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Electrochemical syntheses of photoluminescent polymers
from thienylene-poly(phenylenevinylene) derivatives

Summary — Two compounds, 1,4-bis-(2(Z)-thienylenevinylene)-benzene (M1) and 1,4-bis-(2(Z)-thie-
nylenevinylene)-2,5-dimethoxybenzene (M2) were synthesized and characterized using spectroscopic
and electrochemical methods. Spectroscopic and photoluminescent properties of these compounds
were found to be evidently dependent on their structure. Both M1 and M2 can be oxidized electro-
chemically producing forms of higher molecular weight. Intermediate products, which include stable
oligomeric forms, were distinguished using spectroscopy during polymerization. In the final stage,
oxidation of the oligomers at the electrode surface led to homogeneous, well adhering polymer films.
The doping process of these polymers that also reflects their structure is discussed. Generally, polarons
produced during oxidation do not undergo a process of recombination to bipolarons due to the block
structure. Both polymers studied have photoluminescent properties. Effects of structure on the ob-
served phenomena and parameters, like the wavelength position, the half width of the peak maximum
are demonstrated and discussed.

Key words: conjugated polymers, electrochemistry, conducting polymers, thienylenevinylene-ben-
zene.

ELEKTROCHEMICZNA SYNTEZA POLIMEROW FOTOLUMINESCENCYJNYCH Z TIENYLENO-
WYCH POCHODNYCH POLIFENYLOWINYLENU

Streszczenie — Otrzymano dwa zwiazki o wlasciwosciach fotoluminescencyjnych, 1,4-bis-(2(Z)-tie-
nylenwinylen)-benzen (M1) oraz 1,4-bis-(2(Z)-tienylenwinylen)-2,5-dimetoksybenzen (M2), ktére nas-
tepnie poddano szczegélowym badaniom spektroskopowym (rys. 1—3, rys. 7) i elektrochemicznym
(rys. 4—6). Stwierdzono, ze wlasciwosci spektroskopowe oraz fotoluminescencyjne obu substancji
zaleza od ich struktury. Zaréwno M1 jak M2 ulegaja elektrochemicznemu utlenianiu dajac produkty
o wiekszym ciezarze czasteczkowym. Proces polimeryzacji przebiega przez etapy posrednie polegaja-
ce na tworzeniu trwatych oligomeréw, obserwowanych w roztworze reakcyjnym za pomoca metod
spektroskopowych (rys. 10 i 11). W wyniku utleniania, oprécz oligomeréw otrzymuje sie réwniez
homogeniczne, dobrze przylegajace do elektrody, blonki polimerowe. Proces domieszkowania poli-
merdéw zalezy réwniez od struktury uzytego monomeru i generalnie polega na powstaniu polaronéw,
ktore ze wzgledu na blokowa strukture polimeru, nie rekombinuja do bipolaronéw. Oba polimery
maja wlasciwosci fotoluminescencyjne, przy czym zaréwno dlugoéé emitowanego Swiatta jak i szero-
kos¢ potéwkowa piku emisji zalezy od budowy polimeru.

Stowa kluczowe: polimery sprzezone, elektrochemia, polimery przewodzace, tienylwinylen-benzen.

There is a continuously growing interest in new syn-
thetic materials that have designated properties. In this
field, the linear, m-conjugated polymers and oligomers
are the subjects of great interest due to their attractive
optical properties, particularly these displaying elec-
troluminescence [1—7].

During the last 20 years a substantial progress has
been observed, in both recognizing of physical proper-
ties of these type of materials [8], and in methods of
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syntheses of new monomers and polymers. Many new
materials basing on conjugated polymers were intro-
duced [9, 10], in which the required above physical and
chemical properties had been obtained as results of
structural manipulations at the stage of monomer or oli-
gomer syntheses [11—13]. It is worth of mention here
that the first polymer displaying electroluminescence,
poly(p-phenylene vinylene) (PPV) has established
a good base for the developing of the whole family of
this type of polymers [1]. There are numerous examples
of chemical syntheses of PPV derivatives that, depend-
ing on the structure may emit light of different wave-
length, besides they are “processable”, due to a good
solubility in solvents. This, in turn, allows forming thin
films of those materials using a method of spin coating.
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Recently, a new approach has been reported in which
PPV was synthesized electrochemically in the process of
catalytic reduction of o,0,0,0~tetrabromo-p-xylene
[14, 15].

Polythiophenes create an other group of m-conju-
gated polymers that is of great interest recently. These
compounds offer unique combination of stability, sim-
plicity in modifications of the structure, and selection
between chemical and electrochemical methods of syn-
theses, and, as a matter of great importance, simple
modification of their band gap [16—18]. Using this
group of polymers or oligomers it is relatively easy to
form ordered, regular and 3D structures [19—22]. All
these are requirements for a large charge-carrier mobi-
lity that is of fundamental importance for optoelectro-
nics [22].

We have recently demonstrated effectiveness of elec-
trochemical methods in studies of regioregular oli-
go(thiophene)s [24—28]. For that reason we are expect-
ing the usefulness of that approach, together with spec-
troelectrochemistry, in studies of new oligomers and
polymers, which combine features of PPV and polythio-
phenes.

The aim of the present work was the study on thieny-
lene-PPV derivatives having a general structure given
below:

Ry
N\ 7\ (1)
R{

Ry, Ry, R3=H, or alkoxy

It is known that molecules of this structure have elec-
troluminescent properties [29], besides, their polymeri-
zation under electrochemical conditions should be pos-
sible. Indeed, a,0" positions are unsubstituted, free to
form new bonding and the conjugated molecule is suffi-
ciently short to convert to unstable radical cation when
oxidized. It is assumed that the proposed route would be
a simple and convenient method of formation of pho-
toluminescent polymers. Use of electrochemical me-
thods of polymerization is beneficial in that case for
many reasons. The electric charge recorded during elec-
tropolymerization allows determining of the film thick-
ness, solubility of the polymer is not a problem, and the
film formed this way is homogeneous, uniformly thick
even at more complicated surface morphology of the
supporting substrate.

Oligomers of thienylene-PPV derivatives and poly-
mers obtained from such monomers were in fact subjects
of interest recently [30—34], however not much atten-
tion was focused on detailed electrochemical and spec-
troelectrochemical properties. Our introductory results
of studies on electrochemical properties of dicyano sub-

stituted thienylene-PPV and poly(3,4-ethylenedioxy-
thiophene)-PPV have demonstrated usefulness of elec-
trochemical methods in case of these compounds [35].
The electrochemical and optical properties of our
compounds of interest depend to a large extent on the
type of substituent denoted as R1—R3. A presence of
that groups in the molecule allows to modify simply the
energetic levels HOMO and LUMO, and consequently
to produce oligomers of required electronic properties.
Electrochemical and spectroelectrochemical methods are
useful not only for these oligomers, the same is valid for
the electrosynthesized polymers. In this work we report
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electrochemical polymerization and optical properties of
two monomers: 1,4-bis-(2(Z)-thienylenevinylene)-ben-
zene [M1, formula (II)] and 1,4-bis-(2(Z)-thienyleneviny-
lene)-2,5-dimethoxybenzene [M2. formula (III)] and
their polymers.

EXPERIMENTAL

Materials

The following substances were used:

— thiophene-2-carboxyaldehyde (98 % pure, Al-
drich),

— 1,4-bischloromethylbenzene (98 % pure, Aldrich),

— 1,4-bischloromethyl-2,5-dimethoxybenzene (97 %
pure, Aldrich),

— tetrabutylammonium hexafluorophosphate
[(Bu)4NPFg, 98 % pure, Aldrich],

— dichloromethane (CH,Cl, 99.9 % HPLC grade,
PROLABO),

— acetonitrile (CH3CN, HPLC grade, Aldrich).

Monomer synthesis

The monomers were synthesized by Knoevenagel
condensation, described in [35], of commercial thio-
phene-2-carboxaldehyde with 1,4-bischloromethylben-
zene (for M1 synthesis) or 1,4-bischloromethyl-2,5-dime-
thoxybenzene (for M2 synthesis).
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The yields of the reaction were moderate (about 20 %)
in each case [35]. The characterization of monomers M1
and M2 was performed using 1TH NMR, mass spec-
trometry (electron ionization) analysis, and FI-IR spec-
troscopy. The results [36] were satisfactory and consis-
tent with cis-vinylene structures.

Electrochemical set-up

The electrochemical cyclic voltammetry (CV) experi-
ments were performed using an EG & G Princeton Ap-
plied Research potentiostat-galvanostat model 273A
controlled by a PC class computer, which also has col-
lected the results. The working electrode was a platinum
disc of geometric area about 0.071 cm? sealed in a glass
tube. The surface of the electrode was cleaned by polish-
ing it with 2 um and 1/10 um diamond pastes from
MECAPREX and rinsed with acetone. Ag/(0.01 M) Ag*
reference electrode was used and its exact potential was
measured versus ferrocene in the electrolyte solution
used. Platinum plate connected to platinum wire was
used as a counter electrode. No IR compensation was
applied. To observe the electrochemical process macro-
scopically, the SONY DCR TRV30E digital camera with a
resolution of 1.6 megapixels was applied. In these mea-
surements a conventional 1 cm cuvette served as electro-
chemical cell, in which 1 mm in diameter Pt wire was
used as the working as well the counter electrode.

For CV method, and for UV-Vis spectroelectrochemi-
cal measurements the solution (Bu)4;NPFg, in CH,Cl, or
in CH3CN, with concentration 0.2 M, was used. All mea-
surements were carried out at room temperature under
ambient atmosphere.

UV-Vis spectroelectrochemical studies were carried
out using ITO/quartz optically transparent working
electrode. Again, a Pt counter electrode and an Ag/Ag+
reference electrode were used. The spectra were re-
corded using a Cintra 5 spectrophotometer. Photolumi-
nescence spectra were recorded using Perkin Elmer Lu-
minescence spectrometer LS 50B.

RESULTS AND DISCUSSION

Spectroscopy of the monomers

Both monomers, M1 and M2 are well soluble in
CH3CN and even slightly better in CHpClp. Figure 1
shows UV-Vis absorption spectra in CH,Cl, recorded for
these two compounds. The apparent absorption maxima
that correspond to 7-7* transition are found respectively
at Amaxy1 = 376 nm, and at Apaap = 404 nm, however
both spectra display a complex character. In the spec-
trum of M1 there are additional vibrational bands at
362 nm and 397 nm, whereas for the M2 additional band
at 347 nm is observed. In each case the molecules have
delocalized bonding system, therefore it is difficult
clearly to attribute them the corresponding absorption
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Fig. 1. UV-Vis absorption spectra of ~ 0.5 mM solutions in
CH,CL; of: M1 — solid line, M2 — dashed line
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Fig. 2. Photoluminescence (PL) and photoexcitation (PE) spec-

tra of ~ 0.5 mM solutions in CH,CL; of: a) M1, b) M2

bands. Nevertheless, the spectra demonstrate evidently
an effect of the substituent on the optical properties. The
structures of M1 an M2 molecules imply that there are
three possible main conformational forms of both of
them: trans-trans, trans-cis and cis-cis. Among them, the
most stable isomer should be trans-trans. As found from
molecular calculations for conformers of oligo(thio-
phene) derivatives and oligo(phenylene-fluorene)s [37]
each conformational form should absorb energy at dif-
ferent wavelength. However, taking into account the
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lack of any vibrational fine structures in the absorption
band, the M2 molecules remain fairly flexible in their
ground electronic state. This indicates that upon relaxa-
tion of the excited singlet state, the M2 molecules adopt
more planar structure. The last was reported earlier for
similar compounds [38].

The photoluminescence (PL) and photoexcitation
(PE) spectra for these two monomers dissolved in
CH,Cl; are shown in Figure 2. All the emission spectra
given here were obtained under excitation at the wave-
length of the main absorption band. In case of M1, the PL
spectrum exhibits a main emission peak at A¢p =441 nm,
accompanied by two shoulders, at 420 nm and 472 nm,
whereas M2 exhibits a peak at Aepm = 455 nm with two
shoulders at longer wavelengths, at 470 nm and at
523 nm. The PE spectra shown here reflect in fact truly
the absorption spectra shown in Fig. 1. Generally, all the
features observed in spectra recorded for PL and PE of
these molecules in solution are similar to those well
known in the literature.

20
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Fig. 3. Solid state PE spectra of M1 and M2, taken in an air;
thin films were cast on microscopic glass slides from CH,CL;
solutions

Two molecules studied, M1 and M2, are also able to
produce photoluminescence, when they are prepared in
form of solid state films. It is demonstrated in Figure 3
for the films that were cast on microscopic slides from
CH,Cl; solution at the concentration of 2 mg/ml. In the
PL spectrum of the thin solid film of M1 there are three
emission peaks, the main at Ay, = 526 nm and two well
formed satellites, at 480 nm and at 566 nm. In case of M2,
the PL spectrum exhibits the main emission peak at
Aem = 516 nm with two shoulders at longer wavelengths,
one at 552 nm and the other at 600 nm.

To a large extent similar, fine structures of the spectra
have also been observed for other thiophene polymers
[39] and oligo(thiophene-m-phenyleneethenylene) mole-
cules [40]. These features in spectra were attributed to
a larger rigidity of the molecules in their relaxed excited

state rather than that in a ground state. It is noteworthy
that the films produced on glass substrates are not fully
uniform since after casting they crystallize quickly, form-
ing a fine crystalline structures. Therefore it is difficult to
obtain the good quality transmission spectra for them.

There are some evident differences in the PL spectra
of both M1 and M2 recorded for the solution and for the
solid phase. In case of M1 the emission maximum is red-
shifted for solid film as compared to the solution spec-
trum. It proves the strong molecular interactions in
a solid state. This behavior is also confirmed by the
measurements of the emission efficiency. The measured
value of quantum efficiency for solid film of M1 is below
0.1 %. A shift of photoluminescence maximum towards
lower energies occurs also for the films of M2 but the
effect is not as large, thus the molecular interactions are
probably weaker. The measured quantum efficiency is
still low, 0.3 %, but larger than that for M1.

Electrochemistry of monomers

Cyclic voltammetry (CV) of both monomers indicates
the multiple oxidation steps taking place within the
range of potentials 0—2 V. Besides, significant diffe-
rences have been found between the voltammograms of
the first and the second scan, as shown in Figure 4 for
M2 molecule. Three main peaks are recorded: at E; =
0.87 V,at E; = 1,38V, and at E3 = 1.83 V during the first
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Fig. 4. Cyclic voltammetry curves on Pt electrode for ~ 1 mM
solution of M2 in 0.2 M (Bu)4JNPFs/CH3CN; 1 — first scan,
2 — second scan, both scans at 0.1 Vs

scan. Also, two shoulders between E; and E; and one
between E; and E3 might be distinguished in this part of
the CV curve. The second scan reveals quite different
features in the voltammogram. A new peak appears at E4
= 0.7 V, whereas the peak at E; disappears and that at E;
moves to the slightly lower value of 1.29 V. Thus, the
oxidation of M2 monomer within the range of 0—2 V ap-
pears to be very complex. However, some evident con-
clusions might be drown, based on the CV curves shown
in Fig. 4. The formation of cation radical takes place at E7,
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whereas the further oxidation of that product to dication
occurs at E;. The cation radical may also undergo di-
merization or/and further oligomerization processes.
The two shoulders between E; and E, are results of the
oxidation to dication and trication. The peak disappear-
ing at E3 might be a proof of a degradation of the oxida-
tion products at the applied potential that is for that suf-
ficiently high. The new peak appearing at E; = 0.7 V is
responsible for oxidation of the dimer and some other
high-molecular oligomers to cation radicals. A shift of
the potential at E; is a result of two processes overlap-
ping: one is the oligomer oxidation, and the other pro-
cess is oxidation of M2 cation radical to its dication. Ge-
nerally the same behavior was found in case of M1 vol-
tammetry measurements, however all the potentials re-
ported for the M2 are in case of M1 moved towards posi-
tive direction.

nl 4]

Fig. 5. Cyclic voltammetry curves recorded during electropo-
lymerization of 5 mM solution of M1 in: a) 0.2 M
(Bu)4/NPF¢/CH3;CN, b) 0.2 M (Bu)4;NPF4/CH,Cl,; scan rate
0.02V/s

All the results shown above demonstrate that under
electrochemical conditions, when the electrode potential
is high enough, both the monomers can polymerize. The
last statement is more clearly demonstrated in the ex-
periment shown in Fig. 5. The CV curves were obtained
during continuous scanning to the potential that was
limited to the value of the first step of M1 oxidation in
5 mM CH;3CN solution (Fig. 5a) and in CH,Cl, solution
(Fig. 5b). As can be seen, the electroactive products of the
consecutive reactions are produced, which after reduc-
tion are in the second scan oxidized at potentials lower
than those in the initial scan. This proves that the mono-
mer is oxidized to cation radical, in which the charge is
localized in the thiophene ring. Free o,0’- positions in
the 1,4-bischloromethylbenzene molecule make possible

Fig. 6. Cyclic voltammetry curves recorded during electropo-
lymerization of 5 mM solution of M2 in: a) 0.2 M
(Bu)sNPF¢/CH3CN, b) 0.2 M (Bu)yNPF¢/CH,Cly; scan rate
0.02 V/s

the formation of higher molecular weight products.
These are likely oligomers or polymers being deposited
on the electrode surface. An indication for that are wide
current peaks for both, oxidation and reduction proces-
ses, which are continuously growing when the potential
is cycled within the limits of 0.2 and 0.7 V. At the same
time, a growing layer of well adhering polymer is ob-
served on the electrode surface.

The same processes of M2 electropolymerization
from the 5 mM solutions in CH3CN or CH,CI, are
shown in Fig. 6. As earlier, the applied potential was not
higher than that for the first oxidation stage. If one com-
pares the voltammetric curves obtained for M1 (Fig. 5)
with those reported here for M2, some differences are
evidently seen. At least partially they are related to a
higher solubility of the reaction products due to the pre-
sence of methoxy- substituents in the M2 molecule. First
of all, the M2 monomer is oxidized at the potential about
200 mV lower than M1 one. In this case the formation of
the electroactive products of oxidation is seen, which are
reduced and oxidized at potentials lower than for initial
scan. Observation of the electrochemical cell during the
process shows clearly some orange-coloured products of
the oxidation that are soluble in solvent, so they are dif-
fusing to the bulk of the cell. Longer polymerization
time leads to the formation of polymer film well adher-
ing to the electrode surface. Similarly to the above, the
process runs through a stage of well soluble oligomers to
the final polymeric product.

If one compares the first four voltammetric cycles
with the following cycles, which are recorded either for
CH3CN or in CH,Cl, solutions, some differences can be
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noticed. During the initial scans for CH3CN solution (see
Fig. 5a) a well defined reduction peak is recorded at
0.28 V. This peak moves toward more positive potential
during initial scan, then, it occurs at stable position. At
the same time, a formation of the anodic peak is ob-
served at 0.37—0.40 V; this in turn, starts to grow a little
during scanning. After the fourth scan, clear changes are
taking place for both, oxidation and reduction peaks. On
the reduction site, a substantial increase in current oc-
curs within the range of potentials — 0.1 V—0.28 V,
whereas the current value at 0.28 V remains practically
unchanged. And secondly, a similar behaviour is ob-
served on the oxidation site, in the potential range
0.20 V—0.40 V.

M2 has higher solubility in CH,Cl, than in CH3CN.
The CV curves shown in Fig. 6b were obtained for 1 mM
M2 solution in CHCl, containing 0.2 M (Bu)4NPFg.
These curves are different than the corresponding, ob-
tained in CH3CN. In the cathodic range, two well-de-
fined peaks occur at 0.32 V and at 0.38 V, whereas for the
anodic scans, one peak is recorded at 0.45 V. As in case of
the CH3CN solution, after the fourth scan, the peaks on
cathodic site start to grow in a wide range of potentials,
between 0.10 V and -0.28 V.

The observed phenomena might be interpreted as fol-
lows: during oxidation at the potential close to 0.6 V, the
M2 molecule is converted to cation radical, which in turn
undergoes consecutive dimerization (or oligomeriza-
tion) reactions. Formation of oligomers provides of well-
defined reduction peaks during four initial scans. In
CH3CN solution this is the single peak at 0.28 V, whereas
in CH,Cl; one the formation of two peaks is caused by
dimer (reduction at 0.38 V) and trimer (reduction at
0.32 V). Dimer and trimer, which are produced at the
electrode, are weakly soluble in the solvent, as found
from the visual observations of the cell during the whole
process. Besides a yellow coloured solution, one may see
some products changing colour from yellow to orange in
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Fig. 7. UV-Vis absorption spectra of M2 solution in CH,CL,
measured before (curve 1) nad after electropolymerization
(curve 2)

the space adjacent to the working electrode and diffus-
ing to the bulk of solution. From the spectrum of solu-
tion taken from the cell after electrolysis, shown in Fig. 7,
a presence of two new absorption maxima at 482 nm and
at 516 nm is evident, together with the features charac-
teristic for the unreacted monomer. These peaks are as-
signed to the dimeric form and to the trimer, respec-
tively.

The reaction course, described above, is a result of
relatively slow chemical step due to stabilization of the
cation radical, which is delocalized along the n-bonding
system of 1,4-bischloromethyl-2,5-dimethoxybenzene. If
the process runs longer (here at least four voltammetric
cycles) then oxidation of oligomers, present at the elec-
trode surface at a high enough concentration, leads to
formation of a polymer. Since the polymer is insoluble
under conditions of the electrolysis, it is deposited on the
electrode surface as a homogeneous film.

It is noteworthy that the polymerization process of
both compounds appears to be very sensitive on the
electrochemical conditions and on the monomer concen-
tration. If the anodic end-potential of voltammetric scan
is larger than the potential of the first oxidation step of
the monomer, then a black powder is produced instead
of the well adhering film.

Electrochemistry and spectroelectrochemistry
of polymers

Thin polymer films of both M1 and M2 are homoge-
neous, lightly orange in colour, well adhering to the in-
dium tin oxide (ITO) electrodes, and they are insoluble
in most of organic solvents. Typical voltammetric curves
of these polymers in CH3CN solution are shown in Fi-
gure 8. The main peak of poly(M1) oxidation occurs at
Eym1 = 0.65 V. The peak position is stable when the scan
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Fig. 8. Cyclic voltammetry curves recorded at variable scan
rates in CH3CN solution containing 0.2 M of (Bu)NPFg for
solid films of: a) poly(M1), b) poly(M2); scan rate 0.05 Vs
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rates are in a range of 0.01—0.10 V/s. The analogous
peak position Ejpp of poly(M2) is shifting from 0.48 V at
0.02 V/s to 0.60 V at 0.07 V/s. This may suggest a better
conductivity of poly(M1) as compared to poly(M2). The
other possibility exists that a more compact film struc-
ture of the poly(M2) causes more difficult diffusion of
doping anions. An argument for better conductivity of
poly(M1) than poly(M2) arises from a fast decrease in
the current that in fact is observed after the change of the
scanning direction. During the cathodic scan for
poly(M1), a wide peak is recorded with the maximum at
0.42 V. In case of poly(M2), both cathodic and anodic
scans result in a potential shift due to a larger resistance;
a shift of the peak maximum is observed towards more
positive potential when the applied scan rate increases.
Similar voltammetry results to that described for
CH3CN solution are observed when the polymers were
obtained in CH,Cl, solutions. However, if polymeriza-
tion takes place in CH,Cl, and voltammetry is carried
out in CH3CN, then the solvent remaining in the poly-
mer matrix causes effects shown in Fig. 9. Very sharp
peaks for both oxidation and reduction processes are
then recorded which overlap the ‘normal’ voltammo-
grams of the polymer. These effects do not occur, if the
polymer is carefully rinsed with CH,Cl, before measure-
ments. Oligomers have better solubility in CH,Cl, than
in CH3CN, thus rinsing with CH3CN allows removing
monomer only from the film. This is in agreement with
the earlier thesis that polymerization progresses through
the phase of formation of stable oligomers that are so-
luble in CH,Cl,. The oligomers disappear during vol-
tammetry measurement as a result of polymerization
into solid state film or due to good solubility of oxidised
oligomer in strongly polar CH3CN. Since the peak cur-

Fig. 9. Cyclic voltammetry
curves recorded in CH3CN so-
lution containing 0.2 M of
(Bu)yNPF; for solid film of
poly(M2) that was synthe-
sized in CH,CL, solution;
scan rate 0.05 V/s
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Fig. 10. UV-Vis is spectroelectrochemistry of polymer solid
films on optically transparent ITO electrodes in CH3CN solu-
tion containing 0.2 M (Bu)4NPFg: a) poly(M1), b) poly(M2);
each spectrum recorded at potential indicated in the insert of
the figure

rent decreases during few initial scans and then it be-
comes stable, the second thesis is more likely.

Each of two polymers has electrochromic properties.
Typical UV-Vis spectra recorded during oxidation of
poly(M1) in the potential range of 0.0 V to 1.0 V and
poly(M2) in the range of 0.0 V to 0.85 V are shown in Fig.
10. Spectrum of poly(M1) in the reduced state consists of
two overlapping bands with the maximum at 380 nm
and shoulder at 550 nm. The band gap found from the
spectroscopic data is at the level of 1.97 eV. During oxi-
dation, only the band at 550 nm is decreasing, whereas
the band at 380 nm remains practically unchanged up to
0.6 V. At the potentials above 0.6 V, a little change is
observed in the region of 380 nm, a substantial decrease
in absorbance occurs above 1.0 V. However, at the last
potential region, the changes in spectra are irreversible
due to decomposition of the film. The spectral behavior
of the polymer is a result of the fact that the film is a
mixture of oligomers and polymers in which oligomers
absorb energy at shorter wavelength than polymers do.
In the case described, it could be only a monomer that
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absorbs at 376 nm. However, monomer is well soluble
and cannot be responsible for the large absorbance ob-
served at this range, as shown in Fig. 10a. It is important
to add that the electropolymerization was carried out in
the solution of the monomer of the concentration far
from saturation. An assignment of that absorption peak
to a presence of the dimer should also be excluded, since
dimer is expected to absorb at a wavelength shifted to-
wards lower energies, approximately about 80 nm as
compared to monomer. This is consistent with the results
obtained for M2 (as shown in Figure 7). The observed
behavior might be also explained taking into account
that poly(M1) is a block-type polymer that consists of
bithiophene-vinylene and p-phenylene segments, as it is
shown below:

7\ \ ()

b
a

It may be assumed that bithiophene-vinylene seg-
ments should be oxidized at lower potentials than
p-phenylene segments. The n-n* electronic transitions in
the bithiophene-vinylene segments could be responsible
for the absorbance at 505 nm. It is well known that
oligothienylenevinylenes exhibit the band gap smaller
than oligothiophenes [41, 42], therefore the value of
505 nm found in those studies seems to be reasonable.

Oxidation of the polymer provides a wide absorption
band in the region of 910 nm. That spectrum remains
practically unchanged until the potential reaches the
value of 0.50 V. In this range of potentials an isobestic
point occurs at about 610 nm. Oxidation of the polymer
at more positive potentials moves the absorption maxi-
mum from 910 nm to about 870 nm, besides, there is
a broadening of the band, and the isobestic point disap-
pears. The spectroelectrochemical data imply that a sim-
ple oxidation takes place up to 0.50 V when poly(M1) is
converted to the cation radical poly(M1)** in which the
charge is delocalized along the polymer chain. Above
that potential, also phenylene part of the polymer chain
undergoes the oxidation. As may be concluded from
these results, within the applied potential region bipo-
larons are not produced, as has been concluded earlier
from the results obtained for other complex polymeric
forms [43].

Spectroelectrochemical behavior of poly(M2) is
slightly different, as shown in Fig. 10b. The electron-do-
nor character of the methoxygroup cause a shift of the
absorption band of methoxyphenyl group towards
lower energies, and in turn, overlapping of that band
with the absorption band of bithiophene-vinylene. At
470 nm, there is a single band responsible for the n-m*
transition of the whole molecule. The band gap of that
polymer, as found from the spectroscopic measurements
is equal 1.85 eV, thus it is slightly less than that found for
poly(M1). It is in fact an expected result, taking into ac-

count a presence of the electron donating methoxy sub-
stituents. In the course of oxidation, this band is disap-
pearing, whereas at the same time, a new broader band
appears in the range of 800—900 nm. This broadening is
likely a result of formation of the doping products. Also
in that case, the isobestic point exists at lower doping
levels. It diffuses at higher oxidation potentials; besides,
the absorption band of polarons is being gradually
shifted to the wavelength of 670 nm.

Poly(M2)

Counts

525 550 575 600 625 650 675 700
Wavelength, nm

Fig. 11. Photoluminescence spectra of poly(M1) and poly(M2)

solid in an air; films of about 50 nm thick were deposited

electrochemically on optically transparent ITO

Both polymers, poly(M1) and poly(M2) have elec-
troluminescent properties, the PL spectra of them are
shown in Fig. 11. The polymer films for these measure-
ments were electrochemically deposited on ITO elec-
trodes to a thickness of about 50 nm. In contrast to pho-
toluminescence of monomers, the PL spectra of
poly(M1) and poly(M2) display only single maxima at
606 nm and at 642 nm, respectively. The luminescence
band of poly(M2) is specific and very narrow, since its
half width is only 25 nm, whereas for poly(M1) this
value is doubly wide, equal to 50 nm. Besides, in com-
parison to the monomers, these polymers have the maxi-
mum of emission shifted of about 0.03 eV towards lower
energies. The quantum efficiency is not high, however
slightly higher than that for monomers. It is at the level
of 0.3 % and 0.5 %, for poly(M1) and poly(M2), respec-
tively. This proves the polymer structure is less crystal-
line than of M1 and M2 monomer films. Also, a presence
of additional substituents in phenylene ring reduces in-
teractions between the polymer chains. Therefore, to en-
hance a photoluminescence performance of such poly-
mers it is reasonable to apply substituents that consider-
ably increase an entropy of the polymeric system.

CONCLUSIONS

We have proved that an electrochemical route may be
applied to synthesize the polymers that have photolumi-
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nescence properties. Some monomer structural effects
were demonstrated to enhance the overall photolumi-
nescence performance of resultant polymers. Electro-
chemical and spectroelectrochemical studies led us to
the proposed mechanisms of polymerization and dop-
ing processes under electrochemical conditions. It was
established that during oxidation of both, 1,4-bis-(2(Z)-
-thienylenevinylene)benzene and 1,4-bis-(2(Z)-thienyle-
nevinylene)-2,5-dimethoxybenzene, the first step of the
process results in soluble oligomers, which in the second
step provide insoluble, well transparent films on the
electrode surface.
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