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Abstract

The photosensitivities of a series of hydrazone-based h
transport materials were correlated with their molecu
structures. According to the electron density of the fron
orbital in the neutral molecule and cation radical of 
charge transport material, the concept of the active h
transport N atom was proposed. The relationships am
photosensitivities, numbers of the active hole-transpor
atom and the HOMO energy level of CTMs w
investigated. The results showed that photosensitivity 
strongly correlated to the numbers of the active ho
transport N atom and the HOMO energy level of CTM
Therefore, it indicated that the hole injection process fr
CGL to CTL and hole transport process in CTL pl
significant role in photosensitivity.

Introduction

For the double-layered organic photoreceptors, compr
of the charge generation layer (CGL) and the cha
transport layer (CTL), the hole injection efficiency fro
CGL to CTL and the hole transport ability are considered
be two important factors to determine the photosensiti
of the photoreceptors, in addition to the carrier genera
efficiency.1-4 Many investigations into the hole injectio
process and hole transport process of the low-molecu
weight charge transport materials (CTMs) in some mole
larly dispersed polymer binders5-8 have been reported.

The hole injection process is considered to correlat
the HOMO energy level of CGM and CTM.9-10 The hole
transport is characterized by an electric field driven chai
redox process between the neutral molecules (N) and 
cational radicals (N+), and the rate of hole transport depen
on the type of compounds, the concentration of the ac
species, electric field and temperature.11 From the viewpoint
of molecular design of the CTMs with high mobilit
Kitamura and Yokoyama12 proposed a new concept, calle
the hole unit, which takes charge of the hole transport, 
studied the relationship between photosensitivity of a se
of hydrazone derivatives and their chemical structures.

In this study, we further deepened the hole unit a
proposed another new concept, called the active h
transport N atom, which is designated by the elect
density variation of the frontier orbital in the neutr
molecules and its cation radical. Based on this definit
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the relationships among photosensitivities, numbers of 
active hole-transport N atom, and the HOMO energy lev
of CTMs were investigated.

Initial Molecular Structures and
Computational Method

CT1-CT7 are composed of two separated portions, 
substituted aniline and one substituted hydrazone. 
crystal structure of CT2 shows that these two portio
neatly share one common π-system. The π-system is
extended from the amine N atom on the diethylaninili
portion to the amine N atom on the diphenylhydrazo
portion. One of the phenyl groups on th
diphenylhydrazone portion lies coplanar to the extendedπ-
system.13 At last, the coplanar structure was selected as 
initial basic skeleton structure of CT1-CT7. The simil
initial structures were selected for CT8 and CT9. CT10
triphenylamine. It has two kinds of stable conformation
planar form and spiral form. The total energies of these 
conformations were calculated and compared. All init
structures were further optimized by AM1 method 
HYPERCHEM 4.5 program.

Results and Discussion

A. Molecular Structure
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Figure I.  Molecular basic skeletons of CT1-CT9 (CT1: R1=-P
R2=R3=-C4H9; CT2: R1=-Ph; R2=R3=-C2H5; CT3: R1=-Ph;
R2=R3=-CH3; CT4: R1=-CH3; R2=-Ph; R3=-CH3; CT5: R1=-Ph;
R2=-Ph; R3=-CH3; CT6: R1=-Ph; R2=R3=-(p-CH3Ph); CT7:
R1=R2=R3=-Ph; CT8: R= -(p-CH3Ph); CT9: R= -Ph)
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The calculational results show that two separ
portions of CT1-3, 5-7 share one common π-system. This
large π-system is extended from the amine N atom on 
aniline portion to another amine N atom on the hydraz
portion. The phenyl groups on the hydrazone portion 
coplanar to the extended π-system. For CT4, one phen
group linked to the N atom of the hydrazone port
(compound CT4) is replaced by methyl group, which le
to the formation of an angel between the phenyl groups
the hydrazone portion and π-system (28.8°). The reason is
due to the difference in that the methyl group is 
electron-donating group, while the phenyl group is 
electron-withdrawing group. The molecular structures
CT8 and CT9 are similar to that of CT4. Their phen
groups on the ethylene portion can’t lie coplanar to 
extended π-system. Their dihedral angles (46.4° and 46.1°)
are larger than that of CT4 (28.8°). For CT10, the tota
energy (-99.80981 a.u.) of its spiral form is far lower th
that (-99.66627 a.u.) of its planar form. In other words,
spiral form is far more stable than its planar form. Th
more stable spiral form is used in the following study. Th
part dihedral angles were listed in Table I.

B. Determining the Active Hole-Transport N Atom
  In the chemical terms, the hole transport is conside

to be a chain of redox reactions due to one-electron tran
between the neutral molecule and the cation radical. 
hole transport begins from transfer of an electron of CTM
the cation radical of CGM molecule; Then the closest C
molecule transfers an electron to the cation radical of C
molecule; The process is repeated until the hole reach
the negative surface of the photoreceptor. The wh
process of the hole transport is expressed by the follow
three reactions.

CGM+  +  CTM → CGM + CTM+    (1)

CTM+  +  CTM →  CTM + CTM+   (2)

CTM+  +   e  →   CTM                     (3)

Table I.  Typical of the dihedral angles (°) of CT1-CT9
N2C1C2C7 N1N2C1C2 C8N1N2C1 C9C8N1N2 N3C5C4C3 C14N1N2C1

CT1 7.8 174.6 164.3 0.7 -176.5 18.1

CT2 14.0 175.2 164.9 1.4 -177.7 16.3

CT3 13.3 174.9 164.6 -0.1 -176.4 19.2

CT4 -21.4 -174.4 -162.6 28.8 -174.8 -16.1

CT5 9.3 174.3 164.8 0.6 -175.5 18.1

CT6 12.0 176.1 166.6 -3.1 179.2 17.1

CT7 9.4 175.1 165.2 0.7 179.2 18.3

C1C2C3C4 C9C1C2C3 C10C9C1C2 C15C1C2C3 N1C6C5C4 C16C15C1C

CT8 -10.5 -178.8 46.4 0.4 -178.6 -92.6

CT9 -13.7 -178.3 46.1 0.7 -178.7 -93.1
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Table II.  Electron density variations of all N atoms and
a part of C atoms with more positive electron density
variations

N1 N2 N3 F* S*
CT1 +0.21 +0.09 +0.16 +0.15(C2) +0.15(C5)
CT2 +0.23 +0.07 +0.14 +0.14(C5) +0.11(C2)
CT3 +0.26 +0.06 +0.09 +0.15(C5) +0.09(C2)
CT4 +0.10 +0.08 +0.21 +0.19(C2) +0.15(C5)
CT5 +0.24 +0.06 +0.14 +0.14(C5) +0.09(C2)
CT6 -0.05 +0.04 +0.42 +0.15(C2) +0.06(C5)
CT7 +0.06 +0.09 +0.30 +0.11(C2) +0.08(C5)
CT8 +0.48 -- -- +0.13(C3) +0.06(C6)
CT9 +0.49 -- -- +0.14(C3) +0.08(C6)
CT10 +0.46 -- -- +0.03(linking

to N atom)
--

* F and S represent C atom of the largest positive electron den
variation and C atom of second largest positive electron den
variation. Symbol in the () represents position of C atom in Figure I.

The reaction (3) among them is the fastest. Therefo
the theoretical studies were focused on the slow reactio
2. Kitamura and Yokoyama12 defined the N-phenyl group a
a hole unit that takes charge of electron transfer. In fact,
easily oxidized portion on N-phenyl group is only the 
atom. For Kitamura and Yokoyama’s definition, there exi
a question, about if all N-phenyl groups in this molecu
take charge of hole transport or only part of atoms am
them do. If the atom that takes charge of hole transpor
this molecule can be clearly pointed out, this will be mo
scientific and reasonable, compared to the hole unit. Ba
on such consideration, we used the atomic electron den
variation of the frontier orbital in the neutral molecule a
cation radical to settle the question. According to t
frontier orbital theory,14 the electron density in the neutra
and cation radical states can influence hole transp
Therefore, the atomic electron density of the high
occupied molecular orbital (HOMO) in each neutr
molecule and semi-occupied molecular orbital (SOMO)
the cation radical was compared. Table II listed the positi
electron density variations of all N atoms and a part o
atoms with more positive electron density variations.

The results show that only one N atom among three
ones has the largest positive electron density variation in
atoms of CT1-CT7. The position of this N atom in ea
molecule is different. For CT1-CT3 and CT5, they are N
whereas they are N3 for CT4 and CT6-CT7. However, t
N atom belongs to N atom in the hole unit defined 
Kitamura and Yokoyama.10 N2 atom that doesn’t belong to
N atom in the hole unit shows smaller positive electr
density variation. But not all N-atoms in the hole unit sho
more positive electron density variation. For example, N1
CT6 show negative electron density variation (-0.05). N1
CT7 show smaller positive electron density variati
(+0.06), which is smaller than that of N2 (+0.09). CT
CT10 has only one N atom and its electron density has
largest positive variation in all atoms of the molecules.
Finally, we proposed a new concept called the active h
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transport N atom. Its idea is that the active hole-trans
takes charge of hole transport. When a neutral C
molecule loses an electron, the active hole-transport N a
should lose more charge. In other words, the active h
transport N atom shows larger positive electron den
variation. As is known to all, N2 atom in a series 
hydrazone derivatives doesn’t belong to the hole unit, 
doesn’t take charge of the hole transport. Thus the pos
electron density variation of N2 atom is proposed to b
standard quantity. If the molecule doesn’t contain this
atom, the positive electron density of C atom that shows
largest positive electron density is considered to b
standard quantity. If the positive electron density variat
of the N atom is larger than the standard quantity, thi
atom in N-phenyl group is defined as the active ho
transport N atom. If smaller, this N atom in N-phenyl gro
isn’t the active hole-transport atom. Based on the definit
CT1-CT5 has two active hole-transport N atoms wher
CT6-CT10 has one.

C. Relationship Between Photosensitivity and Molecular
Structure

  For the double-layered photoreceptors composed
the same CGM and different CTMs, the photosensitiv
variations may be dependent on the hole injection pro
from CGL to CTL and hole transport process in CTL. T
hole injection process is considered to correlate to 
HOMO energy level of CGM and CTM.9-10 Since the
common CGM was used, the hole injection should o
correlate to the HOMO energy level of CTM. Since the h
transport is mobile by the hopping way from one N site
another N site, two active hole-transport N atoms in 
molecule increase the concentrations of the N site. In o
words, it shortens the hopping distance. This point has b
verified by the experiments of the CTM concentrati
dependence on the hole drift mobility.11 Therefore, the
influence of the numbers of active hole-transport N at
and HOMO energy level of CTM on photosensitivity we
considered. Their equations are:

 LogE50=-0.16179N+1.19137,
S=0.0880, F=8.467, r= 0.717,        n=10 (4)

LogE50=-0.20000N –0.94833EH –6.19042,
S=0.0473, F=24.983, r= 0.937,   n=10 (5)

Equation 4 shows that logE50 correlates to the num
of active hole-transport N atom in some degree. The m
the active hole-transport N atoms in the molecule, the b
the photosensitivity is. When HOMO energy levels 
CTMs were further considered, the correlation coefficien
improved obviously, varying from 0.717 to 0.937. 
indicates that the hole injection process from CGL to C
and hole transport process in CTL play significant role
photosensitivity variations.
a,
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Table III. Data of the HOMO energy level (EH), the
numbers of active hole-transport N atom (N) and
photosensitivity (E50)

Type EH/eV N E50/Lux•S15

CT-1 -7.8753 2 6.85
CT-2 -7.8543 2 6.6
CT-3 -7.8807 2 8.0
CT-4 -7.9149 2 7.1
CT-5 -7.9009 2 8.5
CT-6 -7.7328 1 8.0
CT-7 -7.8192 1 10.0
CT-8 -7.7500 1 9.1
CT-9 -7.8496 1 12.3
CT-10 -7.9564 1 15.7

Conclusion

Based on the atomic electron density variations of 
frontier orbital in the neutral molecule and its cation radi
of the hole transport molecule, the concept of the ac
hole-transport N atom was proposed. As is known to all, 
atom in a series of hydrazone derivatives doesn’t belon
the hole unit, and doesn’t take charge of the hole transp
Thus the positive electron density variation of N2 atom
proposed to be a standard quantity. If the molecule doe
contain this N atom, the positive electron density of C at
that shows the largest positive electron density is conside
to be a standard quantity. If the positive electron den
variation of the N atom in N-phenyl group is larger than t
standard quantity, this N atom is defined as the active h
transport N atom. Vice versa if smaller, the N atom in 
phenyl group isn’t the active hole-transport atom. T
relationship among photosensitivity, the numbers of 
active hole-transport N atom and the HOMO energy leve
CTMs was investigated. The results showed t
photosensitivity were correlated strongly to numbers of 
active hole-transport N atom and the HOMO energy leve
CTMs. Therefore, it is concluded that the hole injecti
process from CGL to CTL and hole transport process
CTL play significant role on photosensitivity variations.
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