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IR and visible absorption spectra,and electron spin resonance spec,

tra. These photoreceptor devices show good electrOphotographic
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Introduction

Phthalocyanine compounds are a very interesting class of
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ported on the preparation of phthalocyanine coloring lnate―
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ShuMLyered photoreceptoL whchお

constructed with a thin charge generation layer(CGL)con―
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polymer binder and coating the dispersion onto a conductive
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substrate to form a CGL on a commercial base.Vacuum‐

deposited CGLs are also used for trivalent or tetravalent
metal complexes wvith phthalocyanine.
PhotOsensitivity has been reported to depend on the spe―

cific crystal forHl of phthalocyanine used.ヽVe have investi―

gated photosensitivity of the c‐forrn copper phthalocyanine

(c―CuPc)5 and the T― form metal‐free phthalocyanine(γ ―

H【2PC)6 for Charge generation lnaterials of photoreceptors for
LBPs.A photoreceptor incorporating dispersed c‐ CuPc par‐
ticles was found to exhibit near‐IR photosensitivity of 32

ergs/cm2 half―decay sensitivity(E1/2)at 760 nm5;for One
incorporating T‐H2PC,回 1/2 WaS 5 ergs/cm2.6
Trivalent or tetravalent rnetal complexes with phthalocy‐

anines have,moreover,been reported to be of promise for
charge generation materials.Chloroalulninum phthalocya―
nine(AlPcCl),7,8 chloroindium phthalocyanine(InPcCl),9-11

oxovanadium phthalocyanine(VOPc),12 and OXotitanium

phtha10cyanine(T10Pc)13-16 haVe all been utilized in highly
sensitive devices.For instance,the near―IR photosensitivity

of a dual-layered photoreceptor with vacuuHl― deposited
chloroalunlinum chlorophtha10cyanine (Clれ AlPcCl)and

pyrazoline for charge transport inaterial was 4 ergs/cln2 at
825 nln,8 and that of a photOreceptor、vith lnPcCl and a

N,N′‐diphenyl―N,Ⅳ ‐bis(3‐methylphenyl)‐ [1,1′―biphenyll‐
4,4′―diamine(TPD)for charge transport material was ap‐

proxilnately 3 ergs/cm2in the 800-850 nm region.1l A dual‐
layered photoreceptor using VOPc,with the CGL on top of

the CTL, exhibited high phOtOsensitivity in the near―IR
region.12

1R‐sensitive photoreceptors using TiOPc dispersed in a

polymer have been actively investigated as CGLs.The crys―
tal structure of T10Pc,which has α―(triclinic)and β。(InOno―
clinic)forms,has been determined by Hiller et al.13 Differen―
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Figure l,Cross‐ sectional vie、v of a lnultilayered photoreceptort

Printed in U.S.A.



Crude

伊TiO PC

CN

CN

230°C′ 8 h
TiCi4            T'° PC

QuinOline         、

Y~T10 PC

α―TiO Pc

A m o r p h o u s

T i O P c

m―T i O P C

Scheme I,Processes for trea↓ment of oxotitaniuln phthalocyaninest

tial scanning calorimetry(DSC)indicated the transforma‐
tion from the α―form tothe β‐fOrin at 230°C,with a changein
enthalpy of-20J/g.14 A photoreceptor with α‐T10Pc and a
hydrazone derivative exhibited photosensitivity of 2.7 ergs/
cm2at 830 nm,15 and One of β―TiOPC and hydrazone showed
approximately 4 ergs/cm2.16 Recently,れ‐T10Pc,which was
distinguished from the α‐and β―formS,has been developed
for a photoreceptor device.14 The photosensitivity of theァれ―

f o r m  w a s  2 . 4 - 3 . O  e r g s / c m 2 i n  t h e  6 0 0 - 8 3 0  n m  r e g i o n .
In this paper,we describe the polymorphism of T10Pc.

Five polymorphs,including amorphous―  and γ‐forms,are

characterized by means of x‐ ray powder diffractometry,

spectrophotometry and electron spin resonance(ESR)spec‐
troscopy.Also,applications of the TiOPc polymorphs as

charge generation materials in photoreceptors for printers

are reported,

Experimental

Preparation of TiOPc.Crude TiOPc was synthesized by

the reaction of phthalonitrile(25,6g:0。2 mol)and titanium

tetrachloride(9,5 giO.05 1nol)in 200 g of quinoline at 210°C
for 8 hr.The resulting product was purified by washing in

succession with hot quinoline at 130°C,30/O arninonium hy―

droxide,370 hydrochloric acid,acetone and ethanol.Follow―
ing the process for crystaltransformation of T10Pc shown in
Scheme I,β‐T10PC was prepared from crude T10Pc by wet

mllling in quinoline at 200。C for 6 hr.

腕‐T10Pc was produced as followsi Crude T10Pc and a

T10Pc derivative were added to concentrated sulfuric acid,

and that solution was poured into distilled water. In this

e x p e r i m e n t , t h e  d e r i v a t i v e  u s e d  w a s  o c t a c h l o r o‐T i O P c , C o n‐

version to the rれ―form was achieved by wet rnilling for 10 hr.

α‐T10Pc was prepared fro]m crude TiOPc by acid―pasting
and treatment with acetone.γhTiOPc was prepared from

acid‐pasted TiOPc by wet milling inれ‐butyl alcOh01.AInor―

phous T10Pc was prepared by dry milling acid‐ pasted
TiOPc for a week.All polymorphs were assayed by x―ray

powder diffraction.Further purificatiOn was performed by
solvent‐extraction lnethods,Other chemicals used were ob―

t a i n e d  f r o m  T o y o  l n k  M f g o  C o . , L t d . , w i t h o u t  F u r t h e r  p u r i f i ―
cation.

Analytical Measurements.酌 Iolecular weight of T10Pc
crystals was measured by a Hitachi在ヽ‐300‐FD mass spec―
trometer,Average particle size of phthalocyanines was de―
terrnined by a Shimadzu SA‐CP3 centrifugal particle ana‐
lyzer,which measured particles dispersed in THF.X‐ray
diffraction patterns of TiOPc were recorded on a Rigaku x‐
ray powder diffractometer RU‐200,using CuKα Hlonochro‐
matic radiation・ AbsorptiOn spectra were measured on a

Shimadzu UV‐365 spectrophotometer,using thin films of
T10Pc dispersed in a polymer binder.IR spectra ofpigments
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Figure 2.Structures of(α)charge generation materials and(b)
charge transport lnaterials.
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monochromator. Polystyrene and indene served as stan―

dards,ESR measurements of powder samples were per―

formed at room temperature,using a」EOL JES‐FE-lXG

X‐band Spec↓rOmeter with 100-kHz field inodulation.Pow‐

der was sealed in a glass capillary tube and attached between

the magnets.Ionization potentials(与)of pOWder samples
were measured by a Riken‐keiki AC‐l photoelectron eHlis―

温i灘鷲開景ず:総鮮t品鍔8艦鞘盟粘ettis脳
路路紺錯錨 盤3熱監鎖]括壼曲瑞ヨ蛇潔品×
獣:濫猪猟。tographic Measurements.Materねls used
for the CGL and the CTL are shown in Fig.2.The charge
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ate and methylene dichloride and coating onto the CGL at
thickness of 20 μm。

The electrophotographic lneasurements were inade by a

麟 s措 ま粘 だ描 鞘 1 1路 ; 3 :潜琴襴 比 1 8景部

was selected by a lnonOchromator or by interference filters.

Photoinduced discharge curves were rneasured in terrns of

surface potential versus tiine.The lneasurements、vere run

so that there was a charge,a2‐sec dark decay period,and a3-

sec white‐light exposure period.レ
ア
O is the initial dark poten‐

tial before汀ヽhite light irradiation,D,9 is the average poten‐

tial of dark decay for 2 sec,E,1/2 and五'1/5 are the exposure for

surface potential to a half‐decay and on。‐fifth decay expo―

sure,respectively,and yr3 iS the residual potential at 3 sec

a f t e r  e x p o s u r e . T h e  v a l u e s  o f  y O  w e r e  a d j u s t e d  t o  6 0 0 ±1 0

(―V)by control of the applied corona charge.
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sure from 450 to 850 nm.Curves of surface potential versus
exposure、vere obtained by a computer‐controlled electrot

3津鑑培塩堪計4 1品船8 3ご洸撤l鰐ま景品e t t s t錯8特仏温 t無
static voltlneter(362Ai Trek Corp.)at variOus exposures.
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Results and Discussion

FD mass spectrometry sho、ved a single peak correspond‐

ing to A江十(腕/z of 576)assigned to TiOPc.ヽVe concluded,

therefore,that the crystals of these TiOPcs did not contain

any other derivatives.WIedian diameter and specific surface
area of T10Pcs are shown in Table I,together with corre,

sゴonding data for other well‐known phthalocyanines used

for charge generation materials.The four crystalline poly‐
morphs of TiOPc and the X― H2PC haVe almost the same

particle size,0.08± 0.01 μm,compared with O.13μ ■l for

c―CuPc and O,21 μm for T―H2PC・Amorphous T10Pc was

appreciably smaller than the crystalline polymorphs of
TiOPc.These results suggest the feasibility of CGL forma―

tion with well―aligned particles and also imply a decrease in

t h e  s p a c e  c h a r g e  a t  t h e  i n t e r f a c e  b e t w e e n  C G L  a n d  C T L .
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TABLE l.Average Particie Stze and Specific Surface Area Or
phthalocyanines'

Phthalocyanine

Median diameter,     Specific surface area,

μm           m2/g

Amorphous TiOPc

α‐TiOPc

β‐TiOPC

γ‐T10Pc

砕 TiOPc

0.05

008

0109

0107

0.09

117

57

61

71

67

ヌ‐H2PC

T~H2PC

c‐CuPc

0107

0 . 2 1

0.13

a These values were measured by the centrifugal particle analyzert The parti‐

cies were dispersed in THF.

P o l y m o r p h i s m  o f  T i O P c

X‐ray Powder lDiffraction.The x― ray powder diffrac‐

tion patterns indicate,、vithin limits,what lattice defects or

crystal transfOrmations are forrned,which depends upon the

conditions in the manufacture of the TiOPc crystals.The x‐
ray powder diffraction data ofthe five polymorphs of T10Pc

are shown in Fig.3 and Table II.Positions and intensities of
the diffraction lines are identified for the five polymorphs,

Although the crystal orientations for the amorphous,γ‐and
〃ぃforms have not yet been deterHlined,the structures of the

α―and β―formS have been analyzed by a four―circle diffrac‐
torneter.
Based on the x‐ray powder diffraction,the orientations of
the(010)face in the α‐form and the(001)face in the β ‐fOrm

are very high compared、 vith the other faces.In the DSC

analysis the α―form shows an exothermic peak at 230° C,
attributed to crystal transformation froln the α―form to the

β―fOrm.14 This means that the β‐form is thermodynamically

stable.
AlthOugh the crystal structures of the γ‐and 7れ‐forms are
not known,their x‐ray diffraction patterns have strong lines.

The γ―form shOws intense peaks at 2θ=7,3,17.7,24.0,27.2,

:ど 「禄号|1掛程品を墳 ;孝盈培浩幣整畳掛掛辞寧;岩軽をt&義 者
state of stacked T10Pc lnolecules that depends on the crys―

tal conversion by wet Hlilling in a polar solvent(れ‐butylalco‐
hol)`Furthermore,the γ ―form does not have any well‐de‐
fined peaksin the range of 8-17°.On the other hand,theァれ‐

forHl has three intense peaks,at 2θ=6.9,15.5,and 23.4° ,

試 ‖轍 i監 出 1群 播 盤 岩鱒 辮 鴨 増部 鮮
morphs,and this rather long distance should be attributed

to the use of the substituted TiOPc derivative in the acid

pasting process. The amorphous TiOPc has nO definite

peaks,indicating that it is■ot stacked regularly.
Absorption Spectra.Absorption spectra of TiOPc parti‐

cles dispersed in films and of TiOPc dissolved in l‐chloro‐
naphthalene are shown in Fig.4.The absorption spectruna of
the solution of TiOPc shows a narrow absorption peak,with
molecular extinction coefficient c=4.42× 105L/mol・ cm,at
700 nm.This resultindicates that TiOPc is present as isolat‐

ed lnolecules in l‐chloronaphthalene.The absorption spec―
trum of CuPcin l―chloronaphthalene also showed a narrow

peak,with c=7.31× 104L/mol・ cm,at 676 nm,These
results can be explained by Davydov's theory of lnolecular

extinction, and the magnitudes of the a1lowed transition

s p l i t t i n g  a r e  c o n f i r m e d  f r o m  m e a s u r e m e n t s  o f  t h e  i n t e r m o ‐

lecular forces―一that is,the exciton splitting fOr Ti==O in
T10Pcislarger than that of Cu in CuPc.

Solid‐state absorption peak data of the T10Pc poly‐
m o r p h s  a r e l i s t e d  i n  T a b l e  I I I . A s s h o w n i n  F i g . 4 , t h e  a b s o r p―

tion peaks for the amorphous,α―,β‐,andァれ‐forms are broad‐

Eれοんけどα,rrjr。んαsんあNαんαれ切rα
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Figure 3.メ〔―ray po、vder diffraction patterns of oxotitaniunl phthal‐

ocyanlnes.

TABLE ll.X‐ Ray Powder Diffraction Angies and Peak intenstties

for Oxotitanium Phthalocyanines

(a)α‐and β‐TiOPC

α‐T10Pc β‐TiOPc

2θ(° ) J(A) 2θ(°) 」 (A)

W a v e l e n g t h ( n m )

Figure 4.Absorption spectra of oxotitaniu■l phthalocyanines coat‐

ed on glass with a binding polymer and in solutiOn in l‐chloro‐
naphthalenet The films are O.2 μ m thick.The films are(1)amOr‐

phous,(2)α ‐form)(3)β ‐form,(4)γ ‐form,(5)れ ‐form;(6)is a solい
tion spectruln of T10Pc in l_chiOronaphthalene,

TABLE l‖.The WaverenOths(nm)。 f Absorption Peaks of
Oxctitanium Phthalocyanines

Amorphous Dissolved T10Pca

644 629,666

700

830 780

ain l‐chloronaphthalenet

molecular aggregates.3,6 The γ‐fOrm of T10Pc,hOwever,has

鉛補絶盟鑑告8:f岳:.枇ぜ鱒:を貯,:す鑑ぜ苫3酷艦
istic not shared with the other polymOrph spectra,and it

suggests the formation of an aggregate.
IR Spectra, Several IR spectroscOpic investigations of

揺 掛 総 8狩 糀 晴諸 と岳炭 :提播☆ 絆 を描 群 と螢:
characterized by somewhat different IR spectra.IR absorp‐
tion spectral data ofthe five TiOPc p01ymorphs are shown in
Fig,5 and Table IV.Let us try to give an interpretation tO

the individual absorption lines in the spectra,based on the

comparisOn Of their vibrational frequencies. Slight differ―

ences are apparent in the regions Of 700-800 and 1600-2000
cm~1.In the region 700-780 cm~1,the frequencies are as‐

signed to(1)γ―C―H(719-732 cm~1),(2)δ ―C6H6(～ 750 cm~1),
(3)ノ‐C―N(770-780 cm~1);therefOre,we can recognize the

polymorphisln in comparing the five crystals.
In particular,the two frequencies of(3)are unique for

each polymorph;that is,these frequencies depend on the
Orientation Of the planar phthalocyanine lnolecules,and the
bands of longer、vavenumber of thermOdynallically stable

polymorphs appear more intense than thOse Of unstable
polymorphs.恥 /e can confirm that the β _fOrm is the most

stable polymorph, and the bands are sharp due to、vell‐
stacked ltnolecular interactions.On the cOntrary,the bands
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ened and Split into two bands.The band splittings Of the

amorphous,α ―,β‐,and,れ ‐forrns are 3303,3528,2903,and
2237-4081 cm~1, respectively. rrhese splittings can be ex‐

plained by the formation of dilners of phthalocyanine lnole‐
cules and indicate strOng interltnolecular interaction be―

t肝ヽeen them. Similar phenOmena indicate that,マ ーand 7‐
fOrm H2PC fOrm dimeric structures or associate into

640  830
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WavenumbertCm l,

Figure 5.IR absorption spectra(cm~1)Of OXOtitanium phthalocya‐

nines,

TABLE'Vコ lR Absorption Spectra(cm~1)。 f OXotitantum

Phthalocyanines

Amorphous

at 1609 cm~l probably corresponds to the valence vibration

ofthe C―C cottugated bOnds ofthe benzene rings・
ESR Spectra, ESR spectroscopy has been applied to
characterization of the polymorphs of H2PC by]Harbour et
al.18 There are many strains and defects in the phthalocya‐

慧ぱ瑠
i督
鵠増告:品督塊踏梶

l警
t縄Ⅶ官1!簿鮮桃3培盟桃i

Ti==O with the surrounding four isoindole nitrogen atoms,

without additional information from the rest of the mole‐

cule.The molecular centers in the solid are located at the
lattice point, so that the molecules cannot rotate in the

撚習礼胤転ど塩鎌:‖督ど81七縄8諾貯鮮桃ど鴨鵡i
structure・

ESR spectra and the parameters of powder T10Pc are

shown in Fig.6 and Table V,respectively.Differential sig‐

nals due to the conduction band electrOns for TiOPc are

intense and narrow,and the Lorentzian curves appear at

approximately 2.0014(g_faCtOr)With 3.8-5,OC(Arpp),in

which the characteristic hyperfine structure resulting from

the signals of47'ri Can be seen in their splitting.Theg‐factors

of the α‐,γ‐,andれ ‐forms have the same values(2.0014),

that ofthe β‐fOrm is smaller(2.0012),and that ofthe amor‐

phous is larger(2.0015).Because theど
‐factor represents the

degree of disorder,these results suggest a structure having

縄品盤☆鬼猛能品!盟幣l活拙;岳よ縄8e掛七
。nれ
-1/2,whereれ

iS equal to the number of lnolecules over

which the unpaired electrOn is delocalized・17 The A″
pp Ofthe

れ‐form is larger than those of the other polymorphs,and

this difference rnay be the result oflocalization ofthe orienta―

tion of theれ‐T10Pc molecules and the use of the TiOPc

derivative in the process of manuFacture.On the contrary,the

含ま登督ぷ 猟 gを鮭 総 i古ユ対あ:i皆軍号械革↓∫ざど岳欝 品 韻 i

ESR line shape also reflects the environment and nature

松P岳3'裁羅ぽ鮒報括掛古灘ぷ挑t韻まli告魯およ響
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decreases for the α‐,γ,,and,切 ‐forms in this order,It is,

therefore,presumed that the order of the Ti===O arrange‐
ment becomes weaker than that ofthe α ‐form.On the con‐

蹴 を統岳景灘 l↓紺 :逮 ,総 督 !8鞘 :贈 !皆i暑蓋古:名艦佑盤

due t。47Tiis found in the spectrum.Instead of those lines,

the β‐T10PC has complicating lines like H2PC Without the

hyperfine structure resulting from the lnetal・Molecules of

the β‐fOrm have an alternate up―and‐down arrangementin,

fluenced by the spin of47Tl,and only the essential spins of

the phthalocyanine lnolecules can be detected.

Electrophotographic Measurements

Discharge Measurement. Photoinduced discharge

curves(PI]DCs)of multilayered photoreceptors using the

t滉 酬 者紺 i就 品 搭燃 負〕;韻 8監監8,暑l菅樹 胡 桜灘獣8

derivatives as charge transport materials(CTM)are Sum_
marized in Table VI.The values of ionization potential(rp)
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723

752

780

783

732

752

776

784

719

729

751

777

1735

1773

1330

1864

1609

1646

1668

1715

1734

1762

1864

1609

1644

1671

1712

1743

1822

1861

1896

1940

1956

1968

1985

1609

1645

1670

1718

1739

1314

1849

1864

1394

9ヽ25

1960

1609

1645

1672

1710

1735

1315

1822

1870

1897

縛 黙 t覇 謂 鰈 縄 j誕 艦 翠 縄 盤

in the 1700-1750 cm~l range become weak,As a result of

these measurements, the order of the well‐packed poly‐

軽 樹罪 f31路 鑑 鑑 盟 貫 桃統后!8野 絆 魚 柵 温 紺 3
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phOus

引50G卜

α

g宮 2.0014

引50G卜

g=2.0015

→ H

gヨ2.0012

α ‐H2PC

gヨ2.0120

引50G卜

→ H
(Cl

Figure 6.ESR spectra of powder samples of phthalocyanines,

TABLE V・ ESR PaFameters for Oxotitaniunl Phthalocyanines

Polymorph       ttfactor      △ Hp″C

g=2.0014

→ H
(b)

and mobility(μ)are shOwn in Table VII.The photoreceptors
exhibitlow dark decay,good white‐light sensitivity,and low

residual potential. Because the three derivatives used for

C T M  h a v e  d i f f e r e n t  m o b i l i t i e s , t h e  s e n s i t i v i t y  r e s u l t s  a p‐

肌盟岳fttRぽ辞ふ推:報盤黙艦甜淵蛇

離艦路錨継鑑辮艦鮒協
b e  a s  f o l l o w s : γ≧a r n o r p h o u s > れ> α> β. T h i S  r e s u l t  i s  a l s o

a p p r o x i m a t e l y  d e p e n d e n t  o n  t h e  o r d e r  o f  t h e  r p  V a l u e s  f o r

CGWI.
Although the photoreceptor using the oxadiazole deriva―

tive for CTM exhibits lower sensitivity and higher residual

(a)

Amorphous

β

γ

20015

2.0014

2.0012

2.0014

2,0014

4 . 0

3 . 3

4 . 0

4 , 1

5 , 0

α‐H2PC 2,0120

TABLE Vl.Electrophotographic Values of Dtscharge Measurement

White light(400-700 nm)a Light intensity:5 1ux

yO,_v Dθ ,v/sec ● 1/2,luX・secど 1/5,luX・sec 砿 る
―VTiOPc

Amorphous  599

α         600

β        607

γ         607

向        603

28

48

28

30

42

0 . 6

0 , 7

1 . 1

0 . 5

0 . 6

0 1 9

1 . 4

2 . 3

0 , 8

1 , 0

0

12

3

1

3

a yO is the initial dark potential before whlte light irradiation,ど)D is the average

potentials of dark decay,for 2 sec,E1/2 andど1/5 are the exposures for surface

potentiatto a half and one‐fiRh,respectively, するis the residuat potential at 3

sec ater exposure,The values of yO are ad!uSted to 600±10(一V)wVith the

control of applled corona charget

TABLE Vit.The lonization Potentiats(rp)and MOb‖ ity(μ)

Material lp,eV      μ ,cm2/v e seca

TiOPc

amo「phous

β
γ

5,39

5,34

5.27

5.38

5.35

CTM

(1)。Xadiazole

(2)hydraZOne

(3)butadiene

5,74

5,17

5111

5 , 7×10 ~ 8

1 . 2×10 ~ 6

8 ` 7×10 ~ 6

a The mob‖ity is measured by time‐of‐flight technlque with Xe tlash at 5×105

(V/Cm).
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ed from electrons in the CGL are injected most rapidly into
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are neutralized by the positive charge of the substrate.This

phenomenon gives rise to the lowering of the surface poten‐
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Figure 8。 Spectral sensitivities of oxotitaniuHl phthalocyanines.
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TABLE V‖ :.Eloctrophotographic Characteristics of Muit‖ ayered

Photoreceptors at 790 nm

TiOPc polymorph Amorphous

(1)OXadiazole derivative

Figure 9.Surface potential versus exposure curve for oxotitanium
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Vヽ e have investigated five polymorphs of TiOPc from the
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CGMsis γ≧amorphous>腕 >α >β,COrresponding to the
Order ofthe PID curves.
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