographic
company, Haloid, into a giant corporation, Xerox, but
also revolutionized the way the modern office works,
making the copier machine a nondisposable integral
part of office appliances today. Now the xerographic
process is used not only to duplicate the document, but
also to create the document.

B. The Xerographic Process

The essence of the xerographic process is the gen-
eration of electrostatic images and the development of
these images into hardcopy. The basic steps in the
xerographic process are depicted in Figure 1. The
process involves charging (steps 1 and 2) and imagewise
photodischarge (step 3) of the photoreceptor device.
The photogenerated electrostatic images are then
developed by toner (or dry ink) electrostatically (step
4). After the transferral of the toned images to a piece
of paper (steps 5 and 6), the toned images are then
fused (step 7) to produce a photocopy. Asseen insteps
1-4, one of the key elements in xerography is the
photoreceptor device, which has to accept and retain
charges in the dark and to undergo photodischarge upon
light exposure. To achieve a high contrast potential
between the imaged and nonimaged areas, a photore-
ceptor has to have a high level of charge acceptance
and low conductivity in the dark and become conductive
when it is illuminated.

C. Evolution of Xerographic Materials and
Devices

In Carlson’s early experiments, sublimed thin films
of sulfur and anthracene were used as photoconductors.
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Figure 2. Schematics of the configuration and the photo-
discharge process of a single-layer photoreceptor.

By today’s standard, these are very poor photocon-
ductors because they do not absorb in the visible region
and their efficiencies of photogeneration are low. For
example, the quantum yield of photogeneration for
anthracene was reported to be 10°4%* Nevertheless,
Carlson’s concept of forming electrostatic images using
a photoconductor was demonstrated. As soon as the
Battelle group initiated their activity, alternative
photoconductive materials were sought. The investi-
gation eventually led to the development of the world’s
first visible-light sensitive photoreceptor.?®32 The
photoconductive device consisted of a 10-50-um-thick
layer of selenium vacuum deposited onto an aluminum
plate or drum. The configuration and the imaging
mechanism of the device is given in Figure 2. Basically,
the photoconductive device was charged positively in
the dark and was then exposed imagewise. Electron—
hole (e-h) pairs are generated at the front surface upon
illumination. While the photogenerated electrons are
neutralized at the front surface, the photogenerated
holes migrate across the device and become neutralized
also, forming electrostatic images of the original doc-
ument. Selenium is an excellent photoconductor and
its quantum efficiency of photogeneration is about
unity. The photoresponse of selenium, however, de-
creases sharply at wavelengths > 550 nm.*® Subsequent
activities on selenium devices have been focused on
improving the spectral response in the visible region as
well as extending it to the near-IR (750-850 nm),
enabling selenium-based devices to be useful in diode
laser printers.3438

Organic photoconductive materials have always been
associated with electrophotography, from the materials
studied in Carlson’s early invention to the organic
photoconductors in the marketplace today. Even when
the selenium photoreceptor enjoyed its business success,
research on organic photoconductors was active. The
need of cheaper and better photoreceptors, coupled with
the environmental concerns of disposing selenium, has
continuously motivated research on organic photocon-
ductive materials. The first commercial organic pho-
toconductor was based on a charge-transfer complex
between poly(vinylcarbazole) and trinitrofluorenone.®
Subsequent work at Eastman Kodak also led to the
development of an aggregated photoconductor based
on a thiapyrylium salt.*® The configuration and the
imaging process of these early organic photoconductors
are similar to those shown in Figure 2.

In single-layer photoreceptors, the photoconductor
not only has to have a high quantum efficiency of
photogeneration, but also a high charge mobility across
the device, for both electrons and holes. Moreover,
since the photoconductor is constantly in contact with
other subsystems in the copier, it must also have a good
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Figure 3. Schematics of the configuration and the photo-

discharge process of a bilayer photoreceptor: CGL, charge
generation layer; CTL, charge transporting layer.

mechanical strength. This set of requirements is very
stringent and sometimes the demands are opposing.
Satisfying all these demanding requirements has be-
come increasingly difficult. As a result, the concept of
bilayer photoreceptor device was developed. In the
bilayer configuration, the charge generation and charge
transport functions are separated into two discrete
layers, the charge-generation layer (CGL) for generating
the charges and the charge-transporting layer (CTL)
for transporting the charges.*'* By design, the CGL
absorbs most of the incoming light and its thickness
varies from 0.2 to 2 um, depending on the concentration
of the photoconductor in the layer. The CTL not only
has to transport the charges, it also serves as a protective
layer for the CGL, enabling improvements in the
mechanical properties of the entire photoreceptor
device. The thickness of the CTL can be anywhere
from 15 to 30 um. The configuration and the imaging
mechanism of a bilayer photoreceptor device are given
in Figure 3. Since the technology of hole-transporting
materials is more advanced than that of electron-
transporting materials, most of the practical organic
photoreceptors to date are negatively charged at the
surface as shown in Figure 3.4

Illumination of the bilayer photoreceptor device
results in the formation of e-h pairs in the CGL. The
photogenerated holes inject to the CTL wherein the
injected holes migrate across the CTL and become
neutralized. Electrostatic images are then formed.
Organic photoconductive pigments of different chemical
classes have been successfully used in bilayer photo-
receptor devices. The structures and the physical and
the photoconductive properties of these materials are
reviewed in section III. Fundamental issues related to
the mechanism of photogeneration and the subsequent
electron-transfer processes are the subjects of section
IV. Although the electron- or hole-transport process
inthe CTL is photoinduced in the bilayer photoreceptor
device, the transport process, which involves hoppings
of electrons between electroactive sites in the CTL, is
a ground-state phenomenon.54¢ The subject itself is
huge and is considered to be beyond the scope of this

paper.

D. General Requirements for Xerographic
Photoreceptors

As noted earlier, the key steps in the xerographic
process are the generation of electrostatic images and
the development of these images into hardcopy. To
achieve a high contrast potential for image development,
the photoreceptor must be an insulator or have low
conductivity in the dark and become conductive upon
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Figure 4. A schematic of a flat plate scanner apparatus.

exposure to light. Regardless of the device configu-
ration, all photoinduced processes in the photoreceptor
originate from the photoconductor. A highly sensitive
photoconductor not only requires less energy togenerate
the electrostatic images, but also enables the photo-
receptor to be operated at a higher speeds. Therefore,
the photosensitivity and the dark conductivity (usually
measured as the dark decay of the surface potential)
of the photoreceptor are the first set of material
parameters to be assessed. Furthermore, photorecep-
tors are used repetitively in a machine environment.
Asseen insection I1.C, each charging/photodischarging
process involves a sequence of photogeneration and
electron-transfer processes. Inpractice, these processes
should remain constant within the intended life of the
device. Depending on the application, the intended
life can be anywhere from a few thousand to a million
cycles.

For copier applications, the only spectral requirement
for the photoconductor is to be sensitive in the visible
region, e.g., 400650 nm. A tungsten lamp or a xenon
lamp can be used as an illuminator. Due to the recent
advances of laser and computer technologies, the digital
age of xerography has already arrived. Xerography is
no longer limited to making duplication, it is used to
create the document as well. Recognized advantages
of digital xerography include improvement of copy
quality, editing, and coloring of the document. Among
the lasers for xerographic printer applications, solid
state (GaAs) diode lasers, which emit at 750-850 nm,
are known to be low cost, compact, and highly efficient.
They have been the preferred light source for various
xerographic printers.?’” (The most common diode laser
emits at 780 nm.) To capture these business oppor-
tunities, the photoconductor has to be sensitive at
wavelengths where the lasers emit. Thus the search
for IR-sensitive organic photoconductor for diode laser
printers has been an active area of research for more
than a decade.*®

In addition to the photoelectrical performance, the
mechanical properties of the entire photoreceptor
device, the cost of manufacturing, and the toxicity of
the materials employed are issues one has to address
prior to the commercialization of the device.

E. Xerographic Measurements

The photoelectrical properties of a xerographic device
are usually studied on a flat plate scanner. A schematic
of the apparatus is given in Figure 4. Typically, the
photoreceptor device is mounted and grounded on the
sample holder. The photoreceptor is then moved back
and forth from its resting position (1) to the measuring
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Figure 5. Schematics of photodischarge curves: —, pho-
todischarge by an intense light; - - -, photodischarge by a
monochromatic light of intensity 1.

station (3) by the drive chain. When the device is
moving under the corotron device at position (2), it will
be charged either positively or negatively. When the
device isstopped at (3), its surface potential is measured
by an electrometer. The output of the electrometer is
displayed on either a strip-chart recorder or a personal
computer. Schematics of the photodischarge curves
are depicted in Figure 5. With the shutter closed, the
dark conductivity (decay) of the device (AV/At) is
measured. With the shutter open, the device could be
exposed to an intense erase light to determine the
residual potential (Vg) or to a monochromatic light of
known intensity (I in ergs cm s1) to determine the
photosensitivity of the device. The photosensitivity
can be expressed as Eys, the energy required to
photodischarge half of the initial potential (V;). Eg; is
the product of I and ¢, where ¢ is the time for I to
photodischarge the device from Vi to 0.5V;. This
procedure is simple and all the first-order xerographic
properties can be determined. It has been used
extensively for materials evaluation and structure—
property relationship study.

Another common variant for the xerographic exper-
iment is a drum scanner.*? In this case, the sample is
mounted on a rotating conductive drum. Corotron
charging devices, light sources, and surface potential
probes are mounted around the circumference. Pho-
todischarge curves analogous to those in Figure 5 can
be generated by measurements from a series of potential
probes. The advantage of the drum scanner is that one
can vary the speed of the drum and examine the mobility
of the charge during the photodischarge. Information
on the kinetics of the photodischarge process can be
obtained. Moreover, since each charging/photodis-
charge cycle can be completed in a short time, the drum
scanner has frequently been used as a tool for stress
tests, where the durability of the device for practical
application is evaluated.

The xerographic gain () is defined as the quantum
yield of e-h pairs formation after illumination of the
xerographic device and can be expressed as®’

=€ (dV
"= “4xde dt)vi

where ¢ is the dielectric constant, dV/dt is the rate of
the photodischarge at V;, d is the thickness of the device,
e is the elementary charge, and I is the light intensity.

Since d, I, and d V/dt are measurable quantities, one
can calculate 7, if one makes an assumptionone. Ina
bilayer device such as that described in Figure 3, 7 is
a complicated function of (1) the quantum efficiency
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of photogeneration of the photoconductor (@) in the
CGL, (2) the efficiency of hole injection from CGL to
CTL, and (3) the hole mobility in CTL. Deconvolution
of these extricate relationships is not simple. Hence
information obtained for ¢, is indirect. In practice,
alternative procedures and device configurations are
frequently used to determine ¢.n. The details of some
of the measurements are given in section IV.A.2.

I111. Classes of Organic Photoconductive
Materials

In this section, organic materials that are known to
be photoconductive are grouped into several categories
on the basis of their chemical structures and their
impacts in xerographic photoreceptors. For each class
of compounds, the synthesis, optical absorption, and
solid-state properties are first reviewed. Literature
photoconductivity data are then compiled and dis-
cussed. Critical factors that influence the photocon-
ductivity are highlighted.

A. Phthalocyanines

The synthesis of phthalocyanine was discovered by
accident in 1907 when Braun and Tcherniac isolated
a small amount of blue precipitate after heating
o-cyanobenzamide in alcohol.’! In the early 1930s,
Linstead and co-workers reported the synthesis of many
phthalocyanines and suggested that a phthalocyanine
ligand consists of four units of isoindole and has a highly
conjugated system.??%% The structure of phthalocya-
nine was established later by Robertson and co-workers
who reported the X-ray single-crystal structures of
nickel phthalocyanine, copper phthalocyanine, and
platinum phthalocyanine.4-5% Phthalocyanines show
intense absorption in the red and their appearances in
the solid-state range from dark blue to metallic bronze
togreen, depending on the central metal, the crystalline
form, and the particle size. They are widely used as
colorants for plastics, inks, fabrics, and automobile
paints. Inaddition, they have also been found to exhibit
interesting optical, magnetic, catalytic, semiconductive,
and photoconductive properties.506!

1. Synthesis, Structural Variation, and Purification

Since the early work by Linstead and co-workers,
many procedures for phthalocyanines have been de-
veloped. These reactions are summarized in Scheme
I. Depending on the metal salt and the valence of the
metal, a variety of phthalocyanines can be synthesized.
M can be two hydrogen atoms, such as in metal-free
phthalocyanine, HoPe. It can be a monovalent or
divalent metal such as Li;Pc or MgPc. When M is
trivalent, M can be a metal halide or a metal hydroxide,
such as in AICIPc and AIOHPc. In the case of
tetravalent metals, M can be a metal oxide, a metal
dihalide or a metal dihydroxide, such as in TiOPc¢, SiCl-
Pc, and Si(OH);Pc. To date, nearly all metals and
semimetals are known to form complexes with the
phthalocyanine ligand 806!

In addition to the central metal ion, structural
variation can be accomplished by substitutions on the
phthalocyanine ring, such as sulfonic acid (or amide),?263
carboxylic acid,? alkyl,% aryl, %67 halide,%®® nitro,™ etc.
Substituents usually enhance the solubility of phthal-
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Scheme I

CN
E’NHQ

ocyanines in solvents. Due to the steric effect, they
also induce morphological changes in the solid state.
The change in morphology has frequently been found
to affect the photoconductivity.

Phthalocyanines are usually purified by successive
washings with organic solvents, alkali solution and
boiling 5% hydrochloric acid solution after synthesis.”
Trace amounts of metal salt and organic impurities
such as phthalonitrile, phthalimide, phthalic anhydride,
and urea decomposition products, have been detect-
ed.”>™ These impurities are shown to adversely affect
the xerographic properties of phthalocyanines in
devices.’*® To purify phthalocyanines to the “pho-
toconductor” grade, the techniques of acid pasting (by
reprecipitating the sulfuric acid solution of a phthal-
ocyanine in ice-water)”-"? and sublimation74-76:80.81 grg
frequently used.

2. Optical Absorption and Electronic Structure

The absorption spectra of a number of phthalocy-
anines (H;Pc, MgPc, TiOPc, VOPc, CrPc¢, FePc, CoPec,
NiP¢, CuP¢, ZnPc, SnCl;Pc, and PbPc) have been
studied in solution by Edwards and Gouterman.5?
VOPc, CoPc, NiPc¢, CuPc and ZnPc are stable in the
vapor phase and their absorption spectrain the gaseous
state were also recorded. These spectral data revealed
that phthalocyanines have two absorption bands, one
in the visible region at 600-700 nm (the Q-band) and
the other innear-UV at ~300-400 nm (the Soret band).
The vapor spectra are usually blue-shifted several
hundred cm™ with respect to the solution spectra. While
the spectrum of HyPc shows two clear vibronic bands
at ~698.5and 663 nm in 1-chloronaphthalene solution,
most phthalocyanines exhibit only one absorption band
and an absorption shoulder in the visible absorption.
The visible absorption of phthalocyanine is not sensitive
to the central metal ion. A summary of the absorption
spectra data of phthalocyanines has been compiled in
an earlier review by Lever.%

Theoretical molecular orbital studies have been
carried out for several phthalocyaniness3-2 as well as
H;Pc.887 These calculations show that the visible
absorption band (the Q band) primarily arises from
the © — #* transition within the delocalized phthalo-
cyanine ring system. Specifically, the r — =* transition
involves a charge transfer from the outer benzene rings
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Figure 6. Dichroic spectra of pigment particles of the five
polymorphs of CuPc. The direction of the light polarization
is perpendicular (I, - - -) and parallel (I, —) to the longitudinal
axis of the rodlike pigment aggregates. Reprinted from ref
88. Copyright 1978 Oil & Colour Chemists Association.

of phthalocyanine to the inner macrocyclic ring.® The
calculation also predicts that the frequencies of the Q
band are generally independent on the metal ion, which
agrees well with experimental results. Finally, these
MO calculations also consider interactions between the
ligand MO’s and the d orbitals of the metal ion.
Qualitative predictions of the MO levels of several
phthalocyanines have been reported.3-85

3. Polymorphism in Phthalocyanines

Polymorphism is a common phenomenon in phth-
alocyanines. This is because the intermolecular forces
between phthalocyanine molecules are relatively weak
and a variety of molecular stacking arrangements of
similar interaction energies are possible. The color of
each polymorphis different and dye chemists have been
exploiting this property for some time. As it turns out,
the variation of molecular stacking in the solid state
has a profound influence on the photoconductivity too.

Among the phthalocyanines, CuPc has been the most
studied compound because of its stability and its

MOLECULAR ARRANGEMENT OF g-CuPc

Figure 7. Molecular stacking arrangements of a-CuPc and
8-CuPc. Reprinted fromref 88. Copyright 1978 Oil & Colour
Chemists Association.

extensive use in the dye industry. Five polymorphs,
namelythe a-, 8-, v-, 6-, and e-form of CuPc are known.®8
B-CuPcisthe thermodynamically stable polymorph and
is obtained directly from synthesis or recrystallization
from other metastable polymorphs.®?® «-CuPc is ob-
tained by acid-pasting 8-CuPc.*® The -, -, and e-form
of CuPc are obtained by precipitating a sulfuric acid
solution of CuPc under different conditions.”1* a-,
¥-, 8-, and e-CuPc are metastable and can be converted
to 8-CuPc upon heating or solvent recrystallization.
These five polymorphs of CuPc exhibit characteristic
solid-state absorption spectra and X-ray powder dif-
fraction patterns in the solid state. Neither the
absorption spectra nor the X-ray diffraction patterns
are available in a single publication for reproduction
here, unfortunately. In Figure 6, the dichroic spectra
of the five different polymorphs of CuPc, which give us
the flavor of their solid-state absorption spectra, are
shown. The data show that both é- and -CuPc exhibit
absorption bands with An.x at ~770 nm that are
significantly red-shifted from the solution absorption
maximum (~678 nm). This red-shift indicates that
there exists an intermolecular charge-transfer inter-
action between CuPc molecules in these two poly-
morphs. As shall be discussed in section IV, this
intermolecular interaction is a prerequisite for the high
photoconductivity. In fact, Yagishita et al.®5 and
Encokida and Hirohashi® have reported that the xe-
rographic performance of «-CuPc is superior to other
polymorphs of CuPc.

B-CuPc is thermodynamically stable and single
crystals of 8-CuPc have been grown for structural
analysis.”” Inthe case of a-CuP¢,structural information
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Figure 8. Absorption spectra of the a-, 8-, and r-forms of
H:Pc. Reprinted from ref 105. Copyright 1985 The Society
for Imaging Science and Technology.

was obtained by comparing the X-ray powder pattern
of a-CuPc with those of a-CuPcCly and a-PtPc, and
the single-crystal structure of a-PtPc.%% The stacking
arrangements of CuPc molecules in the a- and 8-poly-
morphs are depicted in Figure 7. Details of the stacking
arrangements of é-, v-, and e-CuPc are not available,
probably due to experimental difficulties.

H;Pc is known to exist in four different polymorphs
in the solid state, namely «, 8, X, and r. Again §-H,;Pc
is the thermodynamically stable polymorph and is
obtained from either direct synthesis or recrystalliza-
tion.? «-H,Pc is obtained by acid pasting or subli-
mation in thin films.1%0-1%3 X.H,Pcis prepared by neat
milling a-HsPc for ~1 week,'* and 7-HzPc can be
obtained either by milling a-H;Pc¢ in a solvent!%1% or
direct synthesis.’®” Figures 8 and 9 show the solid-
state absorption spectra and the X-ray powder dif-
fraction patterns of a-, 8-, and 7-H;Pc, respectively.
The data of X-H;Pc are known to be similar to those
of r-HyPc,%1% and cannot be incorporated in Figures
8 and 9 because they are from a different publication.
The X-ray and absorption data, which are supported
by recent solid-state '3C NMR spectral results,’®®
indicate that each polymorph has a unique set of solid-
state properties. Both X-and r-H;Pcare found to have
photoconductivity of practical values.?*1%1% Inciden-
tially, the longest wavelength absorption maxima of X-
and 7-H,Pc are also significantly red-shifted (by ~100
nm) relative to the solution absorption of HoPc.
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Figure 9. X-ray powder diffraction patterns of the a-, 8-,
and r-forms of HoPc. Reprinted from ref 105. Copyright
1985 The Society for Imaging Science and Technology.

A tremendous amount of attention has been paid to
TiOPc lately because of its interesting polymorphoric
behaviors and high photoconductivity. Besides the a-
and 8-polymorph, TiOPc is shown to form a variety of
metastable polymorphs, some of which are found to be
highly sensitive in xerographic devices. For example,
Enokida et al.}1%!!1 reported that, in addition to a- and
8-TiOPc, which are obtained by acid pasting of TiOPc¢
following by an acetone treatment, and by wet milling
of crude TiOPc, respectively, they also synthesize an
amorphous form, m- and vy-form of TiOPc by varying
the processing conditions toward crude TiOPc. Fuji-
maki and co-workers!'#113 reported the synthesis of
TiOPc via the reaction of titanium tetra-n-butoxide
and 1,3-diiminoisoindole. After acid pasting, three
different polymorphs, Y, A, and B were isolated
depending on the subsequent processing conditions.
Tanako et al.!* reported a variant of solvent treatment
at the same time, where the so-called phase 1, 2, and
3 of TiOPc were prepared. A glance at some of the
absorption spectra and X-ray powder diffraction pat-
terns indicates that some of the compositions reported
between different laboratories are similar. The author
has made no effort to sort them out here, but hopes
that this review can stimulate a more thorough and
careful characterization effort on these highly sensitive
and interesting materials. A snapshot at the various
polymorphs of photoconductive phthalocyanines is
provided in Table 1.

4. Photoconductivity

In the last decade, most of the photoconductivity
studies of phthalocyanines have been with bilayer
xerographic devices. Table II summarizes the xero-
graphic data of several of the most mentioned phthalo-
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Table I. Polymorphoric Forms and Structural Characterization of Some Phthalocyanines

MPc polymorphs method of preparation characterization ref(s)

CuPc a acid pasting absorption, X-ray 89, 90

8 as-synthesized, recrystallization absorption, X-ray 89

¥ acid pasting + solvent treatment absorption, X-ray 93

b acid pasting + solvent treatment absorption, X-ray 94

€ acid pasting + solvent treatment absorption, X-ray 91,92
H;Pc a acid pasting, sublimation absorption, X-ray 100-103

B as-synthesized, recrystallization absorption, X-ray 99

X neating milling absorption, X-ray, IR 104

T wet milling, as-synthesized absorption, X-ray, CP MAS 3C NMR 105-107
MgPec @ sublimed film absorption, IR, X-ray 115,116

B as-synthesized absorption, IR, X-ray 115,116

aggregated®  CH,Cl; treatment of the a-form absorption, IR, X-ray 115,116
ZnPc¢ a acid pasting X-ray, IR 117

8 recrystallization X-ray, IR 117
CoPc¢ 14 as-synthesized X-ray, absorption, IR 118

B as-synthesized X-ray, absorption, IR 118

€ as-synthesized X-ray, absorption, IR 118
AICIPc Jeid sublimation absorption, IR, X-ray 116

aggregated®  solvent recrystallization absorption, IR, X-ray 116
AICIPcCl  gb sublimation absorption, IR 116,119

aggregated®  solvent recrystallization absorption, IR 116,119
AIOHPc o sublimed film absorption, X-ray, IR 120

aggregated®  solvent recyrstallization absorption, X-ray, IR 120
InClPc gt sublimation, as-synthesized absorption, X-ray 121,122

aggregated®  solvent recrystallization absorption, X-ray 121,122
VOP¢ phase I acid pasting absorption, X-ray, IR 123

phase II heating, solvent recrystallization absorption, X-ray, IR 123

phase III heating absorption, X-ray, IR 123
TiPOc a sublimed film absorption, X-ray, IR 110

8 solvent recrystallization absorption, X-ray, IR 110

aggregated®c various acid pasting/solvent treatment combinations absorption, X-ray, IR 110-114

¢ The “aggregated” forms denote to polymorphs that exhibit near-IR absorption that are significantly red-shifted from their solution
Amax- It is shown that the red-shift is the result of the intermolecular interaction between the phthalocyanine rings in the solid state.
b This notation is assigned because this polymorph shows absorption similar to the corresponding polymorph of CuPc or HyPc. © At
least nine different polymorphs of TiOPc that exhibit red-shifted absorption in the solid state have been reported.

Table II. Xerographic Data of Photoconductive Phthalocyanines

xerographic data®

Eos (ergs/cm?)

CGL deposition = MPcconc  dark decay spectral range®

MPc polymorph technique in CGL (V/s) visible® near-IR (nm) ref
H,Pc a solution coating 50%¢4 -7.4 e 550-700 106
8 solution coating 50%9 -2.5 e 550~700 106

o) solution coating 50%¢ -5.1 e 4.5 at 780 nm 550 to >800 106

T2 solution coating 50%¢ -3.0 e 2.5 at 780 nm 550 to >800 106

X solution coating 30% / -20 4.5 at 780 nm 550 to >800 124

CuPc a solution coating 50%¢ g g 96
8 solution coating 50%¢ -22 11 550-700 96

€ solution coating 50%¢9 -11 17 15 at 770 nm 550 to >800 96

MgPc¢ aggregated solution coating 30% f -80 30 at 810 nm 550 to >800 124
VOPc¢ phase I1 solution coating 30% f -30 4.1 at 810 nm 550 to >800 124
AICIP¢ aggregated  solution coating 30%/ -55 10.0 at 810 nm 550 to >800 124
AICIPcCl  aggregated  evaporation 100% ~3h at 800 nm 550 to >800 119
InCIPc aggregated solution coating 30% f -60 16 8.0 at 810 nm 550 to >800 125
aggregated evaporation 100% —45 4.5 2.6 at 810 nm 550 to >800 122

TiOPc a solution coating 50%¢ -65 2.6 at 790 nm 550 to >800 110
8 solution coating 50%4 -45 3.6 at 790 nm 550 to >800 110

¥ solution coating 50%¢ -54 1.8 at 790 nm 550 to >800 110

m solution coating 50%¢ -60 2.4 at 790 nm 550 to >800 110

amorphous  solution coating 50%¢ -58 1.9 at 790 nm 550 to >800 110

Y solution coating 50%¢ -13 0.75 at 800 nm 550 to >800 112

A solution coating 50%34 -32 2.5 at 800 nm 550 to >800 112

B solution coating 50%¢4 -85 1.6 at 800 nm 550 to >800 112

¢ All data were obtained from bilayer devices of very similar device geometry. ® These are white light exposure (400-700 nm).
¢ Estimated from the absorption spectra. ¢ CGL binder: poly(vinyl butyral). ¢ The Eo5 values for the «, 8, 71, and 7, forms were
determined to be 5.99, 9.13, 0.90, and 0.77 lux s under white light exposure. / CGL binder: PE200, a commercial polyester from
Goodyear Chemicals. £ The charge acceptance of the device was too low for any meaningful measurements. » Estimated from ref 119.

cyanines in the literature. In addition, a number of
phthalocyanines, such as Ge(OH);Pc,'? Si(OH),Pc,1%
InBrPec,'? etc., have also been disclosed in the patent
literature to have a similar sensitivity range. It is

obvious that, because of the polymorphic behavior,
comparison of the photoconductivity between different
phthalocyanines is difficult. This is especially so
because some of the data are generated in different
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laboratories where the fabrication conditions, device
geometry, and evaluation procedures are often different.

The data in Table II indicate that both dark decay
and photosensitivity vary over a wide range. Since there
is evidence that impurities primarily increase the dark
decay of phthalocyanines in devices,’*’® we can focus
the discussion here on factors that influence the
photosensitivity. Probable factors that affect the
sensitivity are fabrication effect, photogeneration ef-
ficiency, injection efficiency of the photogenerated holes
to the CTL, and the mobility of the holes in the CTL.
Since most of the data given in Table II have been
optimized with respect to the latter two parameters,
they should not contribute significantly to the sensi-
tivity variation. On the other hand, even though
phthalocyanine is pigmentary, device fabrication and
photogeneration efficiency are closely tied together
because fabrication can induce polymorphic changes.
The molecular stacking arrangement of phthalocyanine
molecules in the microcrystals, which influences the
photosensitivity, varies as a result (section IV). Inany
event, the data in Table II suggests that the different
polymorphs of TiOPc are more sensitive than HyPc
and many other phthalocyanines. On the basis of the
red-shift in the solid-state absorption spectra of these
polymorphs relative to the solution absorption spectrum
of TiOPc,11%114 gne can safely conclude that TiOPc
molecules are adapting into an arrangement in the solid
state such that extensive intermolecular charge-transfer
interactions occur. What is uncertain is the overall
contribution of this stacking arrangement to the high
sensitivity. Theoretical calculations and molecular
simulations of the effect of the stacking arrangement
on the electronic properties of TiOPc are warranted.
With the recent advent in scanning tunneling micros-
copy and atomic force microscopy, the structures of
some of these interesting TiOPc¢ polymorphs may soon
be accessible. The origin for the high sensitivity of
Y-TiOPc will then be comprehensible.

Fujimaki and co-workers!!>!13 reported that the
xerographic gain of a device incorporating Y-TiOPc is
90% under a xerographic field of ~30 V/um. This
implies that the quantum yield of photogeneration for
Y-TiOPcmustbe 290%. From the E; 5 valuesin Table
II, one can estimate that the xerographic gains for most
phthalocyanines are 10-90%. This is significantly
higher than the values reported for similar phthalo-
cyanines in photoelectrochemical devices, from which
power energy conversion efficiencies of less than a
couple of percent are obtained.!422128-183 The higher
gains obtained in xerographic devices are ascribable to
the design of the xerographic device, which minimizes
e—h pair recombination by the uses of high electric field
across the device and hole-transporting molecules in
the CTL. The function of the latter is to remove the
photogenerated holes out of the recombination range.

A typical spectral response curve for a xerographic
device incorporating a photoconductive phthalocyanine
is given in Figure 10. The data show that the phthal-
ocyanine device exhibits flat and high photoresponses
from 600 to 850 nm. The sensitivity between 450-550
nm is rather poor due to the lack of optical absorption,
indicating that phthalocyanines are not suitable for
copier applications. On the other hand, the spectral
range matches well to the diode laser wavelengths (750~
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Figure 10. Spectral response curve of an InClPc bilayer
photoreceptor device. Reprinted from ref 122. Copyright
1987 The Society for Imaging Science and Technology.

850 nm). Thus phthalocyanines are primarily devel-
oped as IR photoconductors for diode laser printers.

5. Naphthalocyanines

Probably out of scientific curiosity, naphthalocya-
nines were synthesized by reacting either 1,2-dicy-
anonaphthalene or 2,3-dicyanonaphthalene with a
metal salt.!** The synthesis is very similar to that of
phthalocyanine. While the naphthalocyanine isolated
from 1,2-dicyanonaphthalene may consist of a mixture
of geometrical isomers, a pure naphthalocyanine com-
pound can be isolated from the 2,3-dicyanonaphthalene
synthesis (structure I).

©
©

NN
N = N\ f\j

©
©

Naphthalocyanines are metallic green powders in the
solid state. Due to the extended conjugation, the
solution Apmax of naphthalocyanines are at 750-850 nm,
red-shifted by ~100 nm relative to those of phthalo-
cyanines.!® The optical absorption is compatible with
the diode laser wavelengths and has prompted the
investigation of these materials for diode laser printer
applications.!®-13% However, the low yield of the
naphthalocyanine synthesis, coupled with the success
of phthalocyanines as IR photoconductors, make
naphthalocyanines unlikely candidates for further
development.

B. Squaraines

Condensation of squaric acid with a N,N-dimethyl-
aniline derivative in an azeotropic solvent at reflux
results in a 1,3-disubstituted product, an intensely
absorbing colorant.'® Because of the unique electronic
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Table II1. Synthesis and Absorption Spectral Data of Squaraines

o° X
R1 \ A 2 34 ,R1
MO
R X 6 5 R2
O,
D—A—D
squaraine substituents % yield (procedure) Amer® (log €)® ref (synthesis, absorption)
Sq-1 Ri=R;=CH3; X=H 40-60 (acid route) 627.0 (5.49) 154, 156
45 = 3 (ester route)
Sq-2 R,=R:=CH;, X =H 6 (acid route) 634.1 (5.51) 154, 156
6.7 (ester route)
Sq-3 Ri=R;=C:H;,,X=H 9 (acid route) 638.8 (5.53) 146, 156
Sq-4 Ri=R;=CH, X=H 7.4 (acid route) 640.0 (5.53) 146, 156
Sq-5 R; =R, =CH; X =0H ~95 (acid route) 635.9 (5.52) 146, 156
85 (ester route)
Sq-6 Ri=R;= C2H5, X =0H ~95 (acid route) 641.1 (5.57) 146, 156
90 (ester route)
Sq-7 R1 = R2 = C4H9, X= OH ~90 (acid route) 648.2 (556) 156
Sq-8 Ri=R;=CH3; X=F 23 (acid route) 630.0 (5.09) 154, 156
19 (ester route)
Sq-9 R;=R:=CH; X =CH; 30 (acid route) 643.5 (5.42) 154, 156
56 % 2 (ester route)
Sq-10 R;=R;=CHj3 X = C:H; 24 (acid route) 643.0 (5.40) 154, 156
8.3 (ester route)
Sq-11 R; =Ry, =CH; X = OCH; 9.5 (acid route) 631.8 (5.40) 154, 156
8.1 (ester route)
Sq-12 R; =CH; R, = CH,C¢H;, X = H 63 (acid route)* 628.2 (5.56) 147
Sq-13 R; =CH; R; = CH,CeHC, X = H 63 (acid route)* 626.4 (5.55) 147
Sq-l4 R1 = CHa, Rz = CHngHs, X=F 29 (acid route)® 632.6 (550) 147
Sq-15 R, = CH; R; = CH.C¢HF, X =F 28 (acid route)® 630.9 (5.49) 147
Sq-16 R, = CH;, R, = CH,C¢H,CL, X = F 29 (acid route)® 638&6 (5.30) 147
Sq-17 CHg CH 77-85 (acid route) 661 157
- (Y
HO CH3
Sq-18 CHy /CHa 17 (acid route) 158
F *CHy
Sq-19 -@.Na 81 (acid route) 159
HO
Sq-20 _@N:j 34 (acid route) 638.4¢ (5.46) 160
F
Sq-21 :é N: ~60 (acid route) 661.0 (5.53) 156
Sq-22 95 (acid route) 6689 (5.48) 161

° Unless specified, absorption spectra were recorded in methylene chloride, Ay, in nm. ® Molar extinction coefficient, in cm™ M-1.
¢ The azeotropic solvent used in these syntheses was 1-heptanol under reduced pressure. ¢ In chloroform.

structure, the nomenclature of this class of compounds
had not been systematic; they have been named as
cyclotrimethine dyes,*® substituted 3-oxo-1-cyclobuteno-
lates,!3® cyclobutenediylium dyes,!4! cyclobutenediylic
dyes,!¥? squarylium dyes,'*® etc. In 1981, Schmidt
proposed the name squaraine for them.* We find the
Schmidt nomenclature system very systematic and
compounds of a variety of substitution, either at the
nitrogen or in the phenyl ring can be named unam-
biguously. (See Table III for structures.)
Squaraines were initially used as sensitizers for
ZnO photoconductors.!#5 The photoconductivity of
squaraines was first recognized in 1974, when Champ
and Shattuck demonstrated that squaraines could
photogenerate e-h pairs in bilayer xerographic de-
vices.!¥3 Early work on squaraines has been focused on

solar energy conversion.’%2! Asit turns out, squaraines
exhibit intense absorption in the near-IR (700-850 nm)
in the solid state. The absorption matches well to the
diode lasers and stimulated a rapid development of
squaraines in the 1980s.48

1. Synthesis and Structural Variation

Traditionally, squaraines are synthesized by con-
densing 1 equiv of squaric acid and 2 equiv of N,N-
dialkylaniline in an azeotropic solvent.!4! Water is the
byproduct of the synthesis and is removed azeotropi-
cally. Since the synthesis starts with squaric acid, we
shall refer to it as an acid route (Scheme II). The acid
route synthesis is simple and versatile. Structural
variation can simply be achieved by using different
aniline precursors,13%-141146-151 Squaraines synthesized
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by this procedure are, however, often found to exhibit
high dark decay and low charge accepting properties in
xerographic devices.’®2!% An additional purification
procedure to improve the xerographic properties is
needed and has yet to be developed. Structural
modification of squaraines improves their solubility in
organic solvents, enabling them to be purified by
conventional techniques; substitution, however, per-
turbs the solid-state properties of squaraine and results
in a decrease in photoconductivity.!*” Law and Bailey
reported that squaraines could also be synthesized from
dialkyl squarate and N,N-dimethylaniline derivatives
(ester route, Scheme II).!*¢ Although the synthetic
efficiency and scope of this new route are similar to the
acid route, xerographic measurements showed that
squaraines synthesized by this procedure consistently
exhibit better xerographic properties, namely lower dark
decay and higher charge acceptances.!'®® It was con-
cluded from a mechanistic study that, due to the change
in reaction condition, the microcrystalline squaraine
products from the ester route are smaller in particle
size and have a different crystallographic orientation.
This morphological change resultsin “purer” squaraine
samples and improvements in xerographic properties.
The synthetic data of the squaraines synthesized from
these two routes are summarized in Table III.

2. Optical Absorption

In solution, squaraines exhibit sharp and intense
visible absorption at 620-670 nm, depending on the
substituent in the phenyl ring or at the nitrogen.!% Their
extinction coefficients are very high, 210° cm™ M.
The solution absorption data are also given in Table
III. The electronic structures of both the Sy and S;
states of Sq-1 have been studied theoretically by
Bigelow and Freund.!62 These authorsshowed that both
S, and S, states are intramolecular donor-acceptor—
donor charge-transfer (D-A-D CT) states. The anilino
moieties and the oxygen atoms are electron donors and
the central four-membered ring is an electron acceptor.
They further showed that there is a charge-transfer
during the Sy — S, electronic excitation, but the CT is
primarily confined in the central C4O; unit (~80%). It
is believed that this localization of electronic transition
has resulted in the narrow absorption band (half
bandwidth ~750 cm™) observed in these compounds.
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In agreement with the CT character, electron-
releasing groups, either at the nitrogen or in the phenyl
ring, induce bathochromic shifts on the Ap.. It is,
however, important to point out that the bathochromic
effect is relatively small as compared to other polar
molecules having intramolecular CT states. The small
substituent effect is consistent with the electronic
structure calculated by Bigelow and Freund, merely
confirming that the structural variation in the anilino
moiety has only a minor influence on the central C,0,
unit of squaraine.

3. Solid-State Properties

Squaraines exist as microcrystalline powders in the
solid state. Highly photoconductive squaraines, such
as Sq-1, -5, and -8-11 are pigmentary. Their solid-
state properties can be characterized by solid-state
absorption spectroscopy and X-ray powder diffraction
technique.'® The solid-state absorption spectrum of
Sq-1 is broad and panchromatic, consisting of two
bands, one at longer wavelengths and the other at
shorter wavelengths relative to the monomeric absorp-
tion (Figure 11a). In the X-ray powder pattern, three
diffraction lines at 26 ~11.5°, 14.5°, and 26° are
observed (Figure 1la). The solid-state absorption
spectra and X-ray powder diffraction patterns of Sq-5
and -8-11, which are also given in Figure 11b—f, are
found to be similar to those exhibited by Sq-1. The
similarity not only suggests that the solid-state prop-
erties of these squaraines are similar, but also that the
C-2 substituent in the phenyl ring has very little effect
on the intermolecular CT interaction.!%®

In 1982, Wingard'® reported a crystal structure of
Sq-9. He showed that there exist extensive intermo-
lecular interactions between the anilino moiety and the
central C,0; unit of squaraine and that the interplanar
distance is ~3.5 A. He also proposed that the broad
absorption observed in the solid state is a direct
consequence of the intermolecular charge-transfer
interaction. A similar conclusion was also reached by
Tristani-Kendra and Eckhardt in their study of the
structure and the solid-state absorption of Sq-6.1%
Because of the similarity of solid-state properties among
Sa-1, -5, and -8-11, we believe that these squaraines
form similar aggregates in the solid state. A schematic
of the intermolecular D-A interaction is given in Figure
12a.

N-Alkyl and N-benzyl substituents disturb the in-
termolecular CT interaction between the squaraine
chromophores due to the steric effect. The splittings
between the two absorption bands in the solid state
become smaller and sometimes the absorption appears
just as a broad band centered around the monomeric
solution absorption. The conclusion from absorption
spectral data are supported by the X-ray powder
diffraction patterns of N-alkyl- and N-benzylsquaraines,
which are found to be different from those of Sq-1.183

Recently, squaraines bearing N-pyrrolidino rings (Sq-
19 and -20) have been synthesized.15®1% Unlike N-alkyl-
or N-benzylsquaraines, these squaraines are photo-
conductive and exhibit solid-state properties resembling
that of 8$q-1.1° This observation suggests that N-pyr-
rolidino substitution is unique. The attainment of
minimal perturbation to the solid-state properties is
probably due to the small size and the rigidized
N-pyrrolidino ring structure.
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Figure 11. Solid-state absorption spectra and X-ray powder diffraction patterns of (a) 8q-1, (b) 8g-5, (c) Sq-8, (d) 8q-9, (e)

Sq-10, and (f) Sq-11.
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Figure 12. (a) A schematic of the intermolecular interaction
of Sq-1 in the solid state; (b) the stacking arrangement of
Sq-23 in the solid state.

Inaddition to the D-A interaction between the anilino
moiety and the central C,0, unit of squaraine, a
different kind of intermolecular interaction has also
been observed in a special case, the solid state of bis-
(4-methoxyphenyl)squaraine (Sq-23, D = p-CH;0-
Ce¢Hy-). Single-crystal structural analysis of Sq-23
revealed that the interplanar distance is ~3.5 A,
however, the major intermolecular interaction is from
the polarized C-O dipoles, through a staircase arrange-
ment (Figure 12b).1% The change in molecular stacking
(from Sq-1) is presumably due to the decrease in
polarization of the =-electron in 8q-23. While inter-
molecular D-A interactions are expected to dominate
in the solid state of most squaraines, dipolar C-O
interactions do exist and have been observed in
Langmuir-Blodgett films fabricated from surfactant
squaraines.'®’

4. Photoconductivity

The photoconductivities of most squaraines have
been examined in bilayer xerographic devices. The data
are summarized in TableIV. Although these datawere
obtained from devices of similar configuration, quan-
titative comparisons are difficult, especially between
results obtained in different laboratories. The data
show that the dark decay values vary from -10 to ~115
V/s. Since impurities in squaraines are primarily
responsible for the high dark decay,'4” the variation
seen in Table IV indicates that there is a variation of
“purity” among the squaraine samples even though they
are supposed to be chemically “pure”.

Structural variation of squaraines has a large effect
on the photosensitivity. E,svalues ranging from 2.9 to
>1000 ergs/cm? are reported. Known factors that may
contribute to this sensitivity variation are impurities,
particle size, morphology (crystallinity and aggregated
form), and fabrication effect. Since the photosensitivity
was obtained from bilayer devices, the efficiency of hole
injection from CGL to CTL could be critically important
also. Impurities are known to affect the dark decay
primarily,'*” and the variation of particle size is expected
to be small, at least between the Xerox laboratories.
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Table IV. Xerographic Data of Squaraines

xerographic data
Ej 5 at 600, 800 nm
squaraine  dark decay (V/s) (ergs/cm?) ref
Sg-1 -95 3.7, 4.5 155
Sq-2 -10 insensitive® 163
Sq-4 -10 insensitive® 163
Sq-5 -100 5.6, 6.3 155
Sq-6 -35 314, 350 163
Sq-7 insensitive® 163
Sq-8 -60 3.8,2.9 155
Sq-9 ~-30 11.7,13.6 156
Sq-10 -10 insensitive® 163
Sg-11 -80 insensitive® 163
Sq-12 -35 38.2,44 147
Sq-13 -95 10.9, 8.1 147
Sq-14 ~-105 16.8, 13.6 147
Sq-15 =75 10.2, 8.2 147
Sq-16 -115 5.9,5.9 147
Sq-17 -15 (10.0 at 830 nm) 124
Sq-18 -35 (5.5 at 830 nm) 124
Sq-19 -26 (4.2 at 820 nm) 159
Sq-20 =70 3.9,4.6 160
Sqg-21 insensitive® 163
Sq-22 ~-15 (50 at 830 nm) 124

@ Insensitive defined as Eq5 > 1000 ergs/cm?2.

Thus major contributors to the observed sensitivity
variation are (1) the morphology of the squaraine
particles in the CGL, (2) fabrication effects, and (3)
hole injection from CGL to CTL. A negative effect
generated by any of them is expected to lower the
photosensitivity of the device.

Data for the xerographic sensitivities of Sq-1, -5, and
-8-11 are available from one laboratory.$3 These
squaraines are pigmentary and have shown to have
similar solid-state properties (Figure 11a—f). Thus, any
negative effects resulting from device fabrication and
morphology should be minimal. The most likely
candidate for the sensitivity variation is the difference
in hole-injection efficiency. This is indeed the case.
Law et al.!®® reported the redox potentials of a series
of squaraines and the use of the oxidation potentials
to estimate the energy levels of the HOMOs of
squaraines in devices. In the case of Sq-1, -5, and -8-
11, the photosensitivity was found to decrease as the
energy level of the HOMO increases. Thedataindicate
that the sensitivity loss is the result of the decrease in
hole-injection efficiency, which becomes increasingly
inefficient as the injection process becomes less favor-
able thermodynamically. Additional credence to the
importance of hole-injection efficiency on the photo-
sensitivity comes from the xerographic data of 8q-17
and -18. Since the substituent effect on the oxidation
potential is additive,'%3 it is then predicted, on the basis
of the electrochemical data, that 8Sq-17 and -18 should
be less sensitive than Sq-5 and -8, respectively, but
that they should be more sensitive than Sq-9. The
data in Table IV agree with this prediction, reassuring
the crucial role of hole injection on the photosensitivity.
Further discussion on the effect of the energetics of the
CGL and CTL on the sensitivity is given in section
IV.D.1.

Due to the N-alkyl groups, N-alkylsquaraines Sq-
2-4, -6, -7, -21, and -22 show enhanced solubility in
organic solvents and their aggregations in the solid state
are perturbed from the photoconductive aggregated
form. The photosensitivities of these compounds are
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Figure 13. Spectral response curve and absorption spectrum
of Sq-1 in a bilayer photoreceptor device. Reprinted from
ref 175. Copyright 1992 The American Chemical Society.

low (Eos > 50 ergs/cm?) and are attributable to the
combination of fabrication and morphological effects.
In contrast, N-benzyl substitution exerts only a rela-
tively minor effect on the solubility of squaraine. Their
oxidation potentials are high relative to Sg-1 due to
the electron-withdrawing N-benzyl group. Despite
these positive attributes, the photosensitivities of
N-benzylsquaraines vary from comparable to 8q-1 to
low sensitivity. The observation is attributable to be
an aggregational effect, because it was shown, by solid-
state absorption spectra and X-ray powder diffraction
patterns, that the aggregations in these compounds are
different from that of Sq-1.!%3 The difference is
presumably induced by the N-benzyl substitution.

N-Pyrrolidino-substituted squaraines are exceptions.
The N-pyrrolidino group seems to have very little effect
on either the solubility or the aggregation. As a result,
Sq-19'%°and -20!% gre highly sensitive. The attainment
of minimal perturbation on the solution and solid-state
properties of these materials is, again, attributable to
the small size and the rigidized N-pyrrolidino ring
structure.

The spectral responses of squaraines parallel their

solid-state absorption spectra. A typical spectral

response curve of Sq-1, along with its absorption in the
CGL, is given in Figure 13. The photosensitivity is flat
from 600 to 850 nm, making it an ideal candidate for
diode laser printer applications. The photosensitivity,
however, decreases at wavelengths < 600 nm, suggesting
that squaraines are not suitable for use in copiers, where
a flat response from 450 to 650 nm is essential.

As in the case of phthalocyanines, one can crudely
estimate the xerographic gains from the E; s values of
the squaraine devices in TableIV. Thegains are ranging
from 5-50% for Sq-1, -5, and -8-11 and are significantly
higher than the power conversion efficiencies of similar

Scheme III

Unsymmetrical squaraines

II  Ar= p-dimethylaminophenyl
II1 Ar= p-methoxypheny!
IV Ar= 3,4-dimethoxypheny!

materials in photovoltaic devices, which are < 1%.1%
Again, the uses of high electric field and hole-trans-
porting molecules to inhibit the e-h recombination in
xerographic devices are contributing to the high gains.

5. Unsymmetrical Squaraines

Early work by Chang and co-workers!5%1% revealed
that squaraines exhibit high dark decay and low charge
acceptance in photoreceptor devices. This observation
was confirmed by Law and Bailey.!%® In addition, the
synthetic yields for highly sensitive squaraines, such as
8g-1 and -8 are low. In an attempt to circumvent the
yield-performance dilemma, Yanus,'®® Kazmaier et
al.,'®® and Law et al.!™ reported the syntheses and the
use of mixed squaraine compositions in xerographic
devices. These mixtures were synthesized by reacting
either squaric acid or dibutyl squarate with a mixture
of N,N-dimethylaniline derivatives. The mixtures are
found to exhibit very similar solution and solid-state
properties when compared to Sq-1. Structural analyses
indicated that each mixture consists of two symmetrical
squaraines and one unsymmetrical squaraine. The
observation of favorable photoconductive properties
from these compositions was an initial surprise because
it is generally believed that high chemical purity is a
prerequisite for the high sensitivity. The observation
not only suggests that mixture of squaraines can
cocrystallize to form photoconductive aggregates, it also
expands the design space for new squaraines, since it
suggests that the asymmetry in the squaraine structure
has no adverse effect on the photoconductivity.

In 1988, Kazmaier et al.!”! disclosed the synthesis of
a number of unsymmetrical squaraines by condensing
1-[p-(dimethylamino)phenyl]-2-hydroxycyclobutene-
3,4-dione (II) with N,N-dimethylaniline derivatives
(Scheme III). The precursor for the synthesis was
synthesized either via the acid dichloride of squaric
acid or diethyl squarate. Several unsymmetrical
squaraines were prepared, but no detailed structural
characterization data were provided.

A more ambitious synthetic scheme for unsymmet-
rical squaraines was pursued by Law and Bailey.’? In
this case, the precursor (II) was synthesized by a [2 +
2] cycloaddition reaction between p-nitrophenyl ketene
and tetraethoxyethylene, followed by a hydrolysis
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Table V. Synthesis and Optical Properties of
Unsymmetrical Squaraines

o°
AI'1@-AI’2
O,

% >\mua
squaraine Ary Ar, yield (loge)®  ref
USq-1  CHg CHg OH 52  621.6(5.30) 172

AY \
N-<:>- N-CS-
CHY cH{
USq-2 CH3\N CHs\N SCHs 22 6325 (5.30) 172
CH{ : CH{
. H 3 (5.
USq-3 CHa\N CHa\N Eoc s 33 627.3(5.07) 172
CH{ : CHy
USq-4 CHg CHg F 3.8 625.0(5.03) 172
\ \
N-C>- N-C'>-
CH{ CH{
USq-5 CHs, 67  578.8(5.37) 173
0D WO
CH4
USq-6 CHg OH 86  563.6(5.20) 173
0@ W
CH4
USq-7 CHa CH; 73 583.5(532) 173
CH3O_@- N
CH{
USgq-8 CHy F 32 58L.1(5.40) 173
CH30-©- N
CH{
USq-9 CHg. OCH; 43  583.6(5.23) 178
@ MO
CH{
USq-10 CHs, 77  587.0(5.34) 173
0@ WO
CHg0 CHg
USq-11 CH OH 87  5721(5.20) 173
e O ¢
CHy0 CH{
USq-12 CH CHy 83 5924 (535 173
4 CHzO 3\N© 8
CH30 CHY
USq-13 CH F 59  590.4 (5.32) 173
o "
CHg0 CH{

¢ Absorption maximum, in nm, in chloroform. * Molar extinc-
tion coefficient, in cm™! M1,

reaction and a reductive-alkylation reaction. The entire
squaraine synthesis was accomplished without using
squaric acid, an expensive reactant. The yields and
the optical properties of several unsymmetrical squar-
aines, USq-1-4, are tabulated in Table V. These
unsymmetrical squaraines not only exhibit similar
solution and solid-state properties as compared to their
symmetrical photoconductive analogs, their photocon-
ductivities are very similar as well. The benefit of
having an unsymmetrical squaraine with better pho-
toconductivity has not materialized, so far.
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In an attempt to overcome all the technology short-
falls of squaraines, specifically low synthetic yield, high
dark decay, and poor photoresponse at wavelengths <
600 nm, etc., Law and Bailey reported the synthesis of
anew class of unsymmetrical squaraines, by substituting
one of the aniline rings in squaraine with an anisole
ring.'” The precursors for the synthesis, III and IV
(structures in Scheme III), were synthesized by a [2 +
2] cycloaddition reaction between p-methoxyphenyl
ketene, or 3,4-dimethoxyphenyl ketene with tetra-
ethoxyethylene, followed by a hydrolysis reaction.
Unsymmetrical squaraines can then be prepared by
condensing III or IV with an aniline derivative. The
goal of synthesizing squaraines without using squaric
acid is accomplished. The synthetic and absorption
spectral data of these unsymmetrical squaraines (USq-
5-13) are given in Table V as well. The solid state
properties of USq-5-13 have been studied by solid-
state absorption spectroscopy and X-ray powder dif-
fraction.!”* Thedataindicate that these unsymmetrical
squaraines form photoconductive aggregates similar to
that of Sq-1. Law concluded that the unsymmetrical
structure has very little effect on the solid-state
properties, and he attributed the observation to the
similarity in molecular size and electronic properties
between the aniline ring and the anisole ring. It is
important to point out that, due to the substitution of
the aniline ring by a weaker electron donor, the solution
Amax 0f USg-5-13 are blue-shifted relative to squaraines
having two aniline rings. The solid-state absorption
spectral datashow that there is an increase in absorption
at 450 to 600 nm as the result of the solution blue-
shifts.'” This change in optical absorption has led to
a panchromatic visible photoresponse for xerographic
devices incorporating USq-5-13.17

The photoconductivity of USq-5-13 have been stud-
ied in bilayer xerographic devices.!™ Although fabri-
cation effect, purity, and hole-injection efficiency have
been shown to be important factors that influence the
photoconductivity of USq-5-13. USq-13 wasidentified
as the most outstanding squaraine so far. Specifically,
USq-13 is shown to have a low dark-decay value (-15
V/s) and high sensitivity in xerographic devices, where
Ey5 values of 3.1 and 1.9 ergs/cm? at 600 and 790 nm,
respectively, are reported.'’> The sensitivity appears
to surpass all squaraines reported in the literature
(TableIV). Infact,the sensitivity performance of USq-
13 compares favorably to one of the best IR photo-
conductors, namely the Y-TiOPc recently reported by
Fujimaki and co-workers.!12

The spectral response curve of USq-13 is depicted in
Figure 14, along with its absorption in the CGL. The
data indicate that the spectral response of USq-13
parallels its absorption. The response is flat from 450
650 nm in the visible region and has a peak sensitivity
at 790 nm. By comparison with the spectral response
of Sq-1 (Figure 13), an improvement in spectral
response in the visible region, at 450-600 nm, is evident.
Law!"™ concluded from the sensitivity data and the
spectral response curve that USq-13 would be useful
not only in copiers, but also in diode laser printers and
multifunctional printer—copiers. This makes USq-13
one of the most versatile photoconductors reported to
date.
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Figure 14. Spectralresponse curve and absorption spectrum

of USq-13 in a bilayer photoreceptor device. Reprinted from
ref 175. Copyright 1992 The American Chemical Society.

C. Azo Pigments

Azo dyes and pigments belong to a class of colorants
which consist of azo chromophore (—N=N-—) linking
aromatic groups. The preparative procedures for azo
compounds, by the classic azotization and coupling
reaction, are relatively simple. This simplicity has
enabled azo compounds to become the largest group of
synthetic colorants to date. The photoconductive
properties of azo compounds were reported as early as
1969 by Rau who observed photocurrents from thin
layers of 1-(phenylazo)naphthol.1’8 Several years later,
Champ and Shattuck reported the use of bisazo pigment
Chlorodiane Blue (V), 4,4’-[(3,3’-dichloro[1,1’-biphe-
nyl]-4,4’-diyl)bis(azo)]bis[3-hydroxy-N-phenyl-2-naph-
thalenecarboxamide] as a photogenerating pigment in
xerographic devices.!”” This earlier work coupled with
the ease of the synthesis has led to a fierce research

Scheme IV

. o]
HaN NH;

QL0

1. NaNO;
2. HBFq

BF4©N,®

(XIn

Law

effort in the photoreceptor industry, where uncounted
thousands of azo pigments of a variety of structures
have been synthesized and screened for xerographic
photoreceptor applications.

o Cl

o) o
(NN~ B—(Brn=n—(0)

1. Synthesis, Purification, and Structural Variation

Atypical reaction scheme using the synthesis of bisazo
pigments from 2,7-diaminofluorenone and substituted
2-hydroxy-3-naphthanilides (general structure VI) as
an example is illustrated in Scheme IV,

The azotization and coupling reaction are normally
carried out in an ice bath (0-5 °C). The coupling
reaction is base catalyzed, and a variety of bases, e.g.,
NaOAc, NaOH, triethylamine, etc., can be used. The
synthesis is very efficient (~90%). Most of the
synthesized pigments, however, have to be purified prior
to use as photoconductors. In general, purification is
achieved by repetitive washings with water, DMF, and/
or DMSO.!78-18! The washing sequence, the number of
washings, and the time and temperature of each washing
are known to be critical to the photoelectrical properties.
What is not clear at present is the role of these washings
on the photoconductivity. Nonetheless, it has been
reported that photoconductive azo pigments can un-
dergo morphological changes in ketonic solvents at
elevated temperatures.182

As shown in Scheme IV, the design of new azo
structures, by varying the structures of the aromatic
amine and/or the coupler, is almost unlimited. A
literature survey indicates that azo pigments from
2-naphthol couplers are consistently found to exhibit
moderate to high photoconductivity. Examples of
notable aromatic amines and major classes of couplers
(VII-X) that have been studied are tabulated in Table
VI. The pace of further innovation on new structures
of aromatic amine and coupler continues. More re-
cently, the synthesis of unsymmetrical azo pigments
has been reported. The synthesis can be accomplished
either by using an unsymmetrical amine precursor?®

@— HN-ﬁ OH ' o HO g-NHJ@4
(O)—n=n NaNn—<O) °

" 23 (x)n
. 1
) HO C-NH 4
S @)
P N;®BF,®
QL0 o
2. agq. NaOAc
2 3 (X)n Via X=H Vih X=0-Cl
VIb X=0-OCHy VIi X=p-Cl
Vic X=p-OCH3 VIj X=0-CF3
VId X=0-CH, VIk X=p-CF3
Vie X=p-CH3 VI{X=0-NO;
VIif X=0-F Vim X=p-NO;
Vig X=p-F Vin X=2,3-Cl;
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Table VI. Examples and Structures of Photoconductive Ago Pigments

no. aromatic amine type of couplers® ref(s)
1 3,3’-dichlorobenzidine VII 177
2 2,7-diaminofluorenone VII, VIII 183,184
3 2,6-diaminoanthraquinone VII, VIII 185, 186
4 2,7-diaminoanthraquinone VII, VIII 185, 186
5 3,6-diaminocarbazole VII, VIII 184, 187
6 N-ethyl-3,6-diaminocarbazole VII, VIII 187
7 2,7-diamino-9-xanthone VII-IX 188
8 bis(p-aminophenyl)phenylamine VII-IX 189
9 tris(p-aminophenyl)amine VII, VHI 184,190, 191
10 2,7-diaminodibenzothiophene sulfone VII, VIII 183, 192
11 2,7-diaminodibenzothiophene VII, VIII 192
12 2-(p-aminophenyl)-6-aminobenzoxazole VII-IX 193, 194
13 bis(p-aminophenyl)amine VII-X 195
14 N-methylbis(p-aminophenyl)amine VI 196
18 2,5-bis(p-aminophenyl)-1,3,4-oxadiazole VII, IX, and X 180, 197
19 1,6-diaminopyrene VII-IX 198
20 1,5-diaminonaphthalene VII-IX 199

¢ Couplers are as follows:

;:,H@X
(e}

m ym

YOH
© %—-NH—@X

Lol

or a symmetrical amine precursor but coupling it
sequentially with different couplers.?02202 There is
evidence that the unsymmetrical structure may improve
the photosensitivity of the pigment.20

2. Electronic Structure of Photoconductive Azo
Pigments

The hydroxy-azo/keto-hydrazone tautomerism of
1-(phenylazo)-2-naphthol (XI) and its derivatives is well
documented, both in solution and in the solid state,203-206

R =0 R e
@N\\N O - @N: 0
W, w,

hydroxy-azo keto-hydrazone

XI R=H

It has been calculated theoretically that the keto—
hydrazone form is thermodynamically favored,?” and
that electron-withdrawing functionality?*425 and H-
bonding (both inter and intra)20"?%® are key driving
forces that shift the equilibrium in favor of the keto—
hydrazone form. This conclusion is supported by X-ray
analyses of several 1-(phenylazo)-2-naphthols bearing
electron-withdrawing groups,209210

X-ray structural analysis was also reported for 1-(2’,5'-
dichlorophenylazo)-2-hydroxy-3-naphtho-2//,56""-di-
methoxyanilide, and the data indicate that it has a keto—
hydrazone structure in the solid state.?’! Owing to the
large molecular sizes and the pigmentary nature of most
photoconductive azo pigments, single crystals of these
compounds could not be grown for X-ray structural
determination. Their electronic structures and their
stacking arrangements in the solid state are not well-
known.

Law et al.?’? have recently studied the electronic
structure of a number of photoconductive bisazo
pigments by cross-polarization magic-angle spinning
13C NMR spectroscopy. The data, which are comple-
mented by IR spectra data, indicate that photocon-
ductive bisazo pigments from 2-hydroxy-3-naphtha-
nilide derivatives (coupler type VII in Table VI) have
aketo—hydrazonestructure exclusively in the solid state.
Both intra- and intermolecular H-bonding are cited to
be contributors to the observation. Work has also been
extended to trisazo and polyazo pigments that contain
couplers of types VIII-X. Without exception, all
photoconductive azo pigments have been found to exist
as keto—hydrazones in solids.2!3

3. Optical and Solid-State Properties

Photoconductive azo pigments are practically insol-
uble in common organic solvents. Their optical ab-
sorption can only be examined in the solid state (in
KBr pellet or in a polymeric binder). The absorption
spectrum of a bisazo pigment, 2,7-[(9-oxofluorene-2,7-
diyl)bis(azo)lbis{2-hydroxy-3-naphthalenecarboxam-
ide] (VIa),isgivenin Figure 15a. Furtherspectral data
that probe the substituent effect on the absorption of
bisazo pigments are depicted in Figure 15b—e. Thedata
clearly show that substituent in the anilide ring of the
coupler moiety has very little effect on the pigment
absorption. Since the absorbing chromophore is the
keto-hydrazone unit and it is known that substituent
in the anilide ring has no effect on the hydroxy-azo/
keto-hydrazone tautomerism,?2 the lack of any sub-
stituent-induced spectral changes is reasonable. By
the same token, the absorption wavelength is not
expected to be sensitive to the structure of the aromatic
amine or the number of azo linkages. This has indeed
been observed.?' Thus most of the photoconductive
azo pigments are sensitive in the visible region (450-
650 nm) primarily.
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Figure 15. Solid-state absorption spectra of bisazo pigments (a) Vla, (b) VIb, (¢) Ve, (d) VIj, (e) VI, and (f} VIm.

Extension of the conjugation of the keto~hydrazone
unit through the use of coupler type VIII leads to a
red-shift of the visible absorption. In fact, bisazo
pigments from N-methylbis(p-aminophenyl)amine?
and trisazo pigments from tris(p-aminophenyl)-
amine!84216.217 gre known to absorb beyond 700 nm, and
they have been shown to be sensitive at the diode laser
wavelengths (780 nm).

Finally, azo pigments are generally found to be less
crystalline than those of phthalocyanines and squaraines
according to X-ray powder diffraction patterns.?'® One,
however, cannot conclude that azo pigments are “amor-
phous” because broad and featureless patterns can also
be obtained from materials that have very small
crystallite sizes. The observation of high photocon-
ductivity from azo pigments, which requires efficient
exciton and carrier diffusions, implies that a certain
degree of ordering must exist microscopically in these
materials.

4. Photoconductivity

The number of azo pigments that have been disclosed
in the patent literature are just too numerous to be
tabulated here. Instead, a handful of known high
performers and their xerographic data are given (T'able
VID. Both visible and visible-IR sensitive azo pigments

are known. The spectral response curves of represent-
ing pigments are given in Figures 16 and 17.

The data in Table VII show that the dark decay values
of azo pigments are relatively low as compared to those
of phthalocyanines and squaraines (Tables IT and IV).
The low dark decay is likely due to the lack of free
carriers in bilayer devices incorporating azo pigments
because charge carriers are only generated at the CGL/
CTL interface and are neutralized in the photodischarge
process (see Section IV.B.3). The high purity of these
materials may also contribute to the low dark decay.

By comparing analogous sensitivity data in Tables IT
and IV, one can conclude that the photosensitivities of
high-performance azo pigments are as high as the best
in the phthalocyanine and squaraine series. Very little
is known about the origin of the high sensitivity. Recent
work by Hashimoto indicated that the photosensitivity
may follow a Hammett relationship.!8! Despite the
insufficient understandings on the electronic structure,
the photogeneration mechanism and the structure-
photoconductivity relationship, the pace of developing
new azo pigments is incredibly rapid. The technological
advantages of azo pigments are (1) they are adaptable
to low-cost solution-coating manufacturing technology,
(2) they are highly sensitive, and (3) they have a wide
spectral range, 450 to 2800 nm. Additionally, the
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Table VII. Structures and Xerographic Data of Photoconductive Azo Pigments

structure dark decay (V/s)  Eos (ergs/cm?)  spectral range, (nm)  ref
Visible Pigments
\" @ cl cl @ -21 15.7 at 570 nm 450-650 214
(S en-O-Cer ]
@-HN—(& OH HO C-NH
o]
Vih ‘l? % ~=1 ~3% at 600 nm 450-650 219
@-HN HO c-NH-@
N=N N=N<O)
. ‘
t S
Vin cl CI o 9 o -12 3.3 at 590 nm 450650 214
HN-C OH HO C-NH -13 2.4 at 600 nm 183
‘-N NN=N
XII F O -11 6.0 at 560 nm 450650 214
HN- HO c NH -11 4.5 at 600 nm 183
F @ N= N @ @ N=N
XIII NeN H
oo,
@ @ N= N'@%"O‘“ N&n . ~5 at 600 nm 450-650 180
\ H N=N HO_
QenorSehv it vit vo N
o N
X1V @ ~2b at 600 nm 450650 202
Q
N OH N-N HO »N
@[N (O-N=N-DOHIO-N=N H
0
Visible-IR Pigments
XV HO CONH -25 3.6 at 790 nm 450 to 2800 217
N N @ 02H5
HN
C.Hs @ N= N ©f
@-HNoc OH ©% CONH
N N~O) 02H5
HN~O)
XV @)-wog_o o HO_cONH -2 10.2 at 780 nm 450 to 2800 215

@ N= N-@-N-@-N N @ NO,

CI

s Estimated from the photodischarge curve in Figure 5 of ref 219. * Estimated from the spectral sensitivity curve in ref 202.

photoelectrical stability of azo pigments have been
shown to be excellent,180202.216

D. Perylene Pigments

Perylene pigments are diimides and bis imidazoles
of perylene-3,4,9,10-tetracarboxylic acid. Perylenes

have good light and water fastnesses and are best known
for their use as colorants for automobile paints and
plastics. The photoconductivity of perylenes was
recognized as early as 1972 when Regensburger and
Jakubowski studied the xerographic properties of a
number of perylenes in bilayer devices.??® The moti-
vation for the investigation was simply because
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Figure 16. Spectral response curve and absorption spectrum
of bisazo pigment VIn in a bilayer photoreceptor device.
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Figure 17. Spectral response curve of trisazo pigment XV
in a bilayer photoreceptor device.

perylenes are visibly absorbing and available. At that
time, perylenes offered no cutting-edge advantages, in
terms of sensitivity, diode laser compatibility, and ease
of manufacturing, over other photoconductors. More
recently, Popovic et al. showed that the photogeneration
of e-h pairs for the perylene photoconductor is primarily
at the CGL/CTL interface of the bilayer xerographic
device.2? The exciton of perylene undergoes either an
electron-transfer reaction with the hole-transporting
molecule or decay nonraditively to the ground state.
This unique interfacial photogeneration process has
received considerable amount of attention lately??2-224
and has shown promises in alleviating problems of
charge transport and interfacial trapping commonly
observed in organic photoreceptors.222

1. Synthesis, Purification, and Structural Variation

Perylenes are synthesized by condensation of peryl-
ene-3,4,9,10-tetracarboxylic dianhydride with amines
inasolvent.?? The synthesisis extremely efficient and

Law

Scheme V
diimides XVIO
0 -0 o)
R-N N-R
s TEEO
o] o}
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NH 3 A
~NH @ @ X trans
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isolated yields are normally = 90%. A general reaction
scheme is given in Scheme V.

The condensation reaction is stepwise.?2¢ Since the
starting dianhydride, the reaction intermediate and the
perylene product are not soluble in the reaction solvent,
the synthesis typically involves the transformation of
onered solid to another. Contamination of the perylene
product by the starting dianhydride and/or the inter-
mediate is unavoidable, While the concentration of
impurities in perylenes usually does not affect their
performance as colorants, impurities are certainly
undesirable for photoconductive devices. Techniques
to purify perylenes, by washing perylenes with alkaline
solutions, in which the starting dianhydride and the
intermediate become hydrolyzed and soluble, by acid
pasting, and by vacuum sublimation are known in the
dye industry.??>22” For materials evalution, the pho-
toconductivity of many perylenes have been examined
using vacuum-deposited CGLs, so that the purification
and the CGL fabrication can be achieved in one step.

Structural variation of perylenes can simply be
accomplished by using different amine precursors. The
chemical structures of various photoconductive peryl-
enes (general structures XVII and XVIII) are shown
in Table VIII. An additional dimension for modifying
the perylene structure was reported by Duff et al.228
These authors show that sulfonation of perylene-3,4,9,-
10-tetracarboxylic dianhydride with chlorosulfonic acid
leads to the formation of 1,12-sulfonylperylene-3,4,9,-
10-tetracarboxylic acid (XIX), which upon deoxygen-
ation and dehydration yields perylo(6,6a,6b,7-bcd)-
thiophene-3,4,9,10-tetracarboxylic dianhydride (XX)
(Scheme VI). Compound XX can then be used as a
starting material to generate a new set of perylene
diimides and bisimidazoles.

Unsymmetrical perylene pigments have also been
reported.??®2® For example, reaction of perylene-3,4,9,-
10-tetracarboxylic dianhydride with 1 equiv of an amine
results in a monoanhydride monoimide. This monoan-
hydride monoimide can then be reacted with a sec-
ondary primary amine to produce a variety of unsym-
metrical perylene pigments.

2. Optical and Solid-State Properties

Perylene pigments have a red (or orange-red), red-
brown, or purple blue appearance depending on the
structure of the N-substituents. Their solubility in
common solventsis very low. Inorganicsolvents, N,N'-
dialkyl or N,N’-diaryl diimide perylenes exhibit ab-
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Table VIII. Structures and Xerographic Data of Perylene Pigments

xerographic data®
dark decay Eysb sensitivity* spectral range®
perylene CGL appearance (V/s) (ergs/cm?) (V/ergs/cm? (nm) ref(s)
Diimides

XVlIla R=H red -10 60 450600 222
XVIIb -CH; red -15 24 450600 222
XVlie -n-C;H, black ~100 450-650 223
XVIId -n-CsHy, red brown ~120 450-600 223
XVlle -CH,CHCH;C,H; red ~170 450-600 223
XVIIf ~-CHCH;C;H, red ~50 450-600 223
XVIlg -CHC,H;C:H; red ~10 450600 223
XVilh -CHCH;-i-C;H; red ~120 450-600 223
XVIL -neo-C;Hy; red ~160 450-600 223
XVIIj -n-CoHyy red brown ~30¢ 450-600 223
XVIlk  -n-CysHs red brown ~75 450-600 223
XVl -n-CyHy; red brown ~15 450600 223
XVIIm -CH,;CH.C¢H; black ¥ 180 450680 223,224
XVIIn _@ red -36 13 450-550 222
XVIlo .@ red -30 13 450-550 222

F
XVIlp _@ red =76 12 450550 222

Cl
XVlIq _@c| red -12 >100 450-550 222

CH3
Bis-imidazoles
XVIila :@ purple blue -10 3.5 450-700 222
XVIIIb ]@CH:B -10 6.7 450-700 222
CHg
XVIiIc -36 6.7 450-700 222
>50 450-700 222

XVIId —60

¢ Data obtained from bilayer xerographic devices, the CGLs are fabricated by a vacuum-deposition technique, 0.1-0.3 um. ¢ White
light exposure, 400-700 nm. ¢ Estimated from the maximum of the photoresponse curves from ref 223. ¢ Estimated from the absorption
spectra. ¢ The OD of the sample at the maximum is 0.4. / Estimated from the photodischarge curve in ref 224.
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sorption at Amax 510-530 nm with an extinction coef-
ficient of (5-10) X 104 cm™ M™1.281 The Apa is not
sensitive to the structure of the N-substituent. On the
other hand, substituent in the perylene ring can induce
either a bathochromic or a hypsochromic shift on the
Amaz, depending on the nature and the position of the
substituent. The magnitude of the ring-substituent-
induced shift is in the order of 50 nm. The generally
small spectral shift suggests that the =,»* transition of
perylene is localized in the perylene ring.?3!
Bisimidazole perylenes absorb at longer wavelengths
relative to those of diimide perylenes. For example,

the Amay 0f XVIIlais at 636 and 586 nm in concentrated
sulfuric acid, whereas the Anax of XVIIa is at 595 and
552 nm in the same solvent.??2 The observed batho-
chromic shift is attributable to the extended w-conju-
gation in the perylene structure of XVIIIa.

While the solution absorption wavelengths of N,N'-
dialkyl diimide perylenes are independent of the N-alkyl
group, the shapes of their solid-state absorption bands
are very sensitive to the structure of the N-alkyl
group.?322¢ The appearances of thin films of N,N'-
dialkyl diimide perylenes vary from red to red-brown
to black. The effect of the N-alkyl group on the
crystallographic properties and the solid-state absorp-
tion of N,N’-dialkyl diimide perylenes have been studied
by Graser and Hadicke,?*? and more recently by Duff
et al.22322¢ These authors have systematically shown
that the solid-state absorption of N,N’-dialkyl diimide
perylenes are dependent on the extent of the inter-
molecular interactions in the solid state. When the
intermolecular interaction is strong, such as in the case
of N,N’-di-n-propyl diimide perylene, the absorption
is panchromatic and the appearance is black (Figure
18a). Asthe intermolecular interactions decrease, the
absorbance of the long wavelength component decreas-
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Figure 18. Absorption spectra of evaporated thin films of
perylene pigments (a) XVIIc and (b) XVIIi. Reprinted from
ref 223. Copyright 1991 The Society for Imaging Science and
Technology.
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Figure 19. Molecular and idealized crystal structures for
N,N’-dialkyl diimide perylene pigments. Reprinted from ref
223. Copyright 1991 The Society for Imaging Science and
Technology.

es. Asaresult, the appearance of the pigment changes
from black to red-brown to red. An example of a red-
appearing perylene (N,V’-dineopentyl diimide perylene)
is given in Figure 18b. Schematics of the three
possibilities of intermolecular interactions are given in
Figure 19.

The absorption spectra of several thin films of N,N’-
diaryl diimide perylenes (XVIIn—-q) have also been
reported. No substituent effect on the absorption is
found. Since the N-phenyl ring in XVIIn has already
been twisted from planarity due to steric repulsion, the
lack of an effect is ascribable to the small conformational
differences among these materials.???

The solid-state absorption of bis-benzimidazole
perylene X VIIlais very broad and consists of two bands,
one at longer wavelengths and the other at shorter
wavelengths relative to the solution absorption. The
broad absorption and the red-shift in the absorption
edge are attributable to the strong intermolecular

Law

interaction of XVIIIain the solid state, which is enabled
by the planar molecular structure. Structural modi-
fication of XVIIIa, such as in XVIIIb—d, results only
insmall spectral shifts. The smallshifts reconfirm that
the electronic transition of perylene pigments is pri-
marily localized in the perylene ring.

Polymorphism has been reported for perylene pig-
ments. Forinstance, depending on the sample history,
XVIila was shown to form four different polymorphs
as powders.?? Perylene XVIIm forms an amorphous
thin film when prepared by vacuum deposition tech-
nique. Upon exposure of the amorphous thin film to
solvent vapor, a crystalline thin film is obtained.23?
Detailed structural characterization of these poly-
morphs and the connectivity of the structural changes
to the photoconductivity have not been reported.

3. Photoconductivity

The photoconductivities of perylene pigments have
primarily been studied in bilayer xerographic devices
and the data are summarized in Table VIII. Generally
speaking, the dark decay values are lower than those
in Tables Il and IV. The low dark decay is at least in
part attributable to the high purity of these materials
in devices where the perylene CGLs are prepared by a
vacuum evaporation technique.

A glance at the sensitivity data indicates that the
sensitivity variation is quite small despite the structural
changes. N,N’-Dialkyl diimide perylenes XVIIf-1 are
slightly soluble in methylene chloride, the coating
solvent for the CTL. The low sensitivity obtained from
these materials may be resulted from device fabrication.
For example, the lowerings of the sensitivity in devices
of XVIIf-1 are found to paralle]l to the solution
absorption of the perylene spectrally.? The mirror-
image relation between the sensitivity loss and the
solution absorption indicates that some of the perylene
molecules have been converted to the “dissolved” state
during the device fabrication, and these molecules
compete for the light absorption with the perylene
aggregates in the xerographic device. In the case of
XVIIj, the low absorbance of the device is also con-
tributing to the low sensitivity. After consideration of
the fabrication effect, one can preliminarily conclude
that the structural effect on the sensitivity of N,N'-
dialkyl diimide perylenes is small. In section IV, we
will show that the photogeneration mechanism of
perylene XVIIlainvolves exciton diffusion after optical
excitation and e-h pairs formation at the CGL/CTL
interface (or at the contact point between the micro-
crystalline perylene and the CTL). If the same pho-
togeneration mechanism is operating for XVIIf-1, the
photosensitivity of these perylenes should be a depen-
dence of the exciton diffusion length, since recombi-
nation of the e~h pairs at the CGL/CTL interface is
unlikely under the electric field. The lack of sensitivity
variation among perylenes X VIIf-1 implies that their
exciton diffusion lengths are very similar. In the case
of perylene XVIIla, Popovic et al. estimated that the
exciton diffusion length is ~2700 A.22! This is in the
same order of magnitude as compared to the thicknesses
of the CGLs of XVIIf-1.222 The lack of any structural
dependence on the photoconductivity is then, not
unreasonable.
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Figure 20. Spectral response curves of perylene pigments
XVIIb and XVIIIain bilayer xerographic devices. Reprinted
fromref 222. Copyright 1989 The Society for Imaging Science
and Technology.

N,N'-Diaryl diimide perylenes (XVIIn—q) are gen-
erally less sensitive than their N,N’-dialkyl analogs.
The relatively low sensitivity is probably due to the
weak intermolecular interactions in these materials. For
example, the N-phenyl ring in XVIIn has been shown
to be twisted from the molecular plane of the perylene
ring due to steric repulsion.??2 Thus the intermolecular
distance in the microcrystals of these materials will be
longer, which leads to low sensitivity. The fact that
XVIlq is the least-sensitive compound in the series is
consistent with this argument because the twisting angle
in XVIIq is expected to be the largest due to the
o-methyl group.

Among the bis-imidazole perylenes studied, X VIIIa
is the most sensitive compound. Molecular modeling
studies indicate that X VIIIa is the most planar molecule
among XVIIla—d. Again, a closer intermolecular in-
teraction is attained, which results in a higher photo-
sensitivity.22?

The quantum efficiencies of photogeneration for
XVIIm and X VIIla in xerographic devices are reported
to be ~43%2% and 36 % ??! at an electric field of ~30
V/um. These quantum yields are significantly higher
than the power conversion efficiencies of similar
materials in photoelectrochemical devices, which are
in the range of 1-2%.10.23¢ The high yields obtained in
xerographic devices again are the result of the lack of
charge recombination due to the high electric field and
the use of a CTL.

Typical spectral responses of diimide and bis-
imidazole perylenes are given in Figure 20. The data
show that perylene pigments are sensitive in the visible
regiononly. They are not candidates for photoreceptors
in diode laser printers.
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4. Perinones

In 1975, Regensburger and Jakubowski? reported
their study on the photodischarge of a commercial
perinone pigment (XXI, bis-benzimidazole, perinone)
in xerographic devices. Compound XXI issynthesized
by condensing 1,4,5,8-naphthalenetetracarboxylic di-
anhydride with o-phenylenediamine. The product is
a mixture of the trans and cis isomer.

cpecesc
e

The photoconductivity of XXI was studied in some
detail by Loutfy et al.?®® They reported that the
photosensitivity of XXI is comparable to those of
perylenes (Eos ~10 ergs/cm?, white light exposure).
The spectral response of XXI is quite narrow (450-520
nm) which obviously limits the practical value of XXI
in device applications. An effort was made to broaden
the spectral response and bis-naphthimidazole perinone
was synthesized. While the spectral response is im-
proved, covering from 450 to 650 nm, a decrease in
photosensitivity is observed.23¢

E. Misceilaneous Classes
1. PVK-TNF Charge-Transfer Complex

Poly(vinyl carbazole) (PVK) is a commercial polymer
obtained by free-radical polymerization. PVK itself is
photoconductive, but only in the UV region.?s” Nu-
merous efforts were made in the early development of
organic photoconductors to render PVK photoconduc-
tive in the visible region. Hoegl?*® and Lardon et al.23°
investigated the use of dopants in PVK to enhance the
photosensitivity, and electron acceptor molecules were
found to be particularly beneficial. Regensburgert!
reported the use of a thin film of selenium as a spectral
sensitizer for PVK. Dye sensitization of PVK has also
been reported.?*242 Along with these activities, the
first commercial organic photoconductor, based on the
charge-transfer complex of PVK:TNF (trinitrofluo-
renone) was introduced.®® The photoconductive com-
position is a 1:1 charge-transfer complex between the
carbazole moiety and TNF. The photoconductor is a
13-um single-layer device and is prepared by casting a
THF solution containing PVK and TNF onto an
aluminum substrate.?® The chemical structures and
the spectral response curve of the photoconductor are
given in Figure 21. Although the PVK:TNF photo-
conductor had been phased out of the marketplace due
to the low photosensitivity, the toxicity of TNF, and
the poor mechanical strength, studies on the photo-
conductivity of CT complexes of PVK and similar
materials, and the dye sensitization of PVK remain a
fascinating research topic.244-248
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2. Thiapyrylium Salts

The most mentioned thiapyrylium salt is XXII, 4-[4'-
(dimethylamino)phenyl]-2,6-diphenylthiapyrylium per-
chlorate). It was synthesized by first condensing
p-(dimethylamino)benzaldehyde with 2 equiv of ace-
tophenone in perchloric acid to form a pyrylium
perchlorate,?#%%%0 followed by sulfurization of the pyry-
lium perchlorate with sodium hydrosulfide to yield
XXII (Scheme VII).?!

The photoconductivity of XXII was discovered by
Light,*® who observed a color change and an increase
in photoresponse speed when polymer films incorpo-
rating XXII were exposed to solvent vapor. The
composition of the actual photoconductor was reported
by Dulmage et al.6225% These authors showed that
photoconducting thin (5~10-um) films of XXII are
prepared by casting a methylene chloride solution
containing XXII, bis[2-methyl-4-(diethylamino)phe-
nyl]phenylmethane (a hole transporting molecule) and
a polycarbonate polymer onto a substrate. The as-
formed film is homogeneous according to X-ray powder
diffraction analysis. It exhibits an absorption band
analogous to the monomeric absorption of XXII, at
Amax 580 nm (Figure 22). Upon exposure of the
homogeneous film to methylene chloride vapor, a dye
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Figure 22. Absorption spectra of thiapyrylium salt XXII.
Reprinted from ref 252. Copyright 1978 The American
Institute of Physics.

aggregate, which is essentially a “complex” between
XXII and the diphenol-A polycarbonate polymer, is
formed. The formation of the dye aggregate results in
a bathochromic shift on the Apay, from 580 to 690 nm
(Figure 22). Subsequentspectroscopic, electrochemical,
and structural studies (on both the photoconducting
film and a model aggregate) suggest that the electronic
states of XXII are intramolecular charge-transfer states
and that there exists extensive intermolecular charge-
transfer interactions in the aggregate. The interplanar
distance of XXII in the aggregate is ~3.4 A.25¢ A
schematic of the structure of the aggregate is given in
Figure 23. The photoconductivity of XXII was studied
by the xerographic discharge technique. The datashow
that the film that contains aggregate of XXIIis ~150
times more sensitive than its precursor film (Figure
24). The quantum yield of photogeneration for the
aggregate of XXII was determined to be ~20% at 30
V/um. Mechanistic investigations suggest that the
photogenerated e-h pairs are formed at the surface of
the aggregates between the diffused exciton and,
presumably, the hole-transporting molecule.?%

As seen in Scheme VII, there is a lot of room in
designing new thiapyrylium salt photoconductors.
Many synthetic routes are known.?*® Thus far only the
photoconductivity of XXII has been detailed. The
difficulty of uncovering more photoconductive thiapy-
rylium salts may be a molecular architecture issue rather
than a synthetic issue because of the stringent stacking
requirement in the photoconductive aggregate of XXII.

Finally, XXII is sensitive from 450 to 700 nm and is
notsuitable for diode laser printer applications. Several
approaches have been reported in the literature to
extend the photoresponse to 780 nm. These include
the synthesis of thiapyrylium salts with more double
bonds, selenopyrylium salts, and telluropyrylium
salts.257'259

3. 3,6-Diphenyipyrrolo| 3,4-c) pyrrole-1,4-dithione

The photoconductivity of 3,6-diphenylpyrrolo[3,4-
clpyrrole-1,4-dithione (XXIII) was first reported by
Mizuguchi and Rochat in 1988.26° Compound XXIII
was reported to be synthesized from the corresponding
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Figure 23. A schematic of the quasi-one-dimensional thi-
apyrylium salt assembly projected along the a axis. Reprinted
from ref 254. Copyright 1982 Academic Press.

ENERGY (cm~1x 10-3)
20 15
T T

n
(93}

T T TT11T117

10-1 b=

N
~
7‘:’ AGGREGATED FILM
(=]
>
—. 102 F
5 F
5 =
s o
E -
8
S R
B HOMOGENEOUS PRECURSOR
10-3

T TT Ill[

10-4 1 L I 1 |
400 450 500 550 600 650 700 750
WAVELENGTH (nm)

Figure 24. Spectral response curve of a single-layer pho-
toreceptor incorporating XXII: untreated device (lower
curve) and solvent vapor treated device (upper curve).
Reprinted from ref 252. Copyright 1978 The American
Institute of Physics.

diketo precursor and Lawesson’s reagent. Apparently,
the crude product from the synthesis is very impure
and has to be washed 3-4 times with solvents and then
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Figure 25. Absorption spectra of an evaporated thin film of
XXIII (~1200-A thick). Reprinted from ref 260. Copyright
1988 The Society for Imaging Science and Technology.

sublimed 4 times under an argon atmosphere prior to
device fabrication.

XXI1

Both the solution and solid-state absorption, as well
as the polymorphism of XXIII have been briefly
investigated.26>262 The photoconductivity was exam-
ined in a bilayer configuration using a vacuum vapor-
deposited CGL as well as a solution-coated CGL. It
was shown that a disordered thin film (1200 A) of XXIII
was obtained by vacuum deposition. Upon exposure
of the film to solvent vapors, the crystallinity of the
film increases, along with an increase in absorptivity in
the near-IR at Am.: 860 nm (Figure 25). Mizuguchi et
al. proposed that there is an increase in intermolecular
CT interactions in the thin film of XXIII after solvent
vapor treatment. Concurrently, a 100-fold increase in
photoconductivity was noted in the vapor treated film.

In principle, many derivatives of XXIII can be
synthesized.?®® Sofar only the properties of XXIII have
been reported.

4. Miscellaneous Photoconductors

By definition, organic colorants are aromatic com-
pounds that absorb visible light. There are two usual
“organic means” to reduce the excitation energy of
aromatic molecules and make them visibly absorbing.
While the photographic industry has been successful
in using w-double bond conjugation,?* the dye industry
has been relying on the introduction of intramolecular
CT states. As a result of the CT character and their
commercial availability, the photoconductivities of
many colorants have been examined. Notable examples
are dihaloanthanthrone,?6526¢ epindolidione,?’ triha-
lopyranthrenedione,® quinacridone,?® tetrachlorothio-
indigo,?™ azulenium dyes,?” etc. Even though some of
these compounds are highly sensitive, they have not
been studied at any great length. The practical
successes of phthalocyanines, squaraines, azo pigments,
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and perylenes are probably contributing to the lack of
attention to these materials.

1V. Mechanistic Studies

In a bilayer photoreceptor device such as that shown
in Figure 3, excitation of the photoconductor results in
the generation of e-h pairs in the CGL. The photo-
generated holes then inject to the CTL and migrate
across the CTL to discharge the device. Inthissection,
scientific studies on factors that influence the photo-
generation and the subsequent interfacial electron-
transfer processes are reviewed.

A. Definltions, Models, and Measurements of
Photogeneration

1. Definitions and Models

By definition, the mechanism of photogeneration for
a photoconductor can either be intrinsic or extrinsic.
The conceptual scheme is given in Figure 26. Essen-
tially, after excitation of a photoconductor, the excited
photoconductor, in most cases the exciton, can either
fluoresce or decay nonradiatively to the ground state.
If this excited state ionizes and forms an e-h pair,
regardless of the mode of activation (thermal or electric
field assisted), the photogeneration process is defined
as intrinsic. On the other hand, if the excited state
needs to react with an electron donor/or acceptor prior
to the formation of the e-h pair, the photogeneration
process is defined as extrinsic. In extrinsic photoge-
neration, an intermediate bound e-h pair, such as an
exciplex or an excited charge-transfer complex, may be
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involved. Radiative decay processes, such as fluores-
cence from the exciplex,?”? or delayed luminescence
resulted from recombination of the e-h pair,?’® are
known to occur. These radiative decay processes have
been omitted in Figure 26 for simplicity. Finally, Figure
26 is intended only for definition purposes and does
not imply that a photoconductor can only have one
photogeneration mechanism.

Amorphous selenium is an intrinsic photogenerator.
The quantum yield of photogeneration was shown to
be a strong dependence on the excitation wavelength,
temperature, and electric field.?’* A diffusion model
based on the Onsager theory?5276 has been successfully
applied to analyze the diffusive motion of opposite
charges in the presence of an applied field (Figure 27a).
The model assumes that there is an activation barrier
for the ionization process. If the excitation does not
result in ionization, the probability of recombination
increases. The barrier for the ionization process can
be overcome by exciting the photoconductor to a “hot”
state, or it can be activated by thermal energy or an
applied electric field. Similar to the photogeneration
of selenium, the photogeneration of anthracene?’’28
and poly(vinyl carbazole)?’® are also dependent upon
the excitation wavelength, temperature, and applied
electric field. These are intrinsic organic photocon-
ductors and the Onsager model has been found to be
applicable in analyzing the results.

In the case of most organic photoconductors, due to
the rapid rate of internal conversion, the quantum yield
of photogeneration is wavelength independent. To
account for this diversion, the Onsager model has been
modified by Noolandi and Hong (Figure 27b).2% The
theoretical analyses have been shown to fit well with
experimental data on the fluorescence quenching and
quantum yield data for X-H;Pc. More recently, the
model has been extended to analyze results obtained
from g-HyPc,?®! InClPc,?®? and perylene pigments.??

2. Measurements of Photogeneration Efficiency

As pointed out in section II, the xerographic pho-
todischarge method offers the simplest way to deter-
mine the xerographic gain (), the quantum yield for
e—h pairs formation in the entire device. In a single-
layer photoreceptor, one can determine 7 as a function
of the applied electric field (E) or temperature. The
data can then be analyzed by the Onsager model or the
Noolandi Hong model (Figure 27) from which the
quantum yield of photogeneration (¢.n), the thermal-
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Figure 27. (a) A schematic representation of photogeneration as described by the usual Onsager Model; (b) a schematic
representation of photogeneration as described by the Noolandi and Hong model. Reprinted from ref 280. Copyright 1979

The American Institute of Physics.
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ization distance and the activation energy are calculated.
This methodology has been applied to the analyses of
many organic photoconductors.

In the bilayer configuration, 5 is a function of ¢, the
hole-injection efficiency from CGL to CTL and the hole
mobility in the CTL. Todetermine the photogeneration
efficiency (¢en) of the photoconductor in the CGL, one
can study the CGL in a sandwich photoelectrical cell
alone and measure the photocurrent of the layer.28
Alternatively, Popovic®% has shown that the quantum
yield can be determined from the potential drop of a
capacitance photoelectric cell after excitation by alaser
pulse (pulsed photoconductivity).

In addition to photoelectrical measurements, two
fundamentally sound, nonelectrical approaches based
on the photophysics of the excited state have been
reported. According to Figure 27b, if the photocon-
ductor is fluorescing, one can use the technique of
electric field induced fluorescence quenching to probe
the photogeneration process. The quantum yield of
e—h pair formation (¢.n) is given by

[ ker ]¢
kop + ke + Ry 7P

where ¢p is the probability of the bound e-h pair to
dissociate to form a free e~h pair. At high field, ¢p ~
1.0, and ¢.n can be written as

¢E ____‘E(E;:_T__ (1)
T RE 4+ kot ky,

The fluorescence quenching efficiency can be experi-
mentally defined as

R @

where FU is the fluorescence intensity of the CGL and
FE is the intensity of the CGL under an electric field
E.

From the photophysical processes of the excited state,
¢q can also be expressed as

b = k(EZT B kCT %)
! kg’l‘ + kf + knr

By combining eqs 1 and 3, the relation between ‘3551 and
¢q is given by

Peh ~ Den
1- d’eh

Since ¢, is an experimentally accessible quantity, one
can then study ¢, from the relationship between eqs
2and 4. Details of the experimental procedure and the
mathematical derivation have been provided in Pop-
ovic’s publications,?6.287

Another nonelectrical measurement for ¢., was
reported by Tam using photoacoustic spectroscopy.28®
He assumes that, if the major photophysical processes
of the photoconductor are photogeneration of e~h pairs
and charge recombination to generate heat, one can
study the photogeneration process by monitoring the
acoustic signal (S) of the photoconductive device as a
function of E after optical excitation. The assumption
is quite reasonable because the fluorescence quantum

by = 4)

Chemical Reviews, 1993, Vol. 93, No. 1 475

yield and the yield of photochemical reaction of the
photoconductor are usually very small. Thus

S =KI (5)
SE=K[1-¢E1I (6)

where K is a machine constant and I is the light
intensity.
By rearranging (5) and (6), we have

S - 88
¢’§h = S (7)

Essentially, ¢fh is determined by measuring the
acoustic signal S as a function of E. The Tam’s model,
however, fails to take into account the nonradiative
decay process of the excited photoconductor (ky;). The

¢t obtained by this procedure is only relative.

B. Photogeneration Mechanisms In Organic
Photoconductors

In this section, literature studies on the photoge-
neration mechanism (intrinsic vs extrinsic) of organic
photoconductors are reviewed. Of the four main
photoconductor classes, studies on the photogeneration
mechanisms of phthalocyanines, perylenes, and azo
pigments have been reported. The mechanism for
squaraines remains to be investigated. Evidence so far
suggests that most organic photoconductors are ex-
trinsic photogenerators.

1. Photogeneration in Phthalocyanines

Although phthalocyanine is by far the most studied
class of organic photoconductors and studies of the
photogeneration mechanism have been reported, details
of the photogeneration processes have yet to be
unraveled totally. This is partly due to experimental
difficulties because phthalocyanines are usually in the
form of microcrystalline powders or thin films, and
partly due to the rapid pace of technology development
intheindustry. In1978, Menzel and Jordan?® reported
the fluorescence emission of microcrystalline X-H;Pc
powder by laser-induced fluorescence technique. Sub-
sequent experiments showed that the fluorescence is
quenched by an applied electric field. The existence
of a good correlation between the fluorescence quench-
ing and photogeneration data suggests that the first
excited singlet state (S;) is the precursor state for the
photogeneration.? Loutfy and Menzel?? later report-
ed an elegant investigation on the photogeneration
mechanism of X-H;Pc, in the presence of an electron
acceptor/donor, using a combination of fluorescence
quenching data and photogeneration efficiency data
obtained from sandwich photoelectrical cells. These
authorsfirststudied the fluorescence quenching of X-Hy-
Pc microcrystalline powder by various electron accep-
tors and donors, which were surface coated onto the
particle of X-H:Pc at a monolayer coverage. Quenching
efficiency as high as 92% was recorded for o-chloranil.
Since controlled experiments demonstrated that HyoPc
molecules do not form any ground-state complexes with
various electron acceptors or donors, Loutfy and Menzel
proposed that an exciplex is formed at the surface of
X-H,Pc particles between H;Pc and the electron ac-
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Table IX. Dependence of X-H,Pc Photogeneration
Efficiency (¢en) Fluorescence Intensity (F), Exciplex
Formation Probability (¢cr), and Exciplex Dissociation
Efficiency to Free Carriers (¢p), on TNF Concentration

TNF (mg/g) oden (%)° F ¢cr ép
0 27 3.90 0.00 0.00
33 54 0.70 0.82 0.33
67 66 0.86 0.86 0.45
133 75 0.47 0.88 0.55
267 82 0.40 0.90 0.72

¢ Reproducibility was better than £5%. (Data taken from ref
283.)

ceptor/donor. The formation of the exciplex leads to
fluorescence quenching. The high quenching efficiency
of these surface dopants indicates that the exciton
migration range of X-H;Pc must be very large. Indeed,
exciton migration ranging between 200-400 A, which
is comparable to the dimension of the particles of X-H,-
Pec (1000 X 300 X 300 A), has been reported.?1-2%3 The
overall quenching data can be rationalized in terms of
exciton migration, followed by fluorescence quenching
due to the formation of the exciplex at the particle
surface.

Using trinitrofluorenone (TNF) as an electron ac-
ceptor, particles of X-H;Pc were surface coated at
varying surface coverage, up to a monolayer coverage.
The fluorescence quenching data and the photogener-
ation efficiency data from these samples are tabulated
in Table IX. Asthesurface coverage of TNF increases,
the photogeneration efficiency (¢eh) increases and the
fluorescence intensity F decreases. The photophysics
of X-H:Pc can be rationalized according to the following
model:

hy
Se— S,

Sl hnd SO + th

écT
S, +Q — (8:Q)* (exciplex)

¢D
(S-Q)* — e~h pair

1-¢p

BQ* — 5,+Q

where ¢cr is the probability of exciplex formation after
optical excitation and ¢p is the probability of the
exciplex to dissociate to an e-h pair.

Inthe absence of quenchers, the fluorescence intensity
is F° and the photogeneration efficiency is ¢2,. Addi-
tion of quencher to the system leads to a fluorescence
F

F=F(1-¢cp
and the photogeneration efficiency ¢.r becomes

ben = Do + doTdD

The calculated ¢cr and ¢p values are given in Table
IX also. The increase of ¢p with increasing TNF
coverage indicates the TNF aids not only the exciplex
formation, but also the e-h pair formation. The
mechanism of photogeneration for X-H:Pc in the

Law

presence of an electron donor or acceptor is therefore
extrinsic, namely excitation of X-H,Pc results in an
exciton, which diffuses to the surface and forms an
exciplex with an electron acceptor/or donor, before
dissociation to form an e-h pair.

The question that remains is the photogeneration
mechanism in the absence of an electron acceptor/or
donor. Loutfy and Menzel indicated that the exciplexes
of X-HyPc decay to regenerate the S, state, which can
generate an e~h pair in the presence of an electric field.
They postulated that O, may play a role in the
photogeneration process, forming an exciplex and then
dissociating to an e-h pair.?8® The critical role of O; in
the photogeneration of X-H;Pc was also reported by
Ahuja and Hauffe,?® who showed that Q. is responsible
for the photogeneration of X-H;Pc in alkane solvents.

Complementary results on the need of O; in the
photogeneration of phthalocyanine were reported in
some detail by Mizuguchi. He showed by X-ray
photoelectron spectroscopy that O, is desorbed from a
thin film of 8-CuPc at temperatures =90 °C under a
vacuum of 6 X 108 Torr.?5 Concurrent photocurrent
measurements of the thin film showed that photocur-
rent increases as temperature increases from room
temperature to ~90 °C. The rate of the increase in
photocurrent slows down from ~90 to ~140 °C, At
temperatures > 140 °C, the photocurrent decreases as
the temperature increases.”® The decrease in photo-
generation at temperatures > 90 °C, along with the O,
desorption experiments indicate the O is involved in
the photogeneration process of 3-CuPc. The increase
in photogeneration between room temperature to 90
°Cis attributable to thermal-assisted photogeneration.

In Loutfy and Menzel’s mechanistic study of X-H,-
Pc,anexciplex intermediate was proposed as a precursor
CT state for photogeneration, but it was never observed
experimentally. On the other hand, an exciplex in-
termediate was detected in the case of 8-H;Pc when
Popovic studied the photogeneration mechanism of
B8-HyPc by delayed-collection-field and delayed fluo-
rescence techniques.”! Even though these literature
datadonot imply that all phthalocyanines are extrinsic
photogenerators, most reported results on phthalocy-
anines, so far, can be rationalized within the exciton
diffusion/surface ionization framework. Inadditionto
02, Fujimaki®” recently showed that adsorbed water
molecules on the surface of Y-TiOPc¢ particles are also
playing a role on the photoconductivity of TiOPec.

2. Photogeneration in Perylenes

The photogeneration mechanism of perylene XVIIla
was studied by Popovic, Loutfy, and Hor, using
xerographic, pulsed photoconductivity and fluorescence
measurements.??! The device investigated is bilayer in
configuration (Figure 3) and consists of a thin evap-
orated film of XVIIIa (2200 A) and a CTL, which
contains 35% of a hole-transporting molecule and 65 %
of a polycarbonate polymer, successively deposited on
a semitransparent aluminized substrate. The fluores-
cence intensity of the thin film of XVIIIa is quenched
(by90%) after it is overcoated by the CTL. Controlled
experiments by replacing the CTL with a polycarbonate
coating or by coating the CGL film of XVI1Ila with the
hole transporting molecule indicate that the hole
transporting molecule is responsible for the fluorescence
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Figure 28. (a) Action spectra of perylene XVIIlain a bilayer
photoreceptor device: upper curve, illumination through the
CTL; lower curve, illumination through the semitransparent
aluminum substrate; (b) absorption spectrum of an evaporated
film of X VIIIa (~1700A). Reprinted fromref221. Copyright
1988 North-Holland.

quenching alone. Since the fluorescence quenching
data correlate well with the xerographic photodischarge
and photogeneration data, the involvement of the S; of
XVIIla in the photogeneration process is indicated. The
specificity of the fluorescence quenching suggests that
the photogeneration of XVIIIa is extrinsic, namely
exciton diffusion after excitation and e-h pair formation
atthe CGL/CTL interface between the exciton and the
hole transporting molecule. Additional evidence to
substantiate this model comes from photogeneration
data obtained by illuminating the device (1) through
the CTL and (2) through the semitransparent aluminum
substrate. When the data is taken by illumination
through the CTL, the action spectrum matches to the
absorption spectrum (Figure 28a,b). Onthe other hand,
when the photogeneration data is obtained by illumi-
nation through the semitransparent aluminum sub-
strate, the photogeneration efficiency is relatively low
and isindependent of the excitation wavelength (Figure
28a). The wavelength independence provides evidence
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for the exciton diffusion mechanism. For instance, at
wavelengths where X VIIIa absorb strongly, the excited
photogenerator is closer to the aluminum and the
exciton diffusion length is long, whereas at wavelengths
where XVIIla is weakly absorbing, the excitation
penetrates the entire CGL. The inefficient light
absorption is compensated by the shorter distance for
exciton diffusion. From the shape of the action spectra
and the absorption of the CGL, Popovicet al. estimated
that the exciton diffusion length for the evaporated
thin film of XVIIla is ~2700 A.22

The photogeneration efficiency of X VIIla was shown
to be less field dependent than that predicted by the
Onsager model. It is uncertain whether this is a result
of the direct formation of e-h pair without going through
an exciplex or not. The theoretical framework for the
low electric field dependence has not been developed.

3. Photogeneration in Azo Pigments

A study on the photogeneration mechanism of azo
pigment VIh was reported by Umeda, Nimi, and
Hashimoto in 1990.28 The CGL in the study is 1700
A in thickness and consists of 70% by weight of the
bisazo pigment dispersed in a poly(vinyl butyral) binder.
These authors showed by the xerographic photodis-
charge method that the quantum efficiency of photo-
generation of the bilayer layer device is significantly
higher than that of the single-layer device (same CGL
without CTL). Since absorbance measurement indi-
cates that the CGL is illuminated throughout, these
authors propose that the photogeneration mechanism
of bisazo pigment VIh involves exciton diffusion after
excitation and e-h pairs formation at the CGL/CTL
interface. The proposed mechanism is similar to that
of perylene XVIIIa.

Law and Popovic® studied the photogeneration
mechanism of several bisazo pigments of the general
structure of VI by fluorescence quenching technique.
The correlation between xerographic and fluorescence
quenching (by the CTL) data indicates that the S; state
is the precursor state for the photogeneration process.
Since controlled experiments suggest that the hole-
transporting molecule is the only active species involved,
the data indicate that the e-h pair formation involves
an electron transfer between the exciton and the hole-
transporting molecule. The need of a hole-transporting
moleculeis also suggested by Murakami et al.22in their
study of the photogeneration of an unsymmetrical azo
pigment XIV. Veryrecently, Umeda and Hashimoto®®
reported a study of the photogeneration mechanism of
triazo pigment XVI. Again, these authors showed that
the photogeneration of XVI involves exciton diffusion
after exciton and e-h pairs formation at the CGL/CTL
interface of the bilayer device. Thus, thereis compelling
evidence to suggest that azo pigments are extrinsic
photogenerators also.

C. Photogeneration Efficiency

1. Effect of Molecular Structure

In section III, the photoconductivity data of a large
number of organic photoconductors are summarized.
Because of the variation in device fabrication conditions
and hole-transporting molecules, comparisons of the
performance of different photoconductors are only
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Table X. Quantum Yields of Photogeneration (¢.n) of
Various Photoconductors

field
strength
photoconductor ¢en (%) (V/pm) method ref
x-HzPc 18 50 sandwich photoelectrical cell 287
VOPc (phase II)  ~20 45  xerographic photodischarge 301
Y-TiOPc ~90 ~30 xerographic photodischarge 112
Sq-5 22 50 sandwich photoelectrical cell 15
azo XIII 40 30 xerographic photodischarge 202
azo XIV 50 30  xerographic photodischarge 202
perylene XVIIm 43 30 xerographic photodischarge 233
perylene XVIIla 36 30 xerographic photodischarge 221
thig{p}y{vﬁrlium salt ~20 30 xerographic photodischarge 255

qualitative, especially between different laboratories.
The xerographic photodischarge technique is simple
and has served its purpose as a reliable tool for materials
evaluation. For an accurate comparison of the pho-
toconductivity of different photoconductors, quantum
yield data are needed. Although the quantum yields
of photogeneration (¢.,) are not routinely measured,
enough attention has been paid to photogenerators that
are highly efficient. The ¢., values of several organic
photoconductors are tabulated in Table X. Undoubt-
edly, Y-TiOPc is the most efficient photoconductor in
the group. The origin of its superiority as compared
to other polymorphs of TiOPc¢ and other phthalocya-
nines is still under active scrutiny. Comparison of the
¢en values of all other photoconductors indicates that
their photogeneration efficiencies are amazingly similar,
ranging from ~20% to 50%. This is despite the wide
structural variation among the chemical classes. More-
over, when compared to the effect of the molecular
stacking arrangement in the microcrystalline state on
the photogeneration efficiency (next section), the
impact of the molecular structure is actually very small.

Although photoconductors from different chemical
classes are structurally different, most of their electronic
states are intramolecular CT states. For instance,
theoretical calculations by Schaffer, Gouterman, and
Davidson showed that the =,7* transition of phthalo-
cyanine involves a transfer of charge from the outer
benzene ring to the inner macrocyclic ring.?® This CT
was confirmed spectroscopically in the case of VOPc
dyes.32 The electronic states of both squaraines!%6:163
and thiapyrylium salt?* are shown to be CT states also,
by electrochemical and spectroscopic techniques. Al-
though the electronic structure of perylene is not well
understood, there is an indication from the aggrega-
tional behavior of these materials that its electronic
state should have some CT character.’® As pointed
out earlier, azo pigments are keto hydrazones. Both
MO calculations® as well as electrochemical results3%
indicate that the electronic states of keto hydrazones
are intramolecular CT states as well. The interesting
outcome here is that, the key molecular requirement
for an organic photoconductor is to have an intramo-
lecular CT state that absorbs in the visible region.

2. Effect of Molecular Architecture

Polymorphism is a very common phenomenon in
organic photoconductors. Usually, as the morphology
of the microcrystal changes, the photoconductivity
varies. Although the molecular stacking arrangement
of the photoconductive molecules varies along with the
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Figure 29. (a) Absorption spectra of ¢-Bu; ;VOPc in poly-
styrene [before (—) and after (---) ethyl acetate vapor
treatment]; (b) a schematic illustration of the intermolecular
interaction of t-Bu;,VOPc molecules in the solid state.
Reprinted from ref 309. Copyright 1988 The American
Chemical Society.

morphological changes, the connectivity between pho-
toconductivity and stacking arrangement is weak and
indirect. The connectivity is usually masked by factors,
such as impurity, particle size, crystallite size, or
crystallographic preference, that are associated with
the different preparations of each polymorph. In this
section, several examples that clearly show the effect
of stacking arrangement on the photogeneration effi-
ciency are summarized. The importance of the precise
stacking arrangement on the photogeneration efficiency
is illustrated. The common molecular architecture
among several highly efficient photogenerators is noted.

t-Bu;4VOPc Single-Layer Photoreceptors. t-Bu;s
VOPc is a composite VOPc dye that was synthesized
by co-reacting 4-tert-butylphthalonitrile and phtha-
lonitrile at a ratio of 1:11 with vanadium trichloride.3¢2
It exhibits good solubility in organic solvents due to
the solubilizing tert-butyl groups. The number of tert-
butyl groups on the VOPc ring is specifically designed
in such a fashion that ¢t-Bu; 4VOPc¢ molecules can self-
assemble to the photoconductive aggregated form of
VOPc (phase IT) in the microcrystalline state. Figure
29a (solid curve) shows the absorption spectrum of a
thin film of ¢-Bu;4VOPc in polystyrene (PS) on a
transparent Mylar substrate. By comparison with its
absorption in chloroform solution,?%? the absorption
spectra of the metastable glassy phase (I) and the
crystalline phase (I1I) of t-Bu; sVOPc and VOPc,!23:302
Law®® concluded that ¢t-Bu; 4sVOPc precipitates pri-
marily as the phase I in PS during the film formation.
Ethyl acetate vapor treatment (24 h) of the film causes
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Table XI. Xerographic Data of ¢-Bu,,VOPc
Single-Layer Photoreceptor Devices*
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Table XII. Xerographic Data of Sq-1 and Sq-23 in
Bilayer Photoreceptor Devices*

untreated treated® Sq-1 Sq-23
corotron (kV) +5.5 +5.6 corotron (kV) -6.1 -4.8
Vi (V) +9800 +920 Vi(V) -970 ~-920
AV/At (V/s) +10 +35 AV/At (V/s) -90 -45
Ve (V) +250 +10 Vr (V) =50 -20
Eos at 600 nm (ergs/cm?) >10¢ 33 Ey5 at 600 nm (ergs/cm?) 3.3 390

2 10% by weight of t-Bu; 4VOPc in polystyrene, 10-um thick.
b Ethyl acetate vapor treated for 8h. (Data taken from ref 309.)

a change in color, from blue-green to blue-blue. Inthe
absorption spectrum (Figure 29a dashed curve), a
decrease in absorption in the visible region and an
increase in absorption in the near-IR region (Apax ~810
nm) are observed. Since the near-IR absorption is the
unique characteristic of the crystalline phase I1 of VOPc
and ¢-Bu,; 4VOPc, the absorption spectral data in Figure
29a suggest that the phase I of t-Bu; VOPc is crys-
tallized to the phase II upon exposure to ethyl acetate
vapor.*® This conclusion is supported by X-ray powder
diffraction data. A schematic of the stacking arrange-
ment of t-Bu; sVOPc molecules in the phase II form is
depicted in Figure 29b, in accord with the crystal
structure of the phase II of VOP¢.3%7

Table XIsummarizes the xerographic photodischarge
data of a 10-um-thick, single-layer photoreceptor device
of t-Bu; 4sVOPc in PS before and after the ethyl acetate
vapor treatment. Results show that there is a slight
increase in dark decay (AV/At), a significant decrease
in residual potential (Vg) and a dramatic increase in
photosensitivity (lower Eq s value) after the ethyl acetate
vapor treatment. Transmission electron microscopy
results reveal that ¢t-Bu; {VOPc¢ particles (~0.1-0.15
um) distribute uniformly within the layer and that there
isneither a change in particle distribution nor in particle
gize after the vapor treatment. Since absorption
spectral data and X-ray results show that ¢-Bu, sVOPc
crystallizes from the glassy phase I to the crystalline
phase II upon the vapor treatment, the change in
xerographic properties is thus attributable to this phase
change. The increase in dark conductivity (decay) and
reduction in Vg are consistent with the increased
crystallinity because crystalline materials are known
to have higher conductivity than glassy materials.30
The most striking result in Table X1 is the >300 times
improvement in photosensitivity after the ethyl acetate
vapor treatment. The result suggests that the quantum
efficiency of photogeneration of ¢-Bu; 4VOPc increases
drastically as the intermolecular CT interaction between
the VOPcrings is enhanced due to the crystallization,3®

Squaraine Bilayer Photoreceptors. Sq-1and Sq-23
form different aggregates in their microcrystalline state
(Figure 12a,b). Their photoconductivities have been
studied in parallel by xerographic photodischarge
technique using bilayer photoreceptor devices.?® Re-
sults (Table XII) show that device of Sq-1 exhibits
higher dark decay and higher Vg values as compared
to that of 8q-23. These differences can be caused by
intrinsic or extrinsic factors (e.g., impurities). More
detailed experimentation is needed to elucidate all the
possibilities. While the dark decay and Vg values differ
only by a factor of 2, the difference in photosensitivity
between them is over a factor of 100. Thelow sensitivity
of 8q-23 is not due to an impurity effect because

¢ CGL: ~0.5-um thick, consists of 30% by weight of asquaraine
ina polycarbonate binder, CTL: ~30-um thick, consists of 40%
by weight of a triarylamine hole-transporting molecule in a
polycarbonate binder. (Data taken from ref 309.)

impurities primarily affect the dark decay of the
device.!¥” The low photosensitivity should not be due
to any energy mis-match between CGL and CTL
because the oxidation potential of Sq-23 is expected to
be higher than that of Sq-1.1%® It is also not due to any
fabrication effect because similar differences in pho-
tosensitivity are observed when Sq-1 and Sq-23 are
tested in different device configurations. Law attrib-
uted the low photosensitivity of Sq-23 to an aggrega-
tional effect on the photogeneration efficiency.3® The
result illustrates that while crystallinity may be re-
quired, high photogeneration efficiency can only be
obtained when the aggregate fulfills its architectural
requirements as an efficient photoconductor.

The xerographic results on ¢-Bu; 4VOPc/PS single-
layer photoreceptor devices show that there is a drastic
increase in photogeneration efficiency when the glassy
phase I is crystallized to phase II. A similar improve-
ment in photosensitivity was observed by Dulmage and
co-workers in an analogous single-layer photoreceptor
based on thiapyrylium salt (XX1I).252 These authors
showed that there is a 150 times increase in photoge-
neration efficiency when the as-coated, glassy, and
homogeneous device is treated with methylene chloride
vapor, which induces XXII to co-crystallize with the
polycarbonate polymer as an aggregate. A perylene
thin film of XVIIm was shown to transform from
amorphous to crystalline upon solvent vapor treatment
and the transformation is accompanied by an increase
in photogeneration efficiency.?? Mizuguchiand Rochat
reported that solvent vapor increases the crystallinity
of thin films of 3,6-diphenylpyrrolo[3,4-c]pyrrole-1,4-
dithione (XXIII) and the increase in crystallinity also
leads to a 100 times increase in photogeneration
efficiency.?6® Allfour photoconductors bear remarkable
similarity, namely an increase in photoconductivity
after solvent vapor treatment. The significance here
is that, despite the wide structural variation among
them, the molecular architecture of these molecules in
their microcrystalline states, in terms of the intermo-
lecular CT interactions, are similar (see Figures 23 and
29).

In the squaraine systems, Sq-1 and Sq-23 form
different aggregates in solid and different photosen-
sitivities are observed. The difference is attributable
to an aggregational effect on the photogeneration
efficiency. The most fascinating observation here is
the high photosensitivity of Sq-1 because Sq-1 is shown
to form aggregates having extensive intermolecular
charge-transfer interactions (Figure 12a) similar to those
of t-Bu; 4 VOPc¢, XXII and XXIII. These findings thus
illustrate that, although crystallinity is a prerequisite
for the high photogeneration efficiency, the precise
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stacking arrangement in the aggregate is ultimately
important.

There are plenty of examples that support this view
indirectly. The data in Table II show that the X- and
the r-form of H,Pc are more sensitive than the a- and
B-form. e-CuPc is more photoconductive than a-CuPc
and 8-CuPc. The aggregated forms of MgPc, VOPc,
AlCIPc, AICIPcCl, and InClPc¢ are superior to the
respective a- or 8-forms. The common feature of these
sensitive polymorphs is their strong absorption in the
near-IR region (~750-850 nm), which is red-shifted
from their solution absorption maxima by 100~150 nm.
The spectral changes are identical to that of t-Bu, 4-
VOPec, indicating that the intermolecular CT interac-
tions in these materials are very similar. It thus
becomes clear that the architectural requirement of
the photoconductive molecules in the solid state
dominates the photoconductivity. An efficient pho-
toconductor should have (1) large charge mobility upon
optical excitation (charge transfer states), (2) short
interplanar distances (~3.5 A), and (3) strong inter-
molecular CT interactions in solid.

D. Photoinduced Electron-Transfer Reactions

Regardless of the photogeneration mechanism, ex-
citation of the photoconductor in a bilayer device,
formally results in the formation of e-h pairs in the
CGL. The photogenerated holes inject into the CTL
and migrate across the device to neutralize the surface
charges. The photogenerated electrons travel through
the CGL to the ground of the conductive substrate.
Fundamental understanding of these photoinduced
interfacial electron-transfer processes is obviously of
great practical values. Of the two processes, the
electron-transfer between CGL and the grounded
substrate has seldom been examined. Some efforts have
been made to understand the energetic requirements
between CGL and CTL on the xerographic performance.

1. Effect of CGL/CTL Energetics on the
Photosensitivity

The injection efficiency of the photogenerated holes
from CGL to CTL plays a crucial role in the xerographic
gain of bilayer photoreceptor devices. The importance
of the energetics between CGL and CTL was recognized
as early as 1979. Melz and co-workers*? reported an
investigation on the effect of hole transporting mole-
cules on the photosensitivity of different bilayer devices.
Three pyrazoline molecules were employed.

X
©rnip-oH=cH<Orx  x= gCH
3
N(CyHs)2

Although the oxidation potentials of these three
molecules were not reported, one intuitively expects
that it decreases as X changes from H — OCH; —
N(C:;Hs);. Three different CGLs, namely a SeTeAs
layer, a Chlorodiane Blue layer, and a Sq-9 layer, were
examined in coupled with these CTLs. Without
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Figure 30. (a) A plot of log Eos vs I, (CGL, Chlorodiane
Blue/binder; CTL, hole-transporting molecules of varying
ionization potential (I;); (b) a plot of log Eo5 vs Eox (CGL,
squaraines of varying oxidation potential; CTL, a triarylamine
in a polycarbonate polymer). Part a reprinted from ref 310.
Copyright 1981 IEEE Industry Applications Association.

exception, photosensitivity increases as X changes from
H — OCH; — N(C3;H;);. Since the fabrication and
geometry of all devices are identical within a series of
experiments, the results indicate that the efficiency of
hole injection from CGL to CTL increases as the
exothermicity of the injection process increases.
Kakuta, Mori, and Morishita®'® proposed the use of
the “w” technique, along with polarographic oxidation
potential measurements to estimate the HOMOs of
different CTLs. Using bisazo pigment Chlorodiane
Blue as a photogenerator in the CGL, the xerographic
sensitivities (Eo s values) of 25 bilayer devices containing
hole-transporting molecules of varying oxidation po-
tentials were determined. A plot of log Eos vs Ip
(ionization potential) is given in Figure 30a. The data
can berationalized in terms of a hole-injection efficiency
model, namely hole-injection efficiency and photosen-
gitivity increase as the exothermicity of the injection
process increases. The correlation between log Eosand
I seems genuine since a similar plot was also obtained
by Shi in his study of bilayer devices of e-CuPc and
different pyrazoline hole-transporting molecules.3!!
A similar description of the energetic requirement
between CGL and CTL was provided by Law et al.1¢3
These authors reported the oxidation potential of a
hole-transporting molecule (TPD) along with the ox-
idation potentials of 26 photogenerating squaraines in
methylene chloride solution. By making the assump-
tion that the oxidation potential of a squaraine in the
CGL is similar to that in solution, the relative energy
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Figure 31. A schematic of an energetically favorable hole-
injection process between CGL and CTL.

level of the HOMOs of various squaraines in CGLs can
be assessed. Similarly, the energy level of the CTL is
estimated. For a series of squaraines (Sq-1, 8q-5, and
Sq-8-11) in which the fabrication, morphological, and
particle size effects are minimal, the variation of
xerographic sensitivity is shown to parallel the oxidation
potential (Eox). It is interesting to note that when one
plots the log Ey 5 versus Eox, a similar linear correlation
is obtained (Figure 30b). The mathematical analysis
of the energetic requirement on photosensitivity has
not been worked out.

Finally, from the oxidation potential of TPD and
those of squaraines, one can conclude that highly
sensitive devices (Eo5; <10 ergs/cm? can only be
obtained when the hole-injection process is isoenergetic
or better. The energetic requirement for having a
favorable hole injection from CGL to CTL is depicted
schematically in Figure 31. The finding of Law et al.
agrees well with the report of Kitamura and Yokoyama,
who concluded from DC transient measurements that
the hole injection between CGL and CTL should be
very efficient when the ionization potential of the CGL
is the same as, or more positive than, the CTL.312

2. Effect of CGL/CTL Energetics on the Residual
Potential

One of the key parameters in the photodischarge of
a xerographic device is the residual potential (Vg). A
high Vg value lowers the contrast potential of the
photodischarge process, which leads to low image-
development latitude and poor copy quality. More
significantly, electrons or “space charges” that remain
in the device are known to be a source of electrical
instability and device fatigue.?13-315 Using DC transient
measurements, Kitamura and Yokoyama®'2showed that
Vr increases when the HOMO of the hole-transporting
molecule is isoenergetic or lower than that of the CGL.
It is understandable that when the hole-injection
process becomes isoenergetic or even unfavorable
thermodynamically, the injection process becomes
inefficient. This inefficiency results in the formation
of “space charges” in the CGL. A similar energetic
conclusion on Vg was also reached by Scott and co-
workers,3€ in their study of bilayer devices containing
bisazo and squaraine pigments.

In conclusion, evidence is provided that an exothermic
photoinduced electron-transfer process between CGL
and CTL is essential for maximizing the photosensi-
tivity and minimizing the residual charges in bilayer
devices. This energetic requirement should be a prime
consideration in the design of future devices.
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V. Trends and Outlook

A. Trends in Materials Research

Itis clear from the distribution of the subjects in this
report that research efforts on organic photoconductors
have been primarily focusing on synthesis and evalu-
ation of new materials. Due to the rapid pace of
development, the approach has been semiempirical, but
a successful one. Many organic photoconductors have
been put to practical use. Now, organic photoconduc-
tors are known to be sensitive, highly efficient, stable,
and economical. They are not only the materials for
today, but also the choice for tomorrow. The photo-
conductive properties we accomplish now will become
the basic requirements of future devices. While a
quantum leap in performance improvement is unlikely,
there will be a stream of incremental improvements in
the next decade. The areas of improvement include
(1) mechanical life and abrasion resistivity of the entire
device, (2) device performance, stability, and versatility,
(3) lower manufacturing cost, and (4) the use of
environmentally friendly materials and processes. The
first point and part of the second point are related to
CTL technology and will partly be discussed in Part B
of this section.

1. Basic Studies

The semiempirical approach has led to the devel-
opment of many practically useful photoconductors.
We also understand crudely that the molecular archi-
tecture of photoconductive molecules in the microcrys-
talline state dominates the photoelectrical properties
of organic photoconductors. The superior photoge-
neration efficiency of Y-TiOPc¢ over many other pol-
ymorphs of TiOPc illustrates this point very well. The
prime focus in the 1990s is not on photosensitivity, but
on photoelectrical stability and device reliability. We
are at a stage where the semiempirical approach has
become inefficient. To realize the stability and reli-
ability goals, a basic understanding of the sciences
involved in every step of the photodischarge process
becomes a necessity. Thesteadyincrease in thenumber
of reports that deal with the science of exciton diffusion,
photogeneration, and interfacial electron transfer over
the past several years is indicative of the correctness
of this assessment. There will be investigations,
including molecular modeling and simultation, to search
for the “best” possible molecular architecture for an
organic photoconductor. The aggressive pursuit of
TiOPc or its isoelectronic VOPc will continue. With
the recent advent of atomic force microscopy and
scanning tunneling microscopy, the architecture of
microcrystals of Y-TiOPc may soon be known. Asour
tool to characterize submicron structure increases, work
onstructure—photoconductivity relationships will take
a sharp upturn. Studies will likely extend to model
systems, where the photoconductive assemblies are
generated in a “controlled and well-defined” environ-
ment and the fundamental processes, such as exciton
diffusion, photogeneration, and interfacial electron-
transfers can be examined in a very fundamental way.
These studies will enable technologists to deconvolute
the intricate photoinduced electron-transfer processes
in photoreceptors and put the knowledge together for
practical use. The understanding will alsolead to better
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control of electron-transfers at interfaces and ultimately
high device stability and reliability.

2. Materials Design Concept

One of the known causes of electrical instability in
bilayer xerographic devices is the residual or space
charges in the device after photodischarge.313-31% It is
interesting to note that, although phthalocyanines, azo
pigments and perylenes are extrinsic photogenerators,
the photogeneration processes in bilayer devices of azo
pigments and perylenes are at the CGL/CTL interface,
whereas that of phthalocyanines is in the bulk of the
CGL. The specificity is due to the fact that photoge-
nerations of e-h pairs of perylenes and azo pigments
only occur when the excitons react with the hole
transporting molecules, whereas in the case of phtha-
locyanine, photogeneration occurs at the particle
surface between the exciton and O,;. The advantage of
having an interfacial (interlayer) photogeneration is
that, as soon as e—h pairs are formed, opposite charges
are separated immediately by the electric field and by
hole hopping. Very few free carriers remain in the
device. This analysis suggests that photoconductive
devices of perylenes and azo pigments should have
practically no free carriers after the photodischarge. A
high photoelectrical stability is implied and is, indeed,
observed.!80:216 Thus the development of perylenes and
azo pigments will continue.

Now, photoreceptor manufacturers make two kinds
of photoreceptors, visible photoreceptors for copiers
and IR photoreceptors for diode laser (780 nm) printers.
One possible improvements would be to have a pho-
toreceptor that can cover the entire spectral range (450~
800 nm), so that there is no need to manufacture two
kinds of devices. It was proposed that this may be
done by incorporating two spectrally complementary
CGLs in one photoreceptor?’ or by mixing two spec-
trally complimentary photogenerators in a single CGL.31®
The impracticality of these approaches is quite obvious,
considering the difficulty one already experiences in
optimizing the performance of a single photogenerator
system.

The possibility of using a single photogenerator to
cover the entire spectral range, from 400 to 800 nm, has
been explored by Law.17317 Unsymmetrical squaraines
that are spectrally designed to meet this challenge have
been reported. Among the unsymmetrical squaraines
synthesized, USq-13 is shown to have the sensitivity
and stability that make the approach a reality.!”® In
the future, there will be continuous attention to
synthesize panchromatic photogenerators to simplify
the manufacturing process.

In the past several years, unsymmetrical photocon-
ductors from different chemical classes, squaraines, azo
pigments, and perylenes, have been synthesized. While
the motivation of introducing asymmetry in the pigment
structure may be different among the different labo-
ratories, improvements in photoconductivity have been
demonstrated. For example, Law reported that the
photoelectrical performance of USq-13 is superior to
all known squaraines, most of which are symmetrical.l?s
Murakami et al.2°2 showed that the unsymmetrical azo
pigment XIV is more sensitive than an analogous,
symmetrical azo pigment. While the origin for the
improved photoconductivity has not been clearly elu-

Law

cidated, there is already adequate reason for further
efforts in unsymmetrical photoconductors.

3. Visible versus IR

By the end of this century, the time of manufacturing
two kinds of (visible and IR) photoreceptors may be
over. As indicated in section II, the era for digital
xerography has already arrived. The advantage of
digitalizing the xerographic process is enormous, it
enables editing, color, and image quality improvement.
Barring any future breakthrough in visible diode
technology, the preferred light source for forming the
electrostatic images on the photoconductor will be the
near-IR diode laser, which emits at 780nm.4” The copier
process will no longer be a light lens process, but just
involving laser scanning and digital printing. Thusthe
pressure of developing a new and improving visible
photoreceptor will be gone. Research focus will be on
IR photoreceptors.

4. Environmentally Safe Materials

Today, all materials used in photoreceptors are
nontoxic and safe for disposal. However, as we become
more environmentally conscious, regulation on man-
ufacturing conditions will be more stringent. The rules
on industrial waste disposal are tightening and the cost
of manufacturing future photoreceptors will be sky-
rocketing. Now, the urgency is to improve device
stability and reliability. The priority, however, can
easily be switched when the manufacturing cost be-
comes unaffordable. Along the line of environmental
consciousness, Pacansky and co-workers®!® reported the
use of radiation curing in the coating of the CGL, which
minimizes solvent emission into the environment. We
expect that the pace of developing solventless coatings
or environmentally friendlier materials and processes
for photoreceptors will be increased by the end of the
century.

B. Trends in Device Development

Photoelectrical stabilities higher than 50-200 kcycles
have been reported for several different organic pho-
toreceptors.17%180216 In practice, the machine life varies
from a few thousand to 100 thousand cycles. The harsh,
operating environment experienced by the photore-
ceptor, which causes the CTL to wear and mechanically
fatigue, limits the practical life of the photoreceptor.
Several attempts have been made to improve the
robustness of the entire device, so that the full pho-
toelectrical life of the device can be utilized. These
attempts include the increase of the thickness of the
CTL,*¢ or the use of a mechanically strengthened
CTL.320

Another source of device degradation is induced by
reactive species generated during the negative corona
charging. These species react with the hole-transport-
ing molecule in the CTL and lead to a deterioration of
the transporting properties.’?! Efforts to synthesize
hole-transporting molecules that are inert to chemical
degradation have been reported.??232 The long-term
solution, however, is to switch the charging polarity to
positive, because positive corona charging is environ-
mentally preferable. To achieve positive charging, one
either has to invert the configuration of the bilayer
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device (by putting the CGL on the top of the CTL), or
alternatively, use an electron-transporting layer. While
the former approach is impractical because of the poor
wear resistivity of the CGL, the search for electron-
transporting materials has been gaining momentum in
recent years,324-327

The manufacturing cost of single-layer photoreceptor
devices is extremely, economically attractive. The
continuous improvement in the bilayer device tech-
nology, in terms of photoelectrical and mechanical
properties, has made reintroduction of the single-layer
concept difficult. However, there will be frequent
revisits of the technology in the future due to the
enormous pay-off.

C. Outlook and Other Opportunities

The constant demand for better photoconductors,
from the business and competition viewpoint, will
continue. As the printer market outgrows the copier
market, all engines and processes will become digital.
The need of laser addressable photoconductors, par-
ticularly the IR photoconductors, is obvious. To meet
the stability and reliability goals, basic understanding
of the details of the photophysics, photogeneration,
electron transfer, and charge recombination of thin-
film organic photoconductors will be developed. Un-
doubtedly, the photoreceptor industry will be the
primary beneficiary of the outcome. The similarity in
the fundamental steps between xerographic photore-
ceptors and organic energy conversion devices indicates
that better solar cell devices are possibilities with today’s
improved photoconductors and know-how. Inaddition,
the work on organic photoconductors may find appli-
cation in molecular electronic devices, where the
phenomena of photoconductivity, charge transport and
charge recombination are utilized. Indeed, spinoff
applications, such as electrophotographic printing
master,32832° image storage media,33%1 electrolumi-
nescent diodes, etc.,332-3% have been reported.
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