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Abstract

The novel family of hole transporting polymers containing hydrazone moieties is reported. The polymers were prepared in polyaddition reaction
of hydrazone-containing diepoxydes with 2,5-dimercapto-1,3,4-thiadiazole in the presence of catalyst triethylamine (TEA). Obtained polymers
were found to constitute novel polymeric hole transporting materials (TM) characterized by differential scanning calorimetry (DSC) and time
of flight method. The highest hole-drift mobility in the newly synthesized polymers exceed 10~ cm? V™' s~! at an electric field of 10° Vcm™!
was observed in the TM with triphenylamine moieties. The electron photoemission spectra of the obtained polymers have been recorded and the

ionization potentials of 5.24-5.33 eV have been determined.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Organic charge transporting materials (TM) are used in elec-
trophotographic photoreceptors, light-emitting diodes, photo-
voltaic devices and other optoelectronic devices [ 1-4]. Recently,
a variety of TM’s, involving hydrazone, stilbene, pyrazoline,
arylalkane, arylamine, oxadiazole or benzotriazole moiety have
been generated [5]. Rapid charge transporting ability, high pho-
tosensitivity, simple synthesis and low price are the advantages
of the hydrazones against others hole transporting materials.
Low molecular weight TM containing hydrazone moieties are
usually crystalline materials which are not capable of forming
thin neat homogenous layers, and must be used in combination
with polymeric hosts. Aromatic hydrazone molecules dispersed
in a binder polymer are used as the main constituent of elec-
trophotographic devices due to their excellent hole transporting
property [6]. The presence of a large proportion of polymer host
in the compositions, usually reaching 50% of the total compo-
sition mass, leads to the considerable decrease of charge carrier
mobility. Even in such compositions, the possibility of the TM
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crystallization remains and this causes problems during elec-
trophotographic layer preparation and extended printing. From
this point of view, the photoconducting polymers or oligomers
are superior to crystalline materials.

In this work, we report on the synthesis, characterization and
photoconductive properties of novel photoconductive polymers
containing hydrazone moiety. The newly synthesized polymers
exhibit high hole-drift mobilities and excellent film-forming
properties and can be chemically crosslinked in the layer by
reaction of the hydroxyl groups with polyisocyanates [7,8].

2. Experimental details
2.1. Preparation of the polymeric TM (Scheme 1)

Synthesis of monomers 1la—c was carried out according to the
following procedure.

To a 1000 ml 3-neck round bottom flask equipped with reflux
condenser, thermometer and mechanical stirrer were added
0.19mol of bis(N-phenyl)hydrazone of corresponding dicar-
baldehyde and 328 ml (4.2 mol) of epichlorohydrin. The reaction
mixture was stirred vigorously at 35-40 °C during 7 h, during
which 92 g (1.4 mol) of powdered 85% potassium hydroxide
and 21 g (0.17 mol) of anhydrous Na;SO4 were added in three
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Scheme 1. Synthesis route to polymers 2a—c containing hydrazone moieties from monomers la—c.

portions with prior cooling of the reaction mixture to 20-25 °C.
After termination of the reaction, the mixture was cooled to
room temperature and filtered off. The organic part was treated
with ethyl acetate and washed with distilled water until the wash
water was neutral. The organic layer was dried over anhydrous
magnesium sulfate, treated with activated charcoal, filtered and
solvents were removed. The residue was dissolved in 120 ml of
toluene. The crystals formed upon standing were filtered off and
washed with 2-propanol to give monomers 1a,b. The monomer
1c¢ was purified by column chromatography.

2.1.1. 9-Ethyl-3,6-carbazoledicarbaldehyde
bis(N-2,3-epoxypropyl-N-phenyl)hydrazone (1a)

The yield of 1a 63%, mp 119-120°C (recrystallized from
toluene). 'H NMR spectrum (CDCl3), ppm: 8.38 (split s, 2H,
4-Hpyy); 7.9-7.88 (m, 4H, Ar, CH=N); 7.49-7.43 (m, 4H, Ar);
7.40-7.32 (m, 6H, Ar); 6.96 (t,2H, J=7.2 Hz, 4-Hpy); 4.42-4.29
(m, 4H, CH,CH3, one of NCH; protons); 4.06-3.97 (dd, 2H,
(Ha), Jax =4.5Hz, Jap = 16.4 Hz, another of NCH, protons);
3.31 (m, 2H, CHO); 2.90-2.85 (dd, 2H, (Hp), Jax =3.9Hz,
one of CH;O protons); 2.70-2.65 (dd, 2H, (Hp), Jpx =2.7 Hz;
Jap =5.1 Hz, another of CH,O protons); 1.43 (t, 3H, J=7.2 Hz,
CH3). Anal. Calcd for C34H33N50, (%): C 75.11; H 6.12; N
12.88. Found (%): C 75.16; H 6.09; N 12.81.

2.1.2. 4-(4-Formyldiphenylamino)benzaldehyde
bis(N-2,3-epoxypropyl-N-phenyl)hydrazone (1b)

The yield of 1b was 52%, mp 163.5-165 °C (recrystallized
from toluene). "H NMR spectrum (CDCl3), ppm: 7.63 (s, 2H,
CH=N); 7.62-7.56 (m, 4H, Ar); 7.43-7.02 (m, 17H, Ar); 6.94 (t,
2H, J=7.1Hz, 4-Hpy); 4.40-4.30 (dd, 2H, (Hp), Jax =2.1 Hz,
JaB =16.5 Hz, one of NCH, protons); 4.02-3.92 (dd, 2H, (Hp),
Jex =4.2Hz another of NCH; protons); 3.26 (m, 2H, CHO);
2.84 (dd, 2H, (Hp), Jax =4.2Hz, Jag =5.1 Hz, one of CH,O
protons); 2.65-2.60 (dd, 2H, (Hp), Jpx =2.7 Hz, another of
CH;O protons). Anal. Calcd for C3gH35N50;, (%): C 76.87;
H 5.94; N 11.80. Found (%): C 76.71; H5.91; N 11.70.

2.1.3. 4-(4-Formyl-4'-methyldiphenylamino)benzaldehyde
bis(N-2,3-epoxypropyl-N-phenyl)hydrazone (1c)

The yield of 1c (amorphous substance) 55%. 'H NMR spec-
trum (CDCl3), ppm: 7.63 (s, 2H, CH=N); 7.61-7.54 (m, 4H,

Ar); 7.42-7.02 (m, 16H, Ar); 6.94 (t, 2H, J=7.2Hz, 4-Hpp);
4.40-4.28 (dd, 2H, (Ha), Jax =2.1Hz, Jog =16.5Hz, one of
NCHj; protons); 4.02-3.90 (dd, 2H, (Hg), Jgx =4.2 Hz, another
of NCH; protons); 3.26 (m, 2H, CHO); 2.84 (dd, 2H, (Ha),
Jax=4.2Hz, Jap =4.8 Hz, one of CH,O protons); 2.66-2.60
(dd, 2H, (Hp), Jgx =2.7 Hz, another of CH,O protons); 2.33 (s,
3H, CH3). Anal. Calcd for C39H37N50> (%): C 77.08; H 6.14;
N 11.52. Found (%): C 77.14; H 6.10; N 11.58.

The polymers 2a—c¢ were prepared according to the general
procedure described below:

1.84 mmol of the monomer la—c, 0.276 g (1.84 mmol) of
2,5-dimercapto-1,3,4-thiadiazole and 0.26 ml (1.8 mmol) of tri-
ethylamine (TEA) were refluxed in 15 ml of THF under argon
for 60 h. The reaction mixture was cooled to the room tempera-
ture and filtered through the 3—4 cm layer of silica gel (grade 62,
60-200 mesh, 150 A) and the silica gel was washed with THF.
Obtained solution was concentrated to 10-15 ml by evaporation
and then poured into 20-fold excess of methanol with intensive
stirring. The resulting precipitate of polymers 2a—c was filtered
and washed repeatedly with methanol and dried under vacuum
at 50°C. The yields of 2a—c and determined molecular mass
data are presented in Table 1.

2.2. Measurement

The 'H NMR spectra were taken on a Gemini-2000
(300 MHz) spectrometer. The UV spectra were recorded on a
Spectronic Genesys 8 spectrometer in THE. A 10~% M solution
of investigated TM and microcell with an internal width of 1 mm
was used. The course of the reactions products were monitored
by thin-layer chromatography on Silufol UV-254 plates using
diethylether—hexane (2:1) as the eluent and development with
iodine vapor or UV light. Silica gel (grade 62, 60-200 mesh,
150 A, Aldrich) was used for column chromatography.

Thermal transition data for synthesized polymers possess-
ing hydrazone moieties was collected using a TA Instruments
Model 2929 Differential Scanning Calorimeter (DSC) (New
Castle, DE) equipped with a DSC refrigerated cooling system
(=70 °C minimum temperature limit), and dry helium and nitro-
gen exchange gases. The calorimeter ran on a Thermal Analyst
2100 workstation with version 8.10B software. An empty alu-
minium pan was used as the reference. Samples of 5-8 mg as



V. Getautis et al. / Journal of Photochemistry and Photobiology A: Chemistry 180 (2006) 23-27 25

Table 1

Characteristics of polymers 2a—c

Polymer Mn Mw Mw/Mn Ty (°C) Reaction time (h) Yield (%)
2a 2700 11400 422 147 60 82

2b 2600 6500 2.50 124 60 77

2c 2500 6200 2.48 105 60 80

obtained from the synthesis were heated in aluminium pans at
a scan rate 10 K/min under a nitrogen flow. The glass transition
temperatures (1) were determined from the second heating.

The average molecular weight and the molecular weight dis-
tribution were estimated by gel permeation chromatography
(GPC) using a Waters GPC system including a Waters 410 UV
detector (254 nm), four columns (300 mm x 7.5 mm) filled with
PL-Gel absorbent (pore sizes: 10, 10, 10* and 5000 nm) using
THEF as eluant. Polystyrene standards were used for column sys-
tem calibration.

Ionization potential was measured by the photoemission in
air method similar to the used in ref. [9] and described in ref.
[10].

The monomeric structures are able to form homogenous
layers only with polymeric binder, so sample for mobility mea-
surements were prepared from 1:1 mass proportion composition
of 1a with polyvinylbutyral (PVB): PVB from Aldrich with aver-
age Mw =70,000-100,000 was used. In the case of film forming
polymers 2a—c, the samples for mobility measurements were
prepared from solutions of neat materials using THF as the sol-
vent. The sample substrate was polyester film with conductive
Al layer. The layer thickness was in the range 5-10 pm.

The hole-drift mobility was measured by xerographic time
of flight (XTOF) technique [11-13]. Positive corona charging
created electric field inside the TM layer. Charge carriers 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 the initial potential before illumination. The
capacitance probe that was connected to the wide frequency band
electrometer measured the rate of the surface potential decrease,
dU/dt. The transit time #; was determined by the kink on the
curve of the dU/dt transient double logarithmic scale. The drift
mobility was calculated by the formula p = d?/Upt;, where d is
the layer thickness and Uj is the surface potential at the moment
of illumination.

3. Results and discussion

Synthesis of the polymers 2a—c¢ containing hydrazone
moieties was carried out by multi-step reaction. The first step
was Vilsmeyer formylation of 9-ethylcarbazole, triphenylamine
or 4-methyltriphenylamine using POCIl3/DMF complex to get
diformyl compounds. The second step was the condensation of
the diformyl compounds with phenylhydrazine to obtain dihy-
drazones of diformyl compounds. By interaction of the obtained
dihydrazones with epichlorohydrin in the presence of KOH
monomers 9-ethyl-3,6-dicarbaldehyde-bis(N-2,3-epoxypropyl-

N-phenyl)hydrazone (1a), 4-(4-formyldiphenylamino)-benzal-
dehyde bis(N-2,3-epoxypropyl-N-phenyl)hydrazone (1b) and
4-(4-formyl-4’-methyldiphenylamino)benzaldehyde  bis(N-2,
3-epoxypropyl-N-phenyl)hydrazone (l¢) were obtained
(Scheme 1). Finally, the polyaddition of the monomers la—c
with 2,5-dimercapto-1,3,4-thiadiazole in THF was carried out
in the presence of TEA at the reflux temperature of THF. The
polymers 2a—c possessing hydrazone moieties were isolated
with 77-82% yield.

The polyaddition reaction was carried out for 60 h. The aver-
age molecular weights and their distribution were detected by
GPC are presented in Table 1. DSC results show that a change
of chromophore, from carbazole to triphenylamine, leads to the
significant decrease of Ty by ca. 23 °C. This is apparently due
to the less tight packing of the polymer chains in the compound
2b. Introduction of methyl group into the triphenylamine chro-
mophore of the polymer 2¢ reduces T by ca. 19 °C compared
with polymer 2b. Lower molecular mass of the obtained poly-
mer 2¢ and addition of alkyl group are the main causes for such
decrease in the T, temperature.

In Fig. 1 are presented DSC second heating curves for the
polymers 2a—c. The structure of the charge transporting chro-
mophores has a significant influence on glass transition points of
the presented compounds. These temperatures are lower for the
polymer with triphenylamine chromophore 2b as compared with
carbazolyl 2a and the lowest T is observed for the compound
2c¢ with 4-methyltriphenylamine chromophore.

The absorption spectra of the polymers 2a—c and repre-
sentative monomer 1b are given in Fig. 2. The absorption
spectrum of the polymer 2b is bathochromically shifted
(~34nm) with respect to the spectrum of polymer 2a, this
is the consequence of the increased conjugated m-electron
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Fig. 1. DSC second heating curves of polymers 2a—c (heating rate 10 K/min).
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Fig. 2. UV absorption spectra of monomer 1b and polymers 2a—c in THF solu-
tions.

system of the triphenylamine in comparison with carbazolyl
chromophore. On the other hand, introduction of the methyl
group into the triphenylamine chromophore of the polymer 2¢
has minor positive effect (=2 nm) on the r-electron conjugation
compared with the compound 2b. Difference in m-electron
conjugation between corresponding monomer 1b and polymer
2b is not significant which proves that conjugated m-electron
systems remain intact during polyaddition reaction.

The ionization potential (/) values for polymeric TM are:
5.26eV for 2a, 5.33eV for 2b and 5.24eV for polymer 2¢
accordingly. Polymers 2a—c are soluble in common organic sol-
vents such as chloroform, THF, dioxane, etc. This really good
solubility is mainly due to the flexible linking fragments between
chromophores. Clear, transparent and homogeneous films of
polymers 2a—c were obtained by the casting technique. The hole-
drift mobility for synthesized polymers 2a—c was measured by
XTOF technique (Fig. 3).

XTOF measurements reveal that small charge transport tran-
sients are observed with well-defined transit time on log—log
plots in all the investigated cases (Fig. 4). The dark conduc-
tivity of the samples investigated was low enough and did not
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Fig. 3. XTOF transients for polymer 2a. Inset shows the one transient curve in
linear plot.
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Fig. 4. Field dependencies of the hole-drift mobilities of polymers 2a-c and
monomer la.

influence XTOF kinetics. The measurement of the photore-
sponse magnitudes at positive and negative charging revealed
that photogeneration was in thin pre-surface region of the layer.
The significantly dispersive character of the kinetics is to be
explained by large disorder in the materials investigated for that
reason. The dispersive character of the kinetics is also large in
the composition of the monomer 1a with PVB. We explain this
by the presence of epoxy groups in the material in this case.
In the TM without these groups dispersive character is much
lower [7]. The epoxy end groups apparently also influence the
charge transport in the polymers investigated here. Fig. 4 shows
the room temperature dependencies of hole-drift mobility on
electric field in neat polymers 2a—c. The linear dependence of
the hole-drift mobility on the square root of the electric field
is observed. Such dependencies of charge mobility on electri-
cal field are characteristic of many organic photoconductors
and are predicted by the Bissler—Borsenberger model [5,14].
The composition of monomer 1a with PVB was prepared for
comparison of drift mobility data. The hole-drift mobilities in
amorphous films of 2a—c exceeds 107> cm? V™! s~ at an elec-
tric field of 10°Vem™!. This is a rather high mobility as for
amorphous polymeric TM, it is by ca. two orders of magnitude
higher than in the compositions of 1a with PVB. This improve-
ment in results over monomers is mainly due to the elimination
of polymeric binding material from the composition. Moreover,
the hole mobility in polymers 2b,c¢ containing triphenylamine
moieties is by ca. one order of magnitude higher than in poly-
mer 2a containing carbazolyl group. In addition, the hole-drift
mobilities in amorphous films of 2a—c is by ca. three orders of
magnitude higher than in a classical polymeric photoconduc-
tor poly(N-vinylcarbazole) [2] due to visibly larger conjugated
m-electron system in the synthesized polymers.

4. Conclusions

Polymeric hydrazone based hole transporting materials
were synthesized and investigated as potential new materi-
als for electrophotography. The molecular structure of these
polymeric hydrazones allows stable films to be prepared
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without binder material. The highest hole mobility, exceed-
ing 1072 cm?V~!s7! at 6 x10° Vem™! electric field, was
observed in the polymer with triphenylamine moieties. These
polymer materials may be of particular interest for development
of future electrophotographic photoreceptors and other opto-
electronic devices.
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