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Enhancing Field-Effect Mobility of Conjugated Polymers
Through Rational Design of Branched Side Chains

Boyi Fu, Jose Baltazar, Ashwin Ravi Sankar, Ping-Hsun Chu, Siyuan Zhang,

David M. Collard, and Elsa Reichmanis*

The design of polymer semiconductors possessing effective 77 intermo-
lecular interactions coupled with good solution processability remains a
challenge. Structure-property relationships associated with side chain struc-
ture, 71— intermolecular interactions, polymer solubility, and charge carrier
transport are reported for a donor—acceptor(1)-donor—acceptor(2) polymer:
5-Decylheptadecyl (5-DH), 2-tetradecyl (2-DT), and linear n-octadecyl (OD)
chains are substituted onto a polymer backbone consisting of terthiophene
units (T) between two different electron acceptors, benzothiadiazole (B), We
and diketopyrrolopyrrole (D), pTBTD, to afford pTBTD-5DH, pTBTD-2DT,

and pTBTD-OD, respectively. In the 5-DH side chain, the branching posi-

tion is remote from the polymer backbone, whereas it is proximal in 2-DT.
This study demonstrates that incorporation of branched side chains where
the branching position is remote from the polymer backbone merges the
advantages of improved solubility from branched units with effective 77
intermolecular interactions normally associated with linear chains on conju-
gated polymers. pTBTD-5DH exhibits superior qualities with respect to the
degree of polymerization, solution processability, 7— interchain stacking, and
charge carrier transport relative to the other analogs. pTBTD-5DH exhibits a
field-effect hole mobility of up to 2.95 cm? V' s, a factor of 3-7 times that

achieved with pBDT6-DT and pBDT6-OD.

1. Introduction

Side chain engineering has a significant potential to aid
the development of high performance semiconducting
n-conjugated polymers for optoelectronic applications.l'-3l
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Optimization of the solution process-
ability and intermolecular interactions in
thin films of these materials is important
in the design of new polymeric semicon-
ductors.*>] Here we describe the influ-
ence of the structure of side chains on the
solubility and interchain interactions that
govern charge carrier transport in a new
low bandgap polymer.

recently introduced
poly(benzothiadiazole-alt-sexithiophene),
pBT6, a polymeric semiconductor com-
posed of alternating benzothiadiazole
(acceptor) and sexithiophene (donor)
units with n-dodecyl side chains to
impart solubility. It displays a bandgap
of 1.5 eV and a hole mobility of up to
0.75 cm? V7! s7L00 To further enhance
the semiconducting performance of
this class of materials, we incorporated
diketopyrrolopyrrole units as a second
acceptor into the structure of pBT6.
The new polymer consists of electron-
donating terthiophene units (T) between
two different electron acceptors, ben-
zothiadiazole (B) and diketopyrrolopyr-
role (D), in an alternating arrangement
to afford the donor-acceptor(1)-donor-acceptor(2) (D-A-D-A)
copolymer, pTBTD, as shown in Scheme 1. Diketopyrrolopyr-
role and its isomer!”) have been reported as attractive accep-
tors in the development of semiconductors for use in high
performance polymer-based organic field effect transistors
(OFETs) and organic photovoltaics, exhibiting mobility and
power conversion efficiency beyond 1 cm? V! 71812 and
7%, respectively.3-17] The D-A-D-A nature of the new copoly-
mers is expected to: i) lower the HOMO energy level of the
polymer; ii) enhance intramolecular charge transfer, and iii)
enhance -7 intermolecular interactions due to the coplanar
nature of diketopyrrolopyrrole.[®13.18]

Incorporation of branched side-chains improves
polymer solubility compared with analogs with linear side
chains.t219201 However, branched side chains in which the
branched point is close to the polymer backbone (e.g., 2-octyl-
dodecyl, 2-decyltetradecyl) interferes with close packing of
the polymers and weakens n—n intermolecular interactions
between conjugated backbones, compared to analogs with
linear side chains.223] Therefore, a design strategy that
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Scheme 1. Molecular structures of TBTD polymers substituted with branched side chains that are i) remote (pTBTD-5DH) or ii) close to (pTBTD-2DT)
the conjugated polymeric backbone, and iii) the linear side chain (pTBTD-OD).

merges the advantages afforded by both linear and branched
side chains is worthy of investigation. Here we describe the
introduction of 5-decylheptadecyl (5-DH), 2-tetradecyl (2-DT),
and n-octadecyl (OD) side chains onto the TBTD polymer, to
afford pTBTD-5DH, pTBTD-2DT, and pTBTD-OD, respec-
tively (Scheme 1). The side chain branching position is either
remote (5-DH) or close (2-DT) to the polymer backbone. This
design strategy of moving the branch point of the side chain
away from the pTBTD backbone in 5-DH was intended to
reduce steric hindrance between chains while maintaining,
or even improving, polymer solubility relative to that of
analogous polymers with either branched (2-DT) or linear
(OD) side chain. Recent reports have suggested the effective-
ness of controlling the separation of branches in the side
chain from the polymer backbone in tuning intermolecular
self-assembly, charge carrier mobility,?*2% and photocur-
rents.[”’] A comparison of the properties of the three pTBTD
analogs allows us to systematically investigate the effect of
the variation of side chain structure on polymer solution
processability, degree of polymerization, molecular ordering
and orientation, and macroscopic charge carrier transport
properties.
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2. Results
2.1. Polymer Synthesis

The syntheses of the TBTD polymers are outlined in Scheme 2,
and complete synthetic details are provided in the Supporting
Information (S.I.). Commercially available 2-decyl-1-dode-
canol, 1, was converted to bromide 2, which was then chain-
extended by reaction with allylmagnesium chloride. The
resulting alkene, 3, was subjected to hydroboration—oxida-
tion to afford alcohol 4, which was subsequently converted
to bromide 5.%8 3,6-Di(2-thienyl)diketopyrrolopyrrole, 6, was
alkylated with 5 to afford the 5-DH substituted acceptor com-
pound, 7a, and with 2 and 1-bromooctadecane to afford 7b
and 7c, respectively. It is noteworthy that the dialkylation of 6
with the 5-decyl-substituted compound to afford 7a proceeds in
high yield (>80%), which is similar to the yield of 7c formed
by alkylation of 6 with the linear side chain, and significantly
higher than the yield of 7b (30%) in which the side chain in
the 2-position hinders nucleophilic substitution. The low yield
for alkylation of diketopyrrolopyrrole with branched alkyl
halides was recently reported as a common problem.[21:2:30]
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Scheme 2. Synthesis of TBTD polymers. Images inserted represent spin-coated films of compound 7a-c (1500 rpm from 10 mg mL™" in chloroform),

and pTBTD-5DH (1500 rpm from 8 mg mL™" in o-dichlorobenzene) on glass

Accordingly, moving the branching position further from the
electrophilic site affords a more efficient monomer synthesis.
Solutions of 7a-c afforded similar absorption spectra (absorp-
tion maximum, A, at 548 nm, Figure Sla, S.I.); while in the
thin-film an obvious bathochromic shift was observed for the
sequence of 7b (pink, A, = 515 nm) to 7c (purple, A, = 610
nm) and 7a (purple, A, = 630 nm), as shown in Scheme 2
and Figure S1b, S.I. These results indicate that the steric hin-
drance arising from branching of the side chain close to the
diketopyrrolopyrrole core (i.e., 2-DT) disrupts n—r intermolec-
ular interactions. Moving the branching away from diketopyr-
rolopyrrole unit (i.e., 5-DH) relieves this hindrance and results
in 7a having a similar A,,,, as the linear analog 7c.

TBTD polymers were prepared by Stille step-growth poly-
merization of 3,6-di(5-bromo-2-thienyl)-N,N-dialkyldiketopyrro-
lopyrrole monomers Mla-c and bis-stannane monomer M2l
under microwave irradiation (180 °C for 30 min, Scheme 2), fol-
lowed by precipitation and subsequent purification by Soxhlet

Table 1. Molecular weights and photophysical properties of TBTD polymers.

wafers.

extraction. pTBTD-5DH was removed from the Soxhlet thimble
with chloroform. The residue in the thimble was dissolved in
hot 1,2-dichlorobenzene to afford a higher molecular weight
sample, pTBTD-5DH(H). The 2-DT and OD analogs were pre-
pared under the same conditions and extracted from the Soxhlet
thimble with chloroform and chlorobenzene, respectively. Gel
permeation chromatography (GPC; 135 °C with 1,2,4-trichlo-
robenzene as eluent, Table 1) gave number-average molecular
weights (M,) of pTBTD-5DH and pTBID-5DH(H) of 44 kg
mol™! and 50 kg mol™, respectively, approximately twice that of
pTBTD-2DT (28 kg mol™) and four times that of pTBTD-OD
(14 kg mol™!) prepared in the same manner. This result sug-
gests that the 5-HD side chains allow the polymerization to
proceed to give higher molecular weight by maintaining solu-
bility of the growing polymer. No shoulders were observed on
the GPC peaks (Figure S2 in S.I.), indicative of no aggregation
of polymer chains. Efforts to prepare lower molecular weight
PTBTD-5DH using milder reaction conditions (160 °C for
30 min), afforded samples exhibiting no sub-
stantial change in M, (44 kg mol™!, PDI: 2.3,
Figure S2e, S.I.), suggesting that the incor-

Polymer M, PDI DP?) Absorption maximum

Eg poration of 5-DH facilitates preparation of

n 8
b) . . .
(kDa] [eV] [eV] relatively high molecular weight polymers, a
Solution Film desirable characteristic for high performance
pTBTD-5DH 4 23 24 1.60, 2.99 1.58,1.72, 2.98 1.26 polymer semiconductors.132]
pTBTD-5DH(H) 50 2.1 27 1.60, 2.99 1.58,1.72,2.98 1.26
pTBTD-2DT 28 25 16 1.60,1.72,3.03  1.58,1.73,2.97 1.30 . .
2.2. Photophysical Properties
pTBTD-OD 425 9 1.94,3.24 1.56,1.69, 2.93 1.26

Degree of polymerization, calculated from M, divided by molecular weight of repeating unit; Yoptical
bandgap, estimated from the thin film absorption band onset point (Aonser): Eopt = 1240/ Aonset-

3736 wileyonlinelibrary.com
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The UV-visible absorption spectra of the
TBTD polymers are shown in Figure 1. In
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Figure 1. Absorption spectra of TBTD polymers: a) in solution (1,2-dichlo-
robenzene) at room temperature; and b) thin film at room temperature.

solution (Figure la), pTBTD-5DH exhibits a similar absorp-
tion onset as pTBID-2DT, suggesting a similar extent of
m-conjugation within the polymer backbone. The absorption
maximum analog with linear side chains, pTBTD-OD, is shifted
to higher energy by 0.33 eV in comparison to the maxima of
PTBTD-5DH and pTBTD-2DT. For thin films (Figure 1b), the
absorption maximum of pTBTD-OD is red-shifted by 0.23 eV
compared to the maximum recorded in solution, consistent
with planarization of the polymer backbone and enhanced
-7 interchain interactions. Both pTBID-5DH and pTBTD-
OD exhibit relatively lower optical bandgaps (E,*?, 1.26 eV in

www.afm-journal.de

Table 1) than pTBTD-2DT (1.30 eV) in thin-film form. This
suggests that moving the branching of side chains away from
the polymer backbone enhances n-conjugation compared to
analogs in which the branching is close to the conjugated back-
bone; and provides pTBTD-5DH with photophysical properties
that are similar to the analog with linear side chains. Finally, it
should be noted that the absorption peaks of films of pTBTD-
OD exhibit a significant tail due to reflectivity. This arises from
the low solubility of the linear side chain polymer analog, which
results in formation of films with high surface roughness. All
of the pTBTD polymers were thermally annealed at between
100 and 300 °C under inert atmosphere (Figure S3, S.I.); no
change was observed in the absorption spectra upon annealing,
demonstrating the high thermal stability of the films.

2.3. Electrochemistry

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) were employed to investigate the redox properties of
thin films of TBTD polymers (Figure S4, S.1.). All of the pTBTD
polymers exhibited an oxidation onset between 0.41 and 0.54 V
versus Fc/Fc* (—4.8 eV versus vacuum) by CV, and between 0.45
and 0.50 V versus Fc/Fc* by DPV, as shown in Table 2. These
values correspond to HOMO energy levels of —5.2 to —5.3 eV.
The oxidation of all of the pTBTD polymers displayed good
reversibility (e.g., pTBTD-5DH shown in Figure 2), demon-
strating the oxidative stability of these polymers. pTBTD-5DH
(Figure 2 and Figure S4, S.I.) and pTBTD-OD (Figure S4, S.I.)
exhibited a second oxidation peak at between 1.2 and 1.4 eV
versus Fc/Fc*, suggesting the presence of both polaronic and
bipolaronic states in these polymers. No reduction peaks were
evident in the CV or DPV of these materials.

2.4. lonization Potentials

The HOMO energy levels determined by CV and DPV include
the impact of penetration of the electrolyte which swells the
polymer films, and thereby changing film morphology during
the oxidation process.’*** Accordingly, we chose to charac-
terize films of pTBTD polymers by ultraviolet photoelectron
spectroscopy (UPS) to determine the intrinsic work functions
(¢) and ionization potentials (IP) (Figure S5, S.I.). The resulting
HOMO energy levels of pTBID are between at —4.9 and
—5.1 eV for as-spun films (Table 2), which are approximately

Table 2. Redox properties, HOMO, LUMO, and work-function energy levels of TBTD polymers.

Polymers cv DPV UPS LUMO®
[eV]
1 Stona) 2nd onb) HOMO 1 Stonr') Z"dond) HOMO I Pas-spun ‘pas-spun IPannealed Dannealed
[\ M [eV] [\ [\ [eV] [eV] [eV] [eV] [eV]
pTBTD-5DH 0.47 1.23 —5.27 0.45 1.35 -5.25 5.04 4.46 4.94 4.31 3.78
pTBTD-2DT 0.54 n/a -5.34 0.49 n/a -5.29 5.04 4.52 4.86 4.28 3.74
pTBTD-OD 0.41 n/a —5.21 0.5 1.38 =53 5.06 4.59 4.95 4.32 3.8

215t oxidation peak upon CV; P27 oxidation peak upon CV; 91t oxidation peak upon DPV; 92" oxidation peak upon DPV; 9LUMOs were calculated from IP3s.spun

substituted by E,°P* (Table 1).
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Figure 2. Cyclic voltammograms of a drop-cast film of pTBTD-5DH on a
platinum electrode (in 0.5m Bu,NPFg/acetonitrile) at scan rates between
20 mV s and 200 mV s (five cycles at each scan rate).

0.2-0.3 eV higher than those obtained by CV and DPV. After
thermal annealing, pTBTD-5DH, pIBID-2DT, and pTBID-
OD exhibited a = 0.1 eV decrease in IP to between 4.8 and
5.0 eV. This decrease is attributed to enhancement of molec-
ular ordering upon thermal annealing, confirmed by subse-
quent X-ray scattering and AFM characterization (vide infra).
LUMO energy levels of pTBTD are = —3.7 eV, based upon
the common estimation that Ejyyo =Enomo — Eg*® (optical
bandgap), without consideration of the exciton binding energy
(0.3-1.0 €V).13536]

2.5. Thermal Properties

The TBTD polymers decompose at temperatures greater than
360 °C (see TGA characterization, Table 3 and Figure S6a, S.I.),
indicative of high thermal stability. All TBTD polymers show
the presence of two endothermic transitions upon heating
(Thy and Ti,), and two exothermic transitions during the
cooling process (I;; and T,, see DSC characterization, Table
3 and Figure S6b-d, S.I.), revealing the presence of ordered
phases. The lower temperature transitions (Tj,; and T;;) most
likely correspond to the disordering and reordering processes
associated with the side chains; while those at higher temper-
ature (Ty,, and T;,) represent a polymer backbone phase transi-
tion before entering an isotropic phase. X-ray scattering (vide
infra) indicated an improvement in crystallinity and molecular

Makees
Vier'S
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ordering of TBTD polymers after thermal annealing beyond
Ty, and T, and at up to 350 °C, suggesting that the melting
point of the TBTD polymers is even higher (above the onset of
decomposition).

2.6. Thin-Film Crystallinity and Morphology

Polymer thin-film microstructures were investigated by two-
dimensional grazing incidence wide angle X-ray scattering
(2D-GIWAXS, Figure 3). Films were prepared by drop-casting
1,2-dichlorobenzene-solutions of the polymers onto a Si sub-
strate (300 nm SiO, dielectric on heavily p-doped Si) that had
been pre-functionalized with octadecyltrichlorosilane (OTS-
18). All TBTD polymers exhibited well-defined (h00) diffrac-
tion patterns along the g, (out-of-plane) axis corresponding to
a highly ordered lamellar structure; and (010) peaks along the
Qyy (in-plane) axis arising from 7 stacking of polymer back-
bones. For example, pTBTD-5DH(H), exhibits a (100) peak at
26 = 3.59°, (200) at 20 = 7.17°, (300) at 26 = 10.75°, and (400)
at 26 = 14.37°, corresponding to a lamellar d-spacing distance
of 24.55 A between polymer chains segregated by a combina-
tion of 5-DH and dodecyl side chains (on the diketopyrrolopyr-
role units and thiophene units, respectively). A (010) peak at
20 = 24.79° indicates a 3.59 A 7-r stacking distance. Results
for other TBTD polymers are shown in Table 4. The lamellar
spacing suggests that the polymer side-chains are highly inter-
digitated in the crystalline phase. Similar to our benchmark
polymer, pBT6,% the variation of intensity of pTBTD at 20 =~
24.5° along the y axis indicates high (010) peak intensity in
the in-plane direction, and a very low intensity in the out-of-
plane direction (Figure S7, S.I.). These results suggest the
formation of highly ordered lamellar structures with edge-on
orientation relative to the substrate surface (Scheme S1, S.L.).
pTBTD-5DH and pTBID-5DH(H), in which the branching
of side chain is remote from the backbone exhibit a similar
n-7 stacking distance (3.6 A) to the linear analog, pTBTD-OD
(3.62 A), which is smaller than the 2-DT analog (3.73 A). These
results reveal a benefit derived from moving the branching
position further from the polymer backbone whereby steric
hindrance that impedes n—r stacking in the 2-DT-substituted
polymer is relieved in the 5-DH analog, thereby allowing for
closer m—m intermolecular interactions between conjugated
chains. This is a critical feature for enhancing charge carrier
transport. Thermal annealing of the TBTD polymers resulted
in an increase in the intensity of both the (h00) and (010) dif-
fraction peaks, signifying an increase in the degree of crystal-
linity. The full-width-at-half-maximum (FWHM) of the (100)
diffraction peak (Table 4) decreased upon thermal annealing,

Table 3. Thermal decomposition temperature (Ty) and thermal transition temperatures (T,?, T2, and T.9) of TBTD polymers.

Polymer Ty/°C Ty/°C Heating Cooling

T [°Cl (AH, ) g7 T2 [°Cl (AH, ) g7) Ta [)Cl (AH, ) g™ T, [°’Cl (AH, ) g™)
pTBTD-5DH 412 n/a —44 (3.76) 70 —47 (1.31) 65
pTBTD-2DT 400 32 —4(0.1) 91 (0.3) -38(0.2) 61 (0.3)
pTBTD-OD 360 n/a -6 (3.3) 90 (0.1) -1 (4.9) 62 (0.1)

“)Tg: glass transition temperature; b)T,: phase transition temperature upon heating process; 9T.: phase transition temperature upon cooling process.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. 2D-GIWAXS area detector images of pTBTD drop-cast films: a,b) pTBTD-5DH; c¢,d) pTBTD-5DH(H); e,f) pTBTD-2DT; g,h) pTBTD-OD.
Top row, as-spun films; bottom row, samples after annealed at 200 °C (pTBTD-OD at 300 °C) for 30 min followed by rapidly cooled to room

temperature.

Table 4. 2D-GIWAXS peak assignments and corresponding distances of TBTD polymers before and after thermal annealing.

Polymer As-spun film After annealing®
26 distance FWHM 26 distance FWHM
[l [nm] [l [nm]
pTBTD-5DH (H) 3.55 (100) 24.88 073 3.60 (100) 24.55 0.45
7.13 (200) 7.7 (200)
10.66 (300) 10.7 (300)
n/a 143 (400)
24.75 (010) 3.59 24.79 (010) 3.59
pTBTD-5DH 3.55 (100) 24.88 0.66 3.55 (100) 24.38 0.48
7.04 (200) 7.09 (200)
10.58 (300) 10.61 (300)
n/a 141 (400)
2455 (010) 3.62 24.66 (010) 3.61
pTBTD-2DT 4.10 (100) 21.56 0.95 4.00 (100) 22.07 0.64
8.22 (200) 7.95 (200)
12.21 (300) 11.94 (300)
n/a 15.83 (400)
2418 (010) 3.68 23.84 (010) 3.73
pTBTD-OD 3.96 (100) 22.29 0.97 3.96 (100) 2229 0.43
7.90 (200) 7.99 (200)
n/a 12.01 (300)
24.76 (010) 3.59 24.60 (010) 3.62

ApTBTD-5DH and pTBTD-2DT were annealed at 200 °C for 30 min; pTBTD-5DH(H) and pTBTD-OD were annealed at 300 °C for 30 min.

Adv. Funct. Mater. 2014, 24, 3734-3744
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Figure 4. 1D-GIXS patterns of pTBTD drop-cast films. Films were drop-casted at room temperature; annealed at 100 °C for 30 min, then at 150 °C,

200 °C, 250 °C, 300 °C, 350 °C, and 375 °C for 30 min at each temperature.

corresponding to an increase of the coherence length of crystal-
line domains along the (100) axis.l”:38l

To gain further understanding of the impact of thermal
annealing on the molecular ordering of TBTD polymers, films
were annealed at 100-375 °C and characterized using one-
dimensional grazing incidence X-ray scattering (1D-GIXS), as
shown in Figure 4. Upon increasing the annealing temperature
to as high as 375 °C, a temperature close to the onset of decom-
position (vide supra), all of the TBTD polymers exhibited an
increase in the intensity of the (h00) lamellar diffraction peak

1.00 _@ +--l---pTBTD_5DH
Y. ++@---pTBTD_5DH(H)
EEN 5 ---A---pTBTD_2DT
. v --y---pTBTD_OD
— 0.75 - a ‘v
= 1 e,
T "9 -
= 0.50 B g
b ne
g - A
‘u.. Deeeens .9'-
0.25 - L {
|
T T T T T T T
0 100 200 300

Temperature (°C)

with a concomitant decrease in the FWHM of the (h00) diffrac-
tion peaks (Figure 5a).

The surface morphologies of TBTD polymer films were
explored using tapping-mode atomic force microscopy
(AFM), as shown in Figure 6 (phase images) and Figure S8b
(S.I, height images). Polymer films were spin-coated onto
Si substrates (300 nm SiO, dielectric on heavily p-doped Si)
that had been pre-functionalized with OTS-18. The as-spun
films appeared highly ordered with a nano-fibrillar texture
for pTBTD-5DH, pTBTD-5DH(H), and pTBID-2DT, and a
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Figure 5. a) FWHM of (100) diffraction peak of TBTD polymer films via 1 D-GI XS as a function of annealing temperature; b) surface roughness of
TBTD polymer films measured by tapping mode AFM as a function of annealing temperature.
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pTBTD-5DH(H) pTBTD-5DH

pTBTD-2DT

pTBTD-OD

Figure 6. Tapping mode AFM phase images of TBTD polymers recorded as as-spun films (r.t.) and after annealing at 100 °C, 200 °C, and 300 °C for
30 min at each temperature followed by rapidly cooled to room temperature. Results recorded at room temperature after annealing at 150 °C and

250 °C for 30 min at each temperature are shown in Figure S8a, S.1.

nano-granular character was observed for the linear side chain
analog, pTBTD-OD, which are consistent with the high crystal-
linity revealed by GIXS. All polymer films prepared here exhib-
ited an increase in surface roughness with increased annealing
temperature over the range of 100 to 300 °C (Figure 5b), further
supporting an increase in crystallinity and molecular ordering.
In combination, the results from GIXS and AFM indicate that
the degree of crystallinity and grain size of TBTD polymer can
be improved by annealing at temperatures up to 300-350 °C.
Given the importance of molecular order in determining the
charge transport in n-conjugated polymers, we went on to

Adv. Funct. Mater. 2014, 24, 3734-3744
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investigate the impact of thermal annealing on the charge car-
rier transport properties.

2.7. Field-Effect Mobility

The charge carrier transport properties of the TBTD poly-
mers were investigated using a bottom-contact-bottom-gate
organic field-effect transistor (OFET) device architecture. Solu-
tions of the polymers in 1,2-dichlorobenzene (5-8 mg mL™)
were spin-coated or drop-cast onto OFET substrates (300 nm
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Figure 7. Output (top row) and transfer (bottom row, Vsp = —80 V) TBTP polymers measured in OFETs with channel size of 50 ym long x 2 mm wide.

of SiO, dielectric grown on heavily n-doped Si) that had been  of improved polymer solubility, enhanced 77 intermolecular
pre-treated with OTS-18 (see fabrication details in S.I.). The interactions, and an increased degree of polymerization that
channel between gold source and drain electrodes was 50 pm  result from the presence of branching of the side chain remote
long and 2 mm wide. pTBID-5DH and pTBTD-5DH(H) are  from the conjugated main chain of the polymer.

more soluble in 1,2-dichlorobenzene than

pTBID-2DT and pTBTD-OD, indicating Table 5. Hole-transport properties of TBTD polymers based OFET devices.?

that the 5-DH side chain maintains solu-

bility of the polymer that is observed for  Samples Annealing temp®  Film processing Holezmcibilify lonjorF VTH, avg
other branched chains. pTBTD-OD did not ra _fem VoS v
fully dissolve even upon heating solution to Avg Max
145 °C, leading to formation of non-uni-  pTBTD-SDH(H) n/a spin-coat 1.02 1.34 10%-108 1n.7

g
form ﬁlrps. The output and. transfer curves 300 spin-coat 232 2.95 105706 12.8
for ~devices fabricated with the TBID  o.0, o nja spin-coat 062 068 1010/ 132
polymers are shown in Figure 7, and the o
resulting mobilities calculated from the drop-cast 043 062 1010 05
saturation regime are listed in Table 5 300 spin-coat 1.74 2.00 10°-10° 13.1
(and Table S1 in S.I). pTBID-5DH and drop-cast 1.06 1.21 10°-107 5.4
pTBID-5DH(H) exhibited higher field  jrgrp,pr n/a spin-coat 049 077 100108 838
effect hole mobilities than pTBID-2DT .

. drop-cast 0.32 0.48 10°-10 -214
and pIBID-OD. In particular, pTBID- ‘ .
S5DH(H) exhibited average and maximum 300 spin-coat 040 054 10%10 -27
hole mobility measurements of 2.32 and drop-cast 0.40 0.81 10°-107 -7
2.95 cm? V7' 57! after annealing devices at  ,TBTD-OD n/a spin-coat 005 007  10“10° 73
o 1 ~

300 °C for 30 min. These values are = 3—4x drop-cast 0.04 0.06 10210° 6.4
greater than those recorded for pTBTD-2DT _

2 vl 1 . 2 300 spin-coat 0.30 0.34 106-107 7
(average, 0.4 cm” V™' s7; maximum, 0.81 cm
V7! 57!) and = 8x the mobility of pTBTD- drop-cast 016 027 10%10° —4.6

2 -1 -1 s
oD (avezragei 0'? cm® V7 s, maximum,  acharacterization results were based on 5-8 of devices for each fabrication conduction; Y OFET devices
0.34 cm?® V™' s7'). The significant increase  were thermally annealed at 300 °C for 30 min. “n/a” denotes no annealing (as-spun films). The results of
in mobility has its origin in the combination  thermal annealing at 100-250 °C are listed in Table S1 (see S.1.).
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OFET devices fabricated with the series of TBTD polymers
were annealed at temperatures ranging from 100 to 300 °C
to further understand the impact of thermally induced molec-
ular ordering on charge carrier transport (Table S1, S.I.)
pIBID-5DH(H), pTBTD-5DH, and pTBTD-OD exhibited an
increase in hole mobility upon increasing the annealing temper-
ature (Figure S9, S.I.) For example, pTBTD-5DH(H) exhibited a
hole mobility of up to 2.95 cm? V! s7! after annealing at 300 °C
compared to an average mobility of 1.02 cm? V! s7! for as-spun
films. However, no mobility improvement was observed upon
thermal treatment of pTBTD-2DT .

Drop cast films showed a =30-40% lower hole mobility
than spin coated films (Table 5 and Table S1), a trend which is
opposite to that observed for the parent pBT6.1° This may be
explained by the formation of polycrystalline thick films of the
pIBID polymers during the slow solvent evaporation associ-
ated with drop casting (see experimental details in S.I.). Grain
boundaries in such films block efficient charge carrier hopping
and result in lower mobilities.?*4]

3. Discussion

The characterization results of TBTD polymers raises impor-
tant points regarding side chain engineering as an approach
to optimize the semiconducting properties of conjugated pol-
ymers. First, incorporation of an alkyl branch remote from
the conjugated polymer backbone, illustrated here with the
5-DH side chain, provides materials (i.e., pTBTD-5DH) with
a solubility that is close (or even superior) to that of polymers
bearing side chains that are branched close to the backbone
(e.g., 2-DT side chains on pTBTD-2DT). The solubility of the
TBTD polymer series follows the sequence of pTBTD-5DH
(and pTBTD-5DH(H)) > pTBID-2DT >> pTBID-OD. This
solubility improvement has two notable consequences: (i) the
polymerization of pTBTD-5DH proceeds to higher molecular
weight, and (ii) pTBTD-5DH gives rise to higher quality films
than pTBTD-OD.

Second, 5-DH side-chains impart pTBTD-5DH (and its cor-
responding dithienyldiketopyrrolopyrrole derivative 7a) with
m—-m intermolecular interactions similar to that of the linear
1-octadecyl analog, pTBTD-OD (and its corresponding dith-
ienyldiketopyrrolopyrrole derivative 7c). This is in contrast to
the case of the side chain with a branch position proximal to
the backbone, pTBTD-2DT (and 7b), as has also been reported
for a different D-A conjugated polymer by Fréchet et al.*’]
The interchain distances follow the sequence of pTBTD-5DH
(3.6 A) =pTBID-OD (3.62 A) < pTBID-2DT (3.73 A) from
2D-GIWAXS; and compounds 7a and 7c are bathochromati-
cally shifted from 7b (Scheme 2 and Figure S1b, S.I.) in the
film state.

Thus, the use of side chains in which branch points are
incorporated remote from the polymer backbone combines
the superiority of branched side chains to improve polymer
solubility (and in turn the degree of polymerization) with that
of linear chains in facilitating dense 77 interchain stacking
by lowering steric hindrance. In contrast, side chains that are
branched close to the backbone increase steric hindrance,
and linear side-chains limit solubility. Efficient charge carrier

Adv. Funct. Mater. 2014, 24, 3734-3744
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transport within polymeric semiconductors requires strong
microscale 77 intermolecular interactions for effective charge
carrier hopping; and good polymer solubility to facilitate forma-
tion of dense, continuous films and thereby avoid macroscale
thin-film structural defects.!! The side chains of pTBTD-5DH
provide this combination of features to afford a material with
significantly higher charge carrier mobility than pTBTD-2DT
and pTBTD-OD in OFET devices.

4, Conclusion

We have developed a low bandgap D-A-D-A’ polymer semi-
conductor, pTBTD, in which a linear side chain (OD) and side
chains with branches remote (5-DH) and proximal (2-DT) were
incorporated onto the backbone to afford pTBTD-5DH, pTBTD-
2DT, and pTBTD-OD, respectively. The systematic investigation
of these three polymers demonstrates, for the first time, that
the incorporation of side chains in which the branch position
is remote from the polymer backbone combines the benefit of
branched side chains in improving solubility with linear chains
in promoting efficient n—m inter-molecular interactions. This
provides a polymer with enhanced solution processability, a
higher degree of polymerization, close m—7 intermolecular
stacking, and, in turn, superior macroscale charge carrier
transport. These results underscore the significance of under-
standing structure-property relationships associated with the
structure of side chains on conjugated polymers, and demon-
strate the promising potential of developing high-performance
organic semiconductors via side chain engineering.
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Supporting Information is available from the Wiley Online Library or
from the author.
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