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of fluorine atoms upon charge transport of conjugated polymers in FET
devices. Two series of conjugated polymers without or with fluorine atoms
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were designed and applied into FETs. Nonfluorinated conjugated ; flon figrinated
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orientation in thin films, explaining their poor hole mobilities in FET
devices. Our results clearly show how the chemical structures influence the
charge transport properties, which can be used to design new conjugated
polymers toward high performance FETs.
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1. INTRODUCTION

Developing high performance organic field-effect transistors
(OFETs) has become one of the important goals for chemists
and material scientists owing to their promising application in
flexible and lightweight electronic devices." To accomplish this
goal, conjugated polymers are particularly preferred since they
can be fabricated via solution-processed techniques, such as
roll-to-roll printing, facilitating large area, and low cost
transistor devices.” ® The incredible richness of chemical
structures also allow the chemists to developing numerous
conjugated polymers, resulting in the high hole,”™"* elec-
tron””"'*7** and ambipolar mobilities”' ~** exceeding 1 cm* V™!
s~! nowadays, which is beyond those of typical amorphous
silicon-based FETs (0.5—1 cm® V™' s7'). The outstanding
performance provides the opportunity to deeply understand the
relationship between chemical structures of conjugated
polymers and charge transport, which will guide the designation
of new conjugated polymers toward flexible OFET devices for
industrial application.

The intrinsic field-effect mobility of an OFET device mainly
depends on the molecular structure and the intermolecular

influenced by the semicrystal nature of the polymers. The
m—n interaction and other noncovalent force can help
conjugated polymers to form ordered and crystalline region,
while the long conjugated backbone and flexible alkyl side
chains cause the disorder region. Interestingly, although most of
researches reveal that highly crystalline conjugated polymers
provide high mobilities,”**° some amorphous conjugated
polymers were also found to have high mobilities.”” ' In
another aspect, the charge carriers transport along the direction
that is parallel to the substrate, indicating that the 7— stacking
ordering parallel to the substrate (so-called “edge-on”
configuration) has higher mobility.””**~** However, it also
reported that some conjugated polymers with “face-on”
orientation can also provide similar high mobilities.”™* The
above-mentioned issues, including the impact of the crystalline
nature and the backbone orientation of conjugated polymers on
charge transport of polymers, are required to be further
investigated.

In this work, we are interested in finding how the chemical
structures influence on the microstructure of the conjugated

packing, which is rather complicate in conjugated polymers.
The delocalized 7-systems in conjugated polymers are generally
responsible for the charge transport, which are strongly
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Figure 1. Nonfluorinated and fluorinated DPP polymers studied in this work. PDPP4T-M and PFDPP4T-M have isomeric structures as shown in

Figure S2 in the Supporting Information. R is 2'-decyltetradecyl.

Scheme 1. Synthesis of the Monomers and Polymers”
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“Key: (i) Stille polymerization by using Pd,(dba);/PPh; in toluene/DMF (10:1, v/v) at 115 °C. (ii) K,CO;, 18-crown-6, and 2’-decyltetradecyl
bromide in DMF at 120 °C, 16 h. (iii) Br,/Cs,CO; in CHCl,. R is 2'-decyltetradecyl.

polymers and hence affecting their performance in OFETs. It
has been widely reported that, by using the coplanar conjugated
backbone®”*” and the flexible side chains via introducing van
der Waals interactions,”*****" conjugated polymers can desire
good crystal properties. In particular, many reports show that
conjugated polymers containing fluorine atoms show enhanced
crystallinity with “edge-on” orientation, resulting in high
mobilities in OFETs compared to the nonfluorinated polymers
(see Figure S1 in Supporting Information).””*~* However, it
is also widely reported that fluorinated conjugated polymers
usually exhibit high power conversion efficiencies in organic
solar cells, which are partially contributed to the enhanced
“face-on” orientation of conjugated polymers in thin film.*’~>*
The observation in solar cells seems to be inconsistent with the
findings in OFETSs and therefore will be interesting to provide
further investigation.

With these questions, we intentionally introduce fluorine
atoms into conjugated backbone, and we wish to systematically
study their effect on the microstructure and charge transport of
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conjugated polymers. As start, we select a highly crystalline
diketopyrrolopyrrole (DPP) unit to construct the polymers.
The strong electron-deficient DPP units have been widely used
to develop conjugated polymers toward high performance
FETs.”>** Nonfluorinated and fluorinated DPP polymers
designed with the same conjugated backbone and alkyl side
units (Figure 1) are synthesized and applied into OFETs.
Surprisingly, fluorinated polymers show low mobilities below
1.80 cm® V™' 57!, while nonfluorinated polymers have excellent
high mobilities up to 11.16 cm* V™' s™'. Further investigation
by differential scanning calorimetry (DSC) and 2D grazing-
incidence wide-angle X-ray scattering (2D-GIWAXS) reveals
that fluorinated polymers desire low crystalline properties
together with improved “face-on” configuration, explaining
their low mobilities in OFETs.

2. RESULTS AND DISCUSSION

Synthesis of the Conjugated Polymers. The synthetic
routes for the DPP monomers and polymers are presented in
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Table 1. Molecular Weight and Optical and Electrochemical Properties of the Polymers

polymer M, (kg mol™) M,, (kg mol™) PDI E (eV) ESM™ (eV) HOMO? (eV) LUMO" (eV)
PDPP4T 117.1 167.4 143 143 1.43 —5.34 -391
PFDPP4T 1167 326.6 2.80 1.45 142 —5.59 —4.17
PDPP4T-M 64.6 151.0 2.34 1.43 1.44 —-5.33 —3.89
PFDPP4T-M 69.8 1482 2.12 146 1.43 —5.46 —4.03
PDPP4T-2M 40.4 90.3 223 1.40 1.40 —543 —4.03
PFDPP4T-2M 86.1 331.8 3.85 1.41 1.37 —543 —4.06
“Determined using a work function value of —4.8 eV for Fc/Fc*. YDetermined as Eyomo + Egmm.
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Figure 2. Absorption spectra of DPP polymers (a) in chloroform and (b) in thin films.

Scheme 1 and the detailed synthetic procedures are shown in
the Supporting Information. The DPP monomers 1, 6, and 9
without or with methyl groups were synthesized according to
the literatures.”>> The polymers PDPP4T, PDPP4T-M, and
PDPP4T-2M were synthesized by Stille polymerization from
the dibromo-DPP monomers and $,5’-bis(trimethylstannyl)-
2,2'-bithiophene, in which the catalyst of Pd,(dba);/PPh; (1:4)
and the solvent of toluene/DMF (10:1) were applied. By using
the same polymerization condition, the DPP polymers
PFDPP4T, PFDPP4T-M and PFDPP4T-2M were synthesized
by using the fluorinated bisstannyl-monomer. All these
polymers contain the same soluble side chains, 2'-dodecylte-
tradecyl (DT), to ensure good solubility in CHCL,. It is worth
mentioning that, the asymmetric DPP polymers, PDPP4T-M
and PFDPP4T-M, also show good solubility in toluene, which
is similar to our previous report based on asymmetric
structures.” The two polymers also have uncertain repeating
units, which is owing to the random connection between two
monomers, as shown in Figure S2, Supporting Information.
The polymers were characterized by gel permeation chroma-
tography (GPC) with 0-DCB as eluent at 140 °C to determine
the molecular weight, as summarized in Table 1. Non-
fluorinated polymers PDPP4T, PDPP4T-M and PDPP4T-2M
exhibit the number-average molecular weight (M,) of 117.1 kg
mol™!, 64.6 kg mol™' and 404 kg mol™', and fluorinated
polymers have similar M, of 116.7 kg mol™, 69.8 kg mol™" and
86.1 kg mL™". The comparable molecular weight is beneficial
for the study of charge transports in OFETs.

Absorption Spectra and Energy Levels. All these
polymers show similar absorption spectra in thin films with
optical bandgaps (E,) of 1.37—1.43 eV (Figure 2 and Table 1).
The absorption shoulder in the small wavelength region can be
observed in thin films compared to that in solution, indicating
H-aggregation of the polymers. The molecular conformation of
these DPP polymers was studied by density functional theory
(DFT) calculations, revealing the coplanar backbone with small
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torsion angles (Figure S3, Supporting Information). When
incorporating fluorine atoms into the polymers, the torsion
angles are significantly reduced, while methyl units show the
inverse effect on the dihedral angles. The energy levels of the
polymers were determined by cyclic voltammetry in thin films
(Figure S4 and Table 1). Fluorinated polymers perform low-
lying highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) levels due to the
electron-withdrawing ability of fluorine atoms.

OFETs. The DPP polymers were applied in OFETs with a
bottom gate-bottom contact (BGBC) configuration. The thin
films were prepared by spin coating the polymer solution in
CHCI; containing a high boiling point additive ortho-
dichlorobenzene (0-DCB). The thin films were thermal
annealed for 10 min under different temperature before
measurement. We observe that PDPP4T, PDPP4T-M,
PDPP4T-2M, and PFDPP4T-M exhibit the optimized mobility
with the thin films annealed at 120 °C, while PFDPP4T and
PFDPP4T-2M thin films were thermal annealed at 90 °C to
provide the optimized mobilities (Table S1, Supporting
Information). The transfer and output characteristics are
shown in Figure 3 and Figure SS in Supporting Information
and the charge transport properties are summarized at Table 2.

PDPP4T shows the average hole mobility of 5.67 cm® V!
s7!, and the hole mobility is further increased to 9.20 and 9.57
cm® V' 57! for PDPP4T-M and PDPP4T-2M, with the
maximum hole mobility of 10.60 and 11.16 cm? V71 osTL
respectively. When introducing fluorine atoms into the
polymers, the mobilities are dramatically decreased. PFDPP4T
shows an average hole mobility of 1.54 cm® V™' s7'. After
adding one or two methyl units into the polymers, PFDPP4T-
M and PFDPP4T-2M presents similar or even low mobilities of
1.53 and 0.81 cm® V' 5! compared to PFDPP4T. The average
mobilities were calculated from eight devices (Figure S6,
Supporting Information), which also clearly show the trend that
nonfluorinated polymers possess much higher mobilities than
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Figure 3. Transfer curves obtained from BGBC FET devices with DPP polymer thin films fabricated from CHC; with 10% o-DCB. (a) PDPP4T.
(b) PDPP4T-M. (c) PDPP4T-2M. (d) PEDPP4T. (e) PEDPP4T-M. (f) PEDPP4T-2M. (c) and (f) Thin films were annealed at 90 °C for 10 min.
(a—c and e) Thin films were annealed at 120 °C for 10 min. The hole mobilities are calculated from different gate voltage region: for PDPP4T, py,
—4 to —10 V; for PDPP4T-M, piy, +2 to —4 V, for PDPP4T-2M, piy,, —6 to —12 V, for PEDPPAT, s, —16 to —22 V; for PEDPPAT-M, s, —38 to
—44 V, for PEDPP4T-2M, p,, —36 to —42 V; for all six polymers, py,, —60 to —80 V.

Table 2. Field-Effect Hole Mobilities of the DPP Polymers in
a BGBC Configuration

Hn1
[em? V!s7H

Hn2
[em? V!s7

polymer av max max Ve [V] I /Lg
PDPP4T“ 5.67 6.20 0.38 0.5 1 x 10°
PFDPP4T? 1.54 1.80 0.35 —10.1 2 x 10°
PDPP4T-M” 9.20 10.60 0.56 5.7 4 x 10*
PFDPP4T-M* 1.53 1.66 0.38 —21.7 1x 10°
PDPP4T-2M* 9.57 11.16 0.98 0.3 7 x 10°
PFDPP4T-2Mb 0.81 0.91 0.42 —124 5% 10°

“Thermally annealed at 120 °C. bThermally annealed at 90 °C. The
polymer thin films were spin coated from CHCl;/0-DCB (10%).

those of fluorinated DPP polymers. It is also interesting to
observe that the DPP polymers containing methyl units desire
high hole mobilities in nonfluorinated polymers, but these
trends were not observed in fluorinated DPP polymers. We also
calculate the hole mobilities (4;,,) over the high gate voltage
regime (—60 to —80 V), as suggested in the literature (Figure 3
and Table 2).°**” Fluorinated polymers also provided low
mobilities compared to those of nonfluorinated polymers, but
the distinction between them is narrowed compared to the
mobilities calculated from low gate voltage regime.
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Morphology and Thermal Analysis. It is desired to
further investigate the mobilities difference in these polymers.
The morphology of the DPP polymer films were studied by
atomic force microscopy (AFM) images, as shown in Figure S7,
Supporting Information. Both of nonfluorinated and fluori-
nated polymers perform similar morphologies with similar
surface roughness (0.40—1.07 nm). We then use DSC to study
crystal properties of these polymers. Before DSC measurement,
we apply thermogravimetric analysis (TGA) to test the stability
of the polymers, showing that all the polymers have the good
stability with 5% weight loss temperature above 350 °C (Figure
S8, Supporting Information). Therefore, we can analyze the
thermal transition behavior of the DPP polymers at high
temperatures, as shown in Figure 4. All these polymers show
melt and crystalline behavior during heating and cooling
process, in which nonfluorinated polymers present sharp peaks.
The heats of crystallization (AH,) calculated from the DSC
thermograms are summarized in Table 3. The polymers
PDPP4T, PDPP4T-M, and PDPP4T-2M have AH, of 12.4S,
8.37, and 8.28 J g”". In contrast, fluorinated polymers exhibit
the crystal peak with low intensity, as evidenced from the
reduced AH_ of 5.59, 4.27, and 541 ] g_1 for PFDPP4T,
PFDPP4T-M, and PFDPP4T-2M. These measurements
indicate that nonfluorinated DPP polymers exhibit high
crystalline properties compared to fluorinated DPP polymers.
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Figure 4. DSC heating and colling traces of the DPP polymers (second cycle) at a scanning speed of 10 °C/min under N, (endo up). (a) PDPP4T
and PEDPP4T. (b) PDPP4T-M and PEDPP4T-M. (c) PDPP4T-2M and PFDPP4T-2M.

Table 3. Crystallographic Parameters of the Polymer Thin Films®

polymer d(100) [A] d(010) [A] OOP (010) CL [A] IP (010) CL [A] T, (°C) T. (°C) AH. (J g™
PDPP4T 242 3.8 7.1 31.9 313.0 287.4 12.45
PFDPP4T 232 3.6 19.1 36.3 307.7 282.6 5.59
PDPP4T-M 22.4 3.9 18.6 31.8 306.7 290.4 8.37
PFDPP4T-M 224 3.7 20.5 284 286.1 261.4 4.27
PDPP4T-2M 25.1 3.8 - - 264.7 2312 8.28
PFDPP4T-2M 26.2 3.9 - - 306.5 285.9 541
“The thermal properties of the polymers were also included.
15 10 05 00 05 -10 15 -20 15 10 05 00 -05 -10 15 -20 15 10 05 00 05 -10 -1.5 .20
S[F}es < < & <
(a) o 40 e = 5o e (c) < is
— - 35 — 457 4.0
< - 30 = ° 40 Lo e 35
¢ R e s Was o - W50
& - : S : : 5 -
10 05 00 -05 -10 -1.5 -20° 15 10 05 00 05 -10 15 -20 ° 15 10 05 00 95 10 15 -20°
g A7) Gy A Gy [A7]
10 05 00 -05 -10 -15 -20 15 10 05 00 -05 -10 15 -20 15 10 05 00 -05 -10 -15 -20
50 = drrse S [Fso
45 ° © 45 © 45
- 40 —2 2 P40 _— < M40
< 38 < 35 " 35
= = o ) 3.0 —= = 3.0
r 30 2 o E2s o W25
o o o
& o o
e °© = o
10 05 00 05 -10 -15 20 15 10 05 00 -05 -10 -15 -20 15 10 05 00 -05 -10 -15 -20°
-1 -1 -
ay A7) Gy [A7] Gy [A7]
(gln" - o ;‘umaﬂe (h) 10" — l,"uf'&”;.m (I) 10" p— :u?:“;ane

PFOPPAT

POPPAT

. POPPAT-M
10"

PFOPP4T-M
PFDPPAT-2M

POPPAT-2M

2 IR EAL 3

Quector [A]

HER

Qector[A']

7eal H HIRIERERL]
1 1

Qector[A']

Figure S. 2D-GIWAXS images of the DPP polymer thin films fabricated from CHCl; with 10% o-DCB. (a) PDPP4T. (b) PDPP4T-M. (c)
PDPP4T-2M. (d) PFDPP4T. (e) PFDPP4T-M. (f) PEDPP4T-2M. (g—i) the OOP and IP cuts of the corresponding 2D-GIWAXS patterns.

GIWAXS Analysis. In order to get insight into the
relationship between chemical structures and carrier transport
properties, we further applied 2D-GIWAXS to look into the
microstructures of the DPP polymers, as shown in Figure S. At
the first glance, we can observe that nonmethylated and
asymmetric DPP polymers perform good crystallinity, as
evidenced from the series of reflections corresponding to the
lamellar packing of the alkyl chains. Distinct (h00) diffraction
peaks up to the third order can be observed in the out-of-plane
(OOP) direction (Figure Sg—i). (100) peaks of PDPP4T,
PDPP4T-M, PFDPP4T, and PFDPP4T-M with the highest
intensity at q, = 0.27, 0.28, 0.26, and 0.28 A™" correspond to the
d-spacings of 2.4, 2.2, 2.3, and 2.2 nm, respectively (Table 3).
PDPP4T-2M and PFDPP4T-2M show less crystalline due to
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weak (100) and (200) diffraction peaks, with similar d-spacings
of 2.5 and 2.6 nm from (100) peaks. This demonstrates that the
fluorination has little impact on lamellar stacking of alkyl side
units.

The orientation of the polymers relative to the substrate can
also be obtained from the 2D-GIWAXS patterns and scattering
profiles (Figure S). For nonmethylated and asymmetric DPP
polymers, it is clear to show that the introduction of fluorine
atoms increases the scattering intensities of the (100) peaks in
the in-plane (IP) direction and the (010) peaks in the out-of-
plane direction, which indicates that fluorine atoms enhance the
proportion of “face-on” orientation. In order to quantitatively
analyze this trend, the coherence length (CL) of 7—7 stacking
in the in-plane and the out-of-plane direction for PDPP4T,
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PEDPP4T, PDPP4T-M, and PFDPP4T-M are displayed in
Table 3. We find that the CL of OOP (010) related to “face-
on” orientation is significantly enhanced from 7.1 t019.1 A for
PDPP4T and PFDPP4T, and from 18.6 t020.5 A for PDPP4T-
M and PFDPP4T-M. However, the CL of IP (010) related to
“edge-on” orientation slightly changes or shows inverse trend
for PDPP4T/PFDPP4T and PDPP4T-M/PFDPP4T-M sys-
tems. Consequently, the (010) CL ratio of IP and OOP is 4.5
and 1.7 for PDPP4T and PDPP4T-M, which reduces to 1.9 and
1.4 for PFDPP4T and PFDPP4T-M. This confirms that the
number of “face-on” orientated molecules is significantly
increased after adding fluorine atoms. Because of the weak
(010) peaks of PDPP4T-2M and PFDPP4T-2M, it is difficult
to describe the change of the molecular orientation
quantitatively, but obviously PFDPP4T-2M shows higher
(010) peak in OOP orientation compared with PDPP4T-2M.
In brief, the introduction of fluorine atoms leads to an
improvement of “face-on” orientation relative to the substrate
which is not favorable for the parallel charge transport in FETs,
and finally reduce the hole mobility.

It is also interesting to mention that methylated DPP
polymer PDPP2T-2M exhibits very low crystalline property
(Figure 4c and Figure Sc) but provides the highest hole
mobilities among these polymers. The high mobility of
PDPP2T-2M may originate from the energetic disorder
induced by the rigid conjugated backbone® or from the better
aggregation in disorder region.’”’' The intrinsic reason is
required to be further investigated.

3. CONCLUSIONS

In conclusion, two series of DPP polymers without or with
fluorine atoms were synthesized and applied in OFETs.
Fluorinated DPP polymers provide hole mobilities below 1.80
cm® V! 57!, while nonfluorinated DPP polymers exhibit high
hole mobilities up to 11.16 cm® V™' s, which is also among
the highest reported hole mobilities. The low hole mobilities of
fluorinated polymers are found to originate from the less
crsytallinity and enhanced “face-on” orientation of the
polymers. These results demonstrate a very good example
that fluorine atoms have detrimental effect on the charge
transport in OFETSs, which is helpful to understand the relation
between chemical structures and charge transport and
consequently design new conjugated polymers toward high
performance OFETs.
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