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ABSTRACT: The polymer indacenodithiophene-co-benzothiadiazole (IDT-BT) has been thoroughly stud-
ied for its use in p-type organic thin-film transistors over the course of the last decade. Whilst a variety
of modifications have been made to its structure, few analogues have been able to match or surpass the
hole mobility that can be obtained by IDT-BT. Here, we discuss the rationale behind the chemical modi-
fications that have been utilized and suggest design principles towards high mobility indacenodithio-
phene-based polymers. It is clear that planarizing intramolecular interactions, that exist between the
peripheral thiophene of the IDT unit and the benzothiadiazole, are imperative for achieving high hole
mobilities in this relatively amorphous polymer. Moreover, despite the less ordered backbones of the
extended fused-ring cores that have recently been utilized (TIF-BT and TBIDT-BT), high mobilities were
still attained in these polymers owing to additional interchain charge transfer. Thus, maintaining the
beneficial thiophene - benzothiadiazole intramolecular interactions, whilst further extending the IDT
core to promote interchain charge transfer is a logical strategy towards high mobility p-type polymers.

INTRODUCTION considered as the speed (cm s*) at which the
charge carriers move in the material in a given di-
rection under an applied electric field (V cm™),
and is widely used as the figure of merit when
evaluating the performance of organic semicon-
ductors in OTFTs. Over the course of the last dec-
ade, the charge carrier mobility of organic semi-
conducting polymers has improved dramatically,
to over 1 cm? V ' s ') as a result of optimized fab-
rication processes and rational design of organic
semiconducting materials. Current state of the art
p-type OTFTs are able to achieve mobilities of
over 10 cm? V ' s ) usually in blend systems, and

. . ; mobilities of 5-10 cm?® V ' s "* are possible in n-
a greater understanding of the strategic design > P

o . - type OTFTs.813
principles required for high performance OTFT ype O
materials has become much more apparent in re- There are four common OTFT architectures, sum-

cent times. The charge carrier mobility (p) can be marized in Figure 1, and the chosen architecture

The progress made in organic semiconducting pol-
ymers over the course of the last twenty years has
played a pivotal role in the development of solu-
tion-processed electronics, particularly in organic
thin-film transistors (OTFTs), organic solar cells
(OSCs) and organic light-emitting diodes (OLEDSs).
4 The use of semiconducting polymers, in OTFTs,
for example, has been explored extensively in or-
der to create the next-generation of solution-pro-
cessed electronics; for logic circuits and light-
weight or flexible display applications.>”7 As such,



can affect not only the performance and stability
of the transistors but also the associated manufac-
turing costs. However, all OTFTs operate by the
same working principle. An organic semiconduc-
tor thin-film, an insulator or dielectric material
and three electrodes (source, drain and gate) com-
prise the basic layered structure of an OTFT. Be-
fore a bias is applied to the device, the organic
semiconductor is unperturbed and a low concen-
tration of free charge carriers are distributed
evenly throughout the thin film (see Figure 2a).
When a bias is applied to the gate electrode, an
electric field is created and this causes the for-
mation of an accumulation layer at the semicon-
ductor-dielectric interface (Figure 2b). Subse-
quent application of increasing bias to the drain
electrode causes the charges to travel laterally
along the channel between the source and the
drain electrodes, initially in a linear regime; ac-
cording to Ohm’s law, V = IR(Figure 2c). When the
drain voltage exceeds the magnitude of the gate
voltage, charges are no longer able to accumulate
at the semiconductor-dielectric interface, result-
ing in a ‘pinch-off’ region and the current satu-
rates (saturation regime) with increasing source-
drain voltage (Figure 2d).
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Figure 1. The four common OTFT device architec-
tures, a) top-gate bottom-contact, b) top-gate
top-contact, c) bottom-gate bottom-contact, d)

bottom-gate top-contact. The arrows denote the

flow of charge carriers in the device.

There are two significant pathways for charges to
be transported between the source and drain elec-
trodes in organic semiconducting polymer OTFTs;
along the conjugated backbones of polymer chains
or via hopping between chains. It should be noted
that charge hopping occurs predominantly at the

location of close n-m interactions, as there is sig-
nificant overlap of the highest occupied and low-
est unoccupied molecular orbitals (HOMO and
LUMO respectively). The HOMO and LUMO ener-
gies will be referred to herein as the ionization
potential (IP) and electron affinity (EA) respec-
tively. Solubilizing alkyl chains can play a detri-
mental role on charge hopping as they can steri-
cally suppress close backbone contacts. With this
in mind, the relative degree of order in the pack-
ing of polymer chains is often directly related to
the OTFT mobility exhibited by a polymer.'4'> In
highly ordered systems, the polymer chains often
exhibit relatively short n-n stacking distances, and
the conjugated backbones are relatively rigid.
This ensures that charge hopping, and transport
along the backbone, are more efficient processes.
Moreover, highly ordered polymer systems dis-
play a lesser degree of energetic disorder, reduc-
ing the likelihood of trap states within the thin
film.®17 Additionally, since OTFTs make use of the
transport of charges in the plane of the channel,
the in-plane mobility can be considered as the key
factor in determining the performance of a device.
As such, the orientation of the polymer packing
can also play a key role in determining the charge
carrier mobility in OTFTs. If a polymer exhibits an
edge-on packing orientation, where the n-n stack-
ing occurs perpendicular to the plane of the OTFT
substrate, the charge hopping occurs predomi-
nantly in the horizontal direction. This is the same
direction as the charges are required to move
through the transistor, and contributes towards
the OTFT mobility. An example of this is the la-
mellar microstructure of poly(2,5-bis(thiophen-2-
yDthieno[3,2-b]thiophene) (pBTTT), where the
polymer backbones assemble in n-stacked lamella,
with the backbones oriented out of plane with re-
spect to the substrate, while the lamella are in
plane.'®° If a polymer exhibits a face-on packing
orientation, where the n-n stacking occurs parallel
to the plane of the OTFT substrate, the charge hop-
ping occurs predominantly in the vertical direc-
tion, which does not contribute significantly to
the lateral charge carrier mobilities in OTFTs.
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Figure 2. The basic working principles of a p-
type bottom-gate bottom-contact OTFT device.
Vgs = gate voltage, Vg = threshold voltage and

Vps = drain voltage.

The understanding of the relationship between
semiconductor structure and OTFT performance
has progressed significantly as the field has ma-
tured. Initially, it was generally accepted that a
high degree of long-range order was the basic re-
quirement to achieve high charge carrier mobili-
ties. In particular, highly ordered edge-on ori-
ented organic semiconductors were thought to be
favorable, as a result of their excellent in-plane
transport properties.2° Both the hopping between
polymer chains, and intrachain transport along
the backbone are strongly influenced by the order
that the semiconductor is able to adopt, examples
of highly ordered edge-on polymers include
poly(3-hexylthiophene) (P3HT) and pBTTT.?*?2 In
later work, donor-acceptor (D-A) copolymers,
such as indaceno[1,2-b:5,6-b’]dithiophene-co-
2,1,3-benzothiadiazole (IDT-BT) and a thiophene-
flanked diketopyrrolopyrrole copolymerized with
thieno[3,2-b]Jthiophene (DPP-TT), were also re-
ported to exhibit high mobilities in OTFT de-
vices.?3?4 Surprisingly, some D-A copolymers of-
ten showed a distinct lack of long-range order, as
indicated by x-ray diffraction (XRD) measure-
ments. These materials exhibit so called "short
contacts", with no extensive n-stacking order. The
polymer backbones can however adopt a highly
planar conformation, facilitated by non-covalent
interactions that act to minimize dihedral angles
between repeat units, leading to low conforma-
tional disorder. Additionally, many of these mate-
rials adopt face-on orientations, which are associ-
ated with poor in-plane transport, and in some
cases appear to be completely amorphous. This

suggested that charge transport was predomi-
nantly along the conjugated polymer chains in
such systems with occasional hopping between
close contact interchain interactions. Often these
polymers exhibited a donor-acceptor sequencing
of the repeat units.

Indaceno[1,2-b:5,6-b’]dithiophene (IDT) based co-
polymers with 2,1,3-benzothiadiazole (BT) are a
prominent example of materials that display
short-contact interactions, and high charge car-
rier mobility.?3?> Several molecular structural fea-
tures contribute to the high charge carrier mobil-
ity exhibited by these polymers; two symmetric
bridging sp3 carbon atoms help to rigidify the
linked aromatic groups along the backbone, en-
hancing planarity and reducing energetic disor-
der, these bridgehead carbons are alkylated to
confer solubility and contribute to interchain in-
teractions. The presence of short-contact attrac-
tion between the IDT sulfur and BT nitrogen atoms
further acts to planarise the backbone, which ex-
hibits a relatively high torsional potential energy
barrier for rotation. This highly planar confor-
mation has an unusually low degree of energetic
disorder as a result, despite the overall apparent
low degree of crystallinity that has been observed
for the polymers employing the IDT unit.2®

Since it was first reported, the copolymer IDT-BT,
which includes BT as the acceptor comonomer,
has garnered significant interest, owing to the
high hole mobility of up to 3.6 cm? V* s it was
able to achieve in the saturation regime, and 2.0
cm? V' s? in the linear regime.?3 Initially, how-
ever, very few examples of chemical modifica-
tions to this polymer were reported, as a result of
its relatively complex synthesis.

Herein, we summarize a number of design strate-
gies used to modify the IDT-BT polymer that elu-
cidate the relationship between the polymer
structure and OTFT performance, contributing to-
wards the improved rational design of new motifs
for high-performance OTFT polymers.

In general, there are four key modifications that
can be made to the structure of IDT-BT: (i) varia-
tion of the pendant alkyl chains from n-hexadecyl
chains to shorter or branched chains; (ii) replace-
ment the sp3 bridging carbon to the heavier atoms
such as silicon and germanium or the use of an sp?
hybridized nitrogen atom; (iii) modification of the
BT unit and (iv) extending the m-conjugated back-
bone of the IDT donor unit, such as the use of thi-
ophenebenzo[b]indacenodithiophene (TBIDT) and
dithiopheneindenofluorene (TIF) moieties. These
modifications are summarized in Figure 3.

In this perspective we collate our previous studies

that address each of these modifications. This
demonstrates the fine-tuning of the structural or



optoelectronic properties exhibited by the IDT-
based polymers. It should be noted that compari-
son of the OTFT performance of materials pub-
lished by different research groups can be mis-
leading, since there are a number of factors that
affect the mobility values reported such as the pu-
rity of the material, polymer molecular weight,
the fabrication processes, device architecture,
and calculation method.? With this in mind, com-
parisons made herein are based upon OTFT de-
vices using the same architecture and fabricated
in the same laboratory, where possible.

(iv) Extension of the
backbone of the donor unit

(i) Variation of the
alkyl chains

(ii) Substitution of

IDT-BT ificati
the bridgehead atom i) Modfication

R = n-hexadecyl of the acceptor
unit

Figure 3. Basic design strategies for modifica-
tion to the structure of IDT-BT.

1. ALKYL CHAIN VARIATION

A common, and synthetically straightforward,
strategy that is often used to modulate the pack-
ing and order in polymers is the optimization of
the solubilizing alkyl chains appended to the con-
jugated backbone. Not only do they ensure that
the highly conjugated aromatic systems can be
dissolved in common organic solvents, which is
necessary for solution processing (one of the main
benefits of OTFTs in comparison to their inorganic
counterparts), but they can be used to control the
aggregation and self-assembly properties of these
polymeric semiconductors. Since the charge car-
rier mobility of organic semiconducting materials
is related to the degree of close contacts that mol-
ecules, or polymer chains exhibit, in addition to a
low energetic disorder, it follows that designing
IDT-BT analogues which possess these properties
should lead to the highest mobility materials.

This strategy has been shown previously in the op-
timization of polymers used in OTFTs, both using
variations in alkyl chain length, and side chain
branching points to control their structural and
packing properties.?”2® In some cases, such as in

pBTTT, long linear alkyl units are able to interdig-
itate between neighboring chains, providing reg-
istration between out of plane lamella, and result-
ing in three dimensional ordering over a micron
lengthscale. Moreover, in the case of an isoindigo-
co-dithiophene (IIDT) polymer, the OTFT hole mo-
bility was enhanced by moving the side chain
branching point further from the conjugated pol-
ymer backbone, relative to the parent polymer.28
As the branching point was moved further from
the polymer backbone, the steric hinderance to n-
n stacking was reduced, allowing the polymer
backbones to pack more intimately. This was
demonstrated by the reduced n-m stacking dis-
tance measured by grazing incidence wide-angle
X-ray scattering (GIWAXS).

Since the alkyl chains do not possess m electrons,
they act as insulators to charge carriers, suppress-
ing charge hopping between polymer chains.
Hence, shorter chains are preferable in this con-
text. However, as mentioned above, the solubility
of the polymer must also be taken into account,
limiting the minimum length of alkyl chains that
can be attached whilst still ensuring that the pol-
ymer is soluble. In addition to the requirement for
solution processing, the polymer molecular
weight that arises from the polymerization pro-
cess also impacts upon the solubility. Since charge
carriers are transported along polymer back-
bones, it is therefore preferential to produce high
molecular weight polymers. Moreover, the sterics
of these alkyl chains impact the packing of the pol-
ymer chains, dictating the degree of order in this
system. Generally, linear alkyl chains provide
fewer unfavorable steric interactions than
branched chains, and in some cases linear alkyl
units of adjacent polymer chains can intercalate,
which provides improved order, resulting in
fewer traps, and closer n-nt stacking distances be-
tween chains. With this in mind, four distinct al-
kyl chains were selected to elucidate the alkyl
chain effect upon charge carrier mobility for an
IDT-BT polymer backbone: 2-methylbutyl, 2-
ethylhexyl, n-octyl and n-hexadecyl.?® These are
referred to as C,C4-IDT-BT, C.Cs-IDT-BT, Cg-IDT-
BT and C;6-IDT-BT respectively, and summarized
in Figure 4.

Table 1. Summary of the properties of C,C,-IDT-BT, C,Cs-IDT-BT, Cs-IDT-BT and C,,-IDT-BT.

BT

Polymer Mn/Mw PDI IP (eV) EA (eV) Eg (eV) Thin-film Average mobil-
(kDa) Amax (Nm) ity?9 (cm? V' s?)
C1C4-IDT- 9/ 13 1.4 5.3 3.6 1.7 655 0.003




C2Cs-IDT- 40 / 87 2.2 5.3 3.6 1.7 660 0.57
BT

Cs-IDT-BT 33/ 243 7.4 5.3 3.7 1.6 674 0.15

C16-IDT-BT 38 /108 2.8 5.4 3.7 1.7 677 1.2

C.C4IDT-BT R = 2-methylbutyl
C,Ce-IDT-BT R = 2-ethylhexyl
Cg-IDT-BT R = n-octyl
C46-IDT-BT R = n-hexadecyl

Figure 4. The structures of C,C,4-, C,Cé-, Cs- and
Ci6-IDT-BT.

Each of these polymers were synthesized using
the same methodology. The IDT monomers were
synthesized by a Friedel-Crafts cyclization of 2,5-
dithien-2-yltherephthalic acid to form the inda-
cenodithiophene-4,9-dione, followed by a Wolff-
Kishner reduction, alkylation and bromination.
These IDT monomers were then copolymerized
with the bis-pinacol ester of BT in a Suzuki cross-
coupling reaction, to produce a series of polymers,
as displayed in Scheme 1.25?9 As the varying alkyl
chains impart different solubility upon the IDT
monomers, and their resultant IDT-BT polymer
chains, it was not straightforward to ensure that
the polymer properties were consistent, as seen
by the varying number average molecular weight
(M,) and polydispersity index (PDI) of the poly-
mers, shown in Table 1. Despite this, it is still pos-
sible to draw meaningful conclusions from the
properties and performance of these various IDT-

BT polymers.
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Scheme 1. Synthetic procedure of IDT-BT.

Top-gate bottom-contact OTFT devices were fab-
ricated using each of the polymers, in order to
evaluate the effect of the alkyl chains upon the

hole mobility. From Table 1 it can be seen that Ci6-
IDT-BT possesses the greatest hole mobility (1.2
cm? V' s1).?9 Surprisingly, the branched chain
C.C6-IDT-BT was able to outperform the straight
chain Cg-IDT-BT. The greater steric bulk of the
branched chains is likely to hinder packing, in
comparison to its straight chain analogue, how-
ever, this is not reflected by the hole mobilities
obtained. The extremely high molecular weight
and PDI of the Cg-IDT-BT made processing uni-
form films of this polymer very difficult; poor film
quality may contribute to the lower mobility ex-
hibited by Cs-IDT-BT. Nonetheless, the hole mobil-
ity of the C,Ce-IDT-BT (0.57 cm? V' s7!) is approx-
imately only half the value of the best performing
C.6-IDT-BT, despite the greater degree of disorder
likely to be present as a result of its branched side
chains.?® This would suggest that in IDT-BT, the
highly planar and low torsion backbone (ribbon-
like) is likely to dominate the structural proper-
ties and the forming of lamellar stacks in the pol-
ymer, and the nature of the pendant alkyl chains
have a limited effect on tuning these properties.
The extremely low hole mobility of the C,C,-IDT-
BT is likely to be a result of the much lower mo-
lecular weight of this polymer. This is likely a re-
sult of the poorer solubility of the C,C4-IDT mono-
mer, resulting in the precipitation of polymer
chains during the polymerization.

From the thin-film UV-visible spectra it is clear
that the linear chain IDT-BT polymers are more
strongly aggregated than their branched chain
counterparts, this can be seen by the red-shift in
the absorption maximum wavelength (Amax) in
thin-films for the Cs- and C,6-IDT-BT.?° This is a
result of a slight narrowing of the bandgap, man-
ifested in a 0.1 eV increase in the electron affinity.
Narrowing of the bandgap is indicative of greater
aggregation and structural order in the linear
side-chain polymers. Another feature that is pre-
sent in the UV-vis spectrum of the C;c-IDT-BT, is a
pronounced shoulder-peak at approximately 575
nm. This shoulder is much less pronounced in the
cases of the other polymers in the series, which
would suggest a greater degree of order in the
solid-state aggregation of C.;s-IDT-BT. This corre-
lates well with the highest hole mobility measured
for this polymer.




It is clear that the hole mobility of IDT-BT poly-
mers is significantly influenced by the molecular
weight of the polymer. As discussed above, one of
the main transport pathways for charge carriers
is along the polymer chains, thus longer chains re-
quire less hopping, and more efficient charge
transport, an observation noted in similar stud-
ies.3° The length of the alkyl chains can influence
the molecular weight that can be obtained via the
polymerization, as shorter chains will render the
IDT monomer, and subsequent polymer chains,
less soluble. Also, it is clear that the greater ag-
gregation and ordered packing exhibited by the
C6-IDT-BT led to the best hole mobility in this se-
ries of polymers. Thus, relatively long, linear side-
chains should be used to obtain high mobility IDT-
BT polymers. This affords; (i) sufficient solubility
of the polymer, such that reasonable molecular
weights can be achieved and (ii) a greater aggre-
gation tendency, increasing the short contacts be-
tween polymer chains.

2. BRIDGING ATOM SUBSTITUTION

Another tactic that allows control over the struc-
tural and optoelectronic properties of conjugated
units, consisting of multiple bridged aromatic
rings, is the variation of the bridgehead atoms. In
the cases where the bridgehead atom is a Group
14 element, such as carbon, silicon or germanium,
it is not part of the m-conjugated system, as it is
sp3 hybridized. As such, these bridgehead substi-
tutions are used to tune the structural properties
of the polymers in particular. Conversely, if the
carbon bridgehead atoms are replaced with a
Group 15 atom, such as nitrogen, the bridgehead
becomes sp? hybridized, and therefore part of the
m-conjugated system. This allows tuning of both
structural and optoelectronic properties

The larger atomic radii of silicon and germanium,
in comparison to carbon, afford longer bond
lengths between the bridgehead atom and the first
carbon of the alkyl chain. Therefore, the alkyl
chains are pushed further away from the conju-
gated polymer backbone, allowing greater n-m in-
teractions between polymer chains. This allows
greater interaction between neighboring polymer
backbones, leading to an increase in the crystal-
linity of such polymers.3'"3¢ Moreover, the larger
atomic radii of silicon and germanium result in
lengthening of the bonds between the bridgehead
atom and the adjacent carbon atoms of the fused
conjugated system.3* As the aromatic rings move
further apart, the intramolecular transfer integral
decreases and the IP decreases, as it has anti-
bonding character with a node between the rings.

The antibonding lobes of this bond are pushed fur-
ther from one another with increasing atomic ra-
dius, which results in a deepening of the IP.3%35
Another effect that the substitution of the carbon
atom for a silicon atom, at the bridgehead, can
have on the optoelectronic properties is a reduc-
tion in the EA. Specifically in the case of silicon,
its o* orbital can undergo effective mixing with
the butadiene fragments of the adjacent thienyl or
phenyl units. This stabilizes the LUMO, leading to
a reduction in bandgap in the case of some Si-
bridged fused ring systems, relative to the carbon-
bridged analogue.3> Since the nitrogen bridging
atom in NIDT is sp? hybridized, the alkyl chains
are directed outwards, in the plane of the polymer
backbone. This leads to greater planarity and im-
proved n-m interactions between polymer chains.
Another key effect of the substitution of a nitrogen
atom at the bridgehead, is that it becomes part of
the conjugated system. The nitrogen atom is rela-
tively electron-donating, which results in a stabi-
lization of the IP.

The silicon, germanium and nitrogen bridged an-
alogues of IDT-BT have all been synthesized, and
will be referred to as SiIDT-BT, GeIDT-BT and
NIDT-BT respectively.3¢-38 It should be noted that
these polymers were synthesized with different
pendant alkyl chains, this is summarized in Figure
5. As discussed above, the choice of alkyl chains
can also have an influence on the structural prop-
erties, and subsequently the charge carrier mobil-
ity of the IDT-BT polymers. Therefore, these poly-
mers have been compared to a parent IDT-BT pol-
ymer with the same solubilizing chains, where
possible. The sp? hybridization of the bridgehead
in NIDT-BT allows the possibility of only one pen-
dant alkyl chain at the bridgehead, therefore a
branched 2-octyldodecyl group is used. This is rel-
atively similar to the two n-octyl chains situated
on the carbon bridgehead in Cg-IDT-BT, which will
therefore be used as the comparison to NIDT-BT.

s R‘x’R N.’S/\N . RN N|/S/\N
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SilDT-BT X=S8i R=n-octyl

GelDT-BT X =Ge R = 2-ethylhexyl NIDT-BT R = 2-octyldodecyl

Figure 5. The structures of SiIDT-BT, GeIDT-BT
and NIDT-BT.

The SiIDT and GeIDT monomers were both synthe-
sized in a similar manner.3%37 First, a trime-
thylsilane (TMS) protected 2,2’-(2,5-dibromo-1,4-
phenylene)bis(3-bromothiophene) was lithiated,
before addition of either a dichlorodialkylsilane



or a dichlorodialkylgermane, leading to ring clo-
sure around the respective silicon or germanium
bridgeheads. The SiIDT and GeIDT units were then
brominated. It should be noted that the same
polymerization conditions could not be used in the
syntheses of SiIDT-BT and GeIDT-BT, owing to the
poor stability of the SiIDT unit to basic conditions,
such as those used in Suzuki cross-coupling reac-
tions. Hence, in the case of the silicon bridge ana-
logue, Stille cross-coupling reactions were used to
polymerize SiIDT with the BT comonomer. In the
synthesis of the NIDT unit, a Buchwald-Hartwig
cross-coupling reaction was used to ring close
2,2’-(2,5-dibromo-1,4-phenylene)bis(3-bromothi-
ophene) around two alkylamines. Lithiation then
allows the formation of the bis-trimethylstannane
NIDT monomer, which was subsequently copoly-
merized with the dibromo BT comonomer.3® The
syntheses of SiIDT, GeIDT and NIDT units are
summarized in Scheme 2.
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Scheme 2. Synthetic procedures for SiIDT-BT,
GeIDT-BT and NIDT-BT.

By first considering the optoelectronic properties
(summarized in Table 2) of SiIDT-BT, relative to
Cs-IDT-BT, it is clear that in this case the Si bridg-
ing atom has effectively widened the bandgap of
the polymer to 1.8 eV. This is caused by a slight
deepening of the HOMO, a result of the longer Si-
C bond separating the antibonding lobes of the
conjugated thienyl and phenyl units, and a slight
deepening of the IP. However, despite the pre-
dicted stabilizing interaction of the LUMO by the
Si o* orbital with the butadiene fragments of the
neighboring thienyl and phenyl units, the EA is in
fact shallower than measured for IDT-BT. It
should be noted that this difference in EA to IDT-
BT is within the range of experimental error, and
differences in the polymer molecular weights of
SiIDT-BT and Cg-IDT-BT

Table 2. Summary of the properties of SiIDT-BT, GeIDT-BT and NIDT-BT.

Polymer Mn/Mw PDI IP (eV) EA (eV) Eg (eV) Thin-film Average mobil-
(kDa) Amax (nm) ity (cm?2 Vs
SiIDT-BT 30/ 56 1.9 5.4 3.6 1.8 634 0.00836
GeIDT-BT 32/73 2.3 5.2 3.5 1.7 644 0.00537
NIDT-BT 7/ 10 1.4 4.9 3.4 1.5 770, 830 0.03038

may also be responsible for this unexpected ob-
servation. This wider bandgap is reflected in a
hypsochromic shift in the thin-film absorption
spectrum of SiIDT-BT. Additionally, the shoulder
at 590 nm is more pronounced than the corre-
sponding shoulder in Cs-IDT-BT.3® In the case of
GeIDT-BT, the bandgap (1.7 eV), IP and EA values
are comparable to the corresponding C,Ce-IDT-BT,
indicating that the use of the Ge bridging atom has
a minimal effect on the polymer’s frontier molec-
ular orbital energies. The thin-film absorption
spectrum of GeIDT-BT exhibits a slight (15 nm)
hypsochromic shift in both the absorption onset
and Amax, suggesting that the solid-state bandgap
of GeIDT-BT is marginally wider than that of C,Cs-

IDT-BT. Interestingly, the shoulder at approxi-
mately 600 nm is much more pronounced in
GelIDT-BT, which implies that the Ge bridged pol-
ymer has greater order in its solid-state packing
than the carbon bridged analogue, likely due to
the alkyl chains protruding further from the back-
bone, as discussed earlier.3” As one might expect,
the optoelectronic properties of NIDT-BT exhibit
the greatest deviation from those of IDT-BT. The
inclusion of the electron donating nitrogen into
the conjugated system leads to a significantly
shallower IP, and also a slight raising of the EA.
This results in the much narrower bandgap exhib-
ited in NIDT-BT (1.5 eV). The greater electron do-




nating character of the NIDT unit is likely to im-
part greater push-pull hybridization on the copol-
ymer, leading to a reduction in the optical
bandgap. Another contributing factor to the nar-
rower bandgap of NIDT-BT may be improved
backbone planarity, and consequently more or-
dered short-range aggregation of polymer chains.
The thin-film UV-vis spectrum of NIDT-BT shows
a very pronounced shoulder, which is larger in
magnitude than the S,-S; peak. This is indicative
of strong aggregation of the polymer chains, likely
arising from the planarity of the bridgehead, and
the first carbons of the pendant alkyl chain, which
extend in the plane of the conjugated backbone.38

Further investigation into the structural proper-
ties were also undertaken for SiIDT-BT and
GeIDT-BT to elucidate the effect of bridgehead
substitution upon the hole mobility of the poly-
mers. For the analogous branched chain (C,Cs-) Si-
IDT-BT, differential scanning calorimetry (DSC)
analysis revealed the presence of a small melting
transition at 260 °C, whilst no thermal transitions
were present in the analogous C,Ces-IDT-BT, indi-
cating that the inclusion of the Si bridgehead at-
oms has led to an increase in crystallinity. More-
over, the presence of a much sharper melt at 290
°C, for GeIDT-BT, suggests a greater degree of or-
der and aggregation in this polymer, relative to
both IDT-BT and SiIDT-BT.3® GIWAXS was per-
formed on thin-films of GeIDT-BT to further probe
its polymer packing; revealing that it was able to
form semi-crystalline films, whilst the analogous
C.Cs-IDT-BT polymer was amorphous, by compar-
ison.3” The presence of (100) and (200) reflec-
tions in the out-of-plane direction are consistent
with the formation of polymer lamellae, with d-
spacings of 14.0 A. Additionally, (010) reflections
in the in-plane direction revealed that the n-n
stacking distance was 3.9 A. One other notable
feature of GeIDT-BT’s diffractogram was the pres-
ence of arcing in the (100) and (200) out-of-plane
reflections, this suggests that the lamellar stacks
are not well aligned with respect to the surface of
the substrate.

The hole mobility of SiIDT-BT, GeIDT-BT and
NIDT-BT were extracted from the electrical char-
acteristics of OTFT devices, summarized in Table
2. In the cases of the Si- and Ge-bridged IDT poly-
mers, top-gate bottom-contact OTFTs were pre-
pared, however bottom-gate top-contact OTFT de-
vices were fabricated for NIDT-BT. This difference
in device architecture is known to affect the
charge carrier mobilities, and so this must also be
taken into account when drawing conclusions
from the results of the NIDT-BT based devices. De-
spite the improvement in aggregation and m-m
stacking of polymer chains imparted by the use of

larger Group 14 atoms, the measured hole mobili-
ties are significantly worse (< 0.01 cm? V' s™)
than their carbon-bridged analogues.3%37 It has
been suggested that the mobility may be limited
by grain boundaries and misaligned lamellae,
caused by the greater degree of aggregation in
these systems. By comparison, the hole mobility
of NIDT-BT (0.03 cm? V' s) was higher than the
values seen in either SiIDT-BT or GeIDT-BT.38 This
may be, in part, due to the difference in device ar-
chitecture used, but may also be due to enhanced
backbone planarity and aggregation. Despite this,
the low M, obtained for NIDT-BT, which is likely
an effect of the poor solubility of the more planar
and aggregating polymer chains, may signifi-
cantly limit the charge carrier mobility in this par-
ticular NIDT-BT batch. Hence, the hole mobility is
still an order of magnitude lower than that meas-
ured for Cg-IDT-BT, and it should also be noted
that the Cs-IDT-BT mobility is poorer than ex-
pected due to the high molecular weight of this
polymer batch, and subsequent issues processing
uniform thin-films.??

Overall, the use of bridging atom substitution
does not appear to be an effective strategy to im-
prove the hole mobility of IDT-BT polymers. De-
spite improving the degree of aggregation and or-
der in the polymers, this did not translate to im-
proved charge carrier mobilities in OTFTs. There
are a number of possible reasons for this, includ-
ing: grain boundary limitations, misalignment of
polymer lamellae or the attainment of lower pol-
ymer molecular weights as a result of reduced sol-
ubility of polymer chains. There may be improve-
ments in the hole mobilities that can be achieved
with SiIDT-BT, GeIDT-BT and NIDT-BT through
rigorous optimization of device processing, how-
ever it is unlikely that the values will match or
surpass those achieved by the carbon-bridged an-
alogues, which are currently 1-2 orders of magni-
tude larger.

3. MODIFICATION OF THE BENZOTHIADIAZOLE
COMONOMER

Modification or substitution of the BT comonomer
are amongst the simplest chemical alterations
that can be made to IDT-BT. Whilst the small and
rigid BT unit has been utilized to impart a high
degree of backbone order in IDT-BT, variation of
the comonomer can afford the ability to tune the
polymer properties. Throughout literature on thi-
ophene-based organic semiconductors, there are a
number of strategies that have been commonly
used to impart a high degree of order and planar-
ity along polymer backbones; namely the use of



attractive forces such as S---F intramolecular in-
teractions, or the reduction of repulsive steric in-
teractions, by replacing phenyl groups with
thienyl groups to promote thienyl-thienyl (rather
than thienyl-phenyl, or phenyl-phenyl) linkages,
for example.4°4! These same tactics were adopted
in the case of the IDT-BT polymer, whereby modi-
fied versions of the BT unit were used as the
comonomer, these are summarized in Figure 6.
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Figure 6. The structures of IDT-BT, IDT-FBT, IDT-
DFBT and IDT-DTBT.

The inclusion of either one or two fluorine atoms
on the BT monomer in the 5 and 6 positions (FBT
and DFBT respectively) has been speculated to en-
courage backbone planarity owing to the strong
electrostatic interactions between sulfur atoms of
thienyl moieties with the fluorine atoms of the BT
unit.4> However, top gate-bottom contact OTFT
devices of IDT-FBT and IDT-DFBT exhibited lower
hole mobilities than IDT-BT, where the Cy;s-IDT
monomer is used in each of the polymers. IDT-FBT
and IDT-DFBT were only able to produce average
hole mobilities of 0.9 and 0.5 cm? V* s, in com-
parison to the average hole mobility of 1.2 cm? V™
s™ measured for IDT-BT.?943 In a similar study on
SiIDT-BT, the BT comonomer was substituted for
both FBT and DFBT. Specular XRD measurements
indicated that the S---F interaction did indeed im-
prove backbone planarity, manifesting in a
greater degree of crystalline order in the films.
Despite this, the FBT and DFBT containing poly-
mers also exhibited lower hole mobilities. These
results were rationalized by the deeper lying
HOMO levels of the fluorinated analogues; this
may induce contact resistance at the electrode in-
terface.44

The addition of thienyl rings that have been fused
to the periphery of the BT unit, to form DTBT, as
shown in Figure 6, was expected to impart greater
planarity along the polymer backbone by reducing
the steric interactions between the C-C linkages
when polymerized with IDT.4345 Steric interac-
tions between the hydrogen atoms alpha to an

aryl-aryl linkage can cause torsion between the
adjacent units, disrupting the planarity of the pol-
ymer backbone. As such, the inclusion of fused thi-
ophenes on the periphery of the BT unit were
adopted with a view to lessening these unfavour-
able steric interactions. Another consideration to
be made is that the addition of the fused thienyl
units forces the polymer backbone into a noncol-
linear arrangement. When top-gate bottom-con-
tact OTFTs were fabricated using IDT-DTBT, how-
ever, the average hole mobility (0.06 cm? V* s)
was substantially lower than that of IDT-BT (1.2
cm? V' s§1).2945 This significant decrease in hole
mobility is indicative of major disruption to the
order and planarity of the polymer backbone. This
was verified using photothermal deflection spec-
troscopy (PDS). PDS measures the sub-bandgap
absorption, which can be used in order to extract
the Urbach energy (Ey). The Urbach energy is re-
lated to structural and phonon state disorder in a
material, and can therefore be used to compare
the relative structural order between material
systems. In the case of IDT-BT, the extracted Ey
was 24 meV, compared to the significantly larger
37 meV extracted for IDT-DTBT.43 This suggests
that the use of noncollinear units such as DTBT in
fact induce conformational disorder in the poly-
mer backbone, which leads to a significant de-
crease in hole mobility. Alternatively, this may be
a result of reducing the stabilizing interactions
between the peripheral thienyl units on IDT with
the adjacent BT, this is discussed in more detail
below.
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Figure 7. The computed torsional potential en-
ergy surfaces of thienyl-phenyl, thienyl-thienyl
and thienyl-BT linkages.

The relative lack of success achieved with the
above modifications to BT suggest that this unit is
likely to be integral to the highly ordered and pla-
nar backbone in IDT-BT, which is so beneficial for
charge transport. Density functional theory (DFT)



calculations can be used to elucidate how the BT
unit is well suited to preserve backbone planarity
in IDT-BT. Computed torsional potential energy
surfaces (PES) of a thienyl-BT (T-BT), thienyl-
thienyl (T-T) and thienyl-phenyl (T-P) linkages
are displayed in Figure 7. The T-P link has a sym-
metrical torsional PES, while a T-T is more stable
in the anti-configuration (close to 180°) as the
larger bond angles of the 5-membered rings re-
lieve steric strain between the sulfur atom of one
thiophene with the alpha proton of the other ring.
However, T-T is less stable in the syn configura-
tion than T-P due to large exchange repulsion be-
tween sulfur atoms close in space. Therefore, the
assumption in the design of IDT-DTBT to relieve
steric strain is correct based only on the interac-
tions of the alpha protons. The T-BT link is more
stable than both T-T and T-P in both the anti and
the syn conformations, despite the steric clashes
of protons. This stabilization must arise from
other more favorable non-covalent interactions.
With this in mind, the tactic of reducing steric in-
teractions around the linkage by the use of the
fused dithienyl BT unit, may have acted to dimin-
ish the favorable through-space stabilizing inter-
actions between the IDT and BT units. Hence,
there would be a greater probability of torsion
around the bond between monomer units, and less
driving force for backbone order, which may limit
the charge carrier mobility of IDT-DTBT. This is
also supported by the comparatively low hole mo-
bility of 0.15 cm? V™ s measured in an IDT-based
polymer where thieno[3,2-bJthiophene is used as
the comonomer (IDT-TT).?5

Figure 8 summarizes the various non-covalent in-
teractions of the two different conformers associ-
ated with the IDT-BT link. The dominating inter-
actions present in these systems were explored
through the use of natural bond orbital (NBO) cal-
culations. In conformer (1) there are stabilizing
through-space resonance interactions between
the lone pair of the N with the neighboring S-C*
antibonding orbital and the lone pair of the S atom
with the N-C* and N-S* antibonding orbitals. In
general, the large repulsive exchange energies as-
sociated with these atoms being closer than the
sum of their van der Waals radii are larger than
the resonance stabilization, but lone pair donation
certainly contributes to stabilizing more planar
geometries. A larger contribution comes from
electrostatic interactions.4® Despite the electron
rich nature of sulfur, it has a partial positive
charge in IDT, owing to the donation of one of its
lone pairs into the conjugated unit. As such, there
is a resultant electrostatic attraction to the nega-
tively charged N of the BT unit. Therefore, despite
the destabilizing steric interaction of the two hy-
drogen atoms on the alternate side of the IDT-BT

linkage, and the sizeable steric repulsion between
S and N atoms, this conformer is overall very sta-
ble. Conformer (2) is accessed upon 180° rotation
about the IDT-BT linkage. From the computed tor-
sional PES, conformer (2) is preferred slightly
over conformer (1), as a result of further stabiliz-
ing interactions present in this conformation. In
this case, through-space resonance interactions
are present on both sides of the IDT-BT linkage;
the IDT sulfur’s lone pair is able to interact with
the neighboring C-H* antibonding orbital of BT,
and the nitrogen lone pair of BT is able to interact
with the C-H* antibonding orbital of the IDT unit.
There is electrostatic attraction between the N
atom of BT with the neighboring hydrogen of IDT,
in what can be considered as a non-traditional hy-
drogen bond.4” These combined attractive forces
once again outweigh the associated steric ex-
change energies between atoms in such close
proximity. The net result of these additional sta-
bilizing interactions in the case of IDT-BT’s pre-
ferred conformers is a larger barrier to rotation,
relative to traditional T-T and T-P type linkages,
as can be seen in Figure 7. As such, IDT-BT has a
much greater driving force to adopt highly planar
backbone conformations. The energetic barrier to
rotation is so large that it is likely that both con-
formers (1) and (2) are present in the polymer
chain, as both are statistically possible during the
polymer synthesis, but locked into the confor-
mation due to the high energetic barrier. This has
been previously observed in molecular dynamics
simulations of amorphous IDT-BT.?3
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Figure 8. Non-covalent interactions in different
conformations of IDT-BT (top) and IDT-DFBT



(bottom). Red areas of the ovals represent a par-
tial positive charge, while blue areas represent
partial negative charge. Where grey atoms = C,

white atoms = H, yellow atoms = S, blue atoms =

N, green atoms = F.

The computed torsional PES of a thienyl-BT (T-BT)
linkage was compared to that of thienyl-DFBT (T-
DFBT) to compare the energetic barriers to rota-
tion in both IDT-BT and IDT-DFBT, shown in Fig-
ure 9. As one might expect, the introduction of the
larger fluorine atoms increases the destabilizing
steric repulsion in the conformers of T-DFBT,
however this is offset by greater electrostatic at-
traction and the preservation of the stabilizing
through-space resonance interactions between
IDT and BT as discussed above. Comparison with
a less planar thienyl-difluorophenyl system sug-
gests that the N-H interaction is more important
than the S-F interaction. While IDT-BT links would
result in one stabilizing and one destabilizing
electrostatic interaction in each conformation,
fluorination leads to stabilizing electrostatic in-
teractions in both cases (Figure 8), particularly in
the case of conformation (1) which is significantly
stabilized over IDT-BT. These calculations suggest
that the inclusion of the fluorine atoms on the BT
unit in fact increase the energetic barrier to back-
bone torsion, which would promote backbone pla-
narity. This was verified in the aforementioned
study of a series of SiIDT containing polymers, in
which specular XRD measurements verified a
greater degree of crystalline order when FBT and
DFBT were used as the comonomer, in comparison
to BT.44 Despite this, the hole mobilities of IDT-
FBT and IDT-DFBT were measured to be lower
than that of IDT-BT. Additionally, a comparative
study on IDT-BT and IDT-DFBT, where thiophene
spacers were included between the IDT and
BT/DFBT units, also predicted greater planarity in
the case of the fluorine containing polymer, but
the hole mobility was an order of magnitude lower
than the non-fluorinated BT analogue.4® Hence, it
is clear that backbone planarity is not the only pa-
rameter that can influence OTFT hole mobility.
There are several other factors which can also
contribute to the charge transport properties. For
example, the more planar backbone afforded by
the S---F interactions in IDT-FBT and IDT-DFBT
may render the polymer less soluble, restricting
polymer molecular weight, as well as lead to an
increase in solution aggregation, which in turn
may affect film formation. It should be noted that
whilst the IDT-FBT and IDT-DFBT hole mobilities
are lower than that of IDT-BT, they are still an or-
der of magnitude greater than IDT-DTBT, indicat-
ing that preservation of an IDT-BT linkage along

the polymer backbone is advantageous for high
hole mobility IDT-based polymers.
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Figure 9. The computed torsional potential en-
ergy surfaces of thienyl-difluorophenyl, thienyl-
BT and thienyl-DFBT linkages.

4. EXTENSION OF THE CONJUGATED IDT UNIT

Another strategy that can be employed to modify
the structure of IDT-BT is extending the m-conju-
gated system of the IDT unit with additional aro-
matic rings, such as phenyl or thienyl units. This
was expected to increase the rigidity and copla-
narity of the backbone, benefiting the intrachain
transport through potentially reduced torsional
disorder, and subsequently increase the hole mo-
bilities that these polymers could achieve. Moreo-
ver, the extended m-conjugated units were ex-
pected to experience greater interchain n-m over-
lap, allowing the additional possibility of im-
proved interchain charge hopping. Three addi-
tional donor motifs, based on IDT, have been ex-
plored; indacenodithieno[3,2-b]thiophene (IDTT),
thiophenebenzo[b]indacenodithiophene (TBIDT)
and dithiopheneindenofluorene (TIF). These do-
nor units were copolymerized with BT to form
IDTT-BT, TBIDT-BT and TIF-BT respectively, the
structures of which are summarized in Figure
10.49'51
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Figure 10. The structures of IDT-BT, IDTT-BT,
TBIDT-BT and TIF-BT.



The synthesis of the IDTT core can be considered
as analogous to that of IDT, with the difference
being the use of 2,5-Bis(thieno[3,2-b]thiophen-2-
yl)terephthalic acid as the starting reagent, be-
fore Friedel-Crafts cyclization, reduction, alkyla-
tion and bromination.?>4° The resultant monomer
was copolymerized with bis-pinacol ester of BT
using Suzuki polymerization conditions to yield
IDTT-BT. In order to synthesize the TBIDT mono-
mer, the Cs-alkylated IDT monomer underwent
formylation, coupling with a 3-bromo-2-hy-
droxymethyl-thiophene and oxidation yielded the
key intermediate (A) shown in Scheme 3. Acid-
promoted annulation was then used to ring close
this intermediate to form TBIDT. This fused ring
core was subsequently stannylated and reacted
with a bis-bromo BT monomer under Stille
polymerization conditions, producing TBIDT-BT.
TIF was synthesized via a Pd-catalyzed C-H acti-
vation of the methyl groups of key intermediate
(B) to form the ring closed product. The sp3 hy-
bridized carbon bridgeheads were then alkylated
with solubilizing (Cis) chains, and stannylated. Fi-
nally the TIF monomer was copolymerized with
the dibrominated BT, in a Stille polymerization,
resulting in the TIF-BT polymer.>° The molecular
weights and PDIs of the IDTT-BT, TBIDT-BT and
TIF-BT polymers are summarized in Table 3. In
the cases of TBIDT-BT and TIF-BT these M, and
PDIs are comparable. However, the reference IDT-
BT and IDTT-BT polymer batches have a much
greater molecular weights and larger polydisper-
sity indices, which must be taken into account
when comparing polymer properties.
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Scheme 3. Synthetic procedures for IDTT,
TBIDT and TIF.

Top-gate bottom-contact OTFT devices were fab-
ricated using each of IDTT-BT, TBIDT-BT and TIF-
BT, the results of which are summarized in Table
4 and Figure 11. Thermal annealing was not uti-
lized in the fabrication of any IDT-BT, IDTT-BT,
TBIDT-BT or TIF-BT devices. The resultant aver-
age hole mobilities of IDTT-BT and TBIDT-BT de-
vices (1.0 and 0.90 cm? V™ s respectively) are
marginally lower than that of IDT-BT. TIF-BT, on
the other hand, was able to achieve a significantly
greater average hole mobility than any of the pre-
viously discussed analogues of IDT-BT (2.9 cm? V*
1 §71).5° It should be noted that upon thermal an-
nealing, OTFTs employing TIF-BT and TBIDT-BT
exhibit degradation in their on-currents, which
diminishes the OTFT performance.

Table 3. Summary of the properties of IDTT-BT, TBIDT-BT and TIF-BT.

Polymer Mn/Mw PDI IP (eV) EA (eV) Eg (eV) Thin-film Average mobil-
(kDa) Amax (nm) ity (cm?2 Vs
IDTT-BT 76 / 196 2.6 5.4 3.7 1.7 675 1.0
TBIDT-BT 62/ 87 1.4 5.5 3.6 1.9 595 0.90
TIF-BT 57/ 83 1.5 5.7 3.7 2.0 577 2.9
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Figure 11. Saturation transfer characteristics of
IDT-BT, IDTT-BT, TBIDT-BT and TIF-BT bottom-
gate top-contact OTFT devices.

Table 4 summarizes the optoelectronic properties
of each of the extended core polymers. The IP and
EA of IDTT-BT are very similar to IDT-BT, despite
the presence of a higher backbone ratio of thio-
phene units. Both have an optical bandgap of 1.7
eV, and a solid state Amax Of ~ 670 nm. It should be
noted that IDTT-BT exhibits a less pronounced
shoulder-peak (at ~ 580 nm) than that observed
in IDT-BT. This would suggest that IDTT-BT exhib-
its less order in the solid state.4° TBIDT-BT, on the
other hand, exhibited a slightly larger IP and a
slightly smaller EA (both by 0.1 eV) than IDT-BT,
resulting in a widening of the optical bandgap to
1.9 eV. This corresponds to a hypsochromic shift
in Amax to 570 nm, with a shoulder at 550 nm. Sim-
ilarly, TIF-BT also exhibits a widening of the opti-
cal bandgap to 2.0 eV, in this case it is a manifes-
tation of a greater IP (5.7 eV), whilst maintaining
a comparable EA to IDT-BT. This has been at-
tributed to the lower ratio of the electron-rich thi-
ophene units along the conjugated polymer back-
bone. The relatively wide bandgap of TIF-BT is
also reflected in the thin-film UV-vis absorption
spectrum, with a Amax 0f 580 nm and a well-de-
fined shoulder at 540 nm, indicating a relatively
large degree of order in the polymer thin-film.>°

GIWAXS analysis has also been carried out on as-
cast and annealed thin-films (as per their OTFT
fabrication) of IDT-BT, TBIDT-BT and TIF-BT,
which can be seen in Supplementary Figures Si1-
S3. In each of IDT-BT, TBIDT-BT and TIF-BT, there
are a number of structural similarities. Each pol-
ymer displays relatively weak diffraction with a
broad nt-w stacking peak in the out-of-plane (q) direction.
This is indicative of relatively weak semicrystalline order in
each of these polymer thin-films. In IDT-BT, this diffrac-
tion peak is centered at q, = 1.53 A", corresponding to a pre-
dominant mt-m stacking distance of 4.10 A, whilst the pre-
dominant mt-1t stacking distances in TBIDT-BT and TIF-BT
are 4.22 A and 4.16 A respectively. This suggests that IDT-

BT possesses more favorable short contacts than either
TBIDT-BT or TIF-BT, which one would expect to manifest
in a greater charge carrier mobility. However, as noted
above, TIF-BT in fact has a higher hole mobility than IDT-
BT, indicating that short contacts are not the only preva-
lent feature necessary for high charge carrier mobility in p-
type polymers. Interestingly, upon thermal anneal-
ing, the broad n-m stacking peak of TIF-BT shifts from
1.51 A" to 1.57 A", indicating a significant decrease in the m-
m stacking distance to 4.00 A. Conversely, upon thermal
annealing, IDT-BT and TBIDT-BT do not exhibit any sig-
nificant decrease in their m-m stacking distances. GIWAXS
measurements had been previously carried out on
as-cast and annealed IDTT-BT, revealing similar
degree of semicrystalline order with a broad n-n
stacking peak at g, = 1.55 A in the as-cast sample.# Upon
thermal annealing, it was evident that the n-n
stacking peak at q, = 1.55 A" became sharper, and another
peak at q, = 0.35 A appeared. This would suggest that both
face-on and edge-on domains exist within the annealed
IDTT-BT thin-film.
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Figure 12. Absorption of IDT-BT, IDTT-BT, TBIDT-
BT and TIF-BT films, measured by photothermal
deflection spec-troscopy. The solid line repre-
sents an exponential tail fit for extraction of the
Urbach energies Ey.

To further elucidate differences in the structural
order of these polymers, PDS analysis was also un-
dertaken, the results of which are summarized in
Figure 12. IDT-BT has one of the sharpest sub-
bandgap absorptions recorded for a semiconduct-
ing polymer, corresponding to an Urbach energy
of 24 meV.?® Notably, IDTT-BT, TBIDT-BT and TIF-
BT exhibit a higher degree of energetic disorder
as compared to IDT-BT, upon inspection of their
sub-bandgap absorptions, with Urbach energies of
32 meV, 40 meV and 33 meV, respectively (Figure
12).5° However, in the PDS spectra of TBIDT-BT
and TIF-BT a sub-bandgap charge transfer absorp-



tion feature is also observed, which can be associ-
ated to interchain charge transfer.>' This feature
can be used to explain why TIF-BT is able to out-
perform IDT-BT despite its higher energetic disor-
der and relatively comparable microstructure. In
the case of TBIDT-BT this feature may explain
why, despite a relatively large Urbach energy (40
meV), the polymer still exhibits charge carrier
mobilities close to 1 cm? V* s, It should be noted
that IDT-based polymer systems with comparable
energetic disorder have shown a far more pro-
nounced drop in charge carrier mobility.43 This in-
dicates that the improvement of interchain
transport is a promising route towards further en-
hancing the performance of coplanar polymer sys-
tems such as IDT-BT, and can be correlated to sub-
bandgap absorption features. By contrast, the PDS
spectrum of IDTT-BT does not contain this sub-
bandgap charge transfer absorption feature and
the Urbach energy is larger than that of IDT-BT.
Consequently, IDTT-BT exhibits greater energetic
disorder than IDT-BT and the absence of addi-
tional interchain charge transfer leads to the
lower hole mobility that can be achieved in this
system.
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Figure 13. (Top) Computed torsional PES of ex-
tended IDT-BT derivatives, calculated at B3LYP-
D3/6-31G* level in gas phase. (Bottom) Mulliken
partial charges on atoms involved in intramolec-

ular non-covalent interactions as a function of

dihedral angle.

A likely source for the observed energetic disorder
is the variation in torsional conformation along
the polymer backbone. To investigate, torsional
PES were calculated for different extended IDT
cores bearing a BT group (Figure 13). All extended
IDTs show the same global minimum at the 180°
conformation, where non-traditional N-H hydro-
gen bonding can occur. Moreover, while IDTT
shows almost identical energetics upon bond ro-
tation to IDT, TIF and TBIDT groups differ by hav-
ing slightly shallower minima, indicating less sta-
bilization through non-covalent interactions. This
also results in a slightly lower barrier for rota-
tion, which may help to explain the increased tor-
sional disorder in the polymers containing these
groups.

The difference in PES is perhaps surprising, given
that the non-covalent interactions are expected to
be the same in each case, where a thiophene ring
is bonded to the BT group. The IDT derivatives
also all differ from the simpler thiophene model
shown in Figure 7. Since the torsional potential
depends largely on electrostatic forces, the partial
charges of the atoms involved were extracted at
each geometry of the PES scan (Figure 13). Firstly,
it should be noted that the partial charge varies
upon rotation as the electronic delocalization var-
ies, and the atoms come close in space to other at-
oms. It is also observed that the partial charges on
the BT atoms (nitrogen and hydrogen) are the
same regardless of the IDT group. However, the
partial charges on sulfur of the IDT group become
less positive as the core is extended, while
changes to the IDT hydrogen charge are more sub-
tle. This should result in slightly weaker electro-
static stabilization with increasing IDT core size.

—=—TBIDT-BT
—— |DT-BT
—&—TIF-BT
IDTT-BT
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Figure 14. Resonance stabilization energies from

natural bond orbital (NBO) delocalization across

the rotatable bond, as a function of dihedral an-

gle. Electrons are donated from a m bond of IDT

(red/blue) to the n* antibond in BT (green/pur-
ple).



Another consequence to core extension is the
change in electronic delocalization. To investigate
this, NBO calculations on all optimized geometries
from the PES were carried out, and the stabiliza-
tion gained from conjugation across the rotatable
bond was monitored. This comes from the energy
of delocalization of the C=C n bond of the IDT core
with the C=C* r antibond of the BT group. At 90°,
there is no conjugation between the two groups,
and so this stabilization is zero. As the bond is ro-
tated in either direction, the stabilization in-
creases, with the 180° conformer becoming more
stabilized than the 0° one, as a consequence of a
trans- alignment of the double bonds. The stabili-
zation is in the order IDT>IDTT>TIFBT>TBIDTBT
and shows clear similarities to the overall PES
plots.

CONCLUSIONS AND OUTLOOK

To summarize, a number of modifications to the
structure of IDT-BT have been explored, in order
to improve its hole mobility in OTFT devices. The
choice of solubilizing alkyl chain length was found
to be significant, dictating the polymer molecular
weight that can be achieved, and influencing the
degree of aggregation in the solid-state. The use
of n-hexadecyl chains were found to strike the op-
timal balance of the solubility and aggregation
properties necessary to form long polymer chains
that are also able to form short contacts. Substi-
tution of the carbon-bridgehead position of the
IDT unit, to increase the planarity and increase
the short contacts between polymer chains, was
found not to be an effective method of improving
the hole mobility in IDT-BT based polymers. De-
spite both the Si and Ge analogues exhibiting a
greater degree of order in the solid state, neither
were able to exceed hole mobilities of 0.05 cm? V~
' s'. Whilst the reason for this is not entirely clear,
it is likely that factors such as grain boundary lim-
itations, misalignment of polymer lamellae, or
lower polymer molecular weights may contribute.
Moreover, it is evident that the use of the BT unit
plays a pivotal role in the exceptional OTFT p-type
mobilities achieved in the amorphous IDT based
polymers. A highly ordered and planar polymer
backbone is achieved as a result of favourable
non-covalent interactions that occur between the
heteroatom lone-pairs (on the IDT and BT) with
the antibonding orbitals of the adjacent monomer,
along with electrostatic interactions.

The most successful modifications to improve
upon the hole mobility of IDT-BT involve exten-
sion of the IDT unit. Whilst this appeared to dis-
rupt the backbone planarity of polymer chains,

TBIDT-BT and TIF-BT were able to compensate for
this with improved interchain charge transfer, as
observed from their PDS spectra. In the case of
TIF-BT, only minor disruption to the backbone or-
der, coupled with improved interchain charge
transfer, resulted in the achievement of an OTFT
hole mobility of 2.9 cm? V™ s, the only modified
IDT copolymer to exceed the reference IDT-BT
performance. This highlights that extension of the
m-conjugated system may be among the most
promising modifications to achieve high mobili-
ties in these relatively amorphous IDT-based pol-
ymers.
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