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ABSTRACT:

Cyclic voltammetry and spectroelectrochemistry were separately employed to study and observe the electron transfer and trapping
behavior between two bipolar polymers synthesized by the cyclic voltammetry method. The poly(DNTD) and poly(Cl4DPTD)
were pair-sequentially electropolymerized on a Pt disk electrode and indium tin oxide (ITO) transparent electrodes for electron-
transfer and electron trapping studies, respectively. Interestingly, the electrochemical responses of the bilayers at negative potentials
vs Ag/AgCl were observed to depend on the bilayer assembly sequence. The lowest unoccupied molecular orbital (LUMO)
difference between poly(DNTD) and poly(Cl4DPTD) provides a large enough electronic barrier to trap the electrons between the
n-type units in the polymers.

’ INTRODUCTION

Organic molecules and semiconductors have been proposed
as active parts of a variety of nonvolatile memory devices,1,2

organic diodes,3,4 organic field-effect transistors (OFETs),5,6 and
organic photovoltaic cells (OPVs).7 The employment of flexible
organic-based thin films on substrates, including glass, plastic,
and paper, creates great opportunity to produce these devices in
large quantity and at low cost. The charge transfer and charge
trapping among different organic thin films are one of the most
important issues to understand the fundamentals of the devices.
Charge trapping in at least one material with switchable resis-
tance in the system can serve as a memory device. Also, the
photoinduced charge separation and transfer is the key issue to
improve the power conversion efficiency in organic solar cells.
Fully understanding the charge transfer and trapping in those
organic thin film devices can favor the design of an optimized
structure with improved operation efficiency in an organic
multiple-layered device.

Themost interesting part of the conducting polymers (CPs) is
their semiconducting properties, which can be simply tuned by
doping or dedoping. For this reason, electrochemical techniques
emerged first as a primary tool to prepare these CP films from
their monomer solutions in a decent and simple way, and to

characterize their electrochemical properties and to study the
kinetics through charge transport processes. Meanwhile, the
combinations of electrochemical methods with other analytical
tools, especially spectroscopies, such as ultraviolet�visible
(UV�Vis) spectroscopy, have also enhanced our understanding
of the nature of charge transport and transfer processes, surface
structure, and structure properties.8 The coupling of electroche-
mical and spectroscopic techniques is intensively used in the
characterization of electroactive films.9 Spectroelectrochemistry
(SEC) has been a powerful technique in following the spectral
changes of CP films during their electrochemical growth and
doping/dedoping processes for determining energy levels since
the late 1960s.10�13

There are a series of electropolymerizable monomers with the
chemical structure motif of R-X-R synthesized for electronic and
electrochromic materials.14�16 R represents the diphenylamine
(DPA) group, and X is an electroactive center. The monomers
with various X groups show different optical and electrochemical
properties. Correspondingly, their resulting polymers exhibit
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diverse optical, electrochemical, and electrochromic properties
derived from both R and X units.14�18 These polymers can be
used as active components in organic electronics and
optoelectronics.19 Among these R-X-R monomers, the one with
X = naphthalene tetracarboxylic diimide (NTCDI) group is
abbreviated as DNTD with its full name of N,N0-di[p-
phenylamino(phenyl)]-1,4,5,8-naphthalene tetracarboxylic
diimide, and the one with the X group having four Cl atoms
bonded to the perylene tetracarboxylic diimide (PTCDI) ring at
bay area positions is abbreviated as Cl4DPTDwith its full name of
N,N0-di[p-phenylamino(phenyl)]-perylene-1,6,7,12-tetrachloro-
3,4,9,10-tetracarboxylic diimide. The electropolymerization from
these two monomers dissolved in methylene chloride (CH2Cl2)
or other organic solvents and the electrochemical and optical
properties of these monolayer films are widely investigated and
well elucidated by cyclic voltammetry, UV�Vis spectroelectro-
chemistry, and electrochemical quartz crystal microbalance
(EQCM).14,17,20 Those compounds with NTCDI and PTCDI
units are proposed as n-type materials to fabricate organic
electronics and optoelectronics by many researchers.21�30 How-
ever, the electron transport in these bilayers and the optical
properties of these bilayers due to the electron trapping have
been rarely reported.

In this paper, the electron transfer and trapping in a bipolar
bilayer is studied by cyclic voltammetry (CV) and spectroelec-
trochemistry to well understand the operation of the organic
electronic and optoelectronic devices based on poly(Cl4DPTD)
and poly(DNTD). The electrochemical and electrochemical
spectroscopy properties of monolayers of poly(DNTD) and
poly(Cl4DPTD) are investigated first. The effects of the bilayer
growth sequences, electrode|poly(DNTD)|poly(Cl4DPTD) or

electrode|poly(Cl4DPTD)|poly(DNTD), on the electron trans-
fer behavior in the redox of bilayer polymers were also studied
and reportedhere.The electron trappingof electrode|poly(DNTD)|-
poly(Cl4DPTD) can make this kind of bilayer to fabricate charge
storage and memorial writing devices.

’EXPERIMENTAL SECTION

Materials. The syntheses of diphenylamine end group mono-
mers DNTD and Cl4DPTD have been previously described
in the literature.15,18 A modified process of DNTD synthesis
was employed. Briefly, N-phenyl-1,4-phenylenediamine (1.20 g,
Alfar-Aesar, 98%) was dissolved in 45 mL of N,N-dimethyl-
formamide (DMF, Alfar-Aesar, 99%) in a flask (100 mL) and
heated to 90 �C. 1,4,5,8-naphthalene tetracarboxylic dianhydride
(0.60 g, Alfar-Aesar, 98%) and zinc acetate (75 mg, Zn(Ac)2,
anhydrous, Alfar-Aesar, 99%) were then added into the above
solution portionwise over 10min. The temperature of themixture
solution was raised to 130 �C and held constant for 19 h in the
nitrogen environment. The product was precipitated out with
diethyl ether and filtered. The solid product was then stirred in
diethyl ether for 5 min and filtered again. The resulting product is
a sky blue powder. The synthesis of Cl4DPTD is similar to the one
of DNTD with a slow reaction between N-phenyl-1,4-phenyl-
enediamine and 1,6,7,12-tetrachloro-3,4,9,10-perylene tetra-
carboxylic dianhydride (HBC Chemicals, 98%) under Zn(Ac)2,
butwith the solvent ofN,N-dimethylacetamide (DMA,Alfar-Aesar,
99%). Scheme 1 shows the syntheses and chemical structures
of these two monomers. Figure 1 shows the different colors
of these two monomers dissolved in CH2Cl2. The solution
containing DNTD is very light orange and nearly transparent,
and the one with Cl4DPTD is orange-red. Methylene chloride
(CH2Cl2, 99.9%, Alfar-Aesar) and tetrabutylammonium hexa-
fluorophosphate (TBAPF6, Alfar-Aesar, 98%) were used as
received.
Thin Film Electropolymerization. Polymer thin monolayer

and bilayer films are oxidatively electropolymerized from
CH2Cl2 solutions containing monomer (0.5 mM) and electro-
lyte TBAPF6 (0.1 M) with multiple cycles of cyclic voltammetry.

Scheme 1. Synthesis of (A) DNTD and (B) Cl4DPTD
Monomers

Figure 1. Image of Cl4DPTD (left) and DNTD (right) monomers in
CH2Cl2.
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CV was performed on an electrochemical working station
VersaSTAT 4 potentiostat (Princeton Applied Research). A
classical three-electrode cell was employed to electropolymerize
the polymer films. If the polymer films were electrodeposited on
an indium tin oxide (ITO)-coated glass slide, a long path length,
homemade spectroelectrochemical cell was employed with a
Teflon cell body with front and rear windows clapped with two
steel plates. Pt disk electrodes with 0.018 cm2 and an ITO-coated
glass slide (70 Ω/sq, Nanocs Inc.) were used as working
electrodes to electrooxidatively polymerize the films onto the Pt
electrode for the CVs and the front ITO window of the SEC cell
for the film spectroelectrochemistry, respectively. The procedures
for the electrochemical polymerization of the monomers have
been described elsewhere.15,18 A typical electrochemical polym-
erization was performed, 10 cycles scanned back and forth from 0
to 1.5 V vs Ag/AgCl with a scan rate of 200 mV/s. For the
sequence synthesis, two separate solutions were used and the
formed polymer film was washed with methylene chloride before
the second CV synthesis. Microscope glass slides (Fisherbrand)
were chosen to cover the rear window of the spectroelectrochem-
istry (SEC) cell. The reference electrode was Ag/AgCl saturated
with KCl, and Pt wire was used as the counter electrode. During
the electropolymerization, both monomers follow the DPA’s
polymerizationmechanism and diphenylbenzidene (DPB) linkages
are formed among the monomers.15 Scheme 2 shows the polymers
electropolymerized from the two momoners.
Characterization. Films produced on the Pt disk electrode

were characterized by CV scanned from �1.2 to 1.5 V vs Ag/
AgCl. The three-electrode cell was bubbled by ultra-high-purity
nitrogen (Airgas) for at least 15 min before the scan. The
monomer-free solution is 0.1 M TBAPF6 in CH2Cl2. The
working electrode is the ITO-coated glass slide with the CV-
synthesized polymer coating. The counter electrode is Pt wire,

and the reference electrode is Ag/AgCl saturated with KCl. The
UV�visible measurements were performed on a Varian Cary 50
Version 3 UV�Visible spectrometer coupled with the potentio-
stat for applying electrochemical potentials. Solutions in the SEC
cell were treated by the same manner bubbled with ultra-high-
purity nitrogen for at least 15 min. Each spectrum was taken
when the electrochemical cell current decayed to zero, and data
were obtained by the mode of medium in Varian Cary WinUV
Bio software. At each applied potential, a minimum of two
spectra were taken to verify consistency.

’RESULTS AND DISCUSSION

Figure 2 shows the cyclic voltammograms (CVs) of poly-
(DNTD) and poly(Cl4DPTD) thin films grown on a Pt elec-
trode (0.018 cm2) scanned in CH2Cl2 solution containing 0.1 M
TBAPF6 supporting electrolyte. The scan rate is 200 mV/s, and
the scan range is from�1.2 to 1.4 V for poly(DNTD) and�1.0
to 1.4 V for poly(Cl4DPTD). In either the positive (potential
larger than 0 V vs Ag/AgCl) or the negative (potential less than
0 V vs Ag/AgCl) scan, two redox species (two separated peaks)
are observed. Both polymers can be oxidized and reduced,
indicating their p�n bipolar properties. During the positive scan,
each material is oxidized at nearly the same positive potentials.
One is about 0.80 V and the other is around 1.01 V vs Ag/AgCl.
The half-wave oxidation potentials (E1/2) and half-wave reduc-
tion potentials (E1/2) of each polymer are summarized and listed
in Table 1. These oxidation waves have been assigned to the DPB
linkage, which is common to both polymers.15 These two peaks
in the positive scan correspond to redox species of DPB/DPB+

Scheme 2. Electropolymerization of (A) DNTD and (B)
Cl4DPTD Monomers

Figure 2. Cyclic voltammograms of poly(DNTD) and poly-
(Cl4DPTD) on Pt, scanned in 0.1 M TBAPF6 CH2Cl2 monomer-free
solution with a scan rate of 200 mV/s.

Table 1. Electrochemical Data of Different Polymersa

E1/2 oxidation (V) E1/2 reduction (V)

polymers first second first second

Poly(DNTD) 0.80 1.01 �0.52 �0.93

Poly(Cl4DPTD) 0.77 0.97 �0.35 �0.50
a Potentials vs Ag/AgCl; 0.1MTBAPF6, CH2Cl2; scan rate = 200 mV/s.
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andDPB+/DPB2+, as these two redox species' half-way potentials
(E1/2, the average of both the peak current oxidation and reduc-
tion potentials for a redox species) are found to be consistent
with the reported +0.72 and 0.94 V vs Ag/AgCl.15,31 The possible
DPB+ and DPB2+ radical structures are listed in Scheme 3. The
small difference is because of the surface-confined films on elec-
trodes and naphthalene diimide units in the polymer chains. Also,
these two redox peaks show equal amounts of the passed charges by
integrating the current�time curve area for each peak.15,18

However, these two materials have very different reductive
waves due to the different X center units in DNTD and
Cl4DPTD. Although both polymer thin films show two separated
peaks in the negative scan, the E1/2 for the reduction of poly-
(DNTD) and poly(Cl4DPTD) are very different. The ones of
poly(DNTD) are at �0.52 (poly(DNTD) anion) and �0.93 V
(poly(DNTD) dianion) compared with �0.35 and �0.50 V vs
Ag/AgCl for the poly(Cl4DPTD) anion and dianion. The possible
chemical structures of those anions and dianions are shown in
Scheme 4. Both NTCDI and PTCDI groups are typical n-type
units with the lowest unoccupied molecular orbital (LUMO)
work function of about �3.8 eV.24,32 When the PTCDI group
was chlorinated at perylene bay area 1,6,7,12-positions, Cl-atom
positions at the Cl4DPTD structure (Scheme 1), the tetrachloro-
perylene diimide LUMO will be �3.9 to �4.0 eV, improved
about 0.1�0.2 eV compared with the parent PTCDI.29 This pheno-
menon is demonstrated as the first reduction E1/2 of poly-
(Cl4DPTD) is about 0.17 V higher than that (�0.52 V) of
poly(DNTD) in our case (Table 1).

For polymer bilayers where both layers are bipolar conductors,
differences in their energy levels can lead to interesting charge
localizations. Interesting electron-transfer behaviors can be ob-
served when these two polymers are grown on each other to form
a bilayer film. Electrochemical cyclic voltammetric investigation
on these bilayers is very critical to understand the process of the
electron transfer in the bilayer of poly(DNTD) grown on poly-
(Cl4DPTD). A scan rate of 50 mV/s was chosen in the bilayer
CV sweep in order to discriminate the peak redox species. During
the oxidation sweep, as both polymers have electroactive groups
of DPB, CVs in this part are independent of the bilayer growth
order and have a similar CV shape (Figures 3A and 4A). Either
poly(DNTD) grown on poly(Cl4DPTD) or vice versa is very
close to the ones from single-layer films (Figure 2). However,
when scanned in negative potentials, the shape of the CV is
highly dependent on the growth order. For instance, when the
bilayer of poly(DNTD) grown on poly(Cl4DPTD) is in the
negative scan from low to high negative potentials, shown as the
direction indicated by a black arrow in Figure 3A, the first
reduction peak is observed at about�0.35 V (Figure 3A), which
is assigned to the inner poly(Cl4DPTD) layer reduction. The

poly(DNTD) outer layer is unable to be reduced at this point
(reduction peak of �0.52 V for the DNTD anion). When the
applied potential is more negative, amuch bigger peak at�0.55 V
is observed, corresponding to the combined charges of reducing
Cl4DPTD to the dianion (�0.50 V) and DNTD to the anion
(�0.52 V) due to their very close energy levels (Table 1). When
the potential sweeps further negative, for example, �1.0 V, the
third peak at �0.99 V is the reduction of poly(DNTD) to its
dianion. When the sweep direction is switched from negative to
positive after �1.2 V, the oxidation of the DNTD dianion was
“postponed” compared to that (�0.90 V) of the monolayer
(Figure 2), and there is no obvious oxidation peak at�0.9 V. The
charge for the oxidation of the DNTD dianion was accumu-
lated and then fast released until the Cl4DPTD dianion began
to be oxidized. The peak at�0.45 V is observed larger than the
one at �0.55 V (Figure 3A). The whole electron-transfer
process in the scan from�1.2 to 0 V is schematically shown in
Figure 3B. When the potential was scanned at the position of
the dashed line (position a in Figure 3B), there is no electron
transfer albeit this potential can oxidize the DNTD dianion,
indicated by the dashed arrows a0 and a00 in Figure 3B. As the
potential increased to the real line position (position b), the
Cl4DPTD dianion and the DNTD dianion and anion were
oxidized, and electron transfer is denoted by arrows b0 and b00
in Figure 3B. The poly(Cl4DPTD) anion was the last one to be
oxidized in this case, which is assigned to the small peak at�0.27
V (Figure 3A). Obviously, there is no electron trapped at the
potential of 0 V vs Ag/AgCl, and the current difference between
before and after one cycle is as small as 0.20 μA, the inset of
Figure 3A.

In the reversed growth sequence of the bilayer with poly-
(DNTD) as the inner and poly(Cl4DPTD) as the outer layer,
again there is no difference at the positive scan (Figure 4A),
compared with the previously discussed bilayer (Figure 3A).

Scheme 3. Possible Chemical Structures of DPB+ and DPB2+ Scheme 4. Possible Anion and Dianion Chemical Structures
of DNTD and Cl4DPTD
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However, the shape of the electrochemical response at the
negative scan in Figure 4A is very different from the bilayer at
the same potentials shown in Figure 3A. When the film was
scanned from 0 to �1.2 V, the inner poly(DNTD) prevents the
poly(Cl4DPTD) from being reduced until it becomes anions. The
potential to make this happen will be �0.51 V in this case.
However, as shown in Table 1 for a single polymer layer, poly-
(Cl4DPTD) can be reduced to dianions at �0.50 V. This is the
reason that there is only a big reduction peak with a peak potential
of �0.51 V in the scan from 0 to �0.75 V (Figure 4A). The
second peak at around �1.0 V in this scan is assigned to the
reduction of poly(DNTD) to dianions. When the potential swept
back from �1.2 to 0 V, the poly(DNTD) dianion was oxidized
first, with an oxidation wave that appeared at �0.92 V, and it is
very different from the case of poly(Cl4DPTD) as the inner layer
(Figure 3A).When swept to around�0.50 V, both poly(DNTD)
anions and poly(Cl4DPTD) dianions were oxidized at this
potential. However, the neutralized poly(DNTD) prevents the
poly(Cl4DPTD) anions from being oxidized even at low positive

potential. In the inset of Figure 4A, the current difference between
0 and 0.3 V is observed to be tripled (0.65 μA) compared with the
reverse arrangement of the bilayer (Figure 3A). A small bump
shown at a potential of�0.25 V and the tripled current are due to
the formed pinholes and defects in the inner poly(DNTD) film.8

This kind of current “leakage” results in the slow oxidation of the
outer poly(Cl4DPTD) anion and does not ideally keep these
trapped anions until poly(DNTD) becomes p-doped. The pro-
cess of electron trapping in this bilayer filmwhen swept from�1.2
to 0 V is shown in Figure 4B.When the potential was at position a,
poly(DNTD) dianions were oxidized. The same happened at
position b for poly(DNTD) anions and poly(Cl4PDTD) di-
anions. The red dashed arrow (at position c) indicates that the
poly(Cl4DPTD) anions were prevented from being oxidized by
the poly(DNTD) neutral film at potentials until the poly(DNTD)
changes its oxidation state.

The electron-trapping phenomenon has also been investi-
gated by coupling the visible spectroscopy and electrochemistry.

Figure 4. (A) Cyclic voltammogram of poly(Cl4DPTD) grown on
poly(DNTD) bilayer composite films on Pt, scanned in 0.1 M TBAPF6
monomer-free CH2Cl2 solution with a scan rate of 50 mV/s, degassed
with ultra-high-purity nitrogen and (B) the electron transfer and
trapping diagram as the potential is swept from �1.2 to 0 V vs Ag/
AgCl on this bilayer.

Figure 3. (A) Cyclic voltammogram of poly(DNTD) grown on poly-
(Cl4DPTD) bilayer composite films on Pt, scanned in 0.1 M TBAPF6
monomer-free CH2Cl2 solution with a scan rate of 50 mV/s, degassed
with ultra-high-purity nitrogen and (B) the electron-transfer diagram as
the potential is swept from �1.2 to 0 V vs Ag/AgCl on this bilayer
(energy level is from Table 1).



22868 dx.doi.org/10.1021/jp207521w |J. Phys. Chem. C 2011, 115, 22863–22869

The Journal of Physical Chemistry C ARTICLE

In Figure 2, it is demonstrated that poly(DNTD) and poly-
(Cl4DPTD) show two redox couples in either the positive or the
negative scan. Either the oxidation or the reduction of those films
will change the visible spectra, showing different absorption bands.
Figure 5A,B shows the spectroelectrochemistry of the single
poly(DNTD) and poly(Cl4DPTD) films on ITO, respectively.
In Figure 5A, the spectrum of the neutral film of poly(DNTD)
shows less absorption above 400 nm. When the potential was
increased to 0.9 V, two peaks in the visible region at 460 and
613 nm, as well as a broad band beyond 1100 nm, were observed.
Whenmore positive potential was applied, for example, 1.40 V, the
bands at 460 nm and beyond 1100 nm disappeared and the
intensity of the band at 613 nm increased. The spectroelectro-
chemical behaviors of poly(Cl4DPTD) at positive potentials are
similar to those of poly(DNTD) (Figure 5B). There are two peaks
at 493 and 530 nm assigned to the bay-position-chlorinated PDI
unit for the neutral film (Scheme 1). It also has a broad band beyond
1100 nm at 0.9 V, and this peak is diminished compared with poly
(DNTD) at the same applied potential. The peak at 613 nm
combinedwith the chlorinated PDI peaks and forms a big bandwith
an absorbance at 534 and 600 nm. The polymer DNTD anion
shows absorbance bands at 480, 528, 613, and 782 nm with an
applied voltage of�0.8 and�1.0 V (Figure 5A); poly(DNTD) still
keeps as an anion state. The poly(Cl4DPTD) anions exhibit absorp-
tion bands at 760, 923, and 1015 nm at �0.4 V (Figure 5B); its
dianion shows a characteristic peak at 688 nm at �0.6 V. All these
reduced polymer absorption peaks are summarized in Table 2.

Spectroelectrochemistry was applied to devices with a com-
posed bilayer structure of ITO|poly(Cl4DPTD)|poly(DNTD)
and ITO|poly(DNTD)|poly(Cl4DPTD), respectively. The elec-
tron-trapping phenomenon was not observed at an applied field
of 0 V in the device with the first synthesized ITO|poly-
(Cl4DPTD)|poly(DNTD) structure. However, in the device
with the second synthesized ITO|poly(DNTD)|poly(Cl4DPTD)
structure, both poly(DNTD) and poly(Cl4DPTD) show two
redox couples at negative potentials and each shows changes in
their spectra in response to different potentials. Figure 6 shows
the reduced form of the bilayer as the potential increases from
�0.9 to 0.3 V. At �0.9 V, absorbance bands at 482, 613, and
782 nm are indicative of poly(DNTD) anions,16 and at the same
potential, the absorbance peak at ∼688 nm can be assigned to
poly(Cl4DPTD) dianions.

18 When the potential increases from
�0.9 to �0.3 V, the peaks for poly(DNTD) anions and poly-
(Cl4DPTD) dianions disappear and poly(Cl4DPTD) anion
absorbance peaks at 760 and 923 nm appear. In single-layer
films of poly(Cl4DPTD), the oxidation of the poly(Cl4DPTD)
anions occurs at�0.35 V, but in the bilayer films, the absorption
peak is assigned to the poly(Cl4DPTD) anions and does not
disappear until +0.3 V (Figure 6).

The oxidation occurs as poly(Cl4DPTD) dianions become the
poly(Cl4DPTD) anions at �0.4 V, while at the same potential,
the poly(DNTD) anions transform into the neutral insulating
form. Upon further oxidation up to +0.3 V, poly(Cl4DPTD)
anions are trapped between the electrolyte and the neutral

Figure 5. UV�visible spectroelectrochemistry of (A) poly(DNTD)
and (B) poly(Cl4DPTD) on ITO-coated glass slides at different applied
voltages.

Table 2. Visible Absorption Bands for Reduced Polymer
Films

Poly(DNTD)

polymer anion dianion

absorbance bands (nm) 480, 528, 613, 782 762

Poly(Cl4DPTD)

polymer anion dianion

absorbance bands (nm) 760, 923, 1015 688

Figure 6. ITO|poly(DNTD)|poly(Cl4DPTD) bilayer visible spectra
when applied potentials were swept from �0.9 to 0.3 V. It obviously
shows that the poly(Cl4DPTD) anion was trapped even when 0.3 V was
applied on the inner poly(DNTD).
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poly(DNTD) polymer. Ideally, slightly more than +0.6 V is
needed to overcome this electron barrier, which is the potential
ofmaking poly(DNTD) p-doped (oxidized) from the poly(DNTD)
monolayer CV (Figure 2). However, as discussed before, due to
the imperfection of the polymer films, some current “leaking”
and slow oxidation at +0.3 V was observed, making the
poly(Cl4DPTD) anion spectrum weaker than that at lower
potentials, such as 0 V. FromTable 1, the first reduction potential
of poly(Cl4DPTD) is +0.17 V higher than that of poly(DNTD).
This +0.17 V uphill barrier requires the application of +0.6 V to
allow electron transfer. It is important to note that, at +0.3 V,
poly(DNTD) has not accessed the p-doped, oxidized form that
starts to occur at +0.6 V. This result shows that electrons can be
trapped in the poly(Cl4DPTD) layer at potentials 0.6 V more
positive than their thermodynamic potential. The whole process
shows that the bilayer has the function of charge storage and
memory between �0.3 and 0.6 V after fully n-doped, which will
only appear when the oxidation state of the inner poly(DNTD)
has been varied between reduced and oxidized states.

’CONCLUSION

In summary, two p- and n-type bipolar polymers, poly(DNTD)
and poly(Cl4DPTD), synthesized by the cyclic voltammetry
method were electrochemically and spectroelectrochemically
characterized. The electron transfer and trapping behaviors in
the bilayers composed of these two polymers were also investi-
gated. Because of different n-type units in the polymers, electron
trapping occurs when the bilayer is fully reductive doped with
the subsequent inner material (poly(DNTD)) being oxidized
to the neutralized insulating form before the outer layer (poly
(Cl4DPTD)). A larger potential (+0.6 V) for overcoming that
barrier is required than that (�0.35) predicted by thermody-
namics in this case. However, a reverse configuration of the
bilayer caused a postponed electron transfer until the inner layer
dianions begin to be oxidized to favor the electron transfer.
Electrode|poly(DNTD)|poly(Cl4DPTD) has the functionof charge
storage and memory.
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