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Thieno[3,2-b]thiophene Flanked Isoindigo Polymers for
High Performance Ambipolar OFET Applications

lain Meager,* Mark Nikolka, Bob C. Schroeder, Christian B. Nielsen, Miquel Planells,
Hugo Bronstein, Joseph W. Rumer, David lan James, Raja Shahid Ashraf,
Aditya Sadhanala, Pascal Hayoz, Jean-Charles Flores, Henning Sirringhaus,

and lain McCulloch

The synthesis of a new thieno[3,2-b]thiophene isoindigo (ilTT) based monomer
unit, and its subsequent incorporation into a series of alternating copolymers is
reported. Copolymerisation with benzothiadiazole, bithiophene and thiophene
comonomer units by palladium catalysed cross coupling gives three new narrow
band gap semiconducting polymers for OFET applications. Extending the fused
nature of the isoindigo core serves to further enhance molecular orbital overlap
along the polymer backbones and facilitate good charge transport characteris-
tics thus demonstrating the potential of extending the fused ring system that

application in a wide variety of electronic
applications. Solution processability allows
for cheap large scale device fabrication
through new techniques, such as inkjet
printing, and the mechanical properties of
plastics such as flexibility or stretchability
allows for much more versatile devices.[%
Despite these advantages over conven-
tional processing and form factors, the
wide spread commercialization of organic

is attached to the isoindigo core. When used as the semiconducting channel

in top-gate/bottom-contact OFET devices, good ambipolar properties are
observed, with hole and electron mobilities up to 0.4 cm?/Vs and 0.7 cm?/Vs
respectively. The three new polymers show good stability, with high tempera-
ture annealing showing an increase in the crystallinity of the polymers which
corresponds directly to charge carrier mobility improvement as shown by X-ray
diffraction, atomic force microscopy and photothermal deflection spectroscopy.

1. Introduction

Thin film organic field effect transistors (OFETS) based upon
semiconducting polymers have tremendous potential for
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semiconductor transistor devices is yet to
be realized. A significant historical bar-
rier to the progression of such materials
is charge transport properties that are not
sufficient for demanding applications,
and the lack of a comprehensive under-
standing of how detailed structural design
features of polymer organic frameworks
relate to key device performance para-
meters such as hole and electron mobili-
ties. In particular there is much interest
in designing ambipolar materials that have balanced hole and
electron mobilities.> Generally, p-type materials that trans-
port holes are much more reported throughout the literature
than n-type materials transporting electrons and n-type mobili-
ties are often orders of magnitude lower for a given material.
Structural features such as low-lying LUMO levels for electron
injection, efficient LUMO delocalization along the polymer
backbone and strong intermolecular association facilitating
overlap of adjacent orbitals are known to be desirable features
for n-type mobility."-%)

Isoindigo is a well-known structural motif for the design of
such OFET materials. Its electron-deficient core as well as its off
axis dipole moment promotes intermolecular interactions and
ambient stability is imparted through the generally low-lying
HOMO levels.'%3] The pigment unit is comprised of an aro-
matic donor group that is fused to a ketopyrrole core, and the
nature of these aromatic groups can influence a variety of the
polymer’s properties.’®! We previously reported the synthesis
of a thiophene flanked isoindigo (iIT) polymer and its impres-
sive ambipolar performance in OFET devices.I'”] Thiophene is
known to be an excellent building block for organic semicon-
ducting polymers and small molecules.l'®2% The combination
of efficient conjugation, high polarizability and peripheral ring
positions that are readily synthetically modified gives a unit with
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Figure 1. Copolymerisation of a dibrominated iITT monomer with benzothiadiazole, thiophene and bithiophene to afford polymers P1, P2, and P3
respectively. Reagents and conditions: i) P1ilTTBr,, BT(Bpin),, PhMe, K,CO;, Aliquat 336, 120 °C 3 days. P2 ilTTBr,, T(SnMejs),, Pd,(dba);, P(oTol)s,

pW. P3 iITTBr,, 2T(SnMes),, Pd,(dba)s, P(oTol)s, pW.

very versatile properties. In comparison, thienothiophene con-
tains two thiophene rings fused together, with three isomeric
structures depending on the orientation of one thiophene ring
relative to the second. When the thieno[3,2-b]thiophene isomer
is incorporated into polymers, linked in the 2 and 5 positions,
the fused nature has been shown to give an increased copla-
narity along backbones, giving greater m-orbital overlap which
can be beneficial for charge transport properties.21-26]

With improvements having previously been demonstrated
by the substitution of thiophene for thieno[3,2-bjthiophene
in diketopyrrolopyrrole polymers, it was of interest to investi-
gate the effect that the introduction of thieno[3,2-b]thiophene
flanking units would have on the performance of isoindigo
based copolymers. Hence we report the synthesis, characteri-
sation and OFET performance of a new series of thieno[3,2-b]-
thiophene based isoindigo (iITT) polymers (Figure 1) by copoly-
merization of the iITT monomer with benzothiadiazole, thio-
phene and bithiophene to exert varying degrees of control over
the polymer’s morphological features, energy level alignments
and charge transport properties.

2. Results and Discussion

2.1. Polymer Synthesis and Properties

Figure 2 shows the synthesis of the new iITT monomer which
was synthesised using a method analogous to the previously
reported thiophene based isoindigo and is the first example of a
conjugated six fused ring isoindigo system. 3-bromo-thieno[3,2-
blthiophene was asymmetrically synthesized from thieno[3,2-b]-
thiophene, the branched 2-decyltetradecyl (C;oC;;) amine was
attached at the 3-position using a copper catalyzed Ullmann
coupling. Once attached, the amine functionality was reacted
with oxalyl chloride which forms the pyrrole dicarbonyl ring at
the thieno[3,2-b]-thiophene 2-position. The dicarbonyl unit was
dimerised using Lawesson’s reagent to give the iITT core which
was subsequently brominated to give the final monomer. Full

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

synthetic details and reaction schemes are included in the Sup-
porting Information (SI).

Once synthesized, the dibrominated iITT monomer was
copolymerised with a trio of monomer units. Benzothiadiazole
(BT) was employed due to its electron withdrawing nature pro-
viding the basis for polymer molecular orbital hybridization
leading to a low band gap, as well as the dipolar and sterically
exposed nature of the BT unit facilitating short intermolec-
ular contacts. Thiophene and 2,2"-bithiophene were chosen to
function as conjugated, coplanar spacer groups, and are often
incorporated into high performing charge transport materials.
All three polymers were synthesised by palladium catalysed
cross coupling; P1 (benzothiadiazole, BT) using Suzuki coup-
ling methods whilst P2 (thiophene, T) and P3 (bithiophene,
2T) were synthesised using Stille coupling. Following poly-
merization, catalytic impurities and lower molecular weight
oligomers were removed by Soxhlet extraction in methanol,
acetone and hexane. The desired polymeric materials were

CioH21
C12H25‘S C12H25~SC‘0H21
Br o

CiaHas CiaHas

Figure 2. Synthesis of new dibrominated ilTT monomer unit. Reagents
and conditions: i) 2-decyltetradecyl amine, Cu, Cul, K,PO,, dimethyl ami-
noethanol, 80 °C, ii) oxalyl chloride, TEA, DCM, =10 °C, iii) Lawesson’s
Reagent, o-xylene, 60 °C, iv) NBS, THF, -10 °C.
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Figure 3. a) Thin film (spun from chlorobenzene 5 mg/mL) and b) solution UV-Vis absorption spectra for polymers P1-P3.

then isolated by Soxhlet extraction in chloroform and further
purified using recycling gel permeation chromatography in
chlorobenzene.””] Each polymer was obtained in comparable
molecular weights (M) ranging from 17 — 30 kDa with narrow
polydispersity indexes (PDI) around 2. They show good solu-
bility in common chlorinated solvents such as chloroform and
chlorobenzene.

Polymers P1-P3 all show broad absorption profiles
(Figure 3 and Table 1) with absorption maxima shifted towards
the infra-red region of the spectrum. P1 with benzothiadia-
zole as the comonomer unit shows the narrowest optical band
gap (1.05 eV). The electron withdrawing BT comonomer unit
lowers both the HOMO and LUMO energy level, however
there is a larger electron density contribution from the thiadia-
zole unit to the LUMO as shown by density functional theory
(DFT) calculations (Figure 5) resulting in a greater stabiliza-
tion of the LUMO and an overall narrowing of the band gap.
P1 also has the most red-shifted thin film absorption profile as
shown by UV-Vis with a maximum in the solid state at 926 nm
and a slightly blue shifted absorption maximum in solution at
914 nm. In comparison, P2 (thiophene) polymer has a more
electron rich comonomer units which raises both the HOMO
and LUMO levels. The LUMO is raised by a greater amount
resulting in a slightly wider band gap of 1.13 eV. By adding an
extra thiophene unit in the P3 comonomer the polymer intra-
molecular charge transfer character is reduced which results
in a wider band gap and blue-shifted absorption profile of P3
relative to P2. Compared to P1, Both P2 and P3 have slightly
less red-shifted thin film absorption profiles with P2 showing
an absorption maximum in the solid state at 909 nm and in
solution at 897 nm. P3 is the least red-shifted of the series with
a maximum at 875 nm as a solid and 864 nm in solution.

Table 1. Physical and optical properties of polymers P1 — P3.

2.2. OFET Device Properties and Characterization

Top-gate/bottom contact thin film OFET devices based on
P1-P3 were fabricated to evaluate the charge transport charac-
teristics of the new isoindigo polymers. Figure 4 shows typical
transfer characteristics recorded at Vp =—-60 V for the polymers
P1-P3 annealed for 1 h at 100 °C, 200 °C, and 300 °C in an
inert atmosphere. A high maximum annealing temperature
of 300 °C was achievable as differential scanning calorimetry
(DSC) showed polymers P1-P3 to be stable up to temperatures
of 350 °C with no observable thermal transitions (see Sup-
porting Information). Average charge carrier mobilities and
threshold voltages were determined from the square root of
the saturation transfer curve and are summarized in Table 2.
The transfer characteristics of polymers P1-P3 generally exhibit
good ambipolar charge transport properties, with improve-
ments observed at high temperature annealing. P1 can be
seen to have higher electron mobilities whilst P3 has higher
hole mobilities and P2 has equally matched electron and hole
mobilities. For all three polymers, an increase in overall cur-
rent and charge carrier mobility with annealing temperature
is observed; across the series there is a similar large boost in
electron and hole currents when the annealing temperature is
increased from 100 °C to 200 °C whilst a further increase in
annealing temperature from 200 °C to 300 °C yields only minor
improvements in currents. Similar mobility improvements
with high temperature annealing have been observed in com-
parable diketopyrrolopyrrole (DPP) polymers/?>?8 Overall the
best performances could be obtained for the polymer P1 with
benozthiadiazole comonomer, giving average hole mobilities
that show an increase from 0.1 cm?/Vs at 100 °C to 0.3 cm?/Vs
at 200 °C and 0.4 cm?/Vs at 300 °C. Electron mobilities for P1,

Polymer M. /M,, PDI? Amax HOMO LUMO Eg
[kDa]? [nm®) [eV] [eV]
Film Solution PESAY Calc.d) UV-Vis®) Calc.d) Observed Calc.9)
P1 17/27 1.6 926 914 -4.9 —4.7 -39 -3.5 1.05 1.17
P2 30/67 23 909 897 -4 —4.6 -3.7 =33 1.13 1.31
P3 20/41 2.1 875 864 —-4.8 —4.6 -3.6 -3.2 1.19 1.33

3Determined by GPC (Chlorobenzene 80 °C) against polystyrene standards; Y Determined from UV-Vis absorption spectra; 9 Determined by photoelectron spectroscopy in
air (UV-PESA); 9Calculated by DFT/TD-DFT with a B3LYP/6-31g* basis set; ® Determined from absorption onset in thin film UV-Vis spectra.
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temperatures and measured at Vp =-60 V.

which are on the same order of magnitude, go from 0.2 cm?/Vs
at 100 °C to 0.5 cm?/Vs at 200 °C and 0.7 cm?/Vs at 300 °C.
Superior electron mobility for polymers containing a BT unit
have been reported several times previously in the literature
and it is believed that the electron-deficient nature of the unit
lowers the LUMO energy by a sufficient amount as to enhance
electron injection from the high work function electrode.?”!
Additionally, the planar structure of the polymer backbone
(Figure 5.) benefits charge transfer through interchain hopping.
When compared to the equivalent thiophene isoindigo co-ben-
zothiadiazole polymer the devices can be seen to have signifi-
cantly improved hole and electron mobilities whilst retaining
their ambipolar nature.'”l Replacing the benzothiadiazole
comonomer with thiophene (P2), interestingly results in mobil-
ities that are balanced for holes and electrons with values of
0.2 cm?/Vs at 200 °C and 300 °C observed for both. Polymerisa-
tion with a bithiophene comonomer in P3 affords devices with
improved hole transport. Maximum mobilities are observed at
200 °C and 300 °C for both holes and electrons, with values of
0.4 cm?/Vs and 0.1 cm?/Vs respectively.

The polymer backbone co-planarities between adjacent aro-
matic units and long axis linearities, as approximated by DFT
calculations modelling gas phase co-trimer units in a vacuum
with a B3LYP/6-31g* basis set are shown in Figure 5. Polymer

Table 2. Top gate/bottom contact OFET devices characteristics for poly-

-20 0 20 40

-40 -20 0 20 40

Vi) V6l(v)

Figure 4. Transfer characteristics of a) P1, b) P2, and c) P3 Top-Gate/Bottom-Contact OFET devices (L =20 pm, W =1 mm) annealed at different

P1 with the benzothiadiazole comonomer shows very little
backbone twist and is significantly more planar than the P2 and
P3. Both P1 and P3 show strongly linear backbones whereas
the linearity in P2, with the thiophene comonomer, is notice-
ably less. All three polymers have good delocalization of both
HOMO and LUMO energy levels along the polymer backbone,
with delocalization onto both the donor and acceptor repeating
units, which are known to be important factors for hole and
electron transport respectively.*3031]

OFET mobilities were observed to increase significantly
with high temperature annealing at 100 °C, 200 °C, and
300 °C for 1 h in an inert atmosphere. To determine the origin
of this improvement the polymer films were probed by out
of plane X-ray diffraction scattering (XRD) and atomic force
microscopy (AFM). For each of the three copolymers, a large
increase in crystallinity was observed at higher annealing tem-
peratures as shown by XRD (see Figure 6) which is in good
agreement with the improvement in charge carrier mobility
reported in Table 2 and Figure 4. The large enhancement in
crystallinity with annealing is indicated by an increased inten-
sity of the first order (100) and second order (200) lamellar
stacking peaks, at 260 = 4.1° and 26 = 8.2° respectively, in all
three polymer films corresponding to a lamellar stacking dis-
tance of 21.5 A. The intensities of these peaks are slightly
less in the case of P2 which additionally shows an increasing
broad m-rm stacking peak at 20 = 25.0° that corresponds to a
stacking distance of 3.6 A. The most crystalline systems P1
and P3 also show a small third order (300) diffraction peak
at 260 = 12.3° that is not present in the as-cast films and only

becomes apparent at higher annealing temperatures. More-
over, the specular diffraction scatterings provide further mor-

mers P1-P3.

Polymer  T,nneal Ye Un Vi (electrons) Vi, (holes)
ra [em?/Vs]” [em?/Vs]? v v

P1 100 0.2 0.1 14 -10
200 0.5 0.3 12 -13
300 0.7 0.4 13 -20

P2 100 0.01 0.01 7 -32
200 0.2 0.2 -18 —24
300 0.2 0.2 —24 -22

P3 100 0.01 n/a 3
200 0.1 0.4 -18 -25
300 0.1 0.4 -1 =21

phological detail in relation to the orientation of the polymer
chains relative to the substrate. Benzothiadiazole and bith-
iophene comonomer units, used in P1 and P3 respectively,
show a predominantly edge-on orientation. The thiophene
comonomer unit, used in P2, shows an observably different
orientation to the substrate with a larger face-on contribution
as seen by the strong n—r stacking peak. Such an enhance-
ment in face-on orientation with the introduction of a thio-
phene spacer is in agreement with previous studies on sim-
ilar DPP polymers.3?!

AFM images of the three polymers across the range of

#Annealed for 1 h in an inert atmosphere; b)Average values determined from the
square root of the saturation transfer curve.

7112  wileyonlinelibrary.com
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annealing temperatures are shown in Figure S9 (Supporting
Information). For polymers P1-P3 it is clear there is no
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Figure 5. HOMO and LUMO molecular orbital distributions for polymers P1-P3 as calculated using DFT with a B3LYP/6-31g* basis set.

dramatic observable change in surface morphology/rough-
ness as the films progress to higher annealing temperatures.
Both P1 and P3 show very similar surface roughness, both
demonstrating only small changes at higher annealing tem-
peratures. P2 shows a slightly more pronounced change at
higher temperatures, going from the as-cast polymer film to
300 °C sees the polymer films becoming noticeably coarser.
Whilst it is difficult to strongly relate the surface of polymer
films to their bulk behavior as a solid, this is likely a result of

210* e
——ASsCca
P1 | 605
——200°C
1510 ——300°%C
s
g
'§ 110*
5 10°

the change in polymer chain orientation relative to the plane
of the substrate as observed by XRD with the appearance of a
strong m-n stacking peak at high temperatures. Photothermal
deflection spectroscopy (PDS) measurements were performed
on polymer films of P1, P2, and P3 annealed at 200 °C, to
investigate the effects of energetic disorder on charge trans-
port and thus, complement the results on structural disorder
obtained from XRD and are shown in Figure 7. PDS accu-
rately measures the absorption tail in the extended region
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Figure 6. XRD diffractograms of P1-P3 as cast and at annealing temperatures of 100 °C, 200 °C, and 300 °C.
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Figure 7. Normalized Photothermal Deflection Spectroscopy (PDS)
spectra of P1, P2, and P3. Fits used for the extraction of the Urbach energy
are shown as solid lines.

below the band edge, where absorption decreases exponen-
tially with energy, full details are included in the Supporting
Information. From the sharpness of the absorption tail, the
Urbach energy can be extracted as a measure of energetic
disorder in the film. For the corresponding iITT- polymers,
similar Urbach energies of 44 meV for P1, 49 meV for P2 and
55 meV for P3 could be extracted, where the error in deter-
mining the Urbach energy is estimated to be 5 meV for each
of the polymers. These values are comparable to other highly
crystalline systems such as PBTTT which show similar charge
carrier mobilities as well as Urbach energies.[**** Within the
error range, the extracted Urbach energies are furthermore,
in good agreement with the trend in mobility reported across
the polymer series in Table 2.

3. Conclusion

A new thieno[3,2-b]thiophene based isoindigo monomer unit
and copolymers are presented. Copolymers with benzothiadia-
zole, thiophene and bithiophene are synthesized, characterized
and their charge transport properties analyzed, each polymer
is stable to high temperature annealing and show red shifted
absorption profiles with absorption maxima around 900 nm.
The introduction of the thieno[3,2-b]thiophene unit to the isoin-
digo structure demonstrates a design strategy towards high
charge transport, ambipolar characteristics in thin film OFET
devices with hole mobilities up to 0.4 cm?/Vs and electron
mobilities up to 0.7 cm?/Vs observed. Through comonomer
variation a simple parameter is used effectively to tune the type
of transport and demonstrate the versatility of the iITT unit
with benzothiadiazole comonomer showing predominantly
electron transport, bithiophene predominantly hole transport
and thiophene showing balanced electron and hole transport.
Thermal annfealing of the OFET devices is found to improve
the charge transport characteristics of the polymer materials
with a direct correlation to crystallinity of the polymer films
observed as probed by X-ray diffraction studies.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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