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ABSTRACT: A novel polythiophene bearing a strong electron-accepting fluorene unit has been synthe-
sized. Poly(2d) can be prepared by chemical (iron(l11) chloride) or electrochemical oxidation. Intramolecular
charge-transfer (ICT) within the polymer was studied by electronic absorption spectroscopy and compared
to a series of model monomer derivatives. The redox properties of the materials were studied by cyclic
voltammetry; polythiophene main chain in poly(2d) is oxidized at ca. +0.7 V vs Ag/AgCI, while the
nitrofluorene repeat unit is reduced at ca. —0.5 and —0.7 V. The model compounds 3a—e show a Hammett-
type correlation for ICT energies, Eired? and Ezreq™? vs the substituents on the fluorene ring, with the
sensitivity parameters pict- ~ 0.17—0.20 eV and pcv- ~ 0.17—0.25 V. In contrast, the oxidation process
(Eox) displays very low sensitivity to the structure of the fluorene ring (pcv- ~ 0.04 V), indicating that
ICT can be substantially tuned without a noticeable effect on the redox properties of the thiophene moiety
in 3; this behavior can be extended (extrapolated) to terthiophenes 2 and their polymers. Photoinduced
IR spectroscopy of poly(2d) provides evidence of long-living photoexcited charge transfer in the polymer.

Introduction

Substituted fluorenes are compounds which offer a
wide range of w-electron-accepting ability, relative to the
electron-withdrawing power and number of substitu-
ents.! Thus, for example, charge-transfer (CT) materials
have been obtained from the complexation of unsubsti-
tuted fluorene with the highly efficient acceptor TCNQ?
and 9-substituted polynitrofluorenes with the strong
m-electron donor TTF.13

Because of the acidic nature of the protons at C-9,
fluorene derivatives are able to undergo condensation
reactions with suitable electrophiles, leading to substi-
tution at the 9-position via a C—C double bond. Using
this strategy, several classes of donor—acceptor sz-con-
jugated derivatives have been prepared.*—8 These com-
pounds show long-wavelength absorption bands in the
visible/near IR region of their electronic spectra, arising
from an intramolecular charge-transfer (ICT) process.
The propensity for electron deficient fluorene derivatives
to form stable CT complexes has been utilized in the
sensitization of carbazole-based polymers toward pho-
toconductivity.® Moreover, it has been shown recently
that fluorenes exhibiting ICT possess drastically in-
creased photosensitizing effects which correlate within
their ICT spectral parameters.5670.10 This feature pro-
vides a route toward the precise control in spectral
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response of the photosensitivity, since the value of
Aictm s totally dependent upon the summative electron-
withdrawing ability of the fluorene ring substitu-
ents 45811

Recently, we reported the synthesis of a range of
thieno-1,3-dithiole-2-ylidenefluorene monomers based
on 1.# The substituents on the fluorene ring system (W,
X, Y, Z = H, NO,, or CO;R) dictate the electron-
accepting ability of the molecule, whereas the central
1,3-dithiole ring acts as a s-resonance donor, comple-
mentary to the fluorene unit. We have thoroughly
investigated the electrochemical and intramolecular
charge-transfer properties of these systems and have
found that the reduction potentials and ICT are highly
dependent upon the sum of the Hammett-type constants
of the substituents.* Thus, we have shown that these
monomers can be tuned synthetically to give predictable
levels of electroactivity. This information can be used
in the development of fluorene-bearing polymers to give
materials with a range of desired electronic properties.

The study of photoinduced electron transfer (PET) in
processable materials (e.g., conjugated oligomers/poly-
mers and Cgo composites), represents an area of high
interest with the following potential applications:12 NLO
devices, cost-effective organic solar cells, photodiodes
with an infrared response and even photoinduced
superconductivity. The current state-of-the-art in pho-
toconducting materials, based on conjugated polymers
(CPs), involves the use of polymer—acceptor composites
(e.g., soluble PPV—Cgp). Upon photoexcitation, it is
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desirable that the charge separated states are formed
in the picosecond range and are long-lived!® and do not
undergo immediate charge back-transfer; therefore, it
is notable that PET in Cge-containing donor—acceptor
(D—A) composites and D-o-A and D-z-A molecules has
been shown to give long-lived charge-separated states.!*
However, a vast range of m-acceptor molecules are
known, which are readily available and could be used
as preferred redox species to Cgp, particularly from
preparative, cost-efficient, and tunable viewpoints.

Specifically, fluorene-containing CPs from monomers
1 would have the following advantages over composite
polymer—acceptor materials: (i) a totally homogeneous
structure; (ii) a known, fixed donor—acceptor ratio; (iii)
a precise distance between the acceptor unit and the
polymer chain; (iv) in a bilayer device, efficient charge-
separation only taking place at the donor—acceptor
interface but, in the bulk material, the photoexcitation
recombining prior to diffusion to the D/A junction. On
the other hand, composite layers provide a high inter-
facial area; however, this arrangement is still inferior
to donor—acceptor polymers of the type poly(1).

In our attempts to polymerize the fluorene monomers
1 via electrochemical oxidation, we believe that the
resulting radical cations predominate within the 1,3-
dithiole fragment of the monomer, thereby eliminating
the possibility of coupling between the thiophene units.
Furthermore, steric hindrance from the approaching
fluorene units would render any dimerization process
highly unlikely. To this end, we have prepared the
terthiophene derivatives 2, which are convenient pre-
cursors to polythiophene copolymers. The extended
chain of the terthiophene reduces the adversity of steric
hindrance from substituents on the central ring, while
the cation radical intermediate obtained by oxidation
will be affected less by the electronic behavior of the
1,3-dithiole unit, due to the fused 1,4-dithiino spacer
group. Using this approach, we have succeeded in the
preparation and electrochemical polymerization of fluo-
rene derivative 2d, which has been the subject of a
preliminary communication.!®

Herein, we describe the preparation of terthiophenes
2b,d,e, together with their ICT and electrochemical
properties. The model compounds 3a—e have also been
synthesized and fully characterized, to check the con-
tribution (if any) of the 1,4-dithiino ring, which is absent
in series 1. In addition, we detail the polymerization
(chemical and electrochemical) of 2d. Poly(2d) has been
investigated by in situ FTIR spectroscopy during elec-
trochemical oxidation. Finally, the nature of the pho-
toexcited states has been studied by photoinduced FTIR
absorption.

Results and Discussion

Synthesis. Compounds 3a—e were prepared by the
condensation of substituted fluorenes 6a—e*1%17 with
the dithiolium salt 5 (25—78% yield, Scheme 1), which
in turn was obtained by methylation of thione 4 with
methyl trifluoromethanesulfonate (53% yield). The most
obvious route to the key intermediate 4 seemed to be
the one-step condensation of 3,4-dibromothiophene with
1,3-dithiolo-2-thione-4,5-dithiolate (DMIT). However, in
the presence of classical Cu(l) catalysts, the analogous
process requires vigorous conditions (130—140 °C, 24
h),’® under which DMIT itself is unstable.’® The use of
palladium(0) or nickel(0) triphenylphosphine complexes
as catalysts allows one to carry out the reactions of aryl
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Chart 1

3a-e Poly(2d)
w X Y z
a N02 H H NOz

b NO, H  CO(CH,CH,0)3CH,CH; NO,

c NO, NO, H NO,
d NO, NO; CO,(CHCH,0)3CH; NO,
e N02 N02 NOZ NOZ
Scheme 12
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a2 Reagents and conditions: (i) CF3SO3CHs, CHCl,, 20 °C,
16 h; (ii) 6a—e, pyridine or DMF, 60—90 °C, 15—30 min.

halides with thiols at 50—100 °C.20.21 However, our
attempt at coupling the cesium salt of DMIT® with 3,4-
dibromothiophene under phase-transfer conditions,?!
even in the presence of an equimolar amount of Pd-
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a Reagents and conditions: (i) 8, toluene, 2,6-lutidine, 70

°C, 45 min; (ii) NaBH,4, THF, room temperature, 2 min; (iii)

PPhs, CBry4, THF, 2,6-lutidine, room temperature, 40 min; (iv)

NaSH, MeOH, THF, —20 °C, 2.5 min, and then HCI, room
temperature to 50 °C.

(PPhg)g4, produced a mixture of triphenylphosphine and
probably triphenylphosphine sulfide (EIMS m/z = 294),
along with the majority of unchanged starting material
3,4-dibromothiophene.

A successful approach to the synthesis of 4 is depicted
in Scheme 2. In the presence of 2,6-lutidine, the Diels—
Alder condensation of oligomer 722 with the diethyl-
acetal of acetylene dicarboxaldehyde 822 gave dithiin 924
in 48% vyield. Reduction of the aldehyde group with
NaBH, in tetrahydrofuran (THF) proceeded smoothly
to give alcohol 10 (98% yield). The conversion of 10 to
the bromo derivative 11 (63%) required the addition of
a hindered base (2,6-lutidine) to the standard reagents
PPhs and CBrys. Compound 11 was converted to the
thiophene derivative 4 by treatment with a large excess
of sodium hydrogen sulfide, involving in situ deprotec-
tion of the aldehyde group in the intermediate mercap-
tan 12.

Compounds 2b,d,e were prepared according to Scheme
3 (40—50% vyield) by the condensation of substituted
fluorenes 6b,d,e,*17 with dithiolium salt 14, which in
turn was obtained by the methylation of thione 1325
with methyl trifluoromethanesulfonate. The alkylation
procedure required a larger excess of methyl triflate and
a longer reaction time, compared with the related thione
4, mainly due to the low solubility of terthiophene 13.
Salt 14 was readily soluble in dichloromethane (DCM),
but precipitated on addition of dry diethyl ether as a
green tarry residue; because of the instability of the
material 14 was used in the subsequent step without
further purification. During our studies, we also pre-
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a2 Reagents and conditions: (i) CF;SOsMe, DCM, 3 d, and
then (ii) 6b,d,e, pyridine or DMF, 80—90 °C, 30 min.

pared the corresponding derivatives of di- and trinitro-
fluorenes (2a and 2c), but their solubility was too low
to purify them by recrystallization or to investigate their
redox properties.

Absorption Spectroscopy. Electronic absorption
studies were performed on compounds 2b,d,e and 3a—e
in DMF; the longest wavelength maxima, corresponding
to ICT, are collated in Table 1. As expected, the values
for Lict™® are shifted bathochromically with an increase
in the sum of the nucleophilic constants o, attached
to the fluorene ring. This trend can be expressed
quantitatively by eq 1, from which the substituent
sensitivity parameter (p~) for the intramolecular charge-
transfer bands can be calculated, where hyct is the ICT
energy (in eV) corresponding to A,ct™2 of each deriva-
tive, Yop~ is the sum of the nucleophilic constants of
the substituents?® and hv9ct is the theoretical value
corresponding to zero substituents on the fluorene
system (i.e., Yo,~ = 0).

hvier = v’ icr + P_zap_ 1)

The plot of hv|ct vs the sum of the nucleophilic constants
is depicted in Figure 1. Both fluorene systems show very
good linear relationships with correlation coefficients (r)
greater than 0.99 (Table 2). The substituent sensitivity
constants for compounds 2b,d,e and 3a—e are 0.20 V
and 0.17 V, respectively, which are very close to the
related series 1 (0.18 V).* It is evident, therefore, that
the 1,4-dithiino spacer does not have a dramatic effect
on the ICT processes in compounds 2 and 3. Taking into
account that these p~ values are also close to those for
other 9-dithiolylidenefluorenes,>81! we conclude that
ICT evolves mainly from the dithiole ring on the
fluorene moiety and that the thiophene unit only has a
slight effect on this process.

Cyclic Voltammetry. Electrochemical studies were
performed on both thiophene (3b—e) and terthiophene
(2d,e) derivatives in N,N-dimethylformamide (DMF)
and dichloromethane (DCM) vs Ag/AgCl, using tetrabu-
tylammonium hexafluorophosphate ("Bus;N*PFg~) as
the supporting electrolyte; compounds 3a and 2b proved
to be too insoluble to give reliable data. A typical cy-
clic voltammogram for the fluorene systems is repre-
sented in Figure 2, which shows the electroactivity of
thiophene 3d in DMF solution (the larger peak at ca.
—0.75 V is due to the solvent). All compounds give a
single irreversible peak between +1.28 and +1.39 V
(Table 1), corresponding to the oxidation of the thiophene/
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Table 1. Maxima of ICT Bands (4,ct™®) and Their Energies (hv,cT) in Electronic Absorption Spectra, and Cyclic
Voltammetry Data for Compounds 2d,e and 3b—e, Where Experiments Were Run in DMF unless Stated

electron absorption spectra

CV (V vs. Ag/AgCl)

compound Sop~ 26 Aict™@ (nm) hvicr (eV) Eox!2 E1reqt? Eoreq?? Esred'?
2b 3.18 503 2.47 a a a a

2d 4.45 565 2.20 +1.39p —0.38 —0.64 —1.53¢

+1.41bd —0.57d —0.69d —1.39¢d

2e 5.04 589 2.11 +1.38° -0.22 —-0.43 —1.68¢
3a 2.54 489 2.54 a a a a

3b 3.18 513 2.42 +1.28° —0.70 -0.82

3c 3.81 530 2.34 +1.30P —-0.52 -0.72 —1.50¢
3d 4.45 567 2.19 +1.32b —0.36 —0.60 —1.41°
3e 5.04 588 211 +1.35P —-0.23 —0.45 —1.42¢
poly(2d) 4.45 567 2.19 +1.20¢ —0.54¢ -0.71¢

a Sample too insoluble. ® Irreversible peak. ¢ Quasi-reversible peak. 4 Experiment run in DCM. ¢ Experiment run in acetonitrile with

the substrate as a film deposited on the working electrode.
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Figure 1. Absorption maxima (in eV) of compounds 2b,d,e
(m) and 3a—e (®) vs the sum of nucleophilic constants (3 op7).

Table 2. Correlation of ICT Energies and

Figure 2. Cyclic voltammogram of 3d (ca. 102 M) in DMF
solution, containing 0.1 M BusN*PFs~, Au working electrode,
Ag/AgCI reference electrode, scan rate 100 mVs™.

-0.2 4
Redox-potentials of Compounds 1, 2b,d,e, and 3a—e by
egs 1 and 2, Where All Values Are Taken from
Measurements Carried out in DMF 0.4 -
eql hvict?, eV Y ra nb S
Lrefa 3.10 £ 0.04 —0.18 £ 0.01 0.997 12 ~ -06 1
2b,d.e 3.09 + 0.06 —0.20 £ 0.01 0.997 3 ur
3a—e 2.98 £ 0.03 —0.17 £ 0.01 0.996 5
-0.8 1
eq 2 Eo2, V pcv, V r n
Lref4 Eox +1.17 £0.08 0.10 £0.02 0.957 12
1ref4 Eirea? —1.27 £0.08 0.20 £ 0.02 0989 11 -1.0 T T T T )
1ref4 Exed? —1.34+£0.04 0.17 £0.01 0.998 9 3.0 3.5 4.0 4.5 5.0 55
2¢ Eied® —1.6 0.27 2 se.-
2¢ Ezreq?? —2.2 0.35 2 Cp
sa~e  Eu 12 +1.16+£ 001 0.04£0003  0.985 4 Figure 3. Plot of Ejreq*? (®) and Ezreq? (W) for compounds
sa~e  Eired ~149+£004 0254001 0997 4 3b—e vs the sum of nucleophilic constants (So,)
3a—e Eged? —1.46+0.06 0.20+0.01 0.989 4 P

a Correlation coefficient. ® Number of compounds in series.
¢ Estimated by two points.

terthiophenedithiino moieties. The electron-accepting
ability of the fluorene compounds varies between deriv-
atives, such that 3b exhibits two single-electron revers-
ible reduction processes (E1req?? and Earegt’?), while 2d,e
and 3c—e deliver a third, additional single-electron
quasi-reversible reductive wave between —1.41 and
—1.53 V (Eazreq™?). For instance, in Figure 2, the three
reversible electron processes correspond to the formation
of 3d™* (—0.36 V), 3d?~ (—0.60 V), and 3d3™ (—1.41 V).

In fashion similar to the electronic absorption data,
we can relate the electroactivity of the fluorene deriva-
tives to the electron-withdrawing ability of the substit-
uents in the fluorene ring. Thus, by using eq 2, we can
determine the substituent sensitivity for compounds

2b,d,e and 3a—e toward the individual redox processes
(i.e., Eox, Eired?, Ezreq*’? and ESredllz)-

EY =Eo"” + pey 20, )

The values for Eq¥2 and p~cv (sensitivity parameter)
for series 1 and 3 are collated in Table 2 (for series 2,
an approximate estimation was made by two points; this
is a mere indication that the values are of the same
order of magnitude, rather than providing accurate
guantitative characteristics). In each case, the third
reduction process fails to show any relationship with
the substituents on the fluorene ring (Table 1), while
E1red¥? and Eareq!? give good linear trends (r > 0.98),
(Figure 3). Although Eyx also shows some correlation
with Y 0,7, the effect of the electron-withdrawing groups
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Figure 4. Electropolymerization of terthiophene 2d (0.01 M)
in DCM, containing 0.1 M BusN*PFg™, using successive scans
at 200 mV s™1, Au working electrode and Ag/AgCI reference
electrode.

1
200 O

upon the donor unit in compounds 3b—e is very weak
(pcv™ = 0.04 V) and even weaker than in 1 (pcy~ = 0.10
V). The additional 1,4-dithiino spacer in 3 (as compared
to the series 1), decreases the electronic effects of the
fluorene moiety, thereby weakening the influence of the
acceptor unit upon the oxidative ability of the thiophene
fragment. This feature is actually to our advantage,
since the preparation of stronger electron acceptors of
the fluorene series will not give rise to thiophene units
possessing unfavorably high oxidation potentials, which
would render the polymerization of these derivatives by
chemical/electrochemical oxidation either difficult or
impossible.?” On the other hand, the properties of the
resulting polymers (from the viewpoint of ICT onto the
fluorene ring) can be widely tuned by variation of the
substituents within the fluorene moiety.

The values of p~cy for series 3 were 0.25 (Ejreq™?) and
0.20 (Ezreq™’?), which are slightly higher than the values
for series 1 (0.20 and 0.17 V, respectively). Although,
we were not able to do a similar study for series 2, we
anticipate that the electron-accepting properties will be
closely related to those of 3b—3e. Indeed, the values of
Eireq? and Ezreq? for compounds 2d and 3d are very
similar (Table 1).

Polymerization of Compound 2d. Poly(2d) was
obtained by the electrochemical oxidation of 2d in DCM
solution (substrate ca. 1072 M, nBus;N*PF¢~ 0.1 M, gold
working electrode, platinum wire counter electrode, Ag/
AgCl reference electrode, 20 °C), using successive scans
ranging from O to 1.40 V with a scan rate of 200 mV/s.
Under these conditions, a dark blue film deposited on
the surface of the gold electrode; Figure 4 shows the
typical polymer growth over 30 cycles. Figure 5 repre-
sents the response of poly(2d), in acetonitrile monomer-
free solution, to p-doping up to +1.40 V at varying scan
rates between 25 and 400 mV/s. The relationship
between the maximum peak current and the scan rate
is linear (correlation coefficient r > 0.999); this behavior
is indicative of a redox-active polymer attached to the
electrode surface and also demonstrates the stability of
the polymer toward p-doping.

The cyclic voltammogram of a thin film of poly(2d)
in acetonitrile is shown in Figure 6. A small anodic
irreversible peak at +0.76 V is followed by a reversible
oxidation process (observed at +1.20 V). While the main
oxidation peak for the donor poly(thiophene) component
(+1.20 V) is lower than the corresponding oligothio-
phene unit in 2d (ca. +1.41 V in DCM, Table 1), the
electron-accepting properties of the fluorene moiety are
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Figure 5. Cyclic voltammograms of poly(2d) in monomer-free
acetonitrile solution, containing 0.1 M BusN*PFs~ at varying
scan rates: 25 (inner cycle), 50, 100, 150, 200, 250, 300, 350,
and 400 (outer cycle) mV s
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Figure 6. Cyclic voltammogram of poly(2d) in monomer-free
acetonitrile solution, containing 0.1 M BusN*PFs~: scan rate
200 mV s~ 1. Electrochemical band gap ca. 1.0 V.

mostly retained in the polymer. Thus, the first two
reduction waves, Eireq? = —0.54 V and Epreg'? = —0.71
V, for poly(2d) are very similar to those of 2d (—0.57
and —0.69 V in DCM and —0.38 and —0.64 V in DMF,
respectively); however, the reduction peaks in the
polymer appear to be quasi-irreversible. Beyond the
limits of the CV shown in Figure 6 (>+1.40 V and
<—1.00 V), the polymer decomposed. Consequently, we
are not able to comment on the third reduction process
for poly(2d), which is clearly seen in the monomer.
Poly(2d) was also prepared by chemical oxidation
with anhydrous FeCls using nitrobenzene as the solvent.
Unfortunately, we were not able to deduce the molecular
weight of the polymer due to its poor solubility, however,
elemental analysis showed that the chemically prepared
polymer was efficiently cleaned after Soxhlet extraction
with methanol. The UV—visible spectrum of the chemi-
cally prepared material (Figure 7) is almost identical
to that obtained after electrochemical polymerization.
A direct comparison with the spectrum obtained from
the monomer (2d, Figure 7), shows that the ICT band
in the polymer is nicely preserved (4,ct for poly(2d) is
567 nm). A shoulder at 620 nm is seen in the spectrum
of poly(2d), arising from an increase in conjugation
within the polythiophene chain; the corresponding
absorption maximum for the terthiophene unit in 2d is
observed at 439 nm. The longest wavelength absorption
edge of poly(2d) indicates an optical band gap of 1.7 eV,
which is far greater than the band gap determined
electrochemically (1.0 V, measured as the difference
between the onset potentials for p- and n-doping; Figure
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Figure 7. Absorption spectra of 2d and chemically prepared
poly(2d) in DMF solution.

6). This large discrepancy in band gap values tends to
suggest that the electroactivity of the fluorene unit is
substantially independent of the polythiophene chain;
i.e., p-doping (=+0.7 V) occurs in the polythiophene
main chain whereas n-doping (~—0.3 V) takes place on
the fluorene site of the polymer and is expected to be
more localized.

FTIR Spectroscopy. In Situ Spectroelectrochem-
istry and Photoinduced Absorption. Molecules with
extended m-electron delocalization are characterized by
strong coupling between vibrational and electronic
effects due to a large electron—phonon coupling. Thus,
vibrational spectroscopy on CPs gives an insight into
their electronic properties. In particular, the IR spectra
of CPs in their oxidized (reduced) or photoexcited,
conductive forms are characterized by absorption changes
due to the modification of the polymer band struc-
ture?82? and by strong new IR bands due to the activa-
tion of infrared active vibration (IRAV) bands.3°3! The
characteristics of these latter spectral features are
strongly related to the effective conjugation length of
the macromolecule and to the delocalization of the
radical ions (the so-called polarons) and/or to charged
photoexcited states formed on the polymer by the redox
process or by illumination.

The evolution of the IR spectrum of poly(2d) during
its electrochemical oxidation is depicted in Figure 8. The
broad and intense band in the high-frequency part of
the spectrum (5000—2000 cm~? in Figure 8a) is related
to the low energy, intragap electronic transitions of the
radical cations formed by oxidation. The IRAV range,
which is shown in detail in Figure 8b, is characterized
by rather broad bands and an ill-defined pattern.
According to the terthiophene nature of the repeating
unit, the spectrum shows similarity with that of elec-
trochemically oxidized polythiophene.32 Apart from
small changes in frequencies and relative intensities,
as the polymer is increasingly oxidized (ca. +0.48 to
+1.2 V), three main bands emerge at about 1380, 1190,
and 1055 cm~1. These bands show high correspondence
to the three main IRAV modes reported for thiophene-
based CPs.3%:32 The broadness of the IRAV bands of
poly(2d) in its oxidized form is suggesting a rather high
level of delocalization for the radical cations.®® Note
that the sharp peak at 843 cm™! is due to the incor-
poration of PFg~ counterions, which balance the posi-
tive charge formed on the polymer by electrochemical
oxidation.

The photoinduced IR spectrum of poly(2d) is shown
in Figure 9. The observance of two electronic bands,
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Figure 8. In situ FTIR difference spectra during electro-
chemical oxidation of poly(2d). Sequence: bottom (E ~ 0.48 V
vs Ag/AgCI wire) to top (E =~ 1.2 V vs Ag/AgCl wire). Key: (a)
extended range; (b) IRAV range.

with maxima at about 3700 cm~! and above 7000 cm™1,
out of the detection range (Figure 9a), as well as of new
vibrational bands in the IRAV vibrational regime (Fig-
ure 9b), clearly indicate the charged nature of long-
living photoexcitations.2%:32 Again, three intense bands
are detected, at about 1340, 1150, and 1050 cm~*. Sharp,
downward pointing spectral features around 1500 cm~!
and near the maxima of the IRAV bands, around 1340
and 1150 cm™1, are due to the bleaching of the bands
seen in the poly(2d) IR absorption spectrum, also shown
in Figure 9. Interestingly, the two bands at high-
frequency maintain a quite broad shape while the band
at ca. 1050 cm~1 exhibits a narrow shape. Moreover, the
first two bands shift, with respect to those in the
oxidized polymer spectrum, toward lower frequency,
whereas the third one remains at almost the same
wavenumber. The absence of electrolyte counterions,
which may introduce a “pinning” effect in the electro-
chemically oxidized material,3'® explains a more delo-
calized nature for charged states in the photoexcited
sample and, therefore, the softening observed for the
bands at 1340 and 1150 cm~1.3%:34 On the other hand,
the sharpening of the band at 1050 cm™! in the photo-
induced IR spectrum, together with its lack of frequency
shift, indicate that this IRAV band is not affected like
the other two. Since long-living and negatively charged
states in poly(2d) should be mainly confined within the
electron-accepting fluorene moiety, a localized negative
charge can occur also in the photoexcited polymer.

Conclusions

We have prepared a series of thiophene systems
bearing a range of substituted 1,3-dithiole-2-ylidene-
fluorene units as strong electron acceptor species. These
materials (2b,d,e and 3a—e) exhibit a strong correlation



2238 Skabara et al.

15 :
a)
1.0 :
= os-
|_
<
<
© oo
081 : : S
T T T T T T T
7000 6000 5000 4000 3000 2000 1000
-1
Wavenumber / cm
4.5
05l 0. 40
35
: ‘ , : ‘ 30 &
: : : y : C
E 0.0 i TS 1§ | A o Aot . W 25 @
> : : : : Ee]
i 20 &
<
e : 1.5 3
N 05 Nl ~ <L
f 1.0
05
1.0 0.0

; : : ; ;
1800 1600 1400 1200 1000 800 600

Wavenumber / cm”
Figure 9. Photoinduced FTIR absorption of poly(2d); excita-
tion at A =488 nm, 30 mW cm~2. Key: (a) full range; (b) IRAV
range (upper plot), compared to the IR absorption of the
neutral polymer (lower plot).

between ICT and the sum of the nucleophilic constants
(>op7) of the fluorene substituents. Similarly, the first
two reduction processes for series 3 are also highly
influenced by Yo,~, whereas the oxidation process is
only slightly influenced by the fluorene structure.

Polymerization of 2d has been achieved electrochemi-
cally and by oxidation with ferric (I11) chloride. The
difference in 4,ct™® (using DMF as the solvent), for the
analogous series 2d, 3d and poly(2d) is negligible (2.20,
2.19, and 2.19 eV, respectively). This shows that the
degree of intramolecular charge-transfer can be finely
tuned in polymeric systems as well as in molecular
species by the variation of substituents on the fluorene
ring. In this context, we provide some evidence toward
the design of fluorene-based polythiophenes of the type
poly(2d) which give photoexcited states at predicted
wavelengths.

The values for Eireg? and Egreq? (Table 1) for
compounds 2d and 3d are similar. The corresponding
redox processes for poly(2d) are difficult to compare with
the molecular systems, since the CV of poly(2d) in DMF
was ill-defined. Nevertheless, the general reductive
behavior of poly(2d) is commensurate with that of 2d
and 3d; a more detailed electrochemical study on a
series of fluorene-containing polythiophenes (based on
poly(2d)) would be extremely worthwhile.

The photoinduced infrared spectrum of poly(2d) pro-
vides evidence of long-lived charged-separated states in
the polymer. Furthermore, the broad IRAV bands are
indicative of highly delocalized radical cations, suggest-
ing that the electron donating site of the polymer is
situated within the polythiophene backbone. Con-
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Figure 10. Cell for in situ ATR infrared spectroelectrochem-
istry.

versely, the electron-accepting site is proposed to be
localized within the fluorene unit. The above criteria
are essential for the development of fluorene- containing
polythiophenes as useful alternatives to PPV—Cgp cOM-
posites in plastic photovoltaic cells. The ability to control
the donor—acceptor interaction by means of precise
structural design is certainly a major advantage over
fullerene-based systems.

Experimental Section

Instrumentation. Melting points were taken using an
Electrothermal melting point apparatus and are uncorrected.
IH NMR spectra were recorded on a Bruker AC 250 instru-
ment; chemical shifts, given in ppm, are relative to tetra-
methylsilane as internal standard; all J values are in Hz. IR
spectra were recorded on a Mattson Genesis Series FTIR
spectrometer. High-resolution mass spectra (HRMS) were
recorded on a 7070E VG Analytical mass spectrometer.

Reagents and Solvents. Fluorene 6a and DMAD were
purchased from Aldrich. Anhydrous DCM, DMF, and aceto-
nitrile used in CV experiments (Aldrich), as well as nBusN*PFs~
(Fluka), were electrochemical grade purity and used as
received. The following compounds were obtained as described
elsewhere: 6b,d,%7 6¢c,e,* 7,2° 8,2 and 13.2°

Electrochemistry. The measurements were performed on
a BAS CV50W voltammetric analyzer with iR compensation,
using anhydrous DCM, acetonitrile or DMF as the solvents,
Ag/AgCl as the reference electrode and platinum wire and gold
disk (2.0 mm diameter) as the counter and working electrodes,
respectively. All solutions were degassed (N,) and contained
the substrate in concentrations ca. 10~2 M, together with
nBusN*PFs~ (0.1 M) as the supporting electrolyte. The elec-
tropolymerization experiment was conducted in DCM and all
polymer films were studied in acetonitrile solution containing
nBusN*tPFs~ (0.1 M) as the supporting electrolyte. All experi-
ments were carried out at room temperature.

Fourier Transform Infrared Spectroscopy. In situ
attenuated total reflection FTIR spectroelectrochemistry has
been performed using the cell shown in Figure 10. Details on
the technique and the setup are given elsewhere.®> For the
present work poly(2d) was drop-cast from solution in dry DMF
on a Ge reflection element, which acts as a waveguide for the
infrared beam and as the working electrode. A Pt foil and a
Ag/AgCI wire electrode were used as counter and reference
electrodes, respectively. Infrared spectra were recorded con-
secutively during a potential sweep at a rate of 5 mV s, using
0.1 M nBusN*PFs~ in dry CH3CN as supporting electrolyte.
Specific spectral changes during the electrochemical oxidation
were obtained by relating subsequent spectra to the spectrum
at 0.4 V, which was chosen as the reference. Each spectrum,
calculated as A(—log Tarr), where Tatr is the transmission in
the ATR geometry, covers a range of about 90 mV in the cyclic
voltammogram. Experiments were made at room temperature
and under argon. For photoinduced FTIR absorption, a drop-
cast film of poly(2d) on KBr pellet was placed in a liquid N,
bath cryostat with ZnSe windows. The sample was illuminated



Macromolecules, Vol. 34, No. 7, 2001

in 45° geometry by the 488 nm line of an Ar™* laser, with an
intensity of 30 mW cm™2. The photoinduced changes in the
infrared absorption spectrum were measured by collecting 300
repetitions of 10 co-added single beam spectra taken under
illumination and of 10 co-added single beam spectra taken in
the dark. Combining the respective spectra the photoinduced
absorption was calculated as —AT/T. During measurements,
the vacuum was better than 10~° mbar. FTIR spectra were
recorded with a resolution of 4 cm™%, using a Bruker IFS 66S
spectrometer equipped with a liquid N, cooled MCT detector.
6-Diethoxymethyl-1,3-dithiolo[4,5-b]1,4-dithiine-2-
thione-5-carboxaldehyde (9). A mixture of 7 (3.46 g, 18
mmol), 8 (2.68 g,17.2 mmol), toluene (50 mL), and 2,6-lutidine
(0.5 mL) was stirred at 70 °C over 45 min, cooled to room
temperature, and filtered through a 3 cm layer of silica. The
silica was washed with toluene (50 mL), and the volume of
filtrate was reduced in vacuo to ca. 25 mL. After the filtrate
was cooled to 0 °C, the crude product was isolated by filtration,
and the filtrate was evaporated in vacuo to dryness. The crude
product was treated with charcoal (1 g) in ethanol (150 mL)
under reflux; the charcoal was filtered off and washed with
hot ethanol (50 mL). After the volume of the ethanolic solution
was reduced to 50 mL, the pure product was obtained as yellow
needles. The mother liquor was added to the residue from the
evaporation of the toluene mother liquor, and the mixture was
treated three times with portions of charcoal (0.5 g each) under
reflux. After the volume of the solution was reduced to ca. 25
mL, the second crop of pure product was obtained. Overall
yield 2.85 g (48%); mp 111-114 °C (lit. 103 °C).>* 'H NMR
(CDCl3): d/ppm 10.05 (s, 1H), 5.68 (s, 1H), 3.69 (m, 4H), 1.28
(t, 3 7.1, 6H). HRMS: calcd for C1;H1203Ss, 351.93900; found,
351.93960.
5-Hydroxymethyl-6-diethoxymethyl-1,3-dithiolo[4,5-
b]1,4-dithiine-2 thione (10). NaBH, (1.5 g, 39 mmol) was
added to a stirred solution of aldehyde 9 (1.64 g, 4.66 mmol)
in THF (50 mL) at 20 °C. After 2 min, the reaction mixture
was poured into saturated aqueous NaHCO3; (100 mL); KBr
(10 g) was added, and the product was extracted with ethyl
acetate. The extract was dried over MgSO, and evaporated in
vacuo to dryness, affording 1.61 g (98%) of the product as a
yellow-brown solid, mp 101—106 °C, which was used in the
next step without further purification. An analytical sample
(from hexane—ethyl acetate) was obtained as a yellow crystal-
line solid, mp 108—109 °C. 'H NMR (CDClz): d6/ppm 5.33 (s,
1H), 4.47 (d, 2H, J 6.6), 3.62 (4H, m), 2.44 (1H, t, J 6.6), 1.26
(6H, 1,3 7.2). IR (KBr): vma/cm~1 3461, 2973, 2875, 1157, 1100,
1063, 902, and 506. EIMS (M* — EtOH): 308.
5-Bromomethyl-6-diethoxymethyl-1,3-dithiolo[4,5-b]1,4-
dithiine-2-thione (11). Carbon tetrabromide (1.16 g, 3.48
mmol) and triphenylphosphine (0.570 g, 2.18 mmol) were
added to a solution of 10 (0.539 g, 1.74 mmol) and 2,6-lutidine
(4.8 mmol) in dry THF (10 mL) under dry nitrogen, and the
mixture was stirred over 40 min at 20 °C. The solvent was
removed in vacuo and the residue was subjected to flash
chromatography (silica, DCM:petroleum ether 1:1) to give
0.427 g (63%) of 11 as a yellow crystalline solid, mp 102—104
°C. 'H NMR (CDClg): d/ppm 5.28 (s, 1H), 4.39 (s, 2H),
3.62 (m, 4H), 1.27 (6H, t, J 7.2). IR (KBr): vmad/cm™1 2976,
2900, 1321, 1209, 1141, 1075, and 561. HRMS: calcd for
CnH1379BrOZS5, 415.87024; found, 415.87308.
Thienodithiino[3,4-b:5,6-e]1,3-dithiole-2-thione (4). Na,S-
9H,0 (2.5 g, 10 mmol) and methanol (75 mL) were placed in
a column equipped with a porous glass plate at the bottom
inlet, and the mixture was saturated with hydrogen sulfide
[obtained by treating a mixture of sodium sulfide (20 g, 80
mmol) and water (20 mL) with concentrated HCI (18 mL)], by
bubbling the gas through the base of the column. The solution
was cooled to —20 °C and was added, in one portion on stirring,
to a chilled solution (=20 °C) of 11 (0.383 g, 1.0 mmol) in THF
(25 mL). After 2.5 min, concentrated aqueous HCI (7 mL) was
added, and the mixture was warmed to 50 °C and filtered. The
volume of the filtrate was reduced in vacuo to ca. 20 mL, water
(20 mL) was added, and the precipitate was filtered and
washed with water. A solution of the crude product in a
mixture of THF (30 mL) and ethanol (70 mL) was treated with
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charcoal (0.5 g) under reflux, filtered, and evaporated in vacuo
to a volume of ca. 15 mL. Water (5 mL) was added, and the
product was filtered to give 0.105 g (34%) of 4 as a yellow solid,
mp 201—-206 °C dec. *H NMR (CDClg): o/ppm 7.21 (s). IR
(KBr): vmax/cm™ 3094, 3071, 1477, 1331, 1069, 792, and 513.
HRMS: calcd for C;H,Ss, 277.84808; found, 277.84844.

2-Methylthiothienodithiino[3,4-b:5,6-e]1,3-dithioli-
um triflate (5). A mixture of 4 (0.100 g, 0.36 mmol), dry DCM
(2 mL), and methyl trifluoromethanesulfonate (0.16 mL, 1.4
mmol) was stirred at 20 °C over 16 h. Dry diethyl ether (10
mL) was added, and the precipitate was washed with a further
amount of diethyl ether and dried at room temperature under
dry nitrogen, affording the product as an orange-brown solid
(crystallosolvate 5:CHCl,, 0.110 g, 53%). *H NMR (acetone-
ds): o/ppm 7.79 (2H, s), 5.61 (2H, s, CH.Cl,), 3.33 (3H, s). IR
(KBr): vmax/cm™t 3087, 1451, 1268, 1253, 1157, 1028, 810, and
637.

General Procedure for 9-(Thienodithiino[3,4-b:5,6-e-
1,3-dithiole-2-ylidene) Polynitrofluorene Derivatives (3a—
e). To a mixture of salt 5 and the corresponding fluorene
derivative 6 (in a 1:1 molar ratio), was added pyridine or DMF
(dry pyridine for dinitro derivatives or DMF for trinitrofluo-
renes, 0.25 mL per 50 mg of the solid mixture), and the
reaction mixture was stirred at the desired temperature (60
°C for 6e, 90 °C for others) for 30 min under dry nitrogen.
Ethanol (2 mL) was added and the precipitate was filtered and
recrystallized from a suitable solvent (DMF for 3a and 3c or
DMF:ethanol for others).

9-(Thienodithiino[3,4-c:5,6-d]-1,3-dithiole-2-ylidene)-
2,7-dinitrofluorene (3a). Yield 25%, mp >250 °C. 'H NMR
(DMSO-ds, 100 °C): o/ppm 8.61 (2H, d, 1.7), 8.40 (2H, d, J
8.4), 8.29 (2H, dd, J 8.4 and 1.9), 7.73 (2H, s); IR (KBr): vmax/
cm~! 3101, 1516, 1493, 1336, 828, and 728. HRMS: calcd for
C20HsN204Ss, 499.90875; found, 499.90861.

9-(Thienodithiino[3,4-c:5,6-d]-1,3-dithiole-2-ylidene)-
2, 7-dinitrofluorene-4-carboxylic Acid (Triethylene Gly-
col Monoethyl Ether) Ester (3b). Yield 35%, mp > 250 °C.
IH NMR (DMSO-dg, 100 °C): d/ppm 8.70 (1H, d, J 2.0), 8.57
(1H, d, J 2.0), 8.54 (1H, d, J 8.8), 8.48 (1H, d, J 2.0), 8.19 (1H,
dd, J 8.8 and 2.0), 7.72 (2H, s), 4.66 (2H,m), 3.90 (2H, m), 3.71—
3.40 (10H, m), 1.07 (3H, t, J 7.0). IR (KBr): vmadcm™1 3095,
2865, 1727, 1524, 1491, 1330, 1165, 1103, and 826.

9-(Thienodithiino[3,4-c:5,6-d]-1,3-dithiole-2-ylidene)-
2,4, 7-trinitrofluorene (3c). Yield 40%, mp >250 °C. 'H NMR
(DMSO-ds, 100 °C): d6/ppm 8.88 (1H, d, J 1.6), 8.69 and 8.68
(2H, overlapping singlets), 8.27 (1H, dd, J 8.7 and 1.5), 8.17
(1H,d, J8.7) and 7.75 (2H, s). IR (KBr): vmax/cm~* 3089, 1525,
1479, 1406, 1339, 1226, and 827. HRMS: calcd for CxoH7N3OgSs,
544.89386; found, 544.89544.

9-(Thienodithiino[3,4-d:5,6-c]-1,3-dithiole-2-ylidene)-
2,5, 7-trinitrofluorene-4-carboxylic Acid (Triethylene Gly-
col Monomethyl Ether) Ester (3d). Yield 70%, mp >250
°C. 'H NMR (DMSO-dg, 100 °C): dé/ppm 9.01 (1H, d, J 1.7),
8.93 (1H,d, J 1.7), 8.66 (1H, d, J 1.7), 8.51 (1H, d, J 1.7), 7.76
(2H, s), 4.44 (2H, t, 3 5.0), 3.82 (2H, t, J 5.0), 3.63—3.51 (6H,
m), 3.43 (2H, m), 3.25 (3H, s). IR (KBr): vmax/cm~1 3091, 2870,
1720, 1528, 1476, 1333, 1158, 1101, and 707. HRMS: calcd
for C23H2185011N3, 73497797, found, 734.975 88.

9-(Thieno[3,4-d]-1,3-dithiole-2-ylidene)-2,4,5,7-tetrani-
trofluorene (3e). Yield 78% of crystallosolvate 3e:-DMF,
stable at 110 °C/2 mm; mp > 250 °C. *H NMR (DMSO-ds, 100
°C): 6/ppm 9.10 (2H, s, br), 8.69 (2H, s, br), 7.98 (1H, s, DMF),
7.76 (2H, s), 2.87 and 2.78 (DMF, shoulders on water peak at
2.83 ppm). IR (KBF): vma/cm2 3098, 2922 (DMF), 1663 (DMF),
1543, 1461, 1335, 1249, 1162, and 817. Anal. Calcd for
C23H13NsO¢Ss (3e:DMF): C, 41.62; H, 1.97; N, 10.55. Found:
C, 41.25; H, 1.90; N, 9.91.

General Procedure for 9-[2,8-Di(2-thienyl)thienodithi-
ino[3,4-b:5,6-e-1,3-dithiole-2-ylidene]polynitrofluorene De-
rivatives (2b,d,e). Methyl triflate (0.1 mL, 0.9 mmol) was
added to a suspension of 13 (0.044 g, 0.10 mmol) in dry DCM
(0.5 mL) under dry nitrogen and the mixture was stirred for
3 d at room temperature. Dry diethyl ether (1.5 mL) was added
on stirring, the solution was decanted from the precipitate,
and the residue was washed with two portions of dry diethyl
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ether under dry nitrogen. The corresponding fluorene deriva-
tive 6 (0.1 mmol) and the solvent (0.5 mL, dry pyridine for
dinitrofluorenes or dry DMF for others) were added to the
residue and the mixture was stirred under nitrogen for 30 min
at 80—90 °C. After cooling, the mixture was diluted with
ethanol (1.5 mL), and the precipitate was filtered, washed with
water and ethanol, and recrystallized from an appropriate
solvent (DMF for 2b,e or dioxane for 2d).
9-[2,8-Di(2-thienyl)thienodithiino[3,4-b:5,6-e-1,3-dithi-
ole-2-ylidene]-2,7-dinitrofluorene-4-carboxylic Acid (Tri-
ethylene Glycol Monoethyl Ether) Ester (2b). Yield 40%,
mp >250 °C. *H NMR (DMSO-ds, 110 °C): 6/ppm 8.82 (1H, d,
J 1.9), 8.68 (1H, d, J 2.0), 8.59 (1H, d, J 8.8), 8.52 (1H, d, J
1.9), 8.26 (1H, dd, J 8.8 and 1.9), 7.75 (2H, dd, J 5.2 and 1.0),
7.48 (2H, dd, J 3.6 and 1.0), 7.25 (2H, dd, J 5.2 and 3.6), 4.67
(2H,m), 3.89 (2H, m), 3.70—3.30 (10H, m), 1.07 (3H, t, J 6.8).
(KBr): vmax/cm™ 33082, 2864, 1725, 1524, 1497, 1344, 1022,
and 681.
9-[2,8-Di(2-thienyl)thienodithiino[3,4-b:5,6-e-1,3-dithi-
ole-2-ylidene]-2,4,7-trinitrofluorene-5-carboxylic Acid
(Triethylene Glycol Monomethyl Ether) Ester (2d). Yield
44%, mp > 250 °C. *H NMR (DMSO-dg, 110 °C): ¢/ppm 8.98
(1H, s), 8.90 (1H, s), 8.64 (1H, s), 8.50 (1H, s), 7.75 (2H, dd, J
5.2 and 1.0), 7.46 (2H, dd, J 3.6 and 1.0), 7.24 (2H, dd, J 5.2
and 3.6), 4.43 (2H, m), 3.81 (2H, m), 3.62—3.50 (6H, m), 3.43
(2H, m), 3.25 (3H, s). IR (KBr): vmadcm™ 3093, 2864, 1722,
1530, 1480, 1339, 1101, and 703. Anal. Calcd for CgsHys
N3s01:S7: C, 48.04; H, 2.80; N, 4.67. Found: C, 47.68; H, 2.92;
N, 4.50.
9-[2,8-Di(2-thienyl)thienodithiino[3,4-b:5,6-e-1,3-dithi-
ole-2-ylidene]-2,4,5,7- tetranitrofluorene (2e). Yield 50%,
mp > 250 °C. *H NMR (DMSO-ds, 110 °C): d6/ppm 9.09 (2H,
d, J 1.6),8.70 (2H, d, J 1.7), 7.76 (2H, dd, J 5.2 and 1.0), 7.49
(2H, dd, J 3.7 and 1.0), 7.25 (2H, dd, J 5.2 and 3.6). IR (KBr):
vmax/cm™ 3092, 1542, 1482, 1357, 1338, 1317, and 706.
Poly{9-[2,8-Di(2-thienyl)thienodithiino[3,4-b:5,6-e-1,3-
dithiole-2-ylidene]-2,4,7-trinitrofluorene-5-carboxylic Acid
(Triethylene Glycol Monomethyl Ether) Ester} [Poly-
(2d)]. To a solution of 2d (0.131 g, 0.15 mmol) in nitrobenzene
(30 mL) at 60 °C was added anhydrous iron(l11) chloride (0.200
g, 1.23 mmol). After the reaction mixture was stirred at 60 °C
for 20 h, the volume of the solvent was reduced to ca. 15 mL
under vacuum. Methanol (50 mL) was added, and the precipi-
tate was washed with methanol and ether to give poly(2d) as
a black-violet solid (0.110 g, 84% yield). Anal. Calcd for CssHzs
Ns01:S7: C, 48.16; H, 2.56; N, 4.68. Found: C, 47.41; H, 2.40;
N, 3.81.
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