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ABSTRACT: A new solution processable, regioregular, alternate copolymer of fluorenone and dialkyl-
bithiophene, namely poly[(5,5'-(3,3'-di-n-octyl-2,2'-bithiophene))-alt-(2,7-fluoren-9-one)] (abbreviated as
PDOBTF), was synthesized by three different preparation methods: chemical or electrochemical oxidation
of 2,7-bis(4-octylthien-2-yl)-fluoren-9-one or polycondensation of 2,7-bis(5-bromo-4-octylthien-2-yl)-fluoren-
9-one in the presence of Ni(0) reagent. Independent of the preparation method, the crude product is a
mixture of high molecular weight fractions and short oligomers. It can be however easily fractionated
into fractions differing in their molecular weight by sequential extractions with a series of solvents. The
principal absorption band registered for the undoped polymer (Amax = 384 nm for the THF solution and
389 nm for the solid state) originates from the z—x* transition of the conjugated backbone and is blue-
shifted because of the chain torsion effects caused by steric hindrance. This band is accompanied by a
peak of smaller intensity (Amax = 476 nm for the THF solution and 485 nm for the solid state) attributed
to the n—s* transition in the carbonyl group of the fluoren-9-one subunit. Preliminary photoluminescence
studies show that PDOBTF exhibits a very large Stokes shift and emits red light (Amax = 631 nm in THF
solution and 643 nm in the solid state). Upon chemical p-type doping with FeCl,~, the polymer reaches
the conductivity of o4 = 0.05 S cm™. Mossbauer spectroscopy studies of the doping process show that
both structural subunits, i.e., the bithiophene subunit and the fluoren-9-one one, participate in the doping.
PDOBTF can be relatively easily postfunctionalized by grafting aniline oligomers as pendant groups via
the carbonyl groups of the fluoren-9-one subunit. By consequence, the spectrum of the modified polymer
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can be precisely tuned in the visible region by changing the grafting level.

Introduction

The development of “plastic” electronic devices such
as field-effect transistors (FETs),! light-emitting diodes
(LEDs),? or photovoltaic cells® resulted in a renewed
interest in polyconjugated macromolecular systems
observed in the past decade. One of the most important
advantages of conjugated polymers is a rather facile
tuning of their optical, spectroscopic, and electronic
properties by appropriate design of their chain structure
and by imposing favorable aggregation of these chains
in the solid state via supramolecular engineering. In this
paper we report on the first example of a new family of
copolymers with conjugated backbone, namely poly-
[(5,5'-(3,3'-dialkyl-2,2'-bithiophene))-alt-(2,7-fluoren-9-
one)]s. Poly(fluoren-9-one-2,7-diyl) homopolymer has
already been reported in the literature;* however, we
were tempted to prepare copolymers of fluoren-9-one
with alkyl-substituted thiophenes with the goal to tune
its electronic and optical properties and to improve its
solution processability. Although being similar to al-
ready reported alternating copolymers of fluorene and
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dialkylbithiophenes,>®  poly[(5,5'-(3,3'-dialkyl-2,2'-bi-
thiophene))-alt-(2,7-fluoren-9-one)]s offer some advan-
tages unobtainable for the former (vide infra).

Our interests in this new family of polyconjugated
systems arise from the following reasons:

(i) Their highly regular chain microstructure, which
is a simple consequence of the fact that the fluoren-9-
one moiety possesses a symmetry axis and the alkyl
substituents in the bithiophene unit are regularly
distributed via “head-to-head” coupling. Such chain
regularity facilitates ordered supramolecular aggrega-
tion in the solid state.

(ii) Their luminescent properties combined with solu-
tion processability, the latter being assured by the alkyl
side groups.

(iii) The possibility of the tuning of their electrical
transport properties via chemical or electrochemical
doping.

(iv) The possibility of their postpolymerization func-
tionalization via carbonyl groups’ present in the poly-
mer main chain. Thus, poly[(5,5'-(3,3"-dialkyl-2,2'-
bithiophene))-alt-(2,7-fluoren-9-one)]s can be considered,
for example, as polymer precursors for the preparation
of a whole new series of macromolecules whose absorp-
tion spectrum can be precisely tuned via branching
appropriate chromophores as side groups. This approach
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is of extreme importance in view of the use of conjugated
polymers as components of organic solar cells®1° since
it may result in a much better match between the solar
radiation and the polymer absorption, leading in turn
to much better device efficiency.

In the first part of the paper we describe the synthesis
of poly[(5,5'-(3,3'-di-n-octyl-2,2'-bithiophene))-alt-(2,7-
fluoren-9-one)] (PDOBTF) and characterize its principal
properties in the undoped state. In the second part we
focus on its p-type doping using FeCls; as the doping
agent and on the characterization of the doped polymer
by elemental analysis, dc conductivity measurements,
and Maossbauer spectroscopy. Finally, we give an ex-
ample of postpolymerization functionalization of the
above copolymer with the goal to demonstrate that its
UV—vis spectrum can be tuned by grafting aniline
tetramer to the conjugated main chain via the carbonyl
group present in the fluoren-9-one moiety.

Experimental Section

Reagents and Chemicals. All reagents and chemicals
were purchased from Aldrich. Chloroform and nitromethane
were dried over CaCl, and distilled in a vacuum line prior to
the use. FeCl; was dried in a high-vacuum line by dynamic
pumping at the temperature of 60 °C for 2 h. Other reagents
and chemicals were used as received.

Characterization Techniques. All synthesized monomers
and polymers in the undoped state were characterized by 'H
and 3C NMR and elemental analysis. Undoped polymers were
also characterized by Fourier transform infrared (FT-IR) and
ultraviolet—visible (UV—vis) absorption spectroscopies. Poly-
mers doped with FeCl; were subjected to elemental analysis,
room temperature dc conductivity measurements, and 5’Fe
Médssbauer spectroscopy.

NMR were recorded on a Bruker AC 200 MHz or on a
Varian 400 MHz spectrometer. Acetone-ds or chloroform-d
(CDCls) containing TMS as an internal standard were used
as solvent depending on the solubility of the material.

Elemental analyses (C, H, N, and S in the case of monomers
and undoped polymers and additionally Fe and Cl in the case
of FeCl, -doped samples) were carried out by the Analytical
Service of CNRS Vernaison (France).

FT-IR spectra of undoped polymers were recorded on a
Perkin-Elmer paragon500 spectrometer (wavenumber range:
400—4000 cm™?; resolution: 2 cm™?) using the KBr pellet
technique. Solution (THF) and solid-state (thin films cast from
THF solutions) UV —vis absorption spectra were recorded in
situ during the SEC analyses using the diode array UV—vis
spectrometer of the 1100HP Chemstation and on a Perkin-
Elmer Lambda 2 spectrometer, respectively.

Molecular weight determinations of polymer fractions stud-
ied were measured using size exclusion chromatography (SEC)
on a 1100HP Chemstation equipped with a 300 x 7.5 mm
PLgel Mixed-D 5 um/10* A column. Detection was performed
by a diode array UV—vis detector and a refractive index
detector. The column temperature and the flow rate were fixed
to 313 K and 1 mL min~1, respectively. The calibration curve
was built using 10 polystyrene (PS) narrow standards (S-M-
10* kit from Polymer Labs). Two runs of 20 xL injection of ca.
2 mg mL™! polymer in HPLC grade THF solutions were
typically analyzed for each sample with a UV—vis detection
located at 355 nm.

Mass spectra were acquired on a LCQ-ion trap Ther-
mofinnigan spectrometer equipped with an electrospray source
(MS-ESI). Electrospray full scan spectra, in the range of m/z
180—300 uma, were obtained by infusion through fused silica
tubing at 2—10 L min~. The solutions (CH,CI,) were ana-
lyzed in the positive mode. The LCQ calibration (m/z 50—2000)
was achieved according to the standard calibration from the
manufacturer (mixture of caffeine, MRFA, and ultramark
1621). The temperature of the heated capillary of the LCQ was
set to 433 K.
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Photoluminescence measurements of monomers and un-
doped polymers were carried out on a Jobin-Yvon HR 460
monochromator equipped with a CCD silicium detector cooled
at 140 K. Excitation was performed with an argon laser at
303, 365, and 458 nm.

The dc conductivity (o4 [S cm™]) measurements of the doped
polymer films were performed at room temperature (RT), on
pressed pellets, in a standard four-probe geometry, using
pressure contacts.

Mossbauer spectra of FeCls-doped polymers were measured
at 4.2 K. The samples were loaded in a drybox into a tight
polyamide container prior to the experiment and immediately
transferred to the cryostat of the spectrometer. A typical
thickness of the absorber was 5 mg cm=2 of natural iron. Co-
(Rh) was used as a Mdgssbauer source. An a-Fe absorber
operating at RT was used for the velocity calibration. The
spectra were recorded in a constant acceleration mode and
analyzed in a least-squares procedure.

Synthesis. 5,5-Dimethyl-2-(4-octylthien-2-yl)[1,3,2]di-
oxaborinane (1). 6.8 mL (11 mmol) of n-butyllithium in a
form of 1.6 M solution in hexane was added dropwise, at —50
°C during 5 min, to a stirred solution of 1.96 g (10 mmol) of
3-n-octylthiophene in dry THF (20 mL). The color of the
mixture became slightly yellow. The mixture was additionally
stirred for 60 min at —50 °C and then cooled to —78 °C. At
this stage 9 mL (33 mmol) of tributylborate was added quickly
to the reaction vessel, and the solution was allowed to warm
to RT. Upon warming the reaction mixture became milky. It
was then poured into 1 M HCI containing ice (40 mL) and then
extracted with diethyl ether. The organic layer was washed
twice with brine and dried over magnesium sulfate in the
presence of 5.20 g (50 mmol) of neopentyl glycol for 30 min.
Subsequent separation of the drying agent by filtration and
removal of the solvent, using a rotary evaporator, gave a
transparent oil. Further purification by silica gel column
chromatography with a hexane—ether mixture (9:1) as eluent
afforded 2.34 g of a light yellow oil (yield 76%). *H NMR
(acetone-ds, 200 MHz, ppm): ¢ 7.36 (d, 1H, J = 1.21 Hz), 7.28
(d, 1H, 3 = 1.08 Hz), 3.76 (s, 4H), 2.63 (t, 2H, J = 7.8 Hz),
1.58—1.65 (m, 2H), 1.32—1.25 (m, 10H), 1.01 (s, 6H), 0.89—
0.84 (m, 3H).13C NMR (acetone-ds, 200 MHz, ppm): 146.01,
138.71, 128.37, 73.72 (2C), 33.60, 32.52, 31.56, 31.12, 31.00,
30.81, 30.42, 24.30, 22.87 (2C), 15.32, C-Boron not observed.
Elemental analysis: Calcd for Ci7H29BO,S: C, 66.23%; H,
9.48%; S, 10.40%. Found: C, 64.90%; H, 9.46%; S, 9.26%.

2,7-Bis(4-octylthien-2-yl)-fluoren-9-one (2). 436 mg of
2,7-dibromofluoren-9-one (1.29 mmol) and 890 mg of compound
1 (2.88 mmol) were placed in anhydrous DMF (8 mL). The
mixture was stirred under argon for 10 min, and then 610 mg
of KzPOj4 (2.87 mmol) and 150 mg of Pd[P(Ph)s]4 (0.129 mmol)
in 8 mL of DMF were added. The mixture was kept for an
additional period of 12 h at 85 °C with constant stirring and
then allowed to cool to RT. At this stage 10 mL of diethyl ether
was added. After filtration an orange, strongly fluorescent solid
was recovered. This solid was then washed twice with ether
and then with pentane. The product was then separated from
K3PO,4 by dissolving in dichloromethane. The solvent was
removed using a rotary evaporator to give 480 mg of the
product (yield 65.4%). *H NMR (CDCls, 200 MHz, ppm): 6 7.88
(d, 2H, 3 = 1.61 Hz), 7.68 (dd, 2H, J = 7.79 and 1.74 Hz), 7.47
(d, 2H, 3 =7.79 Hz), 7.22 (d, 2H, J = 1.34 Hz), 6.90 (d, 2H, J
=1.07 Hz), 2.61 (t, 4H, J = 7.39 Hz), 1.56—1.70 (m, 4H), 1.20—
1.40 (m, 20H), 0.85—0.92 (m, 6H).*C NMR (CDCl3, 200 MHz,
ppm): 193.39 (C=0), 144.57 (2C), 142.67 (2C), 142.61 (2C),
135.64 (2C), 135.09 (2C), 131.46 (2C), 125.13 (2C), 121.37 (2C),
120.66 (2C), 120.18 (2C), 31.86 (2C), 30.59 (2C), 30.42 (2C),
29.40 (2C), 29.32 (2C), 29.22 (2C), 22.65 (2C), 14.05 (2C).
Elemental analysis: Calcd for Cs/H.OS,: C, 78.12%; H,
7.80%; S, 11.27%. Found: C, 77.86%; H, 7.83%; S, 11.46%.

2,7-Bis(5-bromo-4-octylthien-2-yl)-fluoren-9-one (3). A
solution of 2 (545 mg (0.96 mmol) in 10 mL of chloroform) was
slowly added to a solution of N-bromosuccinimide (NBS) (427
mg (2.40 mmol) in 10 mL of the same solvent). The mixture
was stirred overnight at RT under argon. It was then washed
with water, and the organic layer was dried over magnesium
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sulfate and filtered. Evaporation of the solvent followed by
recrystallization of the product from chloroform/methanol
afforded 540 mg of an orange solid (yield 77.5%). *H NMR
(CDCls, 200 MHz, ppm): 6 7.74 (dbr, 2H, J = 1.61 Hz), 7.56
(dd, 2H, 3 = 7.80 and 1.75 Hz), 7.41 (dbr, 2H, J = 7.80 Hz),
7.04 (s, 2H), 2.54 (t, 4H, J = 7.26 Hz), 1.53—1.64 (m, 4H), 1.26—
1.32 (m, 20H), 0.85—0.92 (m, 6H). *C NMR (CDCls;, 200 MHz,
ppm): 192.93 (C=0), 143.44 (2C), 142.78 (2C), 142.14 (2C),
134.82 (2C), 135.06 (2C), 134.82 (2C), 131.15 (2C), 124.60 (2C),
120.90 (2C), 120.83 (2C), 109.11 (2C), 31.86 (2C), 29.65 (4C),
29.36 (2C), 29.24 (2C), 29.21 (2C), 22.65 (2C), 14.06 (2C).
Elemental analysis: Calcd for C3;H1,Br.0S,: C, 61.16%; H,
5.83%; S, 8.83%. Found: C, 61.53%; H, 5.83%; S, 8.51%.

Poly[(5,5'-(3,3'-di-n-octyl-2,2'-bithiophene))-alt-(2,7-flu-
oren-9-one)] (PDOBTF). Method A. A solution of 530 mg of
anhydrous ferric chloride (4.18 mmol) in a mixed solvent
consisting of 5 mL of nitromethane and 30 mL of chloroform
was added dropwise to a solution of 2 (450 mg, 0.79 mmol) in
30 mL of freshly distilled and degassed chloroform. The
addition was performed at 0 °C with constant stirring over a
period of 90 min. At the end of the addition, the mixture was
warmed to 10 °C and was maintained at this temperature for
an additional period of 60 min. The reaction mixture was then
allowed to warm to RT and stirred for 12 h. Subsequently, it
was concentrated by pumping under vacuum and then pre-
cipitated in 100 mL of methanol. The crude polymer was then
dissolved in 50 mL of chloroform and washed four times with
a 0.1 M aqueous solution of ammonia (150 mL each time). In
the next step the polymer was stirred for 48 h with the same
aqueous solution. As-synthesized polymer usually contains
minute amounts of dopants of unidentified chemical nature
and requires further dedoping. The dedoping was achieved by
washing the chloroform solution of the polymer with an EDTA
aqueous solution (0.05 M, 200 mL). The polymer was then
washed with water twice and then dried under vacuum to give
327 mg of a red-brown powder (yield 73%). *H NMR (CDCl;,
200 MHz, ppm): d: 7.78 (sbr, 2H), 7.59 (d, J = 7.6 Hz, 2H),
7.35(d, 3 = 7.8 Hz, 2H), 7.19 (s, 2H), 2.53 (m, 4H), 1.55 (m,
4H), 1.18 (m, 20H), 0.80 (m, 6H). *C NMR (CDCl;, 200 MHz,
ppm): 6: 193.29 (C=0), 144.55 (2C), 143.8 (2C), 142.59 (2C),
135.11 (2C), 131.34 (2C), 128.71 (2C), 125.48 (2C), 125.13 (2C),
121.11 (2C), 120.70 (2C), 31.89 (2C), 30.32 (2C), 29.67 (4C),
29.42 (2C), 29.24 (2C), 22.66 (2C), 14.08 (2C). IR (KBr, cm™1):
3054 (w), 2953 (m), 2924 (s), 2852 (s), 1720 (s), 1601 (w), 1583
(w), 1537 (w), 1472 (s), 1434 (m), 1376 (w), 1292 (w), 1260 (w),
1161 (w), 1124 (w), 1026 (w), 823 (m), 785 (m). Elemental
analysis: Calcd for C37H440S;: C, 78.12%; H, 7.80%; S, 11.27%.
Found: C, 77.10%; H, 7.70%; S, 9.95%.

Method B. In a one-compartment, three-electrode electro-
chemical cell equipped with a flat platinum working electrode
(3 mm?), a Pt wire counter electrode, and an Ag/AgNO;
reference electrode, 10 mL of the electrolyte composed of 0.1
M tetrabutylammonium tetrafluoroborate solution in dichlo-
romethane was placed, and the cell was purged with argon
for 10 min. 11.36 mg (0.02 mmol) of monomer 2 was added to
this electrolyte solution to obtain 2 x 1072 M concentration
with respect to 2. The film was produced by consecutive
potential cycling (100 scans) in the range from —0.2 to +0.9 V
vs Ag/Ag*™ with the scan rate of 100 mV s™%. The deposited
polymer was then reductively dedoped by cycling 50 times in
the potential range of 0.0 to —0.2 V with the same scan rate.
The reduced (undoped) polymer deposited on the Pt working
electrode was then washed with acetonitrile, dried, and finally
dissolved in THF. This solution was then used for the SEC
characterization of the electrochemically synthesized polymer.

Method C. Ni(COD), (218 mg, 0.79 mmol), COD (72 mg, 0.66
mmol), and 2,2'-bipyridyl (124 mg, 0.79 mmol) were mixed
together in 10 mL of anhydrous DMF. The solution was then
heated at 55 °C for 40 min and then slowly added (over 20
min) to a solution of 3 (480 mg, 0.66 mmol) in dry THF (10
mL) kept at the same temperature. The mixture was then
maintained at 55 °C under stirring in the dark for 48 h. It
was then allowed to cool to RT and precipitated with 300 mL
of methanol. The precipitate was filtered and dried under
dynamic vacuum to provide 355 mg of a red powder (yield:
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95%). 'H NMR (CDCls, 400 MHz, ppm): 6: 7.91 (m, 2H), 7.69
(m, 2H), 7.49 (m, 2H), 7.29 (s, 2H), 2.60 (t, 4H, J = 8 Hz), 1.64
(m, 4H), 1.27 (m, 20H), 0.87 (m, 6H). 3C NMR (CDCls, 200
MHz, ppm): ¢: 193.18 (C=0), 143.75 (2C), 142.60 (2C), 142.35
(2C), 135.07 (2C), 131.34 (2C), 128.76 (2C), 125.42 (2C), 125.12
(2C), 121.05 (2C), 120.66 (2C), 31.92 (2C), 30.72 (4C), 29.45
(4C), 29.24 (2C), 22.66 (2C), 14.08 (2C). IR (KBr, cm™1): 3054
(w), 2953 (m), 2924 (s), 2852 (s), 1720 (s), 1601 (w), 1583 (w),
1537 (w), 1472 (s), 1434 (m), 1376 (w), 1292 (w), 1260 (w), 1161
(w), 1124 (w), 1026 (w), 823 (m), 785 (m). Elemental analysis:
Calcd for C3;H440S;,: C, 78.12%; H, 7.80%; S, 11.27%. Found:
C, 76.41%; H, 7.38%; S, 10.74%.

UV—vis Spectroelectrochemistry of Chemically Po-
lymerized PDOBTF. For spectroelectrochemical investiga-
tions a thin layer of the polymer (method A) was deposited on
an ITO transparent electrode by casting from a THF solution.
The experiments were carried out in a one-compartment
spectroelectrochemical cell using a Pt counter electrode and
an Ag/0.1 M AgNO; reference electrode. A 0.1 M solution of
tetrabutylammonium tetrafluoroborate solution in acetonitrile
was used as the electrolyte.

Chemical Doping of PDOBTF. Chemical doping with
FeCl; was carried out for the polymer prepared by method A
using a standard high-vacuum line technique. In a typical
procedure an appropriate amount of dry nitromethane was
distilled in a vacuum line to the sidearm of the doping reactor
containing vacuum-dried FeCl; as to give a 0.3 M doping
solution. This solution was then transferred to the main arm
of the reactor and kept in contact with the polymer film for 2
h. During the doping reaction the film, floating initially on
the surface of the doping solution, fell to the bottom of the
reactor which was caused by the doping-induced increase of
the polymer density. The excess of the unreacted FeCls, as well
as side-reaction products, was removed by repeated washing
with small amounts of dry nitromethane. Finally, the polymer
was pumped in a high-vacuum line for 2 h.

Grafting of Aniline Tetramer to PDOBFT Main
Chain: PDOBTF-4EB1 and PDOBTF-4EB2. Aniline tet-
ramer in the oxidation state of emeraldine (4EB), which is not
commercially available, was prepared using a modification of
the method described in ref 11. The exact preparation proce-
dure used in this research can be found elsewhere.!?

Grafting of the tetramer to the PDOBTF main chain can
briefly be described as follows. 86 mg of PDOBTF (0.15 mmol)
obtained by oxidative polymerization (dichloromethane frac-
tion M, = 5.48 kDa equiv PS and My/M,, = 2.01) were dissolved
in 15 mL of hot dry toluene under argon. 100 mg (0.27 mmol)
of aniline tetramer was added, and the resulting mixture was
cooled to 0 °C. 34 mg (0.18 mmol) of TiCl, was then added
dropwise, and the solution turned instantaneously greenish.
The mixture was left under stirring at 0 °C for an additional
10 min and then allowed to warm to RT. In the next step it
was heated at 110 °C overnight. After this period the reaction
mixture was cooled to RT and concentrated using a rotary
evaporator. After precipitation from methanol (350 mL), the
crude polymer (black powder) was recovered by filtration. It
should be noted here that, due to the acidity of the reaction
mixture, the oligoaniline side groups grafted to the PDOBTF
main chain are “doped” or, in other words, protonated and by
consequence must be dedoped, i.e., transformed from their salt
form to the base form. The dedoping was performed by stirring
the crude polymer in 50 mL of 0.05 M aqueous solution of
ammonia for 15 h. The dedoped polymer was then separated
by filtration and washed consecutively with water, 200 mL of
methanol, and 200 mL of acetone to remove the remaining
traces of “free” aniline tetramer which were not grafted to
PDOBTF. The polymer with grafted oligoaniline side groups
was separated into two fractions: the “low grafting” level
fraction which was extracted with CHCI; in a Soxhlet ap-
paratus (PDOBTF-4EB1) and the high grafting level fraction
which remained insoluble (PDOBTF-4EB2). This fraction was
then dried under vacuum to yield 90 mg of a black powder
(65% yield). IR (KBr, cm™): 3340 (w), 3013 (w), 2940 (m), 2916
(s), 2847 (s), 1717 (w), 1588 (s), 1494 (s), 1461 (s), 1376 (m),
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Scheme 1. Chemical Formulae of 1, 2, 3, and PDOBTF
and Their Synthesis Pathways?

CgH
C8H17 X 8t17
,\—S ) J\
» 76% O\/BQ
S ° O @
(ii) | 65%

@iv) | (v)

(vi)

Poly|[(5,5°-(3,3’-di-n-octyl-2,2’-bithiophene))-alt-(2,7-fluoren-9-one)]|
PDOBTF

a Reagents and conditions: (i) BuLi, THF; B(OC4Hg)s, —78
°C; neopentyl glycol, ether; (ii) 0.5 equiv of 2,7-dibromofluoren-
9-one, Pd[P(Phg)ls, KsPO4, DMF, 85 °C; (iii) 2 NBS, CHCls;
(iv) chemical oxidative polymerization (method A): FeCls,
CHCI3/CH3NO,, 0 °C; (v) electrochemical polymerization
(method B): CHCl,, BusNBF; (vi) polycondensation polym-
erization (method C): Ni(COD),, COD, Bpy, THF/DMF, 55 °C,
48 h.

1291 (m), 1252 (m), 1157 (m), 1124 (m), 1026 (w), 906 (W), 818
(m), 783 (w), 744(w), 693 (w).

Results and Discussion

Synthesis. Suzuki or Stille coupling are among the
most popular synthetic routes for the preparation of
conjugated copolymers. They can be used directly in the
copolymerization reaction>1314 or alternatively in the
preparation of monomers combining building blocks
originating from different homopolymers. Such “hybrid-
type” monomers can then be polymerized by other
methods to give copolymers with well-defined regio-
chemistry.56 In the presented research we have ex-
ploited the latter approach. The exact synthetic strategy
is based on the synthesis of a symmetric monomer
containing fluoren-9-one and 3-n-octylthiophene units
which upon homocoupling give polymer chains with
regioregular head-to-head sequence of the alkyl sub-
stituents. Both the synthesis of the monomer and its
polymerizations are outlined in Scheme 1. Monomer 2,
2,7-bis(4-octylthien-2-yl)-fluoren-9-one, can be obtained
from 2,7-dibromofluoren-9-one which is commercially
available and 5,5-dimethyl-2-(4-octylthien-2-yl)[1,3,2]-
dioxaborinane (1) prepared according to the literature
method.'®> The reaction involves Suzuki coupling with
palladium tetrakis(triphenylphosphine) (Pd[P(Ph)s]4) as
the catalyst. Direct bromination of 2 with N-bromosuc-
cinimide affords 3 in good yield.’® Both 2 and 3 can be
polymerized to give PDOBTF (see Scheme 1). Oxidative
polymerization of 2 can be carried out chemically using
FeCls; as the oxidizing agent or electrochemically. When
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Figure 1. Selected cyclic voltammograms (scan numbers are
indicated in the figure) corresponding to voltammetric elec-
troplymerization of 2 (2 x 1073 M). Scan rate 100 mV s (E
vs Ag/0.1 M AgNOs;, electrolyte 0.1 M BusNBF, in dichlo-
romethane). The two arrows showing the oxidation (arrow
pointing upward) and reduction (arrow pointing downward)
waves are only guidelines.

applying the former, it is convenient to use Andersson’s
procedure!” yielding, in may cases, higher molecular
weight polymers. In this method the potential of the
oxidative couple is adjusted by the Fe3*/Fe?* ratio
following the Nernst equation. As a result, the polym-
erization can be carried out at relatively mild conditions
without overoxidation effects. Electrochemical oxidative
polymerization can be carried out either with constant
current or with constant potential or by potential
scanning (voltammetric electropolymerization). Since
the potential control is of crucial importance in view of
the possibility of overoxidation effects, the latter two
methods are preferable. Cyclic voltammetry scans ac-
companying the voltammetric electropolymerization of
2 are shown in Figure 1. In addition to the onset of the
irreversible polymerization peak, a redox couple in-
creasing in intensity with each consecutive scan can
clearly be seen. This couple is associated with the doping
and dedoping of the polymer deposited on the electrode.
PDOBTF can also be prepared via polycondensation of
3. This method is, in reality, based on Yamamoto's
coupling®®19 using zerovalent nickel reagent, bis(1,5-
cyclooctadiene)nickel(0), Ni(COD),, in the presence of
1,5-cyclooctadiene (COD) and 2,2'-bipyridyl (Bpy). Re-
cently,? it has been found that the difference in the
sequence of the reagents and catalyst addition is of
crucial importance for obtaining high molecular weight
polymers. Inspired by the data presented in ref 17, we
have carried out the polycondensation reaction by slowly
adding the hot nickel catalyst dissolved in DMF to the
monomer solution in THF. This order of additions
essentially eliminates the formation of the dinickel-
substituted complex which is known to be unstable and
to undergo hydrolysis or decomposition,?! ending, in this
manner, the chain propagation. Since chain termination
can also be caused by the polymer precipitation, we have
changed the solvent, in comparison to the original
procedure described in ref 20, with the goal to increase
the solubility of the polymer in the reaction medium.

Molecular Weight. In a comparative study of the
preparation of new polymers by three different methods,
the first problem to be addressed is the influence of the
preparation procedure on the molecular weight of the
resulting polymer and its distribution. SEC chromato-
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Table 1. MS-ESI vs SEC Characterizations of Monomer 2
and of the Ether Fraction of PDOBTF (Method A:
Chemical Oxidative Polymerization)2

absolute m/z from Mpeak (Da equiv
oligomers mass MS-ESI PS) from SEC Feorr
monomer 2 568.28 568.3 299.6 0.53
dimer 1134.55 1134.6 913.4 0.81
trimer 1700.82 1700.9 1645.1 0.97
tetramer 2267.09 1134.7 (2+) 2546.7 1.12
pentamer 2833.35 1417.7 (2+) 3645.6 1.55

am/z denotes the mass obtained from MS-ESI, Mpeak denotes
the molecular weight at the peak apex obtained from SEC, and
Feorr is the correction factor.

grams of crude polymers, independent of the polymer-
ization method used, are rather complex and on their
longer retention time side consist of several sharp peaks.
Mass spectrometry (MS-ESI) investigations carried out,
for the ether and acetone fractions, in parallel to the
SEC ones, unequivocally show that the above-mentioned
peaks correspond to oligomers that from dimer to
pentamer give clear maxima in the chromatograms. In
contrast to SEC, mass spectrometry gives access to
absolute values of the molecular weight. Thus, a com-
parison of the mass spectrometry data with those
obtained using SEC with polystyrene standards pro-
vides the values of the correction factors (Fcorr) for the
chromatographic determination of the molecular weight
of the polymer under investigation. The results of this
comparative study are summarized in Table 1. The
correction factor determined as the ratio of Mpsec)/
Mnvs-gsiy increases with the increase of Mpgvs-gsiy from
0.81 to 1.55 in the range of the molecular weights
studied. This means that for short oligomers the SEC
method underestimates the molecular weight whereas
for longer ones it overestimates it with the cross-
over from underestimation to overestimation around
Mnms—esiy = 2000 g mol~2. Interestingly, for comparable
molecular weights, the calculated correction factors
determined here for PDOBTF are very similar to those
determined for regioregular poly(3-hexylthiophene-2,5-
diyl) (P3HT) by comparison of MALDI-TOF and SEC
data.??

As already stated, crude polymers can be considered
as a mixture of oligomeric and polymeric species. Mp,
My, and polydispersity coefficients determined for crude
polymers using polystyrene standards are collected in
Table 2. One should note that the crude polymers,
independent of whether they are obtained by chemical
oxidative polymerization of 2 or by polycondensation of
3, show rather large polydispersity coefficients. For this
reason we have undertaken the task of their fraction-
ation not only with the goal to remove the oligomer
fractions but also to obtain polymer fractions with
significantly lower polydispersity. Few papers have been
published on the fractionation of poly(thiophene)
derivatives.23-25 In particular, in ref 23 an efficient
method for the fractionation of regioregular P3HT has
been proposed, leading to relatively sharp polymer
fractions. The method is based on sequential extractions
of the fractions with increasing molecular weight using
an experimentally determined series of solvents. For the
purpose of this research we have slightly modified the
original procedure used for regioregular P3HT. In
particular, the crude polymer was first extracted with
ether in a Soxhlet apparatus until the filtrate was
colorless. The remaining part, insoluble in ether, was
then consecutively extracted with acetone, n-pentane,
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Table 2. Macromolecular Parameters of Crude Polymers
(Method A: Chemical Oxidative Polymerization; Method
B: Electrochemical Polymerization (Bold); Method C:
Polycondensation Polymerization (Italic)), and Their
Fractions Obtained by Sequential Extractions?

My (kDa My (kDa abundance
equiv PSy equivPS) Mu/M;, (wt %)
crude
PDOBTF-A 4.99 31.55 6.32 100
PDOBTF-B 5.88 12.82 2.18 100
PDOBTF-C 2.26 7.29 3.23 100
ether-A 1.30 1.72 1.33 20.70
ether-C 0.79 1.37 1.72 7.75
acetone-A 1.85 2.46 1.33 2.40
acetone-C 2.17 3.99 1.84 1.40
n-pentane-A 2.32 3.64 1.57 0.40
n-pentane-C 1.94 2.21 1.15 0.80
CH.Clz-A 5.48 11.0 2.01 33.00
CHClI»-C 4.82 6.77 1.40 24.75
THF-A 28.50 62.87 2.21 31.50
THF-C b b b 8.75
CH.Cl3-A 41.01 74.11 1.81 12.00
CHCIs-C 13.27 19.20 1.45 56.55

a2 M, denotes number-average molecular weight, M,, weight-
average molecular weight, and My/M, the polydispersity coef-
ficient. The abundance of each fraction in the crude polymer is
expressed in wt %. P Degraded after prolonged storage at RT.

——PDOBTF i
Monomer (2) .
——Ether E
n-Pentane 1

—CH,CI, N

——THF
——CHal,

Absorbance (a.u.)

5.0 6.0 7.0 8.0 9.0
elution time (min)

Figure 2. SEC elugrams of monomer 2, of the crude polymer
PDOBTF prepared by chemical oxidative polymerization
(method A), and of its fractions obtained by consecutive Soxhlet
extractions (ether, acetone, n-pentane, CH,Cl,, THF, CHCIs).
The SEC elugram of the acetone fraction is omitted for clarity
reasons.

dichloromethane, tetrahydrofuran, and chloroform in
the same manner as in the case of the extraction with
ether. Macromolecular parameters of all fractions ob-
tained by sequential extractions are collected in Table
2. In the last column the content of each fraction in the
crude polymers, expressed in wt %, is indicated. The
elution curves recorded for monomer 2, the crude
polymer (method A), and each fraction are shown in
Figure 2.

It is clear that the ether, acetone, and n-pentane
fractions, which account for ca. 23 wt % of the polymer
prepared by method A, are in reality mixtures of
oligomers. The fractions obtained by extraction with
THF and chloroform exhibit the highest molecular
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Figure 3. UV-vis and photoluminescence (PL: Aexe = 365
nm) solution (—) and solid state (- - -) spectra of the THF
fraction of PDOBTF prepared by method A.

Table 3. UV—vis and Photoluminescence (PL) Data of
Monomer 2, PDOBTF, and Its Oligomers (THF Solutions
and Thin Solid Film)

;Lmax (nm) }bmax (nm) lmax PL (nm)
m—* transition n—za* transition (lexc = 365 nm)
monomer 2 370 468 608
dimer 374 476
trimer 376 476
tetramer 378 476
pentamer 380 476
CHCl; 382 476 629
THF 384 476 631
CHCI3 384 476 631
film 389 485 643

weight. Again, it should be pointed out that M, and M,
listed in Table 2, for all fractions higher than the
acetone one, are overestimated.

Optical and Spectroelectrochemical Properties.
THF solution and solid-state absorption as well as
photoluminescence spectra of PDOBTF prepared by
method A are presented in Figure 3. In the absorption
spectrum, measured in solution, three clear bands can
be distinguished at 310, 384, and 476 nm. We assign
the band at 384 nm to the z—x* transition in the
conjugated backbone of the copolymer. The position of
this band is slightly hypsochromically shifted as com-
pared to the corresponding band recorded for poly[(5,5'-
(3,3'-dialkyl-2,2'-bithiophene))-alt-(2,7-(9,9-dialkylfluo-
rene))], i.e., the polymer analogous PDOBTF but
containing two alkyl groups at the 9-position instead of
the carbonyl group.5 Following the assignment proposed
in ref 4 for poly(fluoren-9-one-2,7-diyl) homopolymer, we
attribute the band at 476 nm to the n—x* transition of
the carbonyl group. UV—vis absorption spectroscopy
data for the oligomers and for the highest molecular
weight fractions of PDOBTF prepared by method A are
collected in Table 3 and compared with that recorded,
in the same solvent (THF), for the monomer, i.e., 2,7-
bis(4-octylthien-2-yl)-fluoren-9-one (2). The increase in
the chain length results in a continuous bathochromic
shift of the 7—xz* band, as expected. Beginning from the
THF fraction, no further increase of this shift is
observed, consistent with the SEC results which show
that for these fractions no contribution from the oligo-
meric species exists.

A large bathochromic shift (>80 nm) of the peak
corresponding to the n—x* transition in the carbonyl
group for both the monomer and PDOBTF in compari-
son to the analogous band in fluoren-9-one molecule*

n-m*
transition
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Figure 4. UV—vis—NIR spectroelectrochemical data recorded
for thin solid film of PDOBTF (method A, THF fraction)
deposited on an ITO electrode (E vs Ag/0.1 M AgNOs, electro-
lyte 0.1 M BusNBF4 in acetonitrile).

should be noted here. This shift can be interpreted as a
result of the conjugation of the carbonyl group with a
delocalized w-bonding system which in the case of the
monomer must extend to the thiophene units. The n—a*
band is very little dependent on the chain length. It
bathochromically shifts when going from the monomer
to the dimer, and then its position stabilizes.

In our further investigations we have used UV—vis—
NIR spectroelectrochemistry with the goal to corrobo-
rate the above-proposed assignments. The spectra re-
corded at increasing electrode potentials are presented
in Figure 4. First, we note that the absorption bands
measured for the thin solid film are significantly
broadened as compared to those recorded for the solu-
tion spectrum. Moreover, they are bathochromically
shifted to ca. 389 and 485 nm, i.e., by 5 and 9 nm with
respect to their positions in the solution spectrum. Such
a behavior is indicative of a small solvatochromic effect.
Solvatochromism is a common phenomenon in alkyl-
thiophene-based conjugated polymers.2® The hypsochro-
mic shift in the position of the bands occurring upon
the dissolution of the polymer is caused by macromol-
ecule—solvent interactions which change the conforma-
tion of the chain from more planar in the solid state to
less planar in solution. In the latter the conjugation is
less pronounced since the overlap of p, orbitals is less
effective.

Before the interpretation of the spectroelectrochemi-
cal data a short comment is needed. Electrochemical
oxidative doping of conjugated polymers with non-
degenerated ground state gives rise to a bleaching of
the band corresponding to the #—x* transition in the
conjugated backbone of the polymer. Simultaneously,
three (or two) bands grow in the less energetic part of
the spectrum associated with the formation of radical
cations (polarons) or dications (bipolarons), respectively.
In this perspective the doping of PDOBTF should only
involve the aromatic z-system of the polyconjugated
backbone of the polymer chain, leaving the carbonyl
group intact. As seen from Figure 4, first spectroscopic
indications of the doping process appear at the potential
of E = 0.7 V. The doping is manifested by a small
decrease of the band at 389 nm and the appearance of
a band at ca. 650 nm accompanied by a second band in
the near-infrared part of the spectrum, whose onset is
seen in Figure 4 in the form of steadily increasing
absorbance in the spectral range 850—1100 nm. Further
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increase of the electrode potential results in a gradual
bleaching of the band at 389 nm. To the contrary, with
the increasing electrode potential, the band at 485 nm
increases in intensity. The apparent growth of this band
is caused by the fact that it is superimposed on the low-
energy tail of the first doping-induced band whose
intensity grows with increasing doping level. Thus, the
spectroelectrochemical behavior of our copolymer is
consistent with the band assignment proposed in ref 4
for poly(fluoren-9-one-2,7-diyl) homopolymer with the
band at 389 nm attributed to the z—x* transition in
the polyconjugated chain and the band at 485 nm to the
n—x* transition of the carbonyl group.

To better characterize the newly synthesized polymer,
we have registered its photoluminescence spectra. Since
the presented results are only qualitative, they must
be considered as preliminary. Solution photolumines-
cence spectra of PDOBTF show one clear peak at 631
nm whose shape and position are independent of the
energy of excitation line (see Table 3 and Figure 3). In
the solid state the emission band is bathochromically
shifted by 12 nm. A comparison of the positions of the
luminescence peak of the monomer, i.e., 2,7-bis(4-
octylthien-2-yl)-fluoren-9-one (2), and the polymer shows
that the polymerization induces a significant batho-
chromic shift of 25 nm, much higher than that observed
in the absorption spectra (vide supra).

It is instructive to compare the absorption and
luminescence spectra of PDOBTF with those reported
for poly(fluorene)s and poly(fluoren-9-one-2,7-diyl) ho-
mopolymers. Poly(fluorene)s are blue emitters with a
relatively low Stokes shift. The replacement of dialkyl
groups with carbonyl ones at the 9-position results in a
significant increase of the Stokes shift as observed in
random copolymers of fluorene and fluoren-9-one?” as
well as in oxidatively degraded poly(fluorene)s.28-30 In
both cases the keto groups act as “guest” emitters which
efficiently trap singlet excitons created on the conju-
gated backbone by different types of excitation energy
transfer mechanisms.?%:30 Similar effects give rise to a
large Stokes shift in poly(fluoren-9-one-2,7-diyl) ho-
mopolymer3! whose absorption band due to the back-
bone 7—x* transition is located at 375 nm whereas the
maximum of the photoluminescence band is at 580 nm.
Thus, a very large Stokes shift in PDOBTF of ca. 245
nm, resulting in red emission, is not unexpected.

Finally, the influence of the head-to-head coupled
3-alkylthiophene rings on the optical properties of the
copolymer studied should be briefly discussed. Evi-
dently, the alkyl substituents create additional steric
hindrance which results in an increase of the torsion
angle along the polymer backbone. As a consequence,
the absorption corresponding to the 7—x* of the polymer
backbone is hypsochromically shifted to 385 nm. Similar
behavior is observed not only for head-to-head, tail-to-
tail coupled poly(alkylthiophene) homopolymers32 but
also for poly[(5,5'-(3,3'-dialkyl-2,2'-bithiophene))-alt-(2,7-
(9,9-dialkylfluorene))]s which in their bithiophene seg-
ments are identical with our copolymer.®

Chemical Doping and Mossbauer Spectroscopy.
UV—vis—NIR spectroelectrochemical data unequivocally
show that the synthesized copolymer can be oxidatively
doped; however, they do not indicate whether both
subunits of the repeat unit, i.e., bithiophene and fluoren-
9-one, undergo the oxidation. To address this problem,
we have studied chemical doping of PDOBTF with
FeCls, combining elemental analysis, Mdssbauer spec-
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troscopy, and dc conductivity measurements.

With the goal to obtain the saturation or close to
saturation doping level large excess of the doping agent
was used. The most obvious phenomenological conse-
guence of the doping process is the increase of the
polymer conductivity over several orders of magnitude.
This is also observed for the copolymer described here,
whose RT dc conductivity reaches the value of 0.05 S
cm~! (measured on pressed powder). The mechanism
of the doping of conjugated polymers with FeCl; has
been described more than 20 years ago.3 It involves a
redox reaction accompanied by an acid—base one:

2FeCl; + 1le — FeCl, + FeCl,
P—1le  —P"

where P* denotes the segment of the polymer being
oxidized to carbocation as a result of the doping. FeCl,~
anions created according to the above reaction scheme
diffuse to the polymer matrix in order to compensate
the positive charge imposed on the polymer chain in the
course of the doping process. Elemental analysis of
doped PDOBTF is consistent with the above picture
since the analytically determined Fe:Cl ratio is, within
the experimental error, equal tol:4. The doping level
corresponds to 1.2 dopant anion (FeCl,~) per polymer
repeat unit or equivalently to 6 dopants per 5 repeat
units: Calcd for C37H420$2(F9C|4_)1,21 %C, 55.23; %H,
5.22; %S, 7.96; %Cl, 21.20; %Fe, 8.36. Found: %C, 54.60;
%H, 5.56; %S, 6.88; %Cl, 20.89; %Fe, 7.77.

Intuitively, one may expect that the charge introduced
in the doping process should be localized on the
bithiophene units which are easier to oxidize than the
fluoren-9-one ones. This would however imply an un-
usually high charge concentration in the bithiophene
segments, ca. 1 charge per 1.6 thiophene ring, which is
approximately twice higher than typically observed in
polythiophene homopolymers (1 charge per 3 thiophene
rings). Thus, it can be postulated that in PDOBTF doped
to saturation both subunits undergo the doping process
or at least some fraction of the fluoren-9-one segments
are doped. This postulate is consistent with Raman
spectroscopic studies of the polymer doped to saturation.
In this case the doping-induced shift toward lower
wavenumbers is observed not only for the band at 1460
cm~* ascribed to the C,—Cg stretching deformations in
the thiophene ring but also for the band at 1603 cm™1
originating from C—C stretching deformations in the
aromatic ring of the fluoren-9-one subunit.

The doping of both subunits should also be manifested
in 5"Fe Mossbauer spectra of the doped polymer.3* It is
known that both the isomer shift (IS) and the quadru-
pole splitting (QS) values in FeCl, -doped conjugated
polymers are dependent on the chemical constitution
of the polycation neutralizing the charge of the dopant.3®
In particular, the IS values in doped heterocyclic and
aromatic conjugated polymers are different. To the
contrary, both IS and QS values are little dependent
on the presence of alkyl substituents. These facts
facilitate the assignment of the Mdssbauer lines. Figure
5 shows the Mdssbauer spectrum of doped PDOBTF. It
can be deconvoluted into three doublets whose Mgss-
bauer parameters are collected in Table 4. Two principal
doublets of equal intensity are characteristic of high-
spin Fel) complexes and can be ascribed to FeCl;~ at
two different doping sites or, in other words, neutralized
by carbocations of different nature. We ascribe the
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Figure 5. Madssbauer spectrum registered at 4.2 K of a
PDOBTF thin film doped with FeCl,™.

Table 4. Mossbauer Parameters of PDOBTF Doped with

FeC|47 a
IS (mm s71) QS (mms™1) W (mm s71)
Fe(I11) site | 0.27 (2) 0.36 (2) 0.78 (2)
Fe(l11) site 11 0.37 (2) 0.57 (2) 0.78 (2)
Fe(ll) 1.35(2) 3.12 (2) 0.64 (2)

a1S (isomer shift) relative to a-Fe. QS (quadrupole shift) =
1/,629Q, W = line width. Errors are given in parentheses, in units
corresponding to the last digit of quoted values.

doublet with lower isomer shift (IS) and quadrupole
shift (QS) values as originating from bithiophene doping
sites since their Mossbauer parameters are close (but
not identical) to those measured for poly(3-alkyl-
thiophene) homopolymers.3®> The second Fe(') doublet
can in turn be attributed to FeCl,~ associated with
fluoren-9-one doping sites.®® Much larger line widths
measured for both doublets as compared to the case of
conjugated homopolymers doped with the same dopant
reflects the heterogeneous nature of the individual
copolymer chain as well as a rather complex supramo-
lecular structure of the doped polymer. Local changes
in the polymer chain conformation as well as the
coexistence of supramolecular aggregations of different
degree of structural order result, for both doping sites,
in a small distribution of the IS value around its mean
value and by consequence contribute to the line broad-
ening.

The third doublet of high isomer shift (IS = 1.35 mm
s~1) and a high quadruple splitting (QS = 3.12 mm s™1)
values, which accounts for ca. 15% of the intensity of
the spectrum, is characteristic of Fe(') and originates
from incomplete removal of the side-reaction product
(FeCly). Such incomplete removal of FeCl; is caused by
minute amounts of water present in the doping solution
which promote its precipitation within the polymer
matrix.

At the end it should be stated that, in principle, other
interpretations of the origin of the two observed prin-
cipal Fe" doublets are possible. The explanation
presented above seems to be the most plausible since it
is supported by complementary spectroscopic data and
is in accordance with Mdssbauer spectroscopic data
obtained previously for the corresponding homopoly-
mers.

Postpolymerization Functionalization: Aniline
Tetramer Grafting to PDOBTF Main Chain. One
of the most interesting features of PDOBTF is the
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Scheme 2. Postfunctionalization of PDOBTF with
4EB

CgHy7

PDOBTF
O

+ C81—{17

HZNON:GNONH@ 4EB*

()

PDOBTF-4EB2

(i): Reagents and conditions
-a) TiCly, Toluene, 0°C to RT

-b) 12 hours @ Toluene reflux

-¢) Dedoping: 0.05M NH,4OH during 15 hours

-d) Insoluble fraction after Soxhlet extraction
N with CHCl;: PDOBTF-4EB2

*: The tetraaniline in its emeraldine base form
(4EB) exists as a mixture of positional isomers.
Here only one is shown for clarity reasons

possibility of precise tuning of its spectroscopic proper-
ties by grafting of appropriate chromophores via the
carbonyl group present in the fluoren-9-one segment.
In our first attempt to functionalize PDOBTF, we have
selected aniline tetramer in the oxidation state of
emeraldine (4EB) as the grafted chromophore. The
presence of oligoaniline side groups not only influences
the UV—vis—NIR spectrum of the polymer but also
diversifies its electrochemical activity since in this case
both the conjugated main chain and oligoaniline side
chains are electroactive. Moreover, additional tuning of
spectroscopic properties is possible by selective doping
of the oligoaniline side chains via protonation.'?

Oligoanilines can be conveniently attached to the
chain of PDOBTF using TiCls-catalyzed coupling reac-
tion between the amine end group of the aniline tet-
ramer and the carbonyl group of PDOBTF (see Scheme
2). A very similar procedure®” has previously been
applied to the synthesis of fluorenimines from fluoren-
9-one and amines giving products in yields approaching
80%. In the case of the reaction between aniline tet-
ramer and PDOBTF high grafting levels are obtained
only after extended reaction times. The level of grafting
can be conveniently determined by elemental analysis
and in particular from the N/S ratio. An extended
reaction time, ca. 12 h, applied in this research leads
to a N/S molar ratio of 1.46, which corresponds to 73%
grafting level, taking into account that each repeat unit
of the polymer contains two sulfur atoms whereas each
grafted oligoaniline group contains four nitrogen atoms.
It should be noted here that “low grafting” level post-
functionalized PDOBTF (PDOBTF-4EB1) remains solu-
tion processable in classical solvents of the poly-
thiophene family of conjugated polymers (for example,
THF, CHCI3, etc.) while the highest grafting level
fraction (PDOBTF-4EB2: grafting level of ca. 73%) is
soluble in solvents dissolving aniline oligomers such as
N-methyl-2-pyrrolidinone (NMP).

In Figure 6a,b the IR spectrum of PDOBTF is
compared with that registered for PDOBTF-4EB2.
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Figure 6. FTIR spectra (spectral range 500—1800 cm™?) of
PDOBTF (a) and postfunctionalized PDOBTF-4EB2 (grafting
level 73%) (b).

Apart from the appearance of a broad band in the
vicinity of 3340 cm~! which is characteristic of N—H
stretching deformations (not shown here), one can notice
a significant decrease in the intensity of the band at
1717 cm~1 ascribed to [C=0O stretchings in the carbonyl
group, consistent with a rather high level of oligoaniline
grafting which results in the transformation of the
carbonyl linkages into the imine ones. Four most
intensive bands characteristic of aniline tetramer at
1588 cm™1, a doublet at 1494 and 1503 cm™%, and a peak
at 1291 cm~! dominate in the spectrum of PDOBTF-
4EB2 (compare parts a and b of Figure 6). The bands
corresponding to the PDOBFT constituents, although
less intensive, are also clearly visible. These are bands
at 2916 and 2847 cm™! (not shown here) originating
from the C—H stretching deformations in the dialkyl-
bithiophene units. Other bands characteristic of the
alkyl groups are present at 1471 and 1376 cm™L. The
peaks associated with the deformations of the conju-
gated main chain can also be found in the spectrum,
although in some cases they are obscured by the
presence of the bands originating from the aniline
tetramer deformations. This is for example the case of
the band at 824 cm™! attributed to out-of-plane defor-
mations in the substituted thienylene ring which nearly
coincides with a band characteristic of aniline tetramer
at 818 cm™2.

Grafting of aniline tetramer gives also rise to a
significant modification of the UV—vis spectrum of the
polymer (see Figure 7). In the spectrum of the polymer
with an intermediate grafting level (PDOBTF-4EB1) we
notice a new broad band peaked at 565 nm, which is
characteristic of aniline tetramer in the oxidation state
of emeraldine. This band is attributed to an excitonic-
type transition between the HOMO level of the quinone
ring and the LUMO level of the benzene ring. Consistent
with a partial grafting reaction, this peak is super-
imposed on the peak at 476 nm, present in PDOBTF
and ascribed to the n—a* transition of the carbonyl
group. In the polymer with aniline tetramer side groups
another electronic transition is also expected, namely
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Figure 7. UV-vis solution (THF) spectra of PDOBTF,
PDOBTF-4EB1 (“low grafting” level), and PDOBTF-4EB2
(grafting level 73%).

m—* transition in the benzene ring. The band corre-
sponding to this transition merges with the band
characteristic of PDOBFT at 302 nm to give one broad
peak with the maximum at 304 nm. This absorption
peak strongly overlaps with the peak at 378 nm ascribed
to the #—a* transition in the conjugated main chain.
In the sample with the highest grafting level (73%)
(PDOBTF-4EB2), the peaks originating from electronic
transitions in the tetramer substituent dominate. The
band due to the 7—x* transition in the benzene ring of
the tetramer merges in this case with the band origi-
nating from the 7z—x* transition in the main chain into
one broad peak located at 313 nm.

In addition to the expected increase of the intensity
of the bands originating from the tetramer with the
increasing grafting level, one should note their batho-
chromic shift by ca. 10 nm as compared to the analogous
bands registered, in the same experimental conditions,
for the “free” tetramer, i.e., the tetramer not attached
to the polymer chain. This shift unequivocally indicates
the conjugation between the s-systems of the side
groups and the main chain. Finally, the above-described
experiments clearly demonstrate that the grafting reac-
tion gives the opportunity of tuning the spectrum of the
polymer both in the UV and in the visible regions.

Conclusions

To summarize, we describe in detail three methods
of the preparation of a new regioregular conjugated
copolymer, namely poly[(5,5'-(3,3'-di-n-octyl-2,2'-bithio-
phene))-alt-(2,7-fluoren-9-one)] (PDOBTF), which com-
bines electronic properties of poly(fluoren-9-one-2,7-diyl)
homopolymer with solution processability of poly(alkyl-
thiophene)s and in addition can be easily functionalized
via carbonyl groups present in its main chain. SEC
results show that, independent of the polymerization
method (chemical or electrochemical oxidation of (2) or
polycondensation of (3)), the resulting crude product is
a mixture of high molecular weight fractions and short
chain oligomers. It can however be fractionated into
sharper fractions by sequential extraction. Upon p-
doping the polymer becomes a conductor with the
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conductivity ¢ = 0.05 S cm~1. We also demonstrate that
postfunctionalization of PDOBTF consisting of aniline
tetramer grafting to the main chain is a convenient
method for tuning its spectroscopic properties.
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