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2,2’-Bis(trifluoromethyl)biphenyl as a Building Block for Highly
Ambient-Stable, Amorphous Organic Field-Effect Transistors with
Balanced Ambipolarity

Chi-Jui Chaing,? Jyh-Chien Chen,** Yu-Ju Kuo,’ Hsiang-Yen Tsao,’ Kuan-Yi Wu, Chien-Lung Wang®

Novel conjugated polymers, PBPV-TPA, PBPV-CBZ, PBPV-MEH and PBPV-FLO, consisting of trifluoromethyl-substituted
biphenyl (2,2’-bis(trifluoromethyl)biphenyl, CF;-BP) as the acceptor with various aromatic donors (triphenylamine TPA,
carbazole CBZ, 2-(2-ethylhexyloxy)-5-methoxybenzene MEH and fluorene FLO, respectively) have been successfully
synthesized. Their amorphous features, confirmed by wide-angle x-ray scattering, small-angle x-ray scattering and atomic
force microscopy, are attributed to lateral side chains on the CBZ, MEH and FLO units, and the propeller geometry of the
TPA unit. By integration of CF;-BPs into the polymer backbone, the ambipolarities and well-balanced charge mobilities of
OFETs based on these polymers were successfully demonstrated. OFET based on PBPV-FLO exhibits the highest hole
mobility of 0.0152 cm® V' s and electron mobility of 0.0120 cm® V' s, In addition, these OFETSs also exhibit annealing-
free characteristics and ambient stability. The OFET performance without encapsulation remained nearly unchanged in
ambient conditions up to 90 days. This could be attributed to the enhanced oxidative stability from their relatively deep
HOMO energy levels and better moistures resistance from the trifluoromethyl substitution. Considering the ambipolar,
annealing-free and ambient-stable properties of these CF3;-BP-based amorphous conjugated polymers, the electron-
accepting CF3-BP unit can be considered as a promising building block in preparing the easily processable conjugated

polymers used in high-stability optoelectronic applications.

Introduction

Conjugated semiconducting polymers have been regarded
as one of the key materials to realize organic electronics™ due

tunable
10

to their advantageous molecular tailorability,s"6

. . 7-8 . TD
optoelectronic properties, solution processability
11-12

and
compatibility with plastic substrates. High charge mobility
(u) is essential to achieve high device performances. OFET
based on poly(3-hexylthiophene) (P3HT), which delivered the
highest hole mobility of 0.1 em? vt s'l, was once regarded as
the benchmark before 1996." The record of charge mobilities
based on conjugated polymers has been refreshed over the
last two decades. Unprecedentedly high mobility of 47 cm? V!
s has been demonstrated by capillary-assisted self-assembly
on the nanogooved substrates by Heeger.14 Conjugated
polymers with high ambipolar mobilities both exceed 1 em? V1
s’ have also been synthesized by various groups.g' 1516
Crystallinity and molecular orientation have been proven
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important for the organic field-effect transistors (OFETs).”'19

Molecular aligning processes, such as mechanical rubbing,20
solvent—vapor21 and thermal annealingzz"23 have been widely
exploited to induce better crystallinity and orientation of the
conjugated molecules. Although
crystalline domains in thin films have been demonstrated,

thin-films of localized
extension of these domains across sizable areas and a large
number of different discrete devices remains problematic.
Moreover, most of these processes are sometimes time-
consuming and hard to be modified for roll-to-roll production
with reliable reproducibility.

In addition to the morphology and molecular orientation,
suitable combination of donor (D) and acceptor (A) conjugated
units plays an important role to achieve the ambipolar charge
transport characteristics. The ambipolarity of conjugated
polymers are generally obtained after efficient acceptors, such
as diketopyrrolopyrroles,z“'25 isoindigos,26 naphthalene

diimides,27'28 and halogens,29 incorporated. The

incorporation of some acceptors also eased the unacceptable

were

long-term ambient stability of conjugated polymer in the
presence of oxygen and moisture by deepening the highest
occupied molecular orbital (HOMO) energy levels.*° Among
the electron-accepting moieties, fluorine atoms have drawn

31-32

extensive attention. Due to the strong electronegativity of

fluorine atoms, fluorination of conjugated polymers lowers not
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only the lowest unoccupied molecular orbital (LUMO) but also
the HOMO energy levels, which facilitates the electron
.. . 33-34
injection from electrodes
stability,4 respectively.

and promotes the oxidative

In our previous research, 2,2’-bis(trifluoromethyl)biphenyl
(CF3-BP) was integrated into the backbone to construct a novel
thienylene-containing conjugated polymer CF;-PBTV. The n-
type characteristic together with balanced ambipolarity and a
high on/off ratio was successfully introduced into the p-type
thienylenevinylene matrix. High ambient stability without
discernable degradation in charge mobility, threshold voltage
and on/off ratio was also detected.®® The ambient stability was
attributed to the enhanced oxidative stability from its deep
HOMO energy level and better moisture resistance from its
the
favorable annealing-independent OFET performance was
found due to its amorphous-like morphology introduced by
the non-coplanarity of CF3-BPs.

hydrophobic trifluoromethyl substitution. Moreover,

In comparison to electron-accepting units, electron-
donating building blocks have also been extensively developed
recently. The recent emergence of heterocyclic and ladder-
type electron donors, including naphthobisthiadiazole,36
benzodi(cyclopentadithiophene)37 and
indacenodiselenophene,38 leads to the impressive progress in
OFET performances. Compared with these lately-developed
electron-donating  units,
triphenylamine (TPA), carbazole (CBZ), 2-(2-ethylhexyloxy)-5-

methoxybenzene (MEH), fluorene (FLO) and their derivatives

electron donors such as

can be easily prepared and the synthetic procedures are well-

established. These wunits have been comprehensively
investigated and utilized in organic light-emitting diodes
(OLEDs) in the early stages of conjugated polymer

development. However, reports on the OFET performance and
ambient stability of conjugated polymers based on these
building blocks have been scarce, compared to those on
heterocyclic and fused ones. Moreover, OFETs based on TPA,
CBZ, MEH and FLO were generally p-type even when strong
electron-accepting units, thienoisoindigos,

benzothiadiazoles and diketopyrrolopyrroles,
39-44

such as
were
incorporated.

In this study, we report the synthesis and characterization
of four novel solution-processable conjugated polymers (PBPV-
TPA, PBPV-CBZ, PBPV-MEH and PBPV-FLO, as shown in Scheme
1) with CF3-BP as the electron-accepting unit. The ambipolarity
and amorphous characteristics are successfully introduced to
the p-type TPA, CBZ, MEH and FLO matrix. The annealing-
temperature-independent amorphous features are examined
carefully by wide-angle x-ray scattering (WAXS), small angle x-
ray scattering (SAXS) and atomic force microscopy (AFM).
OFETs based on these four polymers are fabricated and
characterized in ambient conditions. All OFETs show excellent
stability in ambient conditions up to 90 days. Considering the
ambipolar, annealing-free, ambient-stable and amorphous

properties of these conjugated polymers, the electron-

2| J. Name., 2012, 00, 1-3

accepting CF;-BP unit can be considered as a promising
building block in preparing the easily processable conjugated
polymers used in high-stability optoelectronic applications.

Results and discussion
Synthesis and Characterization

The synthetic routes of the four CF;-BP-based conjugated
polymers (PBPV-TPA, PBPV-CBZ, PBPV-MEH, PBPV-FLO) are
outlined in Scheme 1. To minimize the formation of cis-trans
defects, such as saturated,
tolane-bisbenzyl defects, during Gilch
polymerization, which have been proved to be deleterious to
the performance of optoelectronic devices,45 the polymers
were prepared by reacting the dimethylenephosphonate of
CF3;-BP with the dialdehydes of TPA, CBZ, MEH and FLO via
Horner-Emmons polymerization.46 The reaction was carried
out in N,N-dimethylformamide (DMF) in the presence of
potassium tert-butoxide (t-BuOK) as base under nitrogen
atmosphere at room temperature (see details in the
Experimental Section). In order to avoid the end-group effect
caused by the aldehyde and methylenephosphonate chain
ends, all of the polymers were end-capped with phenyl groups.
The repeating units were regarded as respective donor unit
(TPA, CBZ, TPA and FLO) at the center, linked by vinylenes then
trifluoromethyl-substituted phenyls, as illustrated in Scheme 1.
All of the resulted polymers possess moderate number-
averaged molecular weights (M,: 10,000-20,000 g mol'l) with
polydispersity indexes (M,,/M,) of 1.50-1.90, measured by gel
permeation chromatography (GPC) with N, N-
dimethylacetamide (DMAc) as eluent calibrated with
polystyrene standards, as shown Table 1. The 4 NMR spectra
(Fig. S1-S4) in the ESI further confirm the chemical identity of
the four novel CF;-BP-based conjugated polymers.

Owing to the electrostatic repulsion between the fluorine
atoms on trifluoromethyl groups at 2 and 2’ positions, the
biphenyl units are forced to adapt a non-coplanar
conformation. As a result, all of the polymers are organo-
soluble, as shown in Table S1. They can be easily dissolved in
DMAc, NMP and THF at room temperature. The excellent
solubility of polymers leads to the outstanding solution-
processability, which is beneficial for device fabrication. The
thermal properties of polymers were investigated using
differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA). All of the polymers exhibited excellent thermal
stabilities with decomposition temperatures higher than 400
°C (5% weight loss under nitrogen atmosphere, as shown in
Table 1 and Fig. S5). Owing to the flexibility and rotation-
freedom of attached alkyl/alkoxy side chains, the free volume
of polymer is generally enhanced. Therefore, glass transition
temperatures (T;) of these polymers decreased with the
increasing contents of alkyl/alkoxy side chains. PBPV-FLO with
the highest alkyl side chain contents possessed the lowest T,
(125 °C) compared to that of PBPV-TPA (179 °C) which lacked
of alkyl/alkoxy side chains.

isomers and structural non-

eliminated and

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1. Synthesis of polymers by Horner-Emmons polymerization.

Table 1. Molecular weight and thermal properties of polymers.

Polymer M, [g mol™] M, [g mol™] PDI? Yield [%] T [°C] Tass” [°C]  Char yield” [wt %]
PBPV-TPA 10,000 19,000 1.90 % 179 460 55
PBPV-CBZ 16,000 24,000 1.50 76 170 434 47
PBPV-MEH 17,000 33,000 1.94 85 165 402 50
PBPV-FLO 20,000 35,000 1.75 72 125 436 10

2 Obtained from GPC using DMACc as solvent and calibrated with polystyrene standards.

®) Measured by DSC at a heating rate of 20 °C minin nitrogen.
< Measured by TGA at a heating rate of 10 °C minin nitrogen.
9 Residual weight percentage at 800 °C in nitrogen.

Optical, Electrochemical Properties and Computational Simulation.

UV-vis absorption spectra of dilute polymer solutions in
THF (10 M) and spin-coated thin films on quartz substrates
are shown in Fig. 1. The results are summarized in Table 2. The
maximum absorption wavelengths of PBPV-TPA, PBPV-CBZ,
PBPV-MEH and PBPV-FLO in the dilute solution were 380, 375,
410 and 411 nm, respectively. All polymers showed rather
narrow absorption ranging from 300 to 500 nm without the
characteristic intramolecular charge transfer (ICT) absorption

42, 47 .
This can be

of the common D-A conjugated polymers.
attributed to the non-coplanar backbone conformation and

the weaker acceptor property of the CF3;-BP unit. In the case of

This journal is © The Royal Society of Chemistry 20xx

thin films, maximum absorptions at wavelength A,..= 351,
356, 415 and 390 nm for PBPV-TPA, PBPV-CBZ, PBPV-MEH and
PBPV-FLO, respectively, were observed. The maximum
absorption of PBPV-MEH in spin-coated thin film was slightly
bathochromic-shifted compared to that in the dilute solution.
This could be due to the common interchain interaction in the
solid state. On the contrary, the hypsochromic-shift in the
maximum absorption of the PBPV-TPA, PBPV-CBZ and PBPV-
FLO thin films compared to those of their dilute solutions was
observed. The hypsochromic-shifted maximum absorption in
spin-coated thin films might be due to the H-aggregation of
the polymers in the solid state.”®

J. Name., 2013, 00, 1-3 | 3
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Table 2. Optical and electrochemical properties of polymers.

Solution Film

Homo® Lumo® E?
Polymer A,..” Ao &
y -abs abs [eV] [eV] [eV]
[nm] [nm]
PBPV-
380 351 -5.31 -2.86 2.45
TPA
PBPV- 338s, 356, 557 314 543
CBZ 375391s  411s : ‘ ‘
PBPV- 326 345
> S 572 321 2.51
MEH 410 415
PBPV- 390
390, 411 ’ -5.80 -3.31 2.49
FLO 404

s: absorption shoulder

@ Measured in THF solution with a concentration of 10 M.

®) Measured with polymer spin-coated on quartz substrate.

< Enomo = - ( Eonset™ + 4.80 — 0.09 ) (eV) measured by cyclic
voltammetry.

D Elumo = - ( Egneet™® + 4.80 — 0.09 ) (eV) measured by cyclic
voltammetry.

e Eg=1P (Eonsetox) —EA (Eonsetred) (ev).

(a)

—=—PBPV-TPA
—e— PBPV-CBZ
—a— PBPV-MEH|
—v— PBPV-FLO

Absorbance (a.u.)

T
300 500

660 700
Wavelength (nm)

(b)

—=—PBPV-TPA
——PBPV-CBZ
—— PBPV-MEH
—v— PBPV-FLO

Absorbance (a.u.)

5(')0 G(‘)O 760 800

Wavelength (nm)

T
400

Fig. 1. UV-vis spectra of polymers in (a) dilute THF solution (10
3 M) and (b) thin film on quartz plate.

The electrochemical redox properties of the polymers were
examined using cyclic voltammetry (CV) with polymer thin

4| J. Name., 2012, 00, 1-3

films coated on ITO glass. The absolute energy level of
ferrocene/ferrocenium (Fc/Fc') was assumed to be 4.80 eV
below vacuum. The external Fc/Fc” redox standard Ei/» was
measured to be 0.09 V versus Ag/Ag" in anhydrous acetonitrile
with our CV system. The cyclic voltammograms of the
polymers are shown in Fig. 2. The HOMO and LUMO energy
levels were translated from their respective oxidation and
reduction onset potentials. The calculated HOMO and LUMO
energy levels of the polymers are summarized in Table 2. The
relatively deeper HOMO and LUMO energy levels of PBPV-TPA,
PBPV-CBZ, PBPV-MEH and PBPV-FLO in comparison to their
homopolymer analogues and derivatives®”™ are resulted from
the introduction of electron-accepting CF;-BP. The nearly
identical HOMO energy levels of PBPV-MEH (-5.72 eV) and
PBPV-FLO (-5.80 eV) indicates the electron-donating abilities of
MEH and FLO moieties are in the same level. The stronger
electron-donating property of the TPA moieties resulted in the
highest-lying HOMO energy level of PBPV-TPA (-5.31 eV)
relative to those of the other polymers. The narrower bandgap
(Eg) and deeper LUMO energy levels of PBPV-MEH (-3.21 eV)
and PBPV-FLO (-3.31 eV) in comparison to those of PBPV-TPA
(-2.86 eV) and PBPV-CBZ (-3.14 eV) were contributed to the
longer conjugation length from the more linear backbones of
PBPV-MEH and PBPV-FLO as shown in the DFT-simulated
geometries (Fig. S6). The most bended and non-coplanar
backbone geometry resulted from the propeller-shaped TPA
units leads to the highest-lying LUMO energy level of PBPV-
TPA.

FofFc’ standard
E,=009eV

7 PBPV-TPA

\

5 95 o5 s 18
—
—

%noi\

PBPV-CBZ //
< —
€
g
3 = PBPV-MEH J
) -
- PBPV-FLO —/ 7
o N
T T T T
2 -1 0 1
Potential (V)

Fig. 2. Cyclic voltammograms of polymers.

To gain further insight into the molecular geometries and
electronic features of the polymers, the frontier orbital
distributions, HOMOs and LUMOs, of the polymers were
calculated by density functional theory (DFT) method. The DFT
calculations were conducted on the repeating units of PBPV-
TPA, PBPV-CBZ, PBPV-MEH and PBPV-FLO using the B3LYP
functional® and the 6-31 G basis set™ as implemented in
GAUSSIAN 09. The repeating units were regarded as respective

This journal is © The Royal Society of Chemistry 20xx
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donor units at the center, linked by vinylenes then
trifluoromethyl-substituted phenyls, as illustrated in Scheme 1.
As shown in Fig. 3 and S6, except PBPV-TPA, which contains
propeller-shaped TPA moieties, the optimized molecular
geometries of the other three repeating units are close to
coplanar. More importantly, unlike most D-A copolymers,sr62
in which the LUMOs are localized at the acceptor units, in the
CF3-BP based conjugated polymers, the HOMO and LUMO
distribution contours are all uniformly distributed in the
respective repeating units (Fig. 3), except the LUMO of PBPV-
TPA. The uniformly delocalized HOMO and LUMO distributions
are expected to promote the ambipolarity.35 The HOMO
contour of PBPV-TPA is more evenly distributed than LUMO
contour, which may result in the better p-type than n-type
characteristic.

(a) PBPV-TPA

(b) PBPV-CBZ

363

]

* Homo

a2
N

JJ
(c) PBPV-MEH

» o
HOMO 9 LUMO
(d) PBPV-FLO 2 2
‘133
W 0o
% HOMO S LUMO

Fig. 3. DFT-simulated geometries and electronic contours of (a)
PBPV-TPA, (b) PBPV-CBZ, (c) PBPV-MEH and (d) PBPV-FLO.

Molecular Orientation and Thin-Film Microstructures.

The intermolecular packing and solid-state structures of
the active layers are one of the key factors that govern the
performance of OFETs. In this regard, thin film morphology
and microstructures of these polymers were analyzed by wide-
angle x-ray scattering (WAXS), small-angle x-ray scattering
(SAXS) and tapping-mode atomic force microscopy (AFM). Fig.
4 and 5 show the WAXS and SAXS curves which were
integrated from their 2D ring patterns shown in Fig. S7 and S8,
respectively. In our previous study, the CF3;-PBTV, which
contains a thiophene core unit in its repeat unit, possesses
chain-axis periodicity in its solid-state.®® In contrast, no
diffraction was found in PBPV-TPA, PBPV-CBZ, PBPV-MEH and

This journal is © The Royal Society of Chemistry 20xx

PBPV-FLO as shown in Fig. 4 and Fig. 5. The lateral side chains
on the CBZ, MEH and FLO units, and the propeller geometry of
the TPA unit thus hinder the formation of the chain-axis
periodicity conjugated polymers
amorphous. To further confirm their amorphous nature,
polymers were examined by WAXS after annealed at 120, 180
and 250 °C for 15 min in a temperature-controlled air-
circulated oven. The amorphous features of the polymers were
found to be independent of the annealing temperatures, as
shown in Fig. S9. The annealing-temperature independence of
the amorphous polymer thin films is also supported by their
relatively smooth morphology revealed by AFM images at the
same annealing temperatures as shown in Fig. 6, S10, S11 and
S12. No discernible changes were observed after thermal-
annealing. Furthermore, no grains or crystalline-like features
were detected in the AFM phase images. The root-mean-
square (RMS) surface roughness of these polymer thin films
was determined to be within 1 nm (0.613-0.875 nm) in the
AFM height images, which suggests the smooth surface of the
polymer thin films. This phenomenon is in good agreement
with the annealing-temperature independent performances of
OFETs based on these polymers, as described below.

and make the four

w

T T T T T
5 10 15 20 25 30

20 (deg)
Fig. 4. WAXS patterns of (a) PBPV-TPA, (b) PBPV-CBZ, (c) PBPV-
MEH and (d) PBPV-FLO.

Intensity (a.u.)

]\\ (d) PBPV-FLO
3
s (c) PBPV-MEH
>
=
[7]
o
2
£ (b) PBPV-CBZ
k (a) PBPV-TPA
T T T T
0 1 2 3 4 5

20 (deg)
Fig. 5. SAXS patterns of (a) PBPV-TPA, (b) PBPV-CBZ, (c) PBPV-
MEH and (d) PBPV-FLO.
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OFET Characteristics, Ambient Stability and Annealing-Free
Properties.

The OFET characteristics and charge transport properties of
these polymers were investigated using the bottom-gate/top-
contact device configuration with gold (Au) as electrodes.
Thermally-grown SiO, (200 nm) and heavily n-doped silicon
(n*-Si) were used as the dielectric insulator (capacitance C; = 11
nF cm'z) and the gate electrode, respectively. The n-
octadecyltrichlorosilane (OTS) self-assembly monolayer was
casted onto the SiO, dielectric insulator to passivate the SiO,
surface and prevent electron-trapping OH species. Anhydrous
polymer solutions (5 mg L'l) in DMAc were spin-coated (1000
rom for 30 s) onto the OTS-modified SiO, surfaces at room
temperature. The thermally-evaporated gold source and drain
electrodes were deposited through a shadow mask. The
channel length (L) and width (W) were 50 um and 2000 um,
respectively. All the fabrication processes and
characterizations, except SiO, growth and gold evaporation,
were performed in The OFET
characteristics, including hole mobility (up.e), electron mobility
(Kelectron), threshold voltage (Vy,) and on/off ratio (/,./lo5) are
shown in Fig. 7, Fig. S13, Table 3 and 4. The ambipolar
mobilities of OFETs were extracted from their respective
saturation regimes and averaged over 20 devices.

ambient conditions.

(a) PBPV-TPA

(b) PBPV-CBZ

Height

(c) PBPV-MEH (d) PBPV-FLO

RMS:O.SSInm
" Height

>

Phase

Fig. 6. AFM height and phase images (1 um x 1 um) of spin-
coated (a) PBPV-TPA, (b) PBPV-CBZ, (c) PBPV-MEH and (d)
PBPV-FLO films on OTS-modified SiO,/Si substrates.

As summarized in Table 3, OFETs based on these polymers
exhibited typical ambipolar transfer and output characteristics
with well-balanced hole (unoe) and electron (Uejectron) Mobilities
in ambient conditions. PBPV-FLO exhibited the highest hole
mobility of 0.0152 em?® V' s and electron mobility of 0.0120
em? vt Compared to those of PBPV-FLO and PBPV-MEH,
the relatively low hole and electron mobilities (in the
magnitude of 10'3) of PBPV-TPA and PBPV-CBZ might be due to
their more bended backbones as shown from the results of
DFT calculation and UV-vis absorption spectra. The transfer
characteristics negligible
hysteresis suggesting the low contents of charge-transporting
traps in the interface between active layer and dielectric

of all the devices performed

insulator. The well-balanced ambipolar OFET characteristics, as

6 | J. Name., 2012, 00, 1-3

depicted in the transfer and output curves in Fig. 7 and Fig.
S13, might be due to the unique match of donors and CF;-BP
acceptor. TPA-, CBZ- MEH- and FLO-based conjugated
polymers are generally classified as p-type semiconductors.
Moreover, OFET characteristic remained to be p-type even
when strong acceptor, such as isoindigos, benzothiadiazoles,
diketopyrrolopyrroles, were incorporated in the polymer
backbone.*>** Therefore, it is worth mentioning that
trifluoromethyl-containing CF;-BP could be one of the
potential acceptor building blocks for the lately developed
donors, naphthobisthiadiazole,36
benzodi(cyclopentadithiophene)37 and
indacenodiselenophene,38 for the future investigation of high
performance ambipolar OFETs. As shown in Fig. 7 and Fig. S13,
the smooth and non-s-shaped linear regimes for both p- and n-
channel in output characteristics reveal the comparatively low
the active layer/dielectric insulator

such as

contact resistance at
interface.

(a) PBPV-MEH

Ig (A)
]
<
8
<

s (4A)

1os (A)
S W™

n-type
Vps= 40V »

v,

(b) PBPV-FLO

()
Ios (KA)

0 o o

EY )
v, v, )

Fig. 7. Ambipolar output and transfer characteristics of OFET
based on (a) PBPV-MEH and (b) PBPV-FLO.

This journal is © The Royal Society of Chemistry 20xx
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Table 3. OFET characteristics and ambient stability of polymers.

As-fabricated 30-Dayb) 90-Dayb)
Polymer Channel Mobility® Vi o/l Mobility® Vin Ion/ It Mobility® Vin Ion/ o
[em® Vs V] [em? Vs V] [em®V's™h v]
p 0.0075 -13 10° 0.0070 -15 10° 0.0065 -15 10*
PBPV-TPA
n 0.0043 11 10° 0.0042 11 10° 0.0038 13 10°
p 0.0053 -15 10" 0.0051 -15 10" 0.0047 -17 10
PBPV-CBZ
n 0.0068 14 10° 0.0064 15 10° 0.0059 16 10°
p 0.0131 -15 10° 0.0128 -16 10° 0.0123 -17 10°
PBPV-MEH
n 0.0086 13 10° 0.0082 15 10° 0.0080 15 10°
p 0.0152 -14 10° 0.0147 -16 10° 0.0145 -17 10°
PBPV-FLO
n 0.0120 15 10° 0.0117 16 10° 0.0113 18 10°
* Mobilities were calculated using equation p = 2lpsL [C,W(VGS—Vth)Z]'l.
(1 = mobility, L = length, C; = Capacitance, W = width, Vy, = threshold voltage).
Long-term stability of OFET was investigated under ambient conditions.
Table 4. OFET characteristics with various annealing temperatures.
Annealed at 120 °C? Annealed at 180 °C? Annealed at 250 °C?
Polymer Channel Mobility® Vi, o/ Iy Mobility” Vin  lon/ It Mobility” Vo oo/ logt
[em* Vs V] [em* Vs V] [em* Vs V]
p 0.0075 -14 10° 0.0074 -15 10° 0.0070 -16 10°
PBPV-TPA
n 0.0042 13 10° 0.0040 12 10 0.0039 13 10*
p 0.0051 -15 10" 0.0052 -15 10" 0.0051 -16 10
PBPV-CBZ
n 0.0065 15 10° 0.0065 15 10" 0.0063 15 10"
p 0.0125 -15 10° 0.0123 -15 10° 0.0120 -16 10°
PBPV-MEH
n 0.0080 15 10° 0.0080 15 10° 0.0075 16 10°
p 0.0148 -15 10° 0.0148 -15 10° 0.0144 -16 10°
PBPV-FLO
n 0.0115 16 10° 0.0112 15 10° 0.0105 16 10°

* OFETs were thermally annealed on a temperature-controlled hot plate for 15 min under ambient conditions.

Among the OFETs, remarkably high on/off ratios of 10° for
both p- and n-channel were obtained from devices based on
PBPV-MEH and PBPV-FLO, as summarized in Table 3. In
comparison with the on/off ratios of ambipolar OFETs based
on low-bandgap (0.96-1.87 eV) conjugated polymers, the
relatively high on/off ratios of OFETs based on PBPV-MEH and
PBPV-FLO might be due to their comparatively large bandgaps.
The high on/off ratios are attributed to the reduced off-current
leakage by large bandgaps and excluded detrimental oxygen-
doping processes by deep HOMO energy levels.®®

As OFETs are now close to practical applications, the issues
regarding the reliability in ambient conditions have to be
As provided Fig. 8 and Table 3, the

addressed. in

This journal is © The Royal Society of Chemistry 20xx

characteristics of OFETs remained nearly unchanged in
ambient conditions up to 90 days. All of the charge mobilities
were marginally decreased within 0.001 cm? V' s for both p-
and n-channels. The performance degradation of bottom-gate
OFETs without encapsulation in ambient conditions was
believed to be caused by the diffusion of moistures and oxygen
from the surface of active Iayers.64 Therefore, the remarkable
ambient stability of OFETs based on these polymers could be
resulted from the better resistance to the diffusion of moisture
by the enhanced hydrophobicity of fluorine atoms on the CF;-
BPs. Moreover, the enhanced oxidative stability from the
relatively deep HOMO energy levels (-5.31 to -5.80 eV), which

are resulted from the insertion of electron-accepting

J. Name., 2013, 00, 1-3 | 7
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trifluoromethyl-substituted CF3;-BPs, might also contribute to
the superior ambient stability. The stability of ambipolar and
amorphous OFETs based on polymers containing TPA, CBZ,
MEH and FLO as donors in ambient conditions has never been
In this study, the ambient stability of these
ambipolar amorphous OFETs is demonstrated for the first
time. The ambient stability of PBPV-TPA, PBPV-CBZ, PBPV-MEH
and PBPV-FLO might lead to a more efficient device fabrication

examined.

in the relatively uncritical environment with simplified
encapsulation.
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Fig. 8. Ambient stability of OFETs based on PBPV-TPA, PBPV-
CBZ, PBPV-MEH and PBPV-FLO.

Since most of the charge transport in OFET was reported to
be strongly influenced by the molecular orientation and thin
film morphology,”"19 polymer backbone aligning processes
through thermal annealing are considered a necessity to
achieve high device performance. For example, post thermal
treatment were reported to sufficiently induce morphological
changes in poly(3-hexylthiophene) thin films, which led to
significant variation of their OFET performances.65 The hole
and electron mobilities were found to be around 10-fold
higher for the OFET based on a benzodipyrorolidone-
containing conjugated polymer after thermal annealing at 250
°C.%® The similar trend after thermal annealing was also found
on a naphthalene-based OFET.* In this regard, OFETs based on
PBPV-TPA, PBPV-CBZ, PBPV-MEH and PBPV-FLO were
thermally annealed at various temperatures (120, 180 and 250
°C) for 15 min on a temperature-controlled hot plate. OFET
characteristics, including ambipolar mobilities, threshold

8 | J. Name., 2012, 00, 1-3

voltages and on/off ratios, remained almost identical after
thermal annealing, as shown in Table 4. The annealing-
temperature-independent characteristics of the OFETs are
believed to be ascribed to the unchanged morphology and
molecular orientation of the polymers after thermal annealing.
Therefore, OFETs based on these polymers can function
without considering the and
morphological which OFET
performances regardless the fabrication processes. In other

molecular orientation

issues, creates consistent

words, highest mobilities were achieved, once the devices are
fabricated without further time-consuming thermal annealing.
Such invulerability in film morphology and molecular
orientation to temperature not only improves the thermal
stability of devices during operation, but enhances the
fabrication reproducibility and simplicity as well. Thus, CF;-BP
could be a promising acceptor for the lately-developed high
mobility donors to achieve annealing-free and ambient-stable
OFETs with ambipolarity and high performance.

Conclusion

We have successfully synthesized four novel conjugated polymers,
PBPV-TPA, PBPV-CBZ, PBPV-MEH and PBPV-FLO, consisting of CF;-
BP as the acceptor with various donors (TPA, CBZ, MEH and FLO).
The polymers show good solution-processability in common organic
solvents. Their amorphous structures, which were confirmed by
WAXS, SAXS and AFM, are attributed to lateral side chains on the
CBZ, MEH and FLO units, and the propeller geometry of the TPA
unit. By the integration of CF;-BPs, the ambipolarities with well-
balanced charge mobilities were successfully introduced to the p-
type TPA, CBZ, MEH and FLO materials. OFET based on PBPV-FLO
exhibits the highest hole mobility of 0.0152 em® V7' st and electron
mobility of 0.0120 em?vist Through the introduction of CF5-BPs,
annealing-free, amorphous ambipolar OFETs are realized. OFETs
based on these polymers also demonstrate outstanding ambient
stability. Their performances remain nearly unchanged after stored
in ambient conditions for 90 days without encapsulation. This could
be attributed to the enhanced oxidative stability from their
relatively deep HOMO energy levels and better resistance to
moistures from their trifluoromethyl substitution. Though the hole
and electron mobilities of these polymers are not as high as
the state-of the-art records (10-0.1 cm? V! s'l) of recently-

developed materials, the multiple functions, including
balanced ambipolarity, amorphous, ambient-stable and
annealing-free characteristics, induced by CF3;-BP unit

demonstrated its potential as an efficient acceptor building
block. With careful selection of the high-performance donor
units, OFETs with high ambipolar mobilities and ambient-
stable, annealing-free characteristics might be realized based
on CF3-BP unit.

Experimental

General Tetrabutylammonium perchlorate (TBAP) used in cyclic
voltammetric measurements was recrystallized twice with

This journal is © The Royal Society of Chemistry 20xx
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ethyl acetate and dried at 120 °C under reduced pressure for
48 h. All of the other reagents were purchased from
commercial companies and used as received. All of the
solvents used were purified according to standard method
prior to use. All melting points were determined on a Mel-
Temp capillary melting point apparatus. 'H NMR and *C NMR
spectra were measured at 500 and 125 MHz on a Bruker
Avance-500 spectrometer, respectively, using CDCl;
DMSO-ds as solvent and tetramethylsilane (TMS) as internal

and

standard. Elemental analyses were performed on Heraeus
Vario analyzer. Number-average (M,) and weight-average (M,,)
molecular weights of polymers were measured on a JASCO
GPC system (PU-980) equipped with an RI detector (RI-930), a
Jordi Gel DVB Mixed Bed column (250 mm x 10 mm) column,
using N,N-dimethylacetamide (DMAc) as the eluent and
calibrated with polystyrene standards. Thermogravimetric
analysis (TGA) performed with a TA TGA Q500
thermogravimetric analyzer using a heating rate of 10 °C min™

was

under N, atmosphere. Differential scanning calorimetry (DSC)
measurements were carried out under N, atmosphere using a
PerkineElmer DSC 4000 analyzer at a heating rate of 20 °C min~
1 uv-vis spectrometry was carried out on a JASCO V-670 UV-
Vis/NIR  spectrophotometer.  Cyclic (Cv)
measurements were carried out on a CH Instrument 611C

voltammetric

electrochemical analyzer at room temperature in a three-
electrode electrochemical cell with a working electrode
(polymer film coated on ITO glass), a reference electrode
(Ag/Ag", referenced against ferrocene/ferrocenium (Fc/Fc’),
0.09 V), and a counter electrode (Pt gauze) at a scan rate of
100 mV s'. CV measurements for polymer films were
performed in an electrolyte solution of 0.1 M
tetrabutylammonium perchlorate (TBAP) in anhydrous
acetonitrile. The potential window at oxidative scan and
reductive scan was 0~1.5 V and 0~-2.4 V, respectively. The
HOMO energy levels were calculated from the equation Eyomo
= - ( Egnset~ + 4.80 — 0.09 ) (eV). The LUMO energy levels were
calculated from the equation Eiymo = - ( Egnset - + 4.80 — 0.09 )
(eV).68 Density functional theory (DFT) calculations were
performed using the B3LYP functional® and the 6-31 G~ basis
set®® as implemented in GAUSSIAN 09. The wide-angle x-ray
scattering (WAXS) and small-angle x-ray scattering (SAXS)
powder patterns were performed on a Bruker AXS GmbH /
NANOSTAR U diffractometer operated at a voltage of 50 kV
and a current of 50 mA with Cu Ka radiation (A = 1.542 A) using
a FLA 7000 image plate and Vantec-2000 detector,
respectively. Polymer powders were thermally annealed in an
temperature-controlled air-circulated oven under ambient
the

conditions  for annealing-temperature-independent

measurement.

Organic field-effect transistor fabrication and characterization All
fabrication processes, except SiO, growth and gold evaporation,
were performed in ambient conditions in a conventional hood.
OFET devices were fabricated with a bottom-gate, top-contact

This journal is © The Royal Society of Chemistry 20xx

configuration. Thin conjugated polymer thin films were deposited
by spin-coasting at 1000 rpm for 30
octadecyltrichlorosilane (OTS)-modified heavily doped n*-Si wafer
with thermally grown SiO, dielectric layer (200 nm). The polymer

sec onto n-

solution was (5 mg mL™") was prepared in anhydrous DMAc and
filtered through a 0.22 um syringe filter. The capacitance of SiO,
gate insulator was 11 nF cm’. Prior to the treatment of OTS, the
wafers were sonication-cleaned by acetone and isopropanol,
sequentially, and were then dried at 100 °C for 10 min in vacuum
oven. The source and drain electrode were obtained by thermally
evaporated gold (Au, 30 nm) through a shadow mask. The channel
width (W) and length (L) were 2000 and 50 um, respectively. All the
OFET characteristics were measured with a Keithley 4200-SCS
semiconductor characterization system at room temperature in
ambient conditions. Key device parameters, such as charge
mobilities (1) and on/off ratio (I,,/lof) Were obtained from the
(Ips) gate-source voltage (Vgs)

characteristics employing standard procedures. Mobilities were

source-drain current versus
extracted from the formula defined by saturation regime in transfer
plots, u = 2lysL [C,W(VGS-Vth)Z]'l, where Vy, is the threshold voltage.
Threshold voltage was obtained from the intercept of Vs versus
I[,Sl/z plots. OFETs were stored under ambient conditions for 90 days
in a conventional hood for the long-term ambient stability
measurement. OFETs were thermally annealed on a temperature-
controlled hot plate under ambient conditions in a conventional
hood for the annealing-temperature-independent measurement.

Monomer synthesis 2,2’-Bis(trifluoromethyl)-4,4’-bis(diethyl
methylenephosphonate)biphenyl (dimethylenephosphonate of
CF3-BP) was synthesized through an eight-step synthetic route
according to our previous publication as shown in the ESI.®
4,4'-Diformyltriphenylamine (DA-TPA), 9-(2-ethylhexyl)-3,6-
diformylcarbazole (DA-CBZ), 2-(2-ethylhexyloxy)-5-
methoxybenzene-1,4-dicarbaldehyde (DA-MEH) and 9,9-
dioctylfluorene-2,7-dicarbaldehyde (DA-FLO) were synthesized
as described in the ESI according to the procedures published

in literature.

Polymer synthesis

PBPV-TPA To a 100-mL, three-necked, round-bottomed flask
were added dimethylenephosphonate of CF;-BP (0.27 g, 0.46
mmol), DA-TPA (0.14 g, 0.46 mmol) and anhydrous DMF (21.00
mL). 1.0 M t-BuOK (4.00 mL, 4.00 mmol, in THF solution) was
slowly added with a syringe at room temperature under
nitrogen atmosphere. The reaction mixture was further stirred
at room temperature for 48 h under nitrogen atmosphere.
Benzaldehyde (0.01 mL, 0.1 mmol) was added to the mixture.
1.0 M t-BuOK (0.5 mL, 0.5 mmol, in THF solution) was slowly
added with a syringe. After the reaction was stirred for 6 h,
diethyl benzylphosphonate (0.02 mL, 0.1 mmol) was added to
the mixture. 1.0 M t-BuOK (0.5 mL, 0.5 mmol, in THF solution)
was slowly added with a syringe and the reaction was further
stirred for 6 h. The reaction mixture was then poured into
water. The precipitate that formed was collected by filtration
and washed with hot methanol (Soxhlet apparatus) for 24 h

J. Name., 2013, 00, 1-3 | 9



RSC/Advances

and dried at 100 °C overnight under reduced pressure to
afford 0.32 g of light-yellow solids (yield: 96%). 'H NMR (500
MHz, DMSO-dg, 6, ppm): 8.00 (s, 2H; H.), 7.86 (s, 2H; Hy), 7.72
(s, 4H; Hy), 7.48 (dd, 2H; H;), 7.38 (s, 2H; H,), 7.33 (s, 1H; H)),
7.24 (s, 2H; Hy), 7.18 (s, 2H; Hg), 7.12 (s, 4H; H), 6.95 (s, 2H;
H.), as shown in Fig. S1; Anal. Calcd. for C5¢H,5FgN: C 74.08, H
3.97, N 2.40; found: C 72.13, H 2.99, N 2.01.

PBPV-CBZ To a 100-mL, three-necked, round-bottomed flask
were added dimethylenephosphonate of CF;-BP (0.34 g, 0.58
mmol), DA-CBZ (0.19 g, 0.58 mmol) and anhydrous DMF (27.00
mL). 1.0 M t-BuOK (5.00 mL, 5.00 mmol, in THF solution) was
slowly added with a syringe at room temperature under
nitrogen atmosphere. The reaction mixture was further stirred
at room temperature for 48 h under nitrogen atmosphere.
Benzaldehyde (0.01 mL, 0.1 mmol) was added to the mixture.
1.0 M t-BuOK (0.5 mL, 0.5 mmol, in THF solution) was slowly
added with a syringe. After the reaction was stirred for 6 h,
diethyl benzylphosphonate (0.02 mL, 0.1 mmol) was added to
the mixture. 1.0 M t-BuOK (0.5 mL, 0.5 mmol, in THF solution)
was slowly added with a syringe and the reaction was further
stirred for 6 h. The reaction mixture was then poured into
water. The precipitate that formed was collected by filtration
and washed with hot methanol (Soxhlet apparatus) for 24 h
and dried at 100 °C overnight under reduced pressure to
afford 0.50 g of light-yellow solids (yield: 76%). 'H NMR (500
MHz, DMSO-d;, 6, ppm): 8.10 (s, 2H; H.), 7.92 (s, 2H; Hy), 7.73-
7.78 (m, 4H; Hy, & Hy), 7.35 (s, 2H; H,), 7.21 (s, 2H; Hy), 7.17 (s,
2H; H.), 7.07 (s, 2H; Hg), 4.43 (s, 2H; H;), 2.03 (m, 1H; H;), 1.15-
1.38 (m, 8H; Hy, Hpy, Hn, H,), 0.75-0.86 (m, 6H; H, H,) , as
shown in Fig. S2; Anal. Calcd. for C4oH3,FgN: C 74.39, H 5.78, N
2.17; found: C 73.25, H5.22, N 1.98.

PBPV-MEH To a 100-mL, three-necked, round-bottomed flask
were added dimethylenephosphonate of CF;-BP (0.17 g, 0.30
mmol), DA-MEH (0.09 g, 0.30 mmol) and anhydrous DMF
(15.20 mL). 1.0 M t-BuOK (2.30 mL, 2.30 mmol, in THF
solution) was slowly added with a syringe at room
temperature under nitrogen atmosphere. The reaction mixture
was further stirred at room temperature for 48 h under
nitrogen atmosphere. Benzaldehyde (0.01 mL, 0.1 mmol) was
added to the mixture. 1.0 M t-BuOK (0.5 mL, 0.5 mmol, in THF
solution) was slowly added with a syringe. After the reaction
was stirred for 6 h, diethyl benzylphosphonate (0.02 mL, 0.1
mmol) was added to the mixture. 1.0 M t-BuOK (0.5 mL, 0.5
mmol, in THF solution) was slowly added with a syringe and
the reaction was further stirred for 6 h. The reaction mixture
was then poured into water. The precipitate that formed was
collected by filtration and washed with hot methanol (Soxhlet
apparatus) for 24 h and dried at 100 °C overnight under
reduced pressure to afford 0.15 g of orange solids (yield: 85%).
'H NMR (500 MHz, DMSO-d;, 8§, ppm): 7.97 (d, 2H; H,), 7.82 (s,
2H; Hy), 7.51 (d, 2H; Hy), 7.30 (s, 2H; H,), 7.20 (s, 2H; H.), 7.00
(s, 2H; Hg), 3.89 (d, 2H; Hy), 3.82 (s, 3H; Hg), 1.70 (m, 1H; H;),
1.23-1.42 (m, 8H; H;, H,, H, H,), 0.84 (m, 6H; H, & H,), as
shown in Fig. S3; Anal. Calcd. for C33H3,Fs0,: C 68.96, H 5.62;
found: C 66.85, H 4.57.
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PBPV-FLO To a 100-mL, three-necked, round-bottomed flask
were added dimethylenephosphonate of CF;-BP (0.17 g, 0.30
mmol), DA-FLO (0.13 g, 0.30 mmol) and anhydrous DMF (15.20
mL). 1.0 M t-BuOK (2.30 mL, 2.30 mmol, in THF solution) was
slowly added with a syringe at room temperature under
nitrogen atmosphere. The reaction mixture was further stirred
at room temperature for 48 h under nitrogen atmosphere.
Benzaldehyde (0.01 mL, 0.1 mmol) was added to the mixture.
1.0 M t-BuOK (0.5 mL, 0.5 mmol, in THF solution) was slowly
added with a syringe. After the reaction was stirred for 6 h,
diethyl benzylphosphonate (0.02 mL, 0.1 mmol) was added to
the mixture. 1.0 M t-BuOK (0.5 mL, 0.5 mmol, in THF solution)
was slowly added with a syringe and the reaction was further
stirred for 6 h. The reaction mixture was then poured into
water. The precipitate that formed was collected by filtration
and washed with hot methanol (Soxhlet apparatus) for 24 h
and dried at 100 °C overnight under reduced pressure to
afford 0.15 g of light-yellow solids (yield: 72%). 'H NMR (500
MHz, DMSO-dg, 6, ppm): 8.25 (s, 2H; H¢), 8.16 (s, 2H; H.), 8.03
(s, 2H; Hy), 7.79 (s, 2H; Hy), 7.62-7.71 (m, 4H; Hy & H,), 7.44 (s,
2H; H,), 7.17 (s, 2H; H,), 2.09 (m, 4H; H;), 1.21-1.38 (m, 20H; H,,
H), Hm, Hn, Ho), 0.80 (s, 6H; H,), 0.55-0.61 (m, 4H; H)), as shown
in Fig. S4; Anal. Calcd. for C47Hs50Fs: C 77.43, H 6.92; found: C
75.29, H 6.00.
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Ambipolar and annealing-free OFETs with high ambient-stability are
achieved by introducing 2,2’-bis(trifluoromethyl)biphenyl as the
acceptor.



