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ABSTRACT: Two high molecular weight conjugated polymers Unipolar n-type polymers with g, > 0.2 cm2 V-1 s
(CPs), ie., poly[N,N’-bis(4-tetradecyloctadecyl)-7,7’-difluoro- R

isoindigo-alt-2,2'-bithiazole] (P2FI2Tz) and poly[N,N’-bis(4- R_NLO X H 10%4 Cadd

tetradecyloctadecyl)-S,5’,7,7’ -tetrafluoroisoindigo-alt-2,2'-bithia- L\IL\'[\G 101 L0.012 _
zole] (P4F12Tz), were synthesized via C—H/C—H oxidative direct H X oN 2 10 %
arylation polycondensation (Oxi-DArP) using PdCl,/CuCl/Cu- R 2 107 0-008 s
(OAc), as catalytic system and chlorobenzene as solvent. Both O)g-DArP M,,mf?; 1%20/;’@&“ 10% L0.006 £

polymers are unipolar n-type semiconductors with electron ' 4 * .
mobility (,) > 0.2 cm® V™' 57!, attributed to their low-lying N s b " 10.003
highest occupied molecular orbitals (HOMOs) and lowest O A O SWJH_n 10 S 10000
unoccupied molecular orbital (LUMOs), which are —6.01/-3.69 X 07N X =Hor 20 0 \2/0 40 60 80
and —6.24/—3.82 eV for P2FI2Tz and P4FI2Tz, respectively. R os M)

P2FI2Tz was also synthesized via C—Br/C—H direct arylation

polycondensation (DArP) and Stille polycondensation. The resultant polymers P2FI2Tz-D and P2FI12Tz-S showed slightly lower
compared to Oxi-DArP-made polymer (P2FI2Tz-O1) with a similar molecular weight. Notably, Oxi-DArP is much faster and more
efficient than DArP and Stille polycondensation. P2FI2Tz with a number-average molecular weight (M,) above 40 kDa, was
obtained in 9 h of Oxi-DArP, significantly shorter than 24 h with DArP and Stille polycondensation. P2FI2Tz with a M, as high as
191 kDa could be synthesized via Oxi-DArP by extending the polymerization time to 16 h. Our results prove Oxi-DArP to be an

efficient protocol to synthesize polymer semiconductors. This is also the first comparative study on three methods, i.e., Oxi-DArP,
DArP, and Stille polycondensation.

Bl INTRODUCTION monomers is recently emerging as a new method for the
. 1320 , o
Conjugated polymers (CPs) are an important embranchment synthfems of CPs. 4 Compared with traditional cross-
of organic semiconductors. Taking advantage of the easily and coupling polycondensations of C—X and C—M monomers,
finely adjustable chemical structures and thereby tunable DArP is more atom-economic and eco-friendly. With specially
properties, CPs can be endowed with a variety of character- designed highly reactive C—H monomers, various high
istics to satisfy the demands of the wide applications in organic molecular weight CPs with superior electronic properties
electronics, such as organic thin-film transistors (OTFTs), have been synthesized.”' ~**
organic solar cells (OSCs), and organic electrochemical C-H/C—H oxidative direct arylation polycondensation
transistors (OECTs).' ™’ (Oxi-DArP) via the direct activation of C—H bonds in
The structurally diverse CPs are mostly constructed via (hetero)arenes is the most straightforward and eco-friendly
polycondensation pathways based on transition-metal-cata- approach for the synthesis of CPs to date because no
lyzed cross-coupling reactions.””'” In most cases, the reactions prefunctionalization or preactivation of monomers is neces-
between organohalides (C—X) and organometallic reagents sary.”* ™' Some CPs have been successfully synthesized via

(C-M), eg, Stille and Suzuki couplings, are adopted to Oxi-DArP. For instance, 2,2'-bithiazole-containing CPs have

synthesize the target CPs. Stille coupling as a typical method to been synthesized by You and Kanbara via Pd- and Cu-
form C—C bonds via the reactions between C—X substrates 39,42

_ : catalyzed Oxi-DArP, respectively.”
and organostannanes (C—SnR;) can tolerate various functional
groups and proceed efficiently in mild reaction conditions.®
These features make Stille polycondensation a promising
protocol for the synthesis of CPs with different functionality,
except for the drawbacks of the tedious synthesis and
purification procedure (less atom-economic) and highly toxic
nature (environmentally unfriendly) of organostannanes.'”'*'*
Direct arylation polycondensation (DArP) of C—Br and C—H
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Figure 1. (a) Chemical structures of P2FI2Tz and P4FI2Tz. Optimized trimer structures along with calculated LUMO and HOMO energy levels
and distribution of (b) P2FI2Tz and (c) P4FI2Tz and (d) dihedral torsion potentials of methyl-substituted repeating units. DFT calculations were

carried out at the B3LYP-D3/6-31G(d,p) level.

synthesized triarylamine/bithiophene copolymers through Fe-
catalyzed Oxi-DArP, which was used as hole transport
materials for the fabrication of efficient perovskite solar
cells.*7*8 Compared with C—Br/C—H DArP, Oxi-DArP is
more straightforward since no prefunctionalized C—Br
monomer is necessary.’””' However, the progress of Oxi-
DArP has trailed much behind DArP because only a limited
number of (hetero)arenes can undergo transition-metal-
catalyzed oxidative C—H/C—H coupling efficiently to ensure
the formation of high molecular weight products. There is also
a lack of a design strategy to C—H monomers toward high-
mobility CPs via Oxi-DArP. The C,—H bond in thiazole is
highly reactive in oxidative C—H/C—H coupling, allowing the
synthesis of thiazole-containing CPs via Oxi-DArP.*”** More
recently, we found that thiazol-5-yl-flanked aryls could undergo
Oxi-DArP efficiently in toluene and chlorobenzene, which are
good solvents of most polymer semiconductors.”” A
diketopyrrolopyrrole-based n-type CP with number-average
molecular weight (M,) above 20 kDa was successfully
synthesized.

The development of n-type CPs lags much behind that of p-
type counterparts. Isoindigo (IID), characterized by a planar
and electron-deficient nature, is widely used in the
construction of high-mobility CPs nowadays.”> > Its electron
deficiency can be further strengthened via introducing fluoride
(F) substituents or replacing phenyl moieties with 2pyridine
rings, leading to the building blocks of n-type CPs.” 29,5760
Thiazole is also an electron-deficient heteroarene that has been
frequently used in the synthesis of n-type CPs.>**¢'~%*
Moreover, its five-membered ring structure comprising an
imine nitrogen atom brings a small steric hindrance, thus
endowing resultant CPs with moderate to good planar-
ity.*”®'=®* Combining the above features of IID derivatives
and thiazole and the high oxidative C—H/C—H coupling
reactivity of the C,—H bond in thiazole as aforementioned, we
synthesized two n-type CPs comprising alternatively arranged
IID and bithiazole units, namely, P2FI2Tz and P4FI2Tz, via
Oxi-DArP in the current paper. P2FI2Tz was also synthesized
via DArP and Stille polycondensation for comparison. These
two polymers are characterized by deep frontier molecular
orbital (FMO) levels, allowing the fabrication of unipolar n-
type OTFTs with electron mobility (x.) up to 0.28 cm* V™!
s™'. Oxi-DATrP is more efficient than the other two approaches,
and P2FI2Tz with an M, above 40 kDa could be obtained in
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just 9 h, significantly shorter than 24 h with DArP and Stille
polycondensation. The Oxi-DArP-made polymer also delivered
slightly better semiconducting properties. This finding paves a
way to synthesize novel high-performance polymer semi-
conductors efficiently.

Bl RESULTS AND DISCUSSION

Design of the Monomers and Polymers. The chemical
structures of two target polymers based on IID and 2,2’-
bithiazole, i.e., P2FI2Tz and P4FI2Tz, are displayed in Figure
la. Two and four F atoms are installed in the IID unit for
P2FI2Tz and P4FI2Tz, respectively. The introduction of F
atoms in IID not only can lower both the lowest unoccupied
molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO) of the resulting polymers but
also can improve the planarity of the conjugated backbones
due to the presence of weak intramolecular interaction.”>*® In
fact, IID with two F atoms, namely, 2FIID, has been proved as
a promising building block of n-type high-mobility Cps. 222990
Although IID with four F atoms, namely, 4FIID, has not been
reported yet, one can expect that CPs based on it have even
lower HOMO and LUMO compared with 2FIID-based
counterparts, which are preferred for the design of unipolar
n-type CPs.

To corroborate our design concept, FMO energy levels,
FMO distribution, and optimum geometries of the methyl-
substituted trimers of the polymers were investigated by
density functional theory (DFT) calculations (Figure 1b and
c). The FMOs of both polymers are well delocalized. The
calculated LUMO/HOMO energy levels (E;ypo/Enomo) are
—3.35/-5.51 eV and —3.52/-5.57 eV for P2FI2Tz and
P4FI2Tz, respectively. Since there are two more F atoms in
each repeating unit, P4AFI2Tz shows lower FMO energy levels
compared with P2FI2Tz. In the optimum geometries, a slight
twist is found between IID and thiazole units, with torsion
angles of 17° for P2FI2Tz and 7° for P4FI2Tz. Figure 1d
shows the dihedral torsion potentials of the methyl-substituted
repeating units. There exists a ca. 20° torsion in the two
dominant conformations of P2FI2Tz, while the value for
P4FI2Tz is between 0° and 10°. The discrepancy in energies of
the two dominant conformations of P4FI2Tz is also smaller
than that of P2FI2Tz. These results indicate that P4FI2Tz
should be more inclined toward planar conformation. We
attribute this phenomenon to the additional F atoms in

https://doi.org/10.1021/acs.macromol.4c00399
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P4FI2Tz, which might generate a weak F---S intramolecular
interaction to improve the planarity of the conjugated
backbone.

Synthesis of the Monomers and Polymers. Scheme 1
depicts the synthetic routes to thiazol-5-yl-flanked IID

Scheme 1. Synthetic Routes to Thiazole-Flanked IID
Monomers and IID-Based Polymers®
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“Reagents and conditions: (i) Pd,dba;, P(0-MeOPh),;, Cs,CO;,
PivOH, toluene, 100 °C; (ii) CF;COOH, CHCl;, 45 °C; (iii)
Pd,dba;, P(0-MeOPh),, K,CO;, PivOH, toluene, 100 °C; (iv)
P(NEt,);, CH,Cl,, —60 °C; (v) PdCl,, CuCl, Cu(OAc),
chlorobenzene, 120 °C; (vi) Herrmann’s cat.,, P(o-MeOPh),,
Cs,CO;, PivOH, toluene, 120 °C; (vii) Pd,dba;, P(0-MePh),,
toluene, 120 °C. TIPS: triisopropylsilyl. R: 4-tetradecyloctadecyl.

derivatives 2FIID2Tz and 4FIID2Tz as C—H monomers and
corresponding CPs P2FI2Tz and P4FI2Tz via Oxi-DArP. Pd-
catalyzed C—Br/C—H direct arylation coupling of 6,6'-
dibromo-7,7'-difluoroisoindigo (2FIID, 1) and 2-
(triisopropylsilyl)thiazole (2) followed by removing triisopro-
pylsilyl (TIPS) protecting groups with CF;COOH afforded
2FIID2Tz in a two-step yield of 88%. The monomer 4FIID2Tz
was unable to be prepared following the same procedure

because we failed to synthesize 6,6'-dibromo-5,5’,7,7 -tetra-
fluoroisoindigo (4FIID) from the dimerization of 6-bromo-S5,7-
difluoroisatin (3) in the presence of hexaethylphosphorous
triamide (P(NEt,);), an efficient route for the synthesis of
various IID derivatives.”” The reductive dimerization of 3 only
yielded a mixture of unknown products that were hard to
purify and identify.

According to the mechanism of isatin dimerization to the
IID structure proposed in the literature,”” P(NEt,); functions
as a nucleophilic reagent in the reaction (Figure Sla). Brinck et
al. proposed a parameter named local electron attachment
energy (E pagp) to evaluate the nucleophilic-attacking site in a
compound.68 The site with the most negative E; g, should be
easily attacked by a nucleophilic reagent. As revealed by the
calculated E;p,p values of different sites in isatin derivatives
MS1-MS3 (Figures S1b and Slc), the introduction of halogen
atoms in the phenyl ring leads to a significant reduction of
E; gag at the 6-position of the isatin skeleton. The E; g, at the
6-position of isatin 3, which has three halogen substituents in
the phenyl ring, is as low as —79.5 kcal mol ™, very close to the
value at the desired carbonyl site (—85.4 kcal mol™"). Then we
speculate that the phenyl ring in 3 is also susceptible to the
nucleophilic attack in the dimerization of 3, leading to a
mixture of unknown products.

From the calculation, we also realized that replacing Br in 3
with 2-triisopropylsilylthiazole could solve the problem. As
shown in Figure Slc, the E;gag at the 6-position of isatin in
5,7-difluoro-6-(2-(triisopropylsilyl)thiazol-5-yl)isatin (4)
—24.5 kecal mol™', much higher than the value (—78.2 kcal
mol™") at the 3-position (carbonyl site). Along this line,
compound 4 was first synthesized via C—Br/C—H direct
arylation coupling in a moderate yield of 45%. Subsequent
dimerization and deprotection successfully afforded the
monomer 4FIID2Tz in a yield of 70%.

The Oxi-DArP of 2FIID2Tz and 4FIID2Tz was conducted
in chlorobenzene with PdCl,/CuCl/Cu(OAc), as catalytic
system.” Given that IID-based CPs often exhibit strong
aggregation in solution, a relatively low monomer concen-
tration of 0.02 mol L™" was adopted in order to obtain high
molecular weight products. First, the Oxi-DArP of 2FIID2Tz
was conducted in different polycondensation times. The
polymers with M,s of 47, 59, and 191 kDa (named
P2F12Tz-O1, P2F12Tz-02, and P2FI2Tz-O3), respectively,
were obtained in 9, 12, and 16 h (Table 1). Further enhancing
the molecular weight of the polymer by extending polymer-
ization time is difficult due to the decreased solubility along

Table 1. Polycondensation Results and Photophysical and Electrochemical Properties of the Resulting Polymers

polymer method” t (h) yield (%)” M, (kDa)/D¢
P2F12Tz-O1 Oxi-DArP 9 82 47/2.0
P2F12Tz-02 Oxi-DArP 12 87 59/2.4
P2FI2Tz-03 Oxi-DArP 16 88 191/3.2
P2F12Tz-D DArP 24 93 45/1.7
P2FI2Tz-S Stille 24 92 47/2.0
P4FI12Tz Oxi-DArP 18 80 87/1.8

Amax (NM)
solution film E, (eV) Eromo (eV)? Eyono (V)7
662 671 1.69 —3.69 —6.01
662 671 1.70 —3.68 —6.03
660 664 1.70 —3.68 —6.05
662 669 1.70 -3.70 —6.02
662 670 1.69 —3.68 —6.04
634 673 1.65 -3.82 —6.24

“The monomer concentration is 0.02 mol L™ for all polymerizations. “Yields after Soxhlet extraction. “Number-average molecular weight (M,,) and
polydispersity index (D) measured by high-temperature (150 °C) gel permeation chromatography (GPC) with 1,2,4-trichlorobenzene as eluent
and polystyrene as standard. “E; 0 and Eyono were calculated according to Eyyyo = —(4.40 + E,,) eV and Eyoumo = —(4.40 + E,) eV, in which
E,. and E,, represent reduction and oxidation onset potentials of the polymers versus SCE, respectively. Oxi-DArP: oxidative direct arylation
polycondensation. DArP: direct arylation polycondensation. Stille: Stille polycondensation.

4160

https://doi.org/10.1021/acs.macromol.4c00399
Macromolecules 2024, 57, 4158—4166


https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c00399/suppl_file/ma4c00399_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c00399/suppl_file/ma4c00399_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c00399/suppl_file/ma4c00399_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c00399?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c00399?fig=sch1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c00399?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

(3)1 0 solution (b)1 0
g - [\ — PFRTZO1| @
c —— P2FI2TzD c
So0s8 — poFi2Tzs | 8 0.8
5 P4FI2Tz 5
(7] [72]
206 206
el el
[0) [0)
% 0.4 % 0.4
£ £
S 0.2 S 0.2
pd pd

0. 0.

—
)

~—
[

film
—— P2FI2Tz-O1
—— P2FI2T2D -369 -3.68 -3.70 5g,
— PFR2Tz8 | S 4l
P4FI2Tz C)
T of 14 |2
S - I < I S
5t ol o o =
I
{en
L
6}
-6.01 -6.04 -6.02
-6.24

00 400 500 600 700 800 900 1000
Wavelength (nm)

00 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 2. (a) Solution and (b) film UV—vis—NIR absorption spectra and (c) FMO energy levels diagram of the polymers. Solution absorption
spectra were measured in chlorobenzene with a repeating unit concentration of 10~ mol L™'; films were prepared by spin-casting chlorobenzene

solutions on quartz substrates.

with an enhancement of molecular weight, and the reaction
system reached complete gelation in 16 h. Under the same
Oxi-DArP condition, P4FI2Tz with an M, of 87 kDa could be
acquired in 18 h. These results demonstrate the great efficiency
of Oxi-DArP in the synthesis of high molecular weight IID-
based CPs. Note that P4FI2Tz is difficult to synthesize via
other protocols such as DArP and Stille polycondensation,
owing to the difficult synthesis of 4FIID C—Br monomers.

C—H bonds at the 5,5'-positions of 2,2'-bithiazole exhibit
moderate direct arylation reactivity, and S5,5'-bis-
(trimethylstannyl)-2,2"-bithiazole is accessible.””** Then, for
comparison, P2FI2Tz was also synthesized via DArP and Stille
polycondensation as shown in Scheme 1. The resultant
polymers are denoted as P2FI2Tz-D and P2FI2Tz-S,
respectively. For fair comparison, the same monomer
concentration (0.02 mol L™') was adopted. For both DArP
and Stille polycondensation, a longer polymerization time was
required to obtain high molecular weight products, while
compared to Oxi-DArP, P2FI2Tz samples with M;s below 40
kDa were obtained for both Stille polycondensation and DArP
in 9 h (Table S1). By extending the polymerization time to 24
h, P2FI2Tz-D and P2FI2Tz-S with M;s of 45 and 47 kDa,
respectively, comparable to that of P2FI2Tz-O1, were obtained
(Table 1). This polymerization time is much longer than 9 h
used in Oxi-DArP to attain P2FI2Tz with comparable
molecular weight. The above results further demonstrate the
advantages of Oxi-DArP among different protocols in
synthesizing CPs with the same repeating unit in terms of
efficiency.

Other than chemical structures, the properties of CPs also
correlate with their molecular weights. The successful synthesis
of the same polymer with comparable molecular weight via
three different methods allows for a fair comparison of the
properties of the CPs from Oxi-DArP, DArP, and Stille
polycondensation for the first time. Thus, following properties
investigation will mainly focus on four CPs, i.e., P2FI2Tz-O1,
P2F12Tz-D, P2FI2Tz-S, and P4FI2Txz.

Thermal, Photophysical, and Electrochemical Proper-
ties of the Polymers. Thermal properties of the polymers
were studied by thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). All four polymers
P2F12Tz-O1, P2FI2Tz-D, P2FI2Tz-S, and P4FI2Tz are
thermally stable with 5 wt % decomposition temperatures
(T,) above 390 °C, as shown in Figure S2a. Only one thermal
transition around 0 °C attributed to alkyl melting can be
observed in DSC curves of the four polymers (Figure S2b), like
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previously reported IID-based CPs with the same alkyl side
chains.”>**

Solution and film UV—vis—NIR absorption spectra are
presented in Figure 2a and b, respectively, and the
corresponding data are summarized in Table 1. As shown in
Figure 2a, P2F12Tz-O1, P2FI2Tz-D, and P2FI2Tz-S share
overlapped solution absorption spectra, with an absorption
maximum (4,,,,) at 662 nm. Their film absorption spectra are
also identical with the slightly red-shifted A,,s of ~670 nm
and optical bandgaps (Egs) of ~1.70 eV. These indicate that
the polymers synthesized via three methods (i.e, Oxi-DArP,
DArP, and Stille polycondensation) exhibit similar photo-
physical properties. P2F12Tz-O1, P2FI2Tz-O2, and P2FI2Tz-
O3, which have different molecular weights, also show similar
absorption spectra (Figure S3), indicating that the effective
conjugated length is already reached at the M, of ca. 47 kDa
for P2F12Tz. P4F12Tz shows broad and featureless absorption
spectra in both the solution and film state with a film E, of 1.65
eV. Like other IID-based CPs reported in the literature,”*>***
there exists preaggregation in solution, which is supported by
the temperature-dependent absorption spectra (Figure S4).

The E;ypos and Eyoyes of the polymers were estimated
from the redox onset potentials in cyclic voltammograms (CV,
Figure SS). As shown in Figure 2c and Table 1, the E; yyo/
Enomo values are —3.69/—6.01 eV for P2F12Tz-O1, —3.68/—
6.03 eV for P2FI2Tz-02, —3.68/—6.05 eV for P2F12Tz-O3,
—3.70/—6.02 eV for P2FI2Tz-D, and —3.68/—6.04 eV for
P2FI2Tz-S. The FMO energy levels of P2FI2Tz samples
obtained from three polycondensation methods are almost
identical, and no obvious variation was observed for Oxi-
DArP-made P2FI2Tz with different M,,. As expected, both the
Eiumo and Epomo of P4FI2Tz (—3.82/—6.24 eV) are
obviously lower than those of P2FI2Tz due to more
electron-withdrawing F atoms in the backbone of P4FI2Tz.
The decrease trend of the HOMO/LUMO with the
introduction of more F atoms in the conjugated backbone is
in accordance with DFT calculations (Figure 1). It is worth
noting that both P2FI2Tz and P4FI2Tz exhibit Eyopo values
< —6.0 eV, which is beneficial for suppressing the hole
injection, thus enabling unipolar n-type transport in OTFTs.””

Semiconducting Properties of the Polymers. Top-gate
and bottom-contact (TGBC) OTFTs were fabricated to
evaluate the charge transport properties of the polymers. The
precleaned highly n-doped Si/SiO, wafer was used as the
substrate, and Au was used as the source and drain electrodes.
No substrate or electrode modification was adopted. The
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semiconductor layer was deposited using spin coating followed
by thermal annealing at 150 °C for 10 min. The measurements
of the electrical characteristics of the devices were conducted
in ambient conditions, and the related data are summarized in
Table 2. The p, values were extracted from the saturation

Table 2. OTFT Performances of P2FI2Tz and P4FI12Tz

polymer Hemax (Heave) (cm™ V7Hs™)® Yy (V) In/Log
P2F12Tz-01 0.27 (0.24 + 0.03) 20-25 10*-10°
P2FI2Tz-D 0.23 (0.22 + 0.02) 30—34 10*-10°
P2FI2Tz-S 0.24 (0.22 + 0.02) 34-35 10*-10°
P4FI2Tz 0.22 (0.19 + 0.01) 10-12 105-10°

“Maximum electron mobility extracted from the saturation regime
with the average value from at least 6 devices given in parentheses.

regime. All polymers exhibited unipolar n-type transport
properties. Figure 3 shows the typical transfer and output
characteristics of OTFTSs based on P2F12Tz-O1, P2F12Tz-D,
P2FI2Tz-S, and P4FI2Tz. Obvious linear and saturation
regimes can be observed in output curves, and (Ips)"/* linearly
correlates with gate voltage (Vg), as shown in transfer curves.
The OTFTs based on P2F12Tz-O1, P2FI2Tz-D, and P2FI2Tz-
S showed a maximum g, (4o pmy) of 0.27, 0.23, and 0.24 cm?
V™! 57!, respectively, with an on/off current ratio (I,,/I.¢) of
10*—10° The OTFT performance of P2FI2Tz-O2 was similar
to that of P2FI2Tz-O1, showing a i, of 0.28 cm® V7' 57",
However, the i, ., of P2FI2Tz-O3 dropped drastically to 0.09
ecm® V7' 7' (Figure S6 and Table S2). We ascribe the
remarkably lower p, of P2FI2Tz-O3 to its very high molecular
weight (M,: 191 kDa), which might cause a disordered
molecular packing in the film state.””’> The obvious
reduction of charge transport properties as molecular weight
increases was also observed before for other high-mobility
CPs.”%”" OTFTs based on P4FI2Tz demonstrated virtually

ideal transfer and output characteristics with no obvious
hysteresis, showing a slightly lower i, of 022 ecm®> V™' s™".
Noteworthily, the devices showed a much lower threshold
voltage (Vy,) of 10 to 12 V and higher I,,/I.& of 10°—10°,
compared to the devices based on P2FI2Tz. These results are
possibly attributed to the low enough E; yyo/Enomo (—3-82/
—6.24 V) of P4FI2Tz, which can significantly suppress hole
injection and encourage electron injection from the gold
source to the semiconducting layer.

Film Morphology and Microstructures. The film
morphology and microstructures were characterized by
tapping-mode atomic force microscopy (AFM) and grazing
incidence X-ray diffraction (XRD). As shown in Figure 4a, the
films of P2FI2Tz-O1, P2FI2Tz-D, P2FI2Tz-S, and P4FI2Tz,
featuring similar granular morphology, were all continuous and
uniform with the root-mean-square surface roughness (RMS)
of 1.2—1.5 nm. Figure 4b displays film XRD profiles of
P2F12Tz-O1, P2F12Tz-D, P2FI2Tz-S, and P4F12Tz. All four
polymers showed similar XRD patterns. Sharp (h00)
diffraction peaks up to fourth order along with a broad
(010) diffraction peak were observed in the out-of-plane
pattern, while only a weak (100) peak was visible in the in-
plane direction. This means that the conjugated backbones of
the four CPs adopted an edge-on/face-on bimodal packing.
The lamellar d-spacings and 7—n stacking distances derived
from (100) and (010) peaks (~29 A and 3.46—3.48 A,
respectively) and corresponding lamellar stacking coherence
lengths (Table S3) were also similar. All these results are
consistent with the close OTFT performance of the four
polymers.

Film AFM images and XRD profiles of P2FI2Tz-O2 and
P2FI2Tz-O3 were also recorded. As shown in Figure S7, the
film AFM images and XRD profiles of P2FI2Tz-O2 were
identical to those of P2FI2Tz-O1, consistent with their similar
OTFT performance. In contrast, the P2FI2Tz-O3 film
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Figure 3. Typical (a—d) transfer and (e—h) output characteristics of TGBC OTFTs based on (a, e) P2FI2Tz-Ol, (b, f) P2FI2Tz-D, (c, g)

P2FI2Tz-S, and (d, h) P4FI2Tz.
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Figure 4. AFM height images (a, 2 ygm X 2 ym) and out-of-plane (b) and in-plane (c) XRD profiles of the spin-cast polymer films. All films were
prepared in the same way as those for the fabrication of OTFT devices.

exhibited much weaker diffraction peaks in XRD patterns along
with smaller domain sizes in AFM images. These features are
inferior to charge transport and match well with the
remarkably lower mobility of P2FI2Tz-O3. Low packing
order of P2FI2Tz-O3 can be ascribed to the poor self-
assembly originated from its very high molecular weight.”"~"

Bl CONCLUSIONS

In summary, we designed and synthesized two thiazole-flanked
multifluorinated IID derivatives, 2FIID2Tz and 4FIID2Tz, and
their corresponding CPs, P2FI2Tz and P4FI2Tz, were
synthesized via Oxi-DArP. Both polymers are unipolar n-type
CPs with y, above 0.2 cm® V! 57, attributed to their low
HOMO and LUMO levels. Compared with P2F12Tz, P4FI2Tz
has decreased HOMO/LUMO levels due to more electron-
withdrawing F atoms in its backbone. Thereby, the devices
based on P4FI2Tz exhibited much lower Vy, and higher I,/I ¢
Compared with DArP and Stille polycondensation, which were
also used for the synthesis of P2FI2Tz, Oxi-DArP is more
efficient, and the polymer with M, above 40 kDa could be
synthesized with a polymerization time as short as 9 h. In
addition, Oxi-DArP-made P2FI2Tz showed slightly better
OTFT performance, and P4FI2Tz could only be made via Oxi-
DArP, not through the other two protocols. This study
provides a design strategy of C—H monomers to make high-
mobility n-type CPs via Oxi-DArP and demonstrates that Oxi-
DArP is a concise and effective pathway to CPs for electronic
applications.
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