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New branched hydrazones as hole transporting materials
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Abstract

The new hole transporting materials with molecules consisting of two hydrazone branches linked with flexible benzene ring and two
hydroxyl groups containing central bridge were synthesized and investigated. These transporting materials are low molecular glasses and
allow preparing stable to crystallization layers. Ionisation potential of the materials is in the range 5.04–5.43 eV. The highest hole mobility,
reaching 10−4 cm2/V s at 6× 105 V/cm electric field, was observed in the transporting material with triphenylamine moiety. These transporting
materials can be used with or, in the case of a solid substrate, without binder polymer.
©

K

1

p
t
p
e
l
t
c
c
p
w
i
l
a
a
s
e
d
s

iety
th
, is
lem
ent,
lving
cule

ecu-
ining
eo-
om-
al
gen
igh
t ar-
s as
con-
ible

re of
ese

1
d

2005 Elsevier B.V. All rights reserved.

eywords: Conducting materials; Hole drift mobility; Hydrazones; Molecular glasses

. Introduction

Aromatic hydrazone molecules dispersed in a binder
olymer (BM) are used as the main constituent of electropho-

ographic devices due to their excellent hole-transporting
roperties and relatively simple synthesis[1–4]. The pres-
nce of large proportion of BM in the electrophotographic

ayers (EPL), usually 50% of the total composition mass leads
o considerable decrease of carrier mobility. Even in such
ompositions, possibility of the transporting material (TM)
rystallization remains and causes problems during EPL
reparation and long application, because low-molecular-
eight hydrazones generally tend to form crystals. It is of

nterest and significance to develop photo- and electroactive
ow-molecular-weight amorphous materials that form stable
morphous glasses having glass-transition temperatures
bove room temperature. These molecular glasses will form
table films without BM, and are expected to manifest prop-
rties and functions more effectively relative to molecularly
oped polymer compositions. Among the great number of
tudies devoted to low-molar-mass aromatic hydrazones

only few glass-forming compounds with hydrazone mo
are reported[5–8]. Another problem, which arises wi
preparation of the belt format EPL on flexible supports
bending and stretching stability of the layers. This prob
is especially acute in the machines with liquid developm
because liquid developer promotes crack formation. So
these problems requires new TM with special mole
design and improved properties.

We have reported on novel class of well-defined mol
lar glasses, obtained in the reactions of oxiranes conta
photoconductive groups with different bifunctional nucl
phylic compounds, such as aromatic diols, dimercapto c
pounds, derivatives of aniline[9–12]. The existence of sever
diastereoisomers, the possibility of intermolecular hydro
bonding and flexibility of aliphatic linking chains ensure h
morphological stability of these glasses. In the presen
ticle we report on new, branched hydrazone derivative
hole transporting materials. The molecules of these TM
sist of two hydrazone branches linked by the central flex
benzene ring containing bridge. The molecular structu
these TM makes crystallisation in solid state difficult, so th
∗ Corresponding author. Tel.: +370 37 300196; fax: +370 37 300152.
E-mail address:vgetaut@ktu.lt (V. Getautis).

materials are low molecular glasses. Another peculiarity of
these TM is presence of two hydroxyl groups in molecule.
This improves adhesion and compatibility with various BM,
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including polycarbonate (PC) and polyvinylbutyral (PVB).
These TM can be used with binder, without binder in the
case of solid substrate, or with low binder concentrations.
They can be chemically cross-linked in the layer by reaction
of the hydroxyl groups with polyisocyanates[14].

2. Experimental details

2.1. Preparation of the branched hydrazones (Scheme 1)

2,3-Epoxypropyl derivatives of phenylhydrazones were
prepared according to our earlier procedure[13]. The syn-
thesis of the branched hydrazonesH1–H7 was carried out to
the following procedure[11].

The corresponding 2,3-epoxypropyl derivative of phenyl-
hydrazone (27.1 mmol) and corresponding benzenediol
(12.3 mmol) were dissolved in 15 ml of butanone, and 2 ml
of a catalyst triethylamine (TEA) were added. The ob-
tained mixture was refluxed until the benzenediol and its
monosubstituted derivative disappeared (10–14 h). At the
end of the reaction (TCL control, ether–hexane, 3:1) bu-
tanone and TEA were distilled off and the residue was dis-
solved in toluene. The separated crystalline productsH5–H7
were filtered off. CompoundsH1–H4 were purified by col-
umn chromatography using propanone–hexane (1:4) as the
e
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Table 1
Composition and parameters of the branched hydrazonesH1–H7

TM Substituted benzene R Tm (◦C) Tg (◦C) IP (eV)

H1 1,2- a – 46 5.04
H2 1,3- a 60 51 5.11
H3 1,4- a 67 58 5.11
H4 1,2- b – 78
H5 1,3- b 145 80 5.35
H6 1,4- b 214 89
H7 1,3- c 89; 106 82 5.43

H6, which was nearly insoluble. The branched hydrazones
are able to form stable layers without binder, so samples for
mobility measurements were prepared from neat TM and
from 1:1 mass proportion compositions of TM with vari-
ous binders. PVB1 from Aldrich PVB 41,843-9 with average
MW = 70,000–100,000 and 18–20 wt.% of hydroxyl groups;
and PC-Z from Mitsubishi Gas Chemical Co. polycarbonate
Iupilon Z-200 were used as BM. The samples for mobil-
ity measurements were prepared by coating TM solutions or
solutions of the TM compositions with binder in THF on
polyester film with conductive Al layer. The layer thickness
was in the range 5–10�m.

The hole drift mobility was measured by xerographic time
of flight technique (XTOF)[15–17]. Positive corona charg-
ing created electric field inside the TM layer. Charge carri-
ers were generated at the layer surface by illumination with
pulses of nitrogen laser (pulse duration was 2 ns, wavelength
337 nm). The layer surface potential decrease as a result of
pulse illumination was up to 1–5% of initial potential before
illumination. The capacitance probe that was connected to
the wide frequency band electrometer measured the speed of
the surface potential decrease dU/dt. The transit timett was
determined by the kink on the curve of the dU/dt transient in
linear scale. The drift mobility was calculated by the formula
µ = d2/U0tt, whered is the layer thickness andU0 is the sur-
face potential at the moment of illumination.The ionisation
p n in
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The details of synthesis and spectral data ofH1–H6 are

eported in Ref.[11]. The yield ofH7 was 8.9 g (76%), m.p
09–110.5◦C (toluene).1H NMR spectrum (CDCl3): 7.63
2H, s, CH N); 7.50–7.0 (37H, m, Ar); 6.96 (2H, t,J= 7.3 Hz,
-H Ph); 6.55 (2H, d,J= 7.9 Hz, 4-H, 6-H of m-Ph); 6.5
1H, s, 2-H of m-Ph); 4.40 (2H, p,J= 5.5 Hz, CH); 4.18 (2H
d, part of the ABX system, HA of NCH2, JAB = 14.7 Hz
AX =6.1 Hz); 4.04 (6H, m, HB of NCH2, CH2O); 2.86 ppm
2H, d,J = 5.5 Hz, OH). Found, %: C 78.46; H 5.95; N 8.8
62H56N6O4. Calculated, %: C 78.26; H 5.89; N 8.99.

.2. Measurement

The 1H NMR spectrum was taken on a Mercury-V
400 MHz) spectrometer with TMS as the internal stand
he UV spectra were recorded on a Spectronic Gene
pectrometer in acetonitrile. 10−4 M solution of investigate
M and micro cell with an internal width of 1 mm was us
he phase transitions ofH1–H7 were investigated by th
ifferential scanning calorimetry (DSC) method on Pe
lmer DSC-7 apparatus. Samples of 3–12 mg as obt

rom synthesis were heated in aluminium pans at a sca
0 K/min under a nitrogen flow. During the first heating
elting points were measured. After melting, the sam
ere cooled with the same rate. The resulting glasses
eated again under the same conditions to measure the

ransitions.
The samples for mobility measurements were prep

ith most of the TM listed inTable 1, with the exception o
s

otentialIp was measured by the electron photoemissio
ir method, similar to the used in[18] and described in[19].

. Results and discussion

The general route to the branched hydrazone deriva
ncluding diethylaniline (H1–H3), ethylcarbazole (H4–H6),
riphenylamine (H7) moieties is shown inScheme 1. These
ompounds were prepared by the reaction of various ben
iols with 2 equivalents of corresponding aryl- or hetero-
ldehyde phenylhydrazoneN-2,3-epoxypropyl derivative i

he presence of catalyst TEA. The synthesized branche
razones consisting of two hydrazone branches linked
exible benzene ring and two hydroxyl groups contain
entral bridge are low molecular glasses and have been
o exhibit glass-transition phenomena usually associated
olymers. In contrast to amorphous polymers the bran
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Scheme 1. Synthesis route of the branched hydrazonesH1–H7.

hydrazones are pure materials with well-defined molecular
structures and definite molecular weights without any distri-
bution. They were identified by IR, UV, NMR spectroscopy
and elemental analysis.

Formation of the glassy state ofH1–H7 was confirmed
by DSC analysis. The melting points (Tm) and glass tran-
sition temperatures (Tg) of synthesized TM are presented
in Table 1. These investigations revealed that some of the
branched hydrazones could exist both in crystalline and amor-
phous state while others were found only in amorphous phase
in our experiments. The DSC curve forH6 at first heating re-
veals a number of polymorphous changes before melting at
214◦C (Fig. 1). No crystallization takes place during cooling
or second heating, only glass transition at 89◦C is revealed
in the second heating. This means that the material remains
in glassy state after melting and subsequent cooling. This
is common feature for all the branched hydrazones investi-
gated here. The glassy state of these materials is quite stable;
no signs of crystallization were detected in the glassy layers
during over year storage at ambient conditions. Glass transi-
tion occurs at 78◦C but no melting is seen forH4 (Fig. 2), this
means that the original state of the sample was amorphous.

The comparison of the DSC analysis results for theH4–H6
reveals a significant role of the substitution of benzene at the
central connecting group. In the case ofpara substitution in
H6, the melting point is over 200◦C and the material is poly-
morphic. The melting enthalpy is high, the material is prac-
tically insoluble in common organic solvents, except highly
polar solvents such as dimethyl formamide. On the other hand
H4 with ortho substituted benzene ring was found only in
amorphous state and its glass transition point is lower than
that ofH6. These facts indicate significance of the molecule
symmetry.

The structure of the charge transporting chromophores
also has significant influence on melting, glass transition
points and solubility of the synthesized TM. As seen from
Table 1, these temperatures are lower for the TM with chro-
mophoresa as compared with others. TM with tripheny-
lamine chromophore (c) has two melting points. This means
that there are different crystalline forms of this TM and tran-
sitions of one into another take place during first heating.
The branched hydrazoneH3 comprising diethylaniline chro-
mophore is soluble in common organic solvents whileH6
was nearly insoluble.

eating
Fig. 1. DSC curves ofH6 (h
 and cooling rate 10 K/min).
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Fig. 2. DSC curves ofH4 (heating and cooling rate 10 K/min).

Since�-electrons are very important for the charge trans-
porting process in TM structures, their state was explored
from the light absorption spectra. The largest shift of absorp-
tion to longer wavelengths due to conjugated�-electrons for
branched hydrazones with triphenylamine moietyH7 was
observed in UV spectra (Fig. 3). On the other hand, diethy-
laniline containing hydrazones (H1–H3) exhibit batochromic
shift as compared with ethylcarbazole (H5) chromophores
containing branched hydrazone. In addition, the influence of
the central linking fragment on the electron energy of charge
transporting molecule is weak in comparison with that of
chromophores (comparisonH1, H2 andH3).

The photoemission in air spectra for some of the branched
hydrazones are shown onFig. 4, ionization potential values
are presented inTable 1. There is little ionization potential
(Ip) difference depending on the central connecting group,
the charge transporting groups are determining its value. The

F
H

lowestIp values, about 5.1 eV, were observed in the TM with
chromophore with diethylaniline group (a). Replacement of
this group by ethylcarbazole (b) or triphenylamine (c) group
leads to increase ofIp by more than 0.25 eV.

XTOF measurements revealed that small charge transport
transients are Gaussian with well-defined transit time on lin-
ear plots in all the cases investigated both for the samples of
pure TM or compositions of them with various BM. This is
illustrated onFig. 5.

Examples of mobility field dependencies are given in
Figs. 6 and 7. In all the cases investigated, the mobilityµ

is approximated by the formula

µ = µ0 exp (α
√

E) (1)

whereµ0 is the zero field mobility,α is Pool–Frenkel pa-
rameter, andE is electric field strength. The mobility defining
parametersµ0 andα values as well as the mobility value at
the 6.4× 105 V/cm field strength are given inTable 2.
ig. 3. Light absorption spectra of the branched hydrazonesH1–H3, H5,
7 in acetonitrile.
 Fig. 4. Photoelectron emission in air spectra of theH2, H5, H7.
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Fig. 5. XTOF transients forH5 1:1 composition with PC. Insert shows a
typical transient curve in linear plot.

Fig. 6. Mobility field dependencies for pureH1–H3.

As seen from the results presented the mobility value is
influenced by the charge transporting chromophore nature.
The highest mobility values are with chromophores based
on triphenylamine (H7). This is natural because conjugated
�-electron systems are largest in this chromophore. The low-
est mobility was found in the case of the branched hydra-

Fig. 7. Mobility field dependencies for pureH5 and its 1:1 compositions
with various BM.

Table 2
Mobility data

Layer composition µ0 (cm2/V s) µ (cm2/V s) α (cm/V)0.5

H1 8.0× 10−8 1.4× 10−5 0.0065
H2 7.0× 10−8 1.5× 10−5 0.0068
H3 1.3× 10−7 3.3× 10−5 0.0068
H5 1.5× 10−7 2.0× 10−5 0.0061
H5 + PC, 1:1 5.3× 10−8 3.5× 10−6 0.0053
H5 + PVB, 1:1 6.0× 10−9 7.5× 10−7 0.0061
H7 2.4× 10−6 1.3× 10−4 0.0050

zones with diethylaniline groups. However, there is a small
difference of mobility at strong electric fields between the
branched hydrazones containing diethylaniline and carbazole
chromophores. The central linking fragment also conditions
hole mobility; however, this influence is much weaker in com-
parison with that of chromophores. It is seen from compar-
ison of mobility points for hydrazones linked by 1,2-, 1,3-
and 1,4-benzenediols inFig. 6, that values are highest for
the most symmetrical compoundH3 as compared toH1 and
H2. This can be explained assuming that molecular symme-
try causes the decrease of the charge carrier trapping centres
concentration.

Mobility in the compositions of TM with BM is consider-
ably lower as compared with neat TM. The difference makes
up to two orders of magnitude. The highest mobility among
theH5 compositions, as one can see fromFig. 7andTable 2,
is in the case of polycarbonate BM. Mobility in this case is
by one order of magnitude higher than in compositions with
PVB. The hydroxyl groups present in PVB, probably, cause
this. However, special properties of PVB due to presence of
hydroxyl groups, such as good adhesion, stability to bending
and stretching and effects of liquid developer may outweigh
loss of mobility.
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