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The synthesis of alternating copolymers of tetraalkylindenofluorene with bithiophene and terthiophene
using Suzuki polycondensation route is reported. We report on the optical and electrochemical prop-
erties of these copolymers. AFM analysis of the microscopic morphology of thin deposits showed that
the copolymer with terthiophene units produced the more ordered films, with well-defined fibrillar

structures, resulting from highly-regular dense packing due to strong - interchain interactions, in
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contrast to the amorphous bithiophene copolymer. Upon testing these materials in FETs the terthienyl
copolymers displayed the higher charge mobilities among the studied compounds, with values of over
10~4cm? V-1 s~1 being obtained.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

1. Introduction

Organic thin film field effect transistors (OFETs) using both
oligomeric and polymeric materials have received attention
because of their potential applications such as low cost large area
flexible displays and low end data storage such as smart cards
[1-5]. Organic materials possess the advantages of easy process-
ing (e.g. spin-coating, printing, evaporation), good compatibility
with a variety of substrates including flexible plastics, and consider-
able scope for tuning of their properties by structural modification.
Over the past few years, an extensive range of functionalized -
conjugated materials have been designed and synthesized with
desirable optoelectronic properties. Electron donor (hole trans-
porting) and electron acceptor (electron transporting) materials
with thermal/chemical stability, solution processability, charge
carrier mobility, and controllable HOMO-LUMO energy levels are
essential for these applications.

Among these materials, well-defined thiophene oligomers have
been intensively studied, because of their relatively high charge
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carrier mobilities [4]. A potential problem with thiophene-based
materials is that due to their high-lying highest occupied molecular
orbitals (HOMO), they are readily oxidized (e.g. by environ-
mental oxygen) which reduces the efficiencies and lifetimes of
devices. One way to reduce this problem is to introduce other
moieties with lower lying HOMOs, such as tetraalkylindenofluo-
renes [5]. Indenofluorene-based homopolymers and copolymers
are widely used in OLED research, but as far as we know,
there are no reports of using these materials for OFET applica-
tions.

In this paper, we report the synthesis of alternating copolymers
of tetraoctylindenofluorene with oligothiophenes containing two
and three thiophene units, and a study of the effects of varying the
size of the oligothiophene moieties on their microscopic morphol-
ogy and optoelectronic properties, including their performance in
FETs. We demonstrate how the difference in OFET behaviour is
intrinsic to their structural differences.

2. Experimental

2.1. Materials

All commercially available materials were used as received
unless otherwise noted. All reactions were carried out using
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Schlenk techniques under an argon or nitrogen atmosphere in
anhydrous solvents.

2.2. Characterization

TH and '3C NMR spectra were recorded on a Brucker Avance
250 MHz spectrometer using tetramethylsilane as an internal stan-
dard. Infrared spectra were measured as oils or as KBr pellet using a
PerkinElmer spectrometer. Gel Permeation Chromatography (GPC)
analysis against polystyrene or polyphenylene [6] standards was
performed in THF on a Waters high pressure GPC assembly with an
M590 pump, p-Styragel columns of 105, 104, 103, 500 and 100 A
and a refractive index detector. UV-vis absorption spectra were
obtained on a PerkinElmer Lambda 15 spectrophotometer. Photo-
luminescence spectra were recorded on a SPEX Fluorolog 2 Type
F212 steady-state fluorimeter, using a 450 W xenon arc lamp as
excitation source and a PMT R 508 photomultiplier as detector sys-
tem. CV was performed on an EG&G Princeton Applied Research
Potentiostat, Model 270 on 2 pwm thick films deposited by solution
coating onto pre-cleaned ITO as a working electrode with an area
of 0.2 cm?. After coating, the films were dried in a vacuum oven for
10 min. The measurements were carried out in acetonitrile solu-
tions containing 0.1 M of tetrabutylammonium perchlorate as the
supporting electrolyte, using Ag/AgCl as reference electrode and a
platinum wire as counter electrode, respectively, and an internal
ferrocene/ferrocenium (FOC) standard.

The copolymers were tested in two different FET
configurations—bottom-gate bottom-contact and top gate.
Bottom-gate bottom-contact transistors were prepared on highly
doped n** silicon with a thermally grown oxide layer approxi-
mately 2000 to 2200A thick. Source and drain electrodes were
composed of an interdigitated 30 nm thick gold array with a 3 to
5nm chromium adhesion layer. Prior to use the substrates were
cleaned, oxygen plasma etched, and then exposed to hexamethyl-
disilazane (HMDS) vapour for several hours. The HMDS treatment
rendered the SiO, surface hydrophobic. The polymer solutions
in chloroform or xylene were spin cast onto the HMDS treated
substrate after passing through a 0.2 pm filter. All spin casting was
performed in the inert atmosphere of a nitrogen glove box and
produced films approximately 90 nm thick. Samples were annealed
at this stage on a hotplate inside the glove box. Top gate transistors
were prepared on glass with gold-chromium arrays similar to
the bottom-gate bottom-contact substrates. The substrates were
cleaned and oxygen plasma etched before spin-casting the filtered
polymer solutions. Once spin-cast the films were annealed on a
hot plate for the required time in the glove box. A poly(methyl
methacrylate) (PMMA) gate insulator was then spin cast directly
onto the semiconductor after filtering and the top gate gold
electrode evaporated onto the gate insulator thereby completing
the transistor structure. Transistor characteristics were measured
in a nitrogen glove box using an Agilent 4155C Semiconductor
Parameter Analyzer.

2.3. Synthetic procedure

2.3.1. 2,8-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
6-6,12,12-tetraalkyl-6,12-dihydroindeno-(1,2b)-fluorene (2)

A solution of n-butyllithium in hexanes (2.53mL, 2.5M,
6.34 mmol) was added to a stirred solution of the dibromide 1
(2.60¢g, 3.02mmol) in dry THF (15mL) at —78°C. The mixture
was stirred at —78°C for 30 min., warmed to 0°C for 15min
and then again cooled to —78°C for 15 min. 2-Isopropoxy-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (Aldrich) (1.32 g,7.10 mmol) was
added rapidly to the solution and the resulting mixture was
warmed to room temperature and stirred for 24 h. The mixture was
poured into water and extracted with diethyl ether. The organic

extracts were washed with brine and dried over magnesium sul-
phate. The solvent was removed by rotary evaporation and the
residue was purified by column chromatography (silica, 10% ethyl
acetate in hexane) to give the bisboronate 2 as a white solid (2.0 g,
69%). Found: C 80.47, H 10.49%; Calculated for Cg4H199B204: C
80.48, H 10.55%; 8y (250 MHz, CDCl3) 7.78-7.72(d, 4H, Ph), 7.70 (s,
4H, Ph), 2.02 (m, 8H, 4CH;), 1.38 (s, 24H, 8CH3), 1.25-1.09 (m, 40H,
20CH;), 0.78-0.59 (m, 20H, 4CH, +4CH3), 8¢ (62.5MHz, CDCl3)
151.05, 150.75, 144.81, 141.32, 133.85, 129.09, 119.09, 114.80,
84.06, 40.89, 32.16, 30.34, 29.62, 25.15, 24.15, 22.95,14.19.

FD-Mass Spectroscopy calcd for Cg4H1gg B204: 955.13. Found:
955.0.

2.3.2. 5,5"-dibromo-[2,2’;5’,2"] terthiophene (4)

A solution of NBS (1.13 g, 6.4 mmol) in DMF (25 mL) was added
drop wise to a solution of terthiophene (0.8 g, 3.2 mmol) with exclu-
sion of light and the reaction mixture was stirred for 24 h, at room
temperature with exclusion of light. The mixture was poured into
water and extracted with diethyl ether. The organic extract was
washed with brine and dried over magnesium sulfate. The solvent
was removed under reduced pressure and the crude product was
purified by column chromatography eluting with hexane to give
the product 4 as a pale yellow solid. (1.2 g, 92%).

dy (250 MHz, CDCl3) 7.18-6.98 (m, 4H, Th), 6.92-6.85 (d, 2H,
Th); §c (62.5MHz, CDCl3) 138.50, 136.62, 133.86, 129.05, 122.89,
122.26, 109.66.

FD-Mass Spectroscopy calcd for C3gHg4: 406.18. Found: 406.0.

2.3.3. Poly(tetraoctyl-2,8-indenofluorene-co-bithiophene) (P1)

5,5-Dibromobithiophene 3 (68mg, 0.209mmol), the
diboronate 2 (0.2g, 0.209 mmol), and (PPhs)4Pd (0.034 mmol)
were dissolved in a mixture of toluene (4mL) and aqueous
2MK,CO3 (2mlL). The solution was first put under a nitrogen
atmosphere and then was refluxed with vigorous stirring for
72 h. The mixture was then poured into methanol (150 mL). The
precipitate was recovered by filtration and washed with dilute
HCI, then extracted for 24 h in a Soxhlet apparatus using acetone
to remove oligomers and catalyst residues. Traces of catalyst were
further removed by stirring with EDTA solution overnight. The
crude polymer precipitate was twice dissolved in chloroform and
reprecipitated from methanol to give P1 as a gray powder (150 mg,
82%). Found: C 82.85,H 8.51, S 7.57%; Calculated for (CgoHgpS2 )n: C
83.27,H9.32, S 7.41%; 6y (250 MHz, CDCl3) 7.80-7.19 (brm, 12H,
Ph-Th), 2.11 (m, 8H, 4CH,),1.70-0.5 (m, 60H, 24CH, +4CH3); 8¢
(62.5MHz, CDCl3) 152.52, 150.92, 149.74, 144.29, 140.71, 136.68,
132.84, 124.83, 123.98, 120.18, 114.46, 40.95, 32.19, 30.34, 29.63,
29.56, 22.97, 14.20.

2.3.4. Poly(tetraoctyl-2,8-indenofluorene-co-terthiophene) (P2)
5,5”-Dibromo-[2,2’;5’,2"] terthiophene 4 (43 mg, 0.104 mmol),
the diboronate 2 (100 mg, 0.104 mmol), and (PPh3)4Pd(0) (15 mg,
0.012 mmol) were dissolved in a mixture of toluene (6 mL) and
aqueous 2 M K,COs3 (3 mL). The solution was first put under a nitro-
gen atmosphere and then was refluxed with vigorous stirring for
72 h. The mixture was then poured into methanol (150 mL). The
precipitated material was recovered by filtration and washed with
dilute HCI, then extracted for 24h in a Soxhlet apparatus using
acetone. Traces of catalyst were then removed from polymer by
stirring with EDTA solution overnight. The crude polymer precip-
itate was twice dissolved in chloroform and reprecipitated from
methanol to give P2 as a red-brown powder (80 mg, 81%). Found:
C 80.10, H 8.25, S 9.86%; Calculated for (Cg4Hg2S3)n: C 81.13, H
8.72, S 10.15%; &y (250 MHz, CDCl3) 7.80-7.10 (br m, 14H, Th-
Ph), 2.02 (br s, 8H, 4CH,), 1.70-0.50 (br m, 60H, 24CH; +4CH3); 8¢
(62.5MHz, CDCl3) 151.49, 150.08, 143.63, 141.02, 140.18, 135.73,
135.31, 132,20, 131.52, 130.98, 130.94, 127.86, 127.67, 124.18,
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Scheme 2. Synthesis of polymer P1 and P2.

123.79, 123.34, 119.68, 119.00, 113.58, 54.42, 40.09, 31.41, 29.57,
28.82, 24.58, 23.62, 22.09, 13.04.

3. Results and discussion
3.1. Synthesis

Suzuki polycondensation route was utilized to prepare
indenofluorene-bithiophene and terthiophene copolymers (P1and
P2), respectively. The bisboronate of indenofluorene (2) was pre-
pared from dibromoindenofluorene (1) according to a published
procedure [7] (Scheme 1). Condensation of the bisboronate 2
with 2,2’-dibromobithiophene (3) produced polymer P1 (PIF-T2)
with moderate molecular mass (Mp=20,000 g/mol, D=4.64). In
order to investigate the effect of longer oligothiophene units
we next prepared the polymer P2 (PIF-T3) by coupling 2,2"-
dibromoterthiophene (4) with 2 (Scheme 2) under the same
conditions as for preparation of P1 above. This polymer was
obtained with a similar molar mass (M =19,900 g/mol, D=4.50,)
but unlike P1 this polymer precipitated from the reaction medium.
The molecular masses determined from GPC against polyphenylene
standards [6] were found to be lower than from analysis against
polystyrene standards. As the copolymers more closely resemble
the rigid rod polyphenylenes, these lower values are probably more
accurate, but the values against polystyrene are also given in Table 1
for comparison with literature values for similar polymers.

Both the copolymers possess high thermal stability with less
than 5% loss being observed in thermogravimeric analysis below

Table 1

Molecular weight data for copolymers P1 and P2.
Polymer M, (PS)(Da)  My/M, (PS) M, (PPP)(Da) M, /M, (PPP)
P1 20,000 4.64 14,200 3.08
P2 19,900 4.50 13,800 3.10

400°C, with the primary mass loss occurring at 400-450°C. No
liquid crystalline phases were detected by differential scanning
calorimetry (DSC) or polarizing microscopy up to 300°C. This is
in contrast to the fluorene-bithiophene copolymer F8T2 which
displays a liquid crystalline transition at 265°C. [8] However, as
the indenofluorene homopolymer exhibits higher liquid crystalline
transition temperatures (250 and 290°C [5]) than the corre-
sponding polyfluorene (160°C [9]), it is to be expected that any
liquid crystalline transition temperatures for the indenofluorene
copolymers will be higher than for the corresponding fluorene
copolymers. The consequence for FET applications is that it is not be
possible to align films of these copolymers to increase the charge
carrier mobility by heating to 300°C and then quenching as has
been done for F8T2 [10].

3.2. Optical properties

The absorption and PL spectra of the copolymers measured
in chloroform using 10> M solutions are shown in Fig. 1a and
b, respectively. The copolymer with bithiophene units exhibits
an absorption maximum at 456 nm whereas for the terthiophene
copolymeritis at 460 nm. We attribute this difference of 4 nm to the
more extended conjugation length of the terthiophene as compared
to the bithiophene copolymer. Optical band gaps calculated for both
copolymers P1 and P2 from absorption cut off are 2.38 and 2.10eV,
respectively. From this observation it is quite clear that increasing
the length of the conjugated oilgothiophene block reduces the band
gap of the polymers. Both the polymers exhibited green emission
with PL maxima at 529 nm and 554 nm, respectively. The 25 nm
red shift for polymer P2 compared to P1 is attributed to the more
extended conjugation in terthiophene (see Table 2). These poly-
mers also markedly red shifted as compared to the emission from
polyindenofluorene (Amax =432 nm), reflecting a reduction in the
band gap due to the incorporation of bithiophene and terthiophene
units.
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Fig. 1. Absorption and PL spectra for copolymer P1 (a) and P2 (b) in chloroform
(10> M).

3.3. Electrochemical properties

The electrochemical properties were investigated in order to
estimate the energy levels of the LUMO and HOMO of the polymers
with respect to thiophene chain length and determine the electro-
chemical band gap. Cyclic voltammetry (CV) was performed against
Ag/AgCl with an internal ferrocene/ferrocenium standard by the
method of Janietz et al. [11] The onset potentials were determined
from the intersection of two tangents drawn as the rising current
and baseline charging current of the CV traces, and the HOMO ener-
gies calculated by using the known absolute energy of 4.4eV for
Ag/AgCl. The CV showed partially reversible oxidation in the range
of 1.32-1.34V, as compared to a value of 1.30V recorded for pris-

Table 2
Optical and electrochemical data for copolymers P1 and P2.
Polymer Abs. Amax Band Gap PL Amax (nm) HOMOP LUMO¢
(nm) (ev)?
P1 456 238 529 5.59 3.21
P2 460 2.10 554 5.53 343

@ Determined from absorption cut off.
b Calculated from oxidation onset against Ag/AgCl (4.4 eV).
¢ Estimated from HOMO value plus optical bandgap.
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Fig. 2. Cyclic voltammogram for copolymers P1 (a) and P2 (b).

tine polythiophene [12] The cyclic voltammograms for P1 and P2
are shown in Fig. 2. Both copolymers showed a predominant par-
tially reversible oxidation process but reduction process was not
detected within the voltage range, which suggests the copolymers
are better at hole than electron transporting. The oxidation onsets
for bithiophene and terthiophene copolymers (P1) and (P2) were
observed at 1.19V and 1.13V, respectively. As reduction was not
observed, the LUMO energies were estimated by adding the optical
band gap to the HOMO energies determined from CV. It should be
noted that the optical band gap does not correspond to the electrical
transport gap as these differ by an amount equal to the exciton bind-
ing energy, so that electrochemically measured LUMO values would
differ from those here given. As the thiophene content increases in
the copolymers the oxidation onset decreases as expected, indicat-
ing a rise in the HOMO level, but no effect on the LUMO energy
levels was discernible (see Table 2). The HOMO level indicates that
the material is oxidatively stable towards air—a key requirement
for organic electronic devices.

3.4. AFM analysis of the microscopic morphologies of the
copolymers

We have recently shown that the microscopic morphology of
thin deposits of conjugated materials (oligomers, polymers), as
imaged with Tapping-mode Atomic Force Microscopy (TM-AFM),
is a direct signature of the ability of the polymer chains to pack
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Fig. 3. TM-AFM height images (2.0 um x 2.0 wm) of thin deposit from THF of P1 on
mica (top) and P2 on mica (middle) and on graphite (bottom).

into compact, regular m-stacks [13-16]. Since the interchain inter-
actions strongly impact on the charge transport properties, we
investigated the microscopic morphology of thin deposits of the
studied copolymers. Fig. 3a shows the microscopic morphology
of a thin deposit of polymer P1. This image shows three levels

of contrast non-organized aggregates that are a few tens of nm
to a few hundreds of nm wide and few tens of nm high (bright
objects), a monolayer/platelet (gray) and the mica substrate (dark).
The average thickness of the monolayer is about 1.0 nm. Whatever
the preparation conditions for the deposits, thin films of P1 do not
exhibit any ordered structure, but untextured aggregates of various
sizes or wm-sized droplets (probably originating from dewetting).

However, thin deposits PIF-T3 (P2) clearly indicate a high
degree of organization: in Fig. 3b and c respectively (Fig. 3a and
b corresponds to deposits on mica and graphite, respectively);
we clearly observe one-dimensional structures (in bright or gray)
on the substrate (appearing dark). The fact that the same struc-
tures form on different substrates (mica: strongly hydrophilic;
graphite: hydrophobic) is a sign that they originate from intrin-
sic self-assembly of the chains rather than specific interactions
with the underlying substrate. These objects are a few hundreds of
nm to wm-long, between 20 and 30 nm-wide, and a few nm-high
(about 2-3 nm). This type of morphology is similar to the fibril-
lar structures (“nanoribbons”) observed for example in deposits of
homopolyfluorenes or homo-polyindenofluorenes [13,14]. In such
structures, the organization originate from dense interchain pack-
ing due to - interactions: the molecules are parallel to each
other, edge-on over the substrate with their stacking direction
perpendicular to the stacking direction (i.e. the fibrillar axis), as
supported by molecular modelling simulations [14,16,17]. Indeed,
it has been shown that the commensurability between the length
of the monomer units (indenofluorene is accommodated in front of
a terthiophene, but not in front of a bithiophene) and the presence
of alkyl groups are the two key structural factors governing the
chain organization in alternated indenofluorene-oligothiophene
copolymer assemblies [14]. From these results, it is clear that PIF-
T3 (P2) exhibits highly ordered m-stacked structures while PIF-T2
(P1) leads to untextured aggregates

3.5. Electrical properties

Typical FET transfer characteristics for copolymer P2 are shown
in Fig. 4. Increasing drain current (I;) with increasingly negative
gate voltage implies p-type semiconductor activity as expected
from the PIFs. A summary of measured device mobilities extracted
from the transfer characteristics is listed in Table 3. Linear and satu-
rated mobilities were calculated using Eqs. (1) and (2), respectively.
The mobility was extracted from the largest slope of the square
root of the transistor current in the saturation regime plotted as a
function of gate voltage, while the threshold voltage was estimated
from the intercept of the square root of the current in the saturation
regime with the gate voltage axis

aly L
o Zd - 1)
. 8Vg Vg=const WCinsVa (
aly L
Msat = 70— —_— (2)
Uz V4=const WCins (Vg - VO)

Significant hysteresis in the drain current could be observed
when comparing the upward and downward voltage scans in both
the transfer and output characteristics for most of these devices,
which prevented the quantitative extraction of contact resistance
values. This effect can be clearly observed in the output character-
istics of a PIF-T3 device shown in Fig. 4. The hysteresis is probably
caused by a decrease in drain current with time on the forward
sweep followed by a recovery of the current at the start of the back-
ward sweep. This non-ideality is an indication of a shifting turn on
voltage during the measurement of the device, which is thought to
be caused by slow charge trapping at the semiconductor-insulator
interface or in the bulk of the semiconductor. This hypothesis was
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Table 3

473

Mobility of copolymers from FET device characteristics (TG—top gate configuration, BG-BC—bottom-gate bottom-contact configuration).

Material Linear Mobility (cm? V-1s-1) Saturated Mobility (cm2 V-1s-1)
BG-BC TG BG-BC TG
PIF-T2 P1 1.9x107>,2.5x 107>, 125°C anneal 3.5x10°¢ 1.5x 107> 4.6 x10°°
PIF-T3 P2 35x107> 3.5 x 106, 200°C anneal 1.1x104 1.0 x 1073, 200°C anneal

confirmed by varying the scan rate; the hysteresis was more pro-
nounced at slower scan rates. Slow charge trapping occurs when
charge carriers accumulated in the channel are captured at a trap
site, as the measurement proceeds and then can no longer con-
tribute to the drain current. On the backward scan, the charges then
have time to become de-trapped and contribute to the drain current
once the backward scan begins. The trap sites might be associated
with chemical impurities in the semiconductor layer, either left
over from the copolymer synthesis or introduced during device
processing. Such chemical impurities might be particularly effec-
tive as charge traps in polymers of high ionization potential, such as
the ones investigated here. To better evaluate the performance of
P2, FETs were constructed using P1 for comparison. Consistently,
the FETs using P2 showed mobilities nearly one order of magni-
tude higher than the corresponding devices using P1 (FET data not
shown in figure) fabricated by identical methods.

Itis apparent from the mobility data that P2 consistently showed
a higher mobility than P1 in all configurations tested. This is as
expected from the structural characterization reported above. High
temperature annealing (up to 200 °C for 5 min) improves the device

10°®

lq [A]

10"

20

200 p

150 p

100 p

ly [nA]

50 p

Vs [V]

Fig. 4. Transfer and output device characteristics for P2 in bottom-gate bottom-
contact configuration.

stability somewhat and reduces the time-dependent instabilities
without, however, significantly enhancing the measured mobility.
The performance of P2 was consistently one order of magnitude
lower than for devices using the fluorene-bithiophene copoly-
mer F8T2 with the same configuration and processing conditions.
Further investigation of effects of annealing and more rigorous
purification of the copolymers may produce further improvements
in performance. No improvement in mobility, however, was seen
from samples of P2, which had been subjected to rigorous purifi-
cation including extensive washing with EDTA to remove metal
residues. This suggests that the difference in mobility compared
to F8T2 is intrinsic to the indenofluorene copolymer even though
it has the same ratio of benzene and thiophene rings and simi-
lar packing to F8T2, indicating that there are more subtle factors
involved in determining the absolute charge carrier mobilities in
copolymers based on phenylene and thiophene units. Nonetheless
the value of over 1 x 104 cm? V-1 s~1 obtained suggests that with
further optimization P2 may be suitable for device applications due
to its excellent thermal stability.

4. Conclusions

Copolymers of tetraoctylindenofluorene with bithiophene and
terthiophene have been made and their optical and electronic prop-
erties studied. AFM analysis of their thin-film morphologies shows
that the size of the oligothiophene units determines the chain pack-
ing. The terthiophene copolymer displays the highest degree of
interchain order, with well-defined fibrillar morphology. The best
mobility obtained was 1.1 x 10~4cm?2 V-1s~1 which suggests that
these copolymers have promise as FET materials with further opti-
misation.
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