Preparation and Characterization of Organic Films by the
Electrooxidation of a Thiophene Imine Derivative

F. R. Diaz,' M. A. del Valle,' F. Brovelli,' L. H. Tagle," J. C. Bernede®

Laboratorio de Polimeros, Facultad de Quimica, Pontificia Universidad Catolica de Chile, Vicuiia Mackenna 4860,

Santiago, Chile

*Groupe de Physique des Solides pour I'Electronique~Faculté des Sciences et des Techniques de Nantes, 2 Rue de la

Houssiniere, BP 92208, 44322, Nantes, Cedex 3, France

Received 19 August 2002; accepted 16 November 2002

ABSTRACT: 2,2'-Dithienylimine was synthesized and
electrochemically oxidized. The polymer was obtained on
platinum or glass electrodes coated with tin oxide. The films
were characterized with scanning electron microscopy, mi-
croprobes, and X-ray photoelectron spectroscopy. The cov-
erage efficiency of the films was very high, but there were
some morphological defects on the surfaces. Furthermore,
there was some oxygen contamination not only on the sur-
face but also in the bulk of the films. The nucleation and

growth mechanisms responded to tridimensional instanta-
neous nucleation and bidimensional progressive nucleation
contributions, which were consistent with the morphologies
determined by scanning electron microscopy. The current-
voltage characteristics exhibited a turn-on voltage of 5-6 V,
which depended on the film thickness. © 2003 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 89: 1614-1621, 2003
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INTRODUCTION

Since the first report of electroluminescence (EL) from
organic conjugate polymers,' effort has been devoted
to the design of light-emitting devices. Organic light-
emitting diodes (OLEDs) are composed of three or
more layers:” the first is a transparent conductive ox-
ide (TCO); the second is an organic active film, which
can be a multilayer, for improved EL efﬁciency;z_7 and
the third is generally an aluminum film because of its
relatively low work function and its good stability
compared with that of metals with lower work func-
tions, such as Ca.

Here we report an investigation on the electrical and
electrochemical properties of an electrochemically ox-
idized thiophene imine derivative. For the active
layer, we used a polymer based on this organic film
(polymers with thiophene units have often been used
in OLEDs®). We proceeded to central thiophene nu-
cleus substitution, that is, to the incorporation of an
organic function on the 2,2'-position. The organic
function used was imine. The aim was to study the
effect of such an organic function on the optoelectric
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properties of the polymer. The main characteristic of
this substituted organic function was that it possessed
m-electrons, which could induce a limited electronic
delocalization on the new polymers. Such limited de-
localization should decrease carrier leakage toward
electrodes. Moreover, the effect of the chain modifica-
tions introduced here should be an increase in the
band gap.

EXPERIMENTAL
Monomer synthesis

2,2'-Dithienylimine (DTIM) was synthesized accord-
ing to ref. 9, as shown in Scheme 1. Yellow-green
crystals were obtained.

mp: 98-99°C. '"H-NMR (200 MHz, CDCl,, §, ppm):
8.45 (1H, s), 7.50 (1H, dd), 7.46 (1H, dd), 7.10 (3H, m),
6.97 (1H, d). C-NMR (50 MHz, CDCl,, 8, ppm):
154.87, 142.31, 141.80, 132.12, 130.39, 127.94, 126.84,
123.37, 121.22. ELEM. ANAL. Found: C, 54.76%; H,
3.47%; N, 7.15%; S, 32.51%.

Electrochemical synthesis and characterization

The setup for cyclic voltammetry (CV) was previously
described.'® A polycrystalline, nonannealed Pt disc
(geometrical area = 0.24 cm?) and SnO,-coated glass
(TCO; geometrical area = 0.4 cm?) were used as work-
ing electrodes; Ag/AgCl in a tetramethylammonium
chloride solution was used as a reference electrode.
Potentials with respect to the latter were corrected to
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Scheme 1 Monomer synthesis.

that of a saturated calomel electrode (SCE).!! A Pt
gauze separated from the working electrode compart-
ment by a glass frit was used as a counter electrode.
Before each experiment, the working metal electrodes
were polished with alumina slurry (particle size = 0.3
pm) on soft leather and afterward were washed with
deionized water and anhydrous acetonitrile. Before all
the experiments, the solutions were purged with high-
purity argon, and an argon atmosphere was main-
tained over the solutions during the measurements.
Anhydrous acetonitrile (Aldrich, St. Louis, MO) was
stored in an atmosphere of dry argon and over 4-A
molecular sieves. Because thiophene and its deriva-
tives should polymerize from highly anhydrous me-
dia'? and so that minimum water contents would be
ensured, the solvents were manipulated with sy-
ringes, and the supporting electrolyte, tetrabuthylam-
monium hexafluorophosphate (Bu,NPFy; Aldrich),
was dried in vacuo at 60°C.

The nucleation and growth mechanism (NGM)
study was carried out from solutions containing
0.025-0.1M monomer and 0.1M supporting electro-
lyte. In single potential step experiments, the electrode
was first switched from 0.2 to 0.7 V for a period of 60 s.
Polymerization was achieved by a further step to po-
tentials between 1.50 and 1.60 V. The purpose of this
potential-time program was reported elsewhere.”® In
the CV experiments, the potential was successively
scanned between —0.9 and 2.6 V at 100 mV s~ '. Chro-
noamperometric and CV experiments were acquired
with a BAS (West Lafayette, IN) CV-50W.

The TCO used was commercial SnO, (Solems, Pal-
aiseau, France). The whole glass substrate was cov-
ered, and so some SnO, needed to be removed. After
a broad line of 2 mm was masked, SnO, was etched
with Zn and HCL.* Then, the substrates were cleaned
with an H,O, treatment according to a process de-
scribed by Osada et al.,'” which corresponded to the
first solution (SC1) of the RCA (Princeton, NJ) process
first described by Kern and Puotinen.'® The substrates
were treated with an H,O-H,O, (30%)/NH,OH (25%)
solution (5:1:1 v/v/v) at 80°C for 20 min, and this was
followed by rinsing with boiling distilled water for 5
min. The use of boiling water has been proved to be
helpful for obtaining impurity-free surfaces."”

Surface characterization

The observations of the surface morphology and the
cross sections of the layers were performed with a

JEOL (Peabody, MA) 6400F field-effect scanning elec-
tron microscope. Electron probe microanalysis was
used for qualitative analysis.

Electron spectroscopy for chemical analysis (ESCA)
measurements were performed with a Leybold spec-
trometer at the University of Nantes Centre National
de la Recherche Scientifique. ESCA was used for X-ray
photoelectron spectroscopy (XPS) measurements. The
X-ray source was a magnesium cathode (1253.6 eV)
operating at 10 kV and 10 mA. The energy resolution
was 1 eV at a pass energy of 50 eV. High-resolution
scans with a good signal-to-noise ratio were obtained
in the Cls, S2p, and N1s regions of the spectrum. The
quantitative studies were based on the determination
of the C1s, S2p, and N1s peaks areas with 0.2, 0.44, and
0.6, respectively, as sensitive factors; the sensitivity
factors were given by the manufacturer. The decom-
position of the XPS peaks into different components
and the quantitative interpretation were made after
the subtraction of the background with the Shirley
method.'® The developed curve-fitting programs per-
mitted the variation of parameters such as the Gaus-
sian—-Lorentzian ratio, the full width at half-maximum
(fwhm), and the position and intensity of the contri-
butions. These parameters were optimized by the
curve-fitting program for the best fit.

Electrical characterization

OLEDs were prepared by the deposition of aluminum
in vacuo on top of a polymeric film deposited onto a
glass substrate coated with SnO,. The current-voltage
(I-V) curves were measured with a Keithley (Cleve-
land, OH) 617 programmable electrometer, a Keithley
2000 multimeter, and a Lambda (Rochester, NY) IEEE-
488 programmable power supply (model LLS6060-
GPIB) interfaced to an IBM personal computer. EL
was detected through the transparent SnO, electrode
and glass. The light output was detected with a silicon
photodiode and a Keithley 617 electrometer.

RESULTS AND DISCUSSION
Electrochemical monomer characterization

The anodic voltammetric profile of this monomer is
shown in Figure 1. From this profile, it is possible to
distinguish three oxidation peaks between 1.6 and 2.3
V, the two main ones corresponding to the oxidation
of the rings and the third to the functional group. As
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Figure 1 CV profiles of DTIM (interface = Pt/0.025M

DTIM + 0.1M TBAPF, in CH,CN; scan rate = 100 mV s ).

we previously reported, the electron densities deter-
mined by ab initio Hartree-Fock calculations are very
similar for the sulfur atoms in both rings, but there are
small differences due to the electron-withdrawing ef-
fect and/or electron-donating effect through the
group acting as a bridge, besides the conjugation effect
produced between both rings.9 Therefore, the effect of
the group acting as a bridge between the thiophene
rings is shown by a significant variation of the peak
potentials with respect to thiophene.

An analysis of the electron densities indicates that,
although there is a conjugation between the rings, the
main electron density is concentrated on the sulfur
atom next to the nitrogen, which possesses an electron
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pair that can resonate with the ring. The electron
density distribution determined in other thienyl de-
rivatives shows that, in this case, there has been an
inversion in the electron densities in the carbon atoms
acting as bridges with the imine group. One could,
therefore, expect that the ring substituted by nitrogen
at the 8-position should be more reactive. Neverthe-
less, the oxidation of the imine group cannot be ig-
nored. In symmetric molecules, it is expected that the
decrease in the oxidation potential will be more pro-
nounced. However, the energy minimization shows
that, in some cases, the deviation of the planes in the
rings causes a decrease in the m-electrons overlapping,
and this would explain the loss of electrochemical
reversibility shown by these molecules in solution.
According to the electron densities and the voltammo-
grams, the oxidation of this molecule would involve
heterocyclic rings, although the competitive or consec-
utive oxidation of the functional group could also be
taking place.’

As can be seen in Figure 2, the growth profile of the
deposit is strongly influenced by the anodic inversion
potential: when it is 2.2 V, a decrease in the oxidation
current is observed, as well as an anodic shift of the
peak. However, when the anodic limit is extended, a
more pronounced decrease in the current is observed.
This implies that the polymerization potential modi-
fies the conducting properties of the deposit. Under
these circumstances, the deposit generated at a more
anodic potential would be less conducting because the
polymeric structure would be branched, losing the
conjugation between the thiophene rings, on account
of the possibility of oxidation of not only the thio-
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Figure 2 CV profiles during the electrooxidation of DTIM (interface = Pt/0.05M DTIM + 0.1M Bu,PF, in CH;CN; scan rate
= 100 mV s~ ') showing the effect of the inversion potential (E): (a) 2.2 and (b) 2.6 V.
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Figure 3 Current-time transients for DTIM electrooxidation at different potentials (interface = Pt/0.025M DTIM + 0.1M
Bu,PF, in CH;CN): (a) experimental transients and (b) experimental transients fitted by means of eq. (1). The IN3D and PN2D
contributions were calculated from the respective terms of the same equation.

phene rings but also the functional groups (overoxi-
dation).

NGM

With the aim of establishing the NGM, potentiostatic
pulse experiments were carried out with electrolytic
solutions containing the monomer. The potentiostatic
pulses were recorded at potentials at which the cur-
rent increase occurred during the voltammetric cycle
(Fig. 3). The current/time (i/t) transients were decon-
voluted according to various mechanisms proposed in
the literature.”?® For each case, the analysis of the
current density variation considered different models,
which operated simultaneously or successively. In all
the experiments performed, only the effect of the
monomer concentration was taken into account; the
type and concentration of the support electrolyte were
kept constant.

In the literature, several NGMs have been proposed
for the electropolymerization of thiophene and its de-
rivatives,'>?¥?? and it has been found that more than
one contribution can operate simultaneously or suc-
cessively.'”'? In this case, the model best fitting the
transients is composed of a tridimensional instanta-
neous nucleation (IN3D) contribution, controlled by
charge transfer, and a bidimensional progressive nu-
cleation (PN2D) contribution, controlled by diffusion.
The equation that describes the complete transient for
the analyzed potentials is

j=a[l — exp(=b)] + ct *[1 — exp(—=dt)] (1)

The constants g, b, ¢, and d can be described as follows:

a = (nFks) (2)
b= (WNsDMZké)/PZ 3)
¢ = (nFD*C.) /(7" (4)
d = NywKD %)
where
K = (SWCmMp70‘5)O'5 (6)

n, F, M, and p represent the electron number, Faraday
constant, molecular weight, and density, respectively;
Njp corresponds to the number of three-dimensional
(38D) nuclei formed at t = 0; k3 and k3’ correspond to
the rate constants of the 3D nuclei for growth parallel
and perpendicular to the surface, respectively; and D
and C,, are the diffusion coefficient and monomer
concentration, respectively, and N, are the nuclei
formed at t = 0.

The parameters evaluated from the variables in-
volved in each contribution are summarized in Table
L. The IN3D contribution would involve only short-
chain oligomers, as proposed for the electropolymer-
ization of thiophene and 3-methylthiophene.'*** This
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TABLE 1
Effect of the Experimental Parameters on the Constants Evaluated from Eq. (1)

DTIM (M) E (mV) a (mA cm ?) b(s?) c (mA cm ™2 s571/?) ds™h
0.025 1320 0.02748 0.00763 1.14776 0.55068
1330 0.05977 0.16011 1.14776 0.63997

1340 0.12417 0.26247 1.14776 0.71540

0.05 1320 0.13187 0.11914 1.10640 2.30780
1330 0.13187 0.12284 1.10640 2.31540

1340 0.13187 0.12284 1.10640 2.53180

0.1 1320 0.04233 0.05531 0.43023 0.89937
1330 0.06294 0.19251 0.43023 1.1715

1340 0.14000 1.24470 0.43023 1.1903

E = potential.

effect has been explained by the strong interaction
existing between the monomer or oligomers with the
metallic surface, which favors the formation of two-
dimensional (2D) layers.23 It can also be seen that for
t > 4 s, the IN3D contribution decreases because the
3D nuclei start to coalesce, and the only important
growth process is the 2D one controlled by diffusion.
This contribution dominates practically the whole re-
gion for times longer than 5 s, within which the net
current decreases gradually. This type of behavior can
be attributed to layer-by-layer 2D growth, with uni-
form layers of constant thickness.

Nevertheless, the change in the electrode substrate
involves changes in the NGM of polythiophene.* In
the first stage of oxidation, the oxidation of the sub-
strate takes place at a potential at which the formation
of a polymer monolayer occurs. The formation of a
bulk deposit occurs by instantaneous nucleation and
tridimensional growth of the polymer on the mono-
layer. Other studies have suggested that the polymer-
ization process follows a current/ (time)? (I-t%) rela-
tion, which is consistent with instantaneous nucle-
ation and tridimensional growth.”! By a comparison

18Hm

®3.600

11mm

with other results,?® it can also be found that the
electropolymerization at low potentials is controlled
by charge transfer, whereas at high potentials, the
process is controlled by diffusion. Moreover, after a
certain time lapse, the main contribution is controlled
by diffusion, and this is consistent with the formation
of a region with a high oligomeric density, such as has
been proposed from the electropolymerization mech-
anism of polythiophene.'” In any case, the difference
in the NGMs of various thienyl derivatives can be
explained in terms of electronic and steric effects of the
functional groups acting as bridges.

Surface analysis

The visualization of the surface morphology has
shown that there is a high coverage efficiency of the
deposition process [Fig. 4(a)]. No pinholes are visible
after only five voltammetric cycles, but some topolog-
ical heterogeneities are visible on the surfaces of the
films. At a higher magnification [Fig. 4(b)], it can be
seen that the films exhibit the cauliflower-like aspect
traditionally found for polythiophene.”

1Mm
X10.000

SKU 11mm

(a)

(b)

Figure 4 Microphotographs of polyDTIM deposited by potentiodynamic scans on Pt electrodes: (a) 3000X and (b) 10,000X.
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TABLE II
XPS Data from the Decomposed Spectrum of polyDTIM Obtained from Pt/0.05M DTIM + 0.1M Bu,PF,
in CH,CN by 25 Voltammetric Cycles at a Scan Rate of 100 mV s™*

Cls Nils Ols S2p X
Theory (%) 75 8.5 16.5
Species C—C C—S,N,0H C=0 COOH N N* C—OH C=0 S F
Experimental (%) 60 6 27.5 55 1
Potential Difference (eV) 285.1 286.6 2882  289.6 399 401 530.3 532.1 1648
Area (%) 63.9 224 8.9 4.8 74.1 259  36.1 41.1 100
fwhm 1.8 2.3 2 14

The surface composition has been estimated by XPS.
In this case, there is some oxygen contamination (Ta-
ble II). These extra atoms can be related to air, electro-
lyte salt, and/or solvent contamination. In some sam-
ples, some dopant (fluorine) is present. However, the
atomic dopant relative concentrations are often small.
The undoping possibility is very important for OLED
applications because it has been shown that the pho-
toluminescence effect usually falls down in the pres-
ence of dopant counterions.

In the decomposition of XPS peaks (Fig. 5), it should
be noted that in this polymer there is some superficial
oxygen contamination. The decomposition of the Cls
peak [Fig. 5(a)] shows that four contributions are nec-
essary to obtain a good fit between experimental and
theoretical curves. The first contribution, situated at
285.1 eV, can be attributed to the C—C bond. This
C—C binding energy has been taken as a reference, as
is often the case.”” The second one at 286.6 eV is more
difficult to attribute. Its binding energy is a little too
high to be attributed to C—S but is a little too low to

Intensity [kCps]
| |
T—

7009 H

1508 o

1008 +

Intensity [Cps]

410 408 400
Binding Energy [eV], Mg

be attributed to C—OH contamination. In fact, it cor-
responds to C—N. However, the relative atomic value
of the contribution (22 atom %) cannot be attributed to
C—N only; therefore, it should be attributed to a
mixture of C—S, C—N, and C—OH. The third contri-
bution, situated at 288.2 eV, corresponds to the C=0O
bonds, but there may also be a surface contamination
contribution. The fourth peak can be assigned to
COOH surface contamination. The Ols peak can be
decomposed into two contributions. The first one, sit-
uated at about 530.3 eV, corresponds to the degraded
C=0 bonds of the polymer, and the second one, at
532.1 eV, can be assigned to contamination. It may
correspond to some C—OH contamination and also to
some adsorbed H,0.%®

The S2p line corresponds to a doublet. The main
contribution, situated at 164.8 eV, corresponds to C—S
bonds of the polymer. The decomposition of the N1s
peak [Fig. 5(c)] shows that two contributions are nec-
essary to obtain a good curve fit. The first contribu-
tion, located at 399 eV, corresponds to covalent nitro-
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Figure 5 Decomposed XPS spectra of polyDTIM showing the different contributions of the elements in the polymer: (a) Cls,

(b) S2p, (c) N1s, and (d) P2p.
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Figure 6 -V characteristic curves of TCO/polyDTIM/aluminum devices at room temperature.

gen. The second contribution, at 401 eV, can be attrib-
uted to positively charged nitrogen from the
supporting electrolyte.

After 1 min of etching, for sulfur, only the contribu-
tion corresponding to C—S bonds is still present, and
this shows that S oxidation is only a surface phenom-
enon.

I-V curves

The electrical behavior of devices measured under
ambient conditions under a forward bias follows a
characteristic diode behavior [Fig. 6(a)]; the turn-on
voltage is a little larger than that of other devices
prepared with dithienyl derivatives.” The effect of the
group acting as a bridge between the rings on the
turn-on voltage is directly related to its electron-do-
nating effect, causing a shift in the turn-on voltage
toward higher values. When the applied bias to a new
diode is slowly increased, the behavior is first ohmic
for a low voltage, but the current varies widely be-
tween devices. When the potential increases, the cur-
rent often becomes noisy in the range of 1-4 V. Often
the current becomes superlinear and then switches off.
In that domain, the current may vary by several orders
of magnitude between devices, and more than one
switching can be evidenced. When the turn-on voltage
is achieved, the noise disappears, and the current in-
creases exponentially with the voltage [Fig. 6(a)].
Figure 6(b) shows the EL characteristics obtained for
a device with an indium tin oxide/polymer/alumi-
num configuration. The light intensity, measured as
the photodiode tension, increases rapidly with a bias
greater than 6 V, and this is typical of rectifying char-

acteristics. Both curves show the same shape. EL ap-
pears after a current increase in the forward direction.
This indicates that the EL and I-V mechanisms are the
same.

The understanding of the electrical process appears
to be very important for achieving highly performing
diodes. For the I-V characteristics, the dominant con-
duction mechanism cannot be ohmic, trap-free and
space-charge-limited, or purely tunneling injection.
The temperature and thickness dependence observed
in our previous studies indicate that it must be either
thermionic emission or thermally assisted tunnel-
ing 301

In the low potential range, the high current flow and
switching effects cannot be satisfactorily explained by
the usual models for charge carrier injection and/or
transport. Moreover, some heterogeneity is present on
the surfaces of the polymeric films. Also, although the
samples are cooled with liquid nitrogen during alu-
minum deposition, some metal diffusion could take
place. As a result, some leakage paths could be in-
duced. These paths can justify the large current vari-
ation from one sample to another for small potentials;
in that case, the switching effect can be related to the
burnout of these leakage paths.

CONCLUSIONS

A polymer based on a thiophene imine derivative
(polyDTIM) was electrochemically synthesized, and it
showed a very high electrode coverage efficiency;
however, some topological heterogeneities were visi-
ble on the surface. The morphology was consistent
with the established NGM.
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The undoping possibility of these films was corrob-
orated by XPS, and it is very important for applica-
tions in OLEDs. Therefore, TCO/polyDTIM/alumi-
num structures based on this new polymer were as-
sayed. The I-V characteristics exhibited a turn-on
voltage of 5-6 V that depended on the film thickness,
and the EL response appeared above 6 V.

For increased luminescence of the device based on
DTIM, a second organic film, an electron-transport
layer, was deposited on the polyDTIM layer before
aluminum deposition.
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