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Siloxane-Based Hybrid Semiconducting Polymers Prepared by
Fluoride-Mediated Suzuki Polymerization**
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Changduk Yang*

Abstract: Siloxane-containing materials are a large and
important class of organic-inorganic hybrids. In this report,
a practical variation of the Suzuki polymerization to generate
semiconducting polymeric hybrids based on siloxane units,
which proceeds under essentially nonbasic conditions, is
presented. This method generates solution-processable poly-
(diketopyrrolopyrrole-alt-benzothiadiazole) (PDPPBT-Si)
consisting of the hybrid siloxane substituents, which could
not be made using conventional methods. PDPPBT-Si exhibits
excellent ambipolar transistor performance with well-balanced
hole and electron FET mobilities. The siloxane-containing
DPP-thiophene polymer classes (PDPP3T-Si and PDPP4T-
Si), synthesized by this method, exhibit high hole mobility of up
to 1.29 cm?V~'s™'. This synthetic approach should provide
access to a variety of novel siloxane-containing conjugated
semiconductor classes by using a variety of aryldihalides and
aryldiboronic acids/esters.

I ntegration of organic and inorganic species, commonly
referred to as hybridization, is of interest for the production of
novel functional materials since the co-existence of these
species in a single component is expected to induce cooper-
ative and synergistic effects.!! Siloxane units (-SiR,0-, R =
usually alkyl groups) composed of an inorganic silicon-oxygen
backbone (Si-O-Si), with organic substituents bound to the
silicon atoms, are the most widely studied frameworks for
hybrid materials.”) Because of their physicochemical proper-
ties (e.g., high thermal and weather stability), siloxane-based
compounds have been used in a wide range of applications.”!
Another unique structural feature derived from the signifi-
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cantly longer bond length and larger bond angle of the Si-O-Si
skeleton is an increased flexibility of the siloxane chains.
Taking this flexibility into account, the siloxane-terminated
hybrid side chains were introduced into rigid m-conjugated
polymers as solubilizing groups, and showed that this
approach could be used to improve charge-transport efficacy
while providing good solubilizing capabilities.*! Although the
siloxane-based hybrid side chains provide a diverse combi-
nation of solubilizing ability and impact on crystal packing to
create high quality semiconducting polymers, they are
incompatible with the traditional Suzuki polymerization
accompanied by a base, hence limiting their practical
applications. Herein, we report the first synthesis of a poly-
(diketopyrrolopyrrole-alt-benzothiadiazole) ~ (PDPPBT-Si)
with hybrid siloxane-solubilizing groups by a base-free
Suzuki polymerization. In this report, we discuss the struc-
ture—property relationship of PDPPBT-Si with organic field-
effect transistor (OFET) properties, electronic structure, and
ordering structure. Our study expands the synthetic methods
available for the synthesis of various hybrid chromophoric
building blocks based on siloxane units.

Based on previous reports,[*** starting with DPP, olefinic
alkyl side chains were introduced into the DPP core by a base-
promoted N-alkylation, then hydrosilylation of the terminal
alkene using 1,1,1,3,5,5,5-heptamethyltrisiloxane in the pres-
ence of the Karstedt catalyst, and N-bromosuccinimide-
mediated dibromination in chloroform, thus yielding
a highly soluble DPP monomer (1) with siloxane-terminated
solubilizing chains (CAUTION). A series of brominations
performed overnight did not provide satisfactory yields
(<30%), but a shorter reaction time (ca. 2 h) generated
relatively high yields (>70%). After collecting the desired
compound 1 as the first fraction to elute from column
chromatography, the second fraction was collected and
analyzed by NMR spectroscopy. The integral of the reso-
nances at 6 = —0.02-0.08 ppm, assigned to the methyl protons
in the siloxane groups, was considerably smaller than the
theoretical integration value based on '"H NMR spectroscopy
(see Figure S1 in Supporting Information). Based on this
result, the siloxane units may not be stable under the free-
radical bromination, but the reason for this remains unclear.
In our initial screening experiments, the standard Suzuki
polycondensation with 1 and 4,7-diboronicester-2,1,3-benzo-
thiadiazole (2) was performed in the presence of either
[PA(PPh;),] or [Pd,(dba);]/P(o-tolyl); as a catalyst system in
a mixture of toluene and basic aqueous solution (K,CO; or
K;PO,), as shown in Scheme 1. However, we did not obtain
a polymeric solid in which large amounts of both unreacted
monomers were recovered, even when a microwave-assisted
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Scheme 1. PDPPBT-Si preparation by Suzuki polymerization.

heating protocol was applied (Table 1). We hypothesized that
this might have been caused by an incompatibility between
the siloxane functional groups and the base required for the
transmetalation in the Suzuki-coupling mechanism. This
hypothesis was based on our previous experience with the
synthesis of various DPP-based polymers using hybrid
siloxane side chains and the conventional Stille polyconden-
sation, in which the basic reagent was not used."*® It was
previously reported that fluoride salts [e.g., cesium fluoride
(CsF) and tetrabutylammonium fluoride (TBAF)] activate
palladium transmetalation during Suzuki coupling for small-
molecule synthesis under essentially nonbasic conditions.[!
This method was successfully applied to Suzuki polyconden-
sation of polyfluorene containing base-sensitive functionali-
ties.”

Based on these findings, we examined the Suzuki poly-
merization of dibromide 1 and the diboronic ester 2 under
various reaction conditions (catalyst system, solvent, temper-
ature, reaction time, and heating protocol) with fluoride salts,
as illustrated in Scheme 1 and Table 1. The first variable

o

tested was the reaction time and solvent system under
conventional and microwave irradiation heating, respectively,
and four equivalents of CsF were chosen based on a previously
reported optimization of fluoride-mediated polymerization.

Soluble PDPPBT-Si polymers with the hybrid siloxane
substituents were successfully obtained using both microwave
and thermal heating, although a shorter reaction time was
required when using microwave irradiation. The molecular
weights of the polymer increased with increasing reaction
time. In addition, the solvent system used for the polymer-
ization did not affect the molecular weights, but the optimal
reaction time depended on the solvents and heating methods.
Note that exceeding the optimal time in each case resulted in
a solvent-swollen gel, thus providing only insoluble products.
Further examination of the microwave-assisted Suzuki poly-
merization was performed under different reaction condi-
tions, for example, different temperatures, the binary solvent
mixture, and replacement of CsF with TBAF. The full set of
reactions is provided in Table 1. The use of CsF/DME at
120°C under conventional heating for 24 hours was optimal in
terms of the molecular weights generated (Table 1, entry 8).
Although further optimization of system-specific reactions
may produce PDPPBT-Si with higher molecular weights, our
screening study is the first step towards base-free Suzuki
coupling for siloxane-containing semiconducting polymers,
which will allow the synthesis of a wide variety of conjugated
blocks with siloxane units.

The PDPPBT-Si solution in chloroform displayed strong
board absorption from A =380 to 1000 nm. Transitioning from
the solution to the solid state resulted in a bathochromic shift
in the absorption onset of 32 nm, thus resulting in an optical
bandgap of about 1.21 eV (Figure 1a). This data suggests that
a certain degree of packing is formed in the solid state. Using
the cyclic voltammetry, we predicted the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular

Table 1: Synthetic conditions and characteristics of PDPPBT-Si obtained from base-free Suzuki polymerization.

Entry™  Catalyst system®® Salt (equiv)!  Solvent (mL) Heating/T [°C] t[h] M, [kDa] PDI
1 [Pd(PPh;),] K,CO, (10) toluene (4)/water (2)  conventional/120 or pW/120  6o0r24 - -~
20! [Pd,(dba);]/P(o-tolyl);  K;PO, (5) toluene (4)/water (2)  conventional/120 or pW/120  6or24 - L

3 Pd(PPh;), CsF (4) toluene (4) conventional/120 6 14.9 1.53
4 [Pd(PPh;),] CsF (4) toluene (4) conventional/120 12 18.1 2.21
5 [Pd(PPh;),] CsF (4) toluene (4) conventional/120 24 1 ny

6 [Pd(PPh;),] CsF (4) DME (4) conventional/120 6 9.43 1.69
7 [Pd(PPh;),] CsF (4) DME (4) conventional/120 12 17.2 1.77
8 [Pd(PPh;),] CsF (4) DME (4) conventional/120 24 22.7 4.02
9 [Pd(PPh;),] CsF (4) toluene (2) uwW /120 2 5.3 2.30
10 [Pd(PPh;),] CsF (4) toluene (4) pw/150 3 20.4 1.86
11 [Pd(PPh,),] CsF (4) toluene (4) pW/150 6 f .y
12 [Pd(PPh;),] CsF (4) toluene (1)/DME (1) pW/120 2 4.7 2.29
13 [Pd(PPh;),] TBAF (4) DME (2) pw/120 2 n.d.® n.d.@
14 [Pd(PPh;),] CsF (4) DME (4) pWw/90 1 14.9 1.59
15 [Pd(PPh;,),] CsF (4) DME (4) W/90 2 f Sy
16 [Pd(PPh;),] CsF (4) DME (4) pW/120 1 4 -
17 [Pd(PPh;),] CsF (4) DME (4) pW/120 2 n 1

[a] Unless otherwise specified, the Suzuki polymerization was carried out with 0.048 mmol of 1, 0.048 mmol of 2, and 5 mol % of the palladium
catalyst. [b] P(o-tolyl); as the ligand (20 mol %) was added. [c] Equivalents relative to the monomer 1. [d] Estimated value from gel-permeation
chromatography (GPC) measurements using THF as the solvent and calibrated with polystyrene as standard. [e] No polymerization reaction occurred.
[f] No characterization was made on these materials because of their insolubility in organic solvents. [g] Not determined because of the poor yield after
precipitation and extraction. DME =1,2-dimethoxyethane, M, =number-average molecular weight, PDI = polydispersity index, TBAF =tetrabutyl-

ammonium fluoride.
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Figure 1. a) UV/Vis-NIR absorption spectra of PDPPBT-Si in chloro-
form solution and as thin film. b) Cyclic voltammogram of PDPPBT-Si

thin film on glassy carbon electrode in 0.1 m Bu,NPFs/CH,;CN at

a scan rate of 50 mVs™".

orbital (LUMO) levels of the PDPPBT-Si film to be —5.07 eV
and —3.56 eV, respectively (Figure 1b).

The morphological and microstructural features of the
PDPPBT-Si films were studied using tapping-mode atomic
force microscopy (AFM) and grazing incidence X-ray dif-
fraction (GIXD) analyses. PDPPBT-Si films were prepared
by drop-casting from a hot chlorobenzene solution
(2mgmL™") onto n-octadecyltrimethoxysilane (OTS)-modi-
fied SiO,/Si substrates, followed by annealing at an optimal
temperature of 220°C under a nitrogen atmosphere. As
shown in Figure 2a, the annealed film formed nanofibrillar
networks with denser (about 100 nm) aggregates than the as-
cast films because of the thermally induced strong intermo-
lecular interactions (see Figure S2 in the Supporting Infor-
mation). Moreover, an obvious reduction in surface rough-
ness was observed in the annealed film (RMS roughness
changed from 4.76 to 3.95 nm after annealing), which leads to
better contacts with electrodes on the smooth polymer film.
Figure 2b-d show the two-dimensional
(2D) GIXD image and the corresponding
diffractogram profiles of the polymer film.
PDPPBT-Si displayed well-defined lamel-
lar peaks up to the third order along both
the g,, and ¢, axes, and it is indicative of
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Figure 2. Microstructure analysis of drop-cast PDPPBT-Si films
annealed at 220°C. a) Tapping-mode AFM height (left) and phase
(right) images. b) 2D-GIXD image and its 1D-GIXD profiles of c) in-
plane and d) out-of-plane directions.

efficient m—m planes in both the parallel and perpendicular
orientations.”! In contrast, the positive effect of the thermal
annealing for the crystalline nature of the film was demon-
strated based on the enhanced crystalline microstructure
compared with the as-cast films (see Figure S2). To inves-
tigate the charge-transport properties of PDPPBT-Si, bottom-
gate top-contact FETs were fabricated on OTS-modified
SiO,/Si substrates, as depicted in Figure 3 a. The experimental
details of FET fabrication and measurements are included in
the Supporting Information. PDPPBT-Si exhibited ambipolar
field-effect behaviors, as observed in the DPPBT polymer
systems. Figure 3b—e show the representative /-V character-
istics of the optimized FETSs annealed at 220°C (see Figure S3

bimodal orientations of edge-on and face-
on domains. The lamellar distance and
coherence length of the (100) order peak
were 25.5/23.9 A and 269.3/145.5 A for the
in-plane and out-of-plane directions,
respectively (see Table S1 in the Support-
ing Information). The comparison of the
number of layers (10.6 and 6.1 layers for
in-plane and out-of-plane directions,
respectively) was estimated based on the
ratio of Lg)/daey and revealed a rela-
tively well-ordered edge-on lamellae.
Additionally, a strong peak was observed
at q,~1.7 A~ thus corresponding to m—m
stacking with face-on orientations (st-stack
distance of ca. 3.6 A), which resulted from
the introduction of siloxane-terminated
hybrid side chains.**! This arrangement
suggests that the PDPPBT-Si film adopts
three-dimensional (3D) conduction chan-
nels which enhance charge transport with
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Figure 3. Schematic diagram of solution-processed PDPPBT-Si FETs and their typical elec-
trical characteristics after annealing at 220°C. a) Schematic illustration of the bottom-gate/
top-contact OFET structure with gold electrodes (L=50 um and W=1000 um). Transfer
characteristics at b) hole- and c) electron-enhancement operation with Vps=—100 and
+100V, respectively. Output characteristics at d) p- and e) n-channel operation. f) CMOS-like
inverter characteristics at Vpp= +100 V (Inset: schematic of the complementary inverter
structure).
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in the Supporting Information). The annealed films showed
significantly enhanced mobilities compared with the as-cast
polymer films (see Figure S4 and Table S2 in the Supporting
Information). The annealed PDPPBT-Si films exhibited well-
balanced ambipolar charge transport with the maximum hole
and electron mobilities of 0.18 and 0.13 cm?V~'s™!, respec-
tively, even though the asymmetry in threshold voltages
resulted from the larger injection barriers for electrons with
respect to the gold contacts. The results can be comparable
with those of previous highly optimized DPPBT-based
OFETs”!  Complementary  metal-oxide-semiconductor
(CMOS)-like inverter characteristics of PDPPBT-Si were
tested by connecting two identical ambipolar transistors,
which exhibited a high gain of 70.1 (Figure 3 f). To further
explore the great versatility of this method, we prepared
DPP-thiophene polymers with siloxane groups (PDPP3T-Si
and PDPP4T-Si) in which 1 was copolymerized with the
diboronic ester monomers (thiophene or dithiophene) under
the optimized reaction conditions (see Scheme S1 in the
Supporting Information). Furthermore, for a fair comparison
correlating the base-free Suzuki and Stille polymerizations,
these polymers were also prepared from conventional Stille
coupling (see Table S3 in the Supporting Information). Both
polymerizations produced polymers with similar molecular
weights (21.7-34.2 kDa), thus suggesting that our method-
ology is highly complementary to the preparation of various
siloxane-based hybrid polymers. All detailed polymerization
procedures are presented in the Supporting Information. The
polymers obtained from the base-free Suzuki coupling were
used to fabricate OFETs and hole mobilities as high as
1.29cm?*V~'s™! were observed from PDPP3T-Si (see Fig-
ure S5 in the Supporting Information). Note that the max-
imum mobilities of the DPP-thiophene polymers synthesized
by the base-free Suzuki-coupling method are comparable to
the corresponding values obtained in each polymer prepared
by Stille-type coupling (see Figure S5a-d).

In summary, we utilized base-free Suzuki polymerization
by replacing a Brgnsted base with fluoride salts to synthesize
semiconducting polymers with hybrid siloxane-solubilizing
groups, examined its scope, and optimized reaction conditions
for the preparation of high molecular weights. This method
allows access to a solution-processable PDPPBT-Si polymer
with an acceptable molecular weight of 22.7 kDa. Not only
does the PDPPBT-Si film form 3D conduction structures
which can be accounted for by the strong m—m stacking in both
parallel and perpendicular orientations, but its OFET also
device shows well-balanced ambipolar characteristics (i, =
0.18cm*V's™ and tgecpon=0.13 cm*V~!s™"). To demon-
strate its versatility and efficacy, we also synthesized DPP-
thiophene polymers (PDPP3T-Si and PDPP4T-Si) by fluo-
ride-mediated Suzuki coupling, thus yielding high hole
mobility of up to 1.29 cm*V~'s™! in OFET devices based on
PDPP3T-Si. Although our understanding of the synthetic
mechanism is limited, the chemistry described herein pro-
vides a novel approach to the development of numerous
hybrid semiconductors with siloxane functional moieties
which endow highly desirable and diverse properties.

o
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