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Abstract: Linear conjugated polymers have attracted significant attention in organic electronics in recent decades.
However, despite intrachain n-delocalization, interchain hopping is their transport bottleneck. In contrast, two-
dimensional (2D) conjugated polymers, as represented by 2D n-conjugated covalent organic frameworks (2D ¢-COFs),
can provide multiple conjugated strands to enhance the delocalization of charge carriers in space. Herein, we
demonstrate the first example of thiophene-based 2D poly(arylene vinylene)s (PAVs, 2DPAV-BDT-BT and 2DPAYV-
BDT-BP, BDT =benzodithiophene, BT =bithiophene, BP =biphenyl) via Knoevenagel polycondensation. Compared
with 2DPAV-BDT-BP, the fully thiophene-based 2DPAV-BDT-BT exhibits enhanced planarity and n-delocalization
with a small band gap (1.62 eV) and large electronic band dispersion, as revealed by the optical absorption and density
functional calculations. Remarkably, temperature-dependent terahertz spectroscopy discloses a unique band-like
transport and outstanding room-temperature charge mobility for 2DPAV-BDT-BT (65 cm* V~'s™), which far exceeds
that of the linear PAVs, 2DPAV-BDT-BP, and the reported 2D ¢-COFs in the powder form. This work highlights the
\great potential of thiophene-based 2D PAVs as candidates for high-performance opto-electronics. )

~

Introduction

Linear n-conjugated polymers are excellent semiconductor
materials due to their structural versatility and tunable
energy levels, coupled with tailorable electronic and optical
properties.!! In particular, polythiophene and its derivatives
(Scheme 1a) have attracted considerable attention in organic
field-effect transistors and organic photovoltaics® due to
their easy synthesis and the following merits for enhanced
charge transport: (1) the high polarizability of sulfur
electrons in the thiophene rings enables a variety of intra-
and inter-molecular interactions® e.g., sulfur-sulfur interac-

tions, m-m stacking, etc. and stabilizes the conjugated
polymer chain; (2) the structural versatility of thiophene
motifs confers tunable photo-/electroactivity and band gap;
(3) the planar thiophene-based polymer backbone strength-
ens parallel p-orbital interactions and thus n-conjugation.
Nevertheless, the charge transport performances achieved
so far in linear conjugated polymers are still inadequate for
high-performance organic electronics: the charge carriers
are delocalized only along the linear backbone, and the
hopping between adjacent polymer chains limits the delocal-
ization of charge carriers in space.”
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(a) Representative thiophene-based linear conjugated polymers
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Scheme 1. Thiophene-based conjugated polymers. (a) Representative thiophene-based linear conjugated polymers. (b) Schematic synthesis of
2DPAV-BDT-BT, 2DPAV-BDT-BP, 1DPAV-BDT-BT-x and 1DPAV-BDT-BT-y. Reaction condition i: NH,OAc, dioxane, 120°C, 3 days.

The extension of n-conjugation in conjugated polymers
from one-dimensional (1D) to two-dimensional (2D) can, in
principle, provide multiple strands for charge transport,
which may significantly improve the transport
efficiency.*** 2D conjugated polymers, as represented by
2D n-conjugated covalent organic frameworks” (2D c-
COFs), consist of multiple polymer strands linked by
conjugated linkages (e.g., imine,! pyrazine,” vinylene,'”
etc.) and exhibit extended in-plane n-conjugation. In partic-
ular, crystalline 2D poly(arylene vinylene)s (2D PAVs, e.g.,
2D poly(phenylene vinylene)s, also referred to as vinylene-
or sp>carbon-linked 2D ¢-COFs), developed by
Knoevenagel,'"'  Aldol-type,'  Horner-Wadsworth-
Emmons™ or Wittig!"!! polycondensation, demonstrate -
conjugation/delocalization far beyond that of imine- or
pyrazine-linked 2D polymer networks. Consequently, 2D
PAVs are emerging semiconductor candidates for opto-
electronics with reported mobility values as high as
~20 cm? V7's7'[®l Moreover, engineering the polymer
framework with planar and n-extended molecular units such
as phthalocyanine,’')  porphyrin!'” and thiophene
derivatives™ enhances the m-conjugation and m—m interac-
tions thus facilitating the charge transfer. Nevertheless, the
reported 2D poly(phenylene vinylene)s are yet limited by
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inefficient 2D conjugation, as revealed by the weak in-plane
dispersion in the energy band diagram.'!¥l We consider that
the incorporation of highly planar, polarizable, and electron-
rich thiophene units!™®!! into the 2D PAV backbones would
further enhance the charge carrier mobility®! and poten-
tially lead to unique electronic structures (e.g., Dirac
cones,! anisotropic charge transport,”? etc.), which are
largely unexplored.

Herein, we demonstrate the first example of thienyl-
benzodithiophene (abbreviated as thienyl-BDT)-based 2D
PAVs (termed as 2DPAV-BDT-X, with X=BT or BP
bridged by bithiophene or biphenyl unit, respectively,
displayed in Scheme 1b), showing the unique band-like
transport and excellent charge mobility. Rhombic-shaped
2DPAV-BDT-Xs were synthesized via an ammonium
acetate (NH,OAc)-catalyzed Knoevenagel 2D polyconden-
sation of 4,8-bis(5-formyl-4-hexylthiophen-2-yl)benzo[1,2-
b:4,5-b']dithiophene-2,6-dicarbaldehyde (1) and (2,2'-([2,2"-
bithiophene]-5,5"-diyl) diacetonitrile (2) or 2,2’-(biphenyl-
4,4'-diyl) diacetonitrile (3) as polycrystalline powder sam-
ples. In addition, two thienyl-BDT-based 1D PAVs
(1IDPAV-BDT-BT-x and 1DPAV-BDT-BT-y) were also
synthesized. Compared with 2DPAV-BDT-BP, the fully
thiophene-based 2DPAV-BDT-BT exhibits enhanced pla-
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narity and n-delocalization with reduced band gap (1.62 vs.
1.90eV) and large electronic band dispersion (and thus
small charge effective mass, 0.1 vs. 0.24 m,), as revealed by
the optical absorption and density functional theory (DFT)
calculations. Remarkably, ultrafast terahertz (THz) spectro-
scopy reveals an outstanding charge carrier mobility of
~65cm’* V''s™! for 2DPAV-BDT-BT, which is superior to
2DPAV-BDT-BP, 1IDPAV-BDT-BT-x and 1DPAV-BDT-
BT-y as well as the previously reported 2D ¢-COFs in the
powder form. Furthermore, temperature-dependent meas-
urements show that the photoconductivity and the inferred
charge scattering time increase with decreasing temperature
in 2DPAV-BDT-BT, suggesting an intrinsic band-like trans-
port behavior.

Results and Discussion

Thienyl-BDT was chosen as the building monomer because
of its large m-conjugated system” and C, symmetry toward
thiophene-based 2D conjugated polymer networks. To
examine the reactivity of thienyl-BDT in Knoevenagel
polycondensation, we synthesized 1IDPAV-BDT-BT-x and
1DPAV-BDT-BT-y from 5,5'-(benzo[1,2-b:4,5-
b’]dithiophene-4,8-diyl)bis(3-hexylthiophene-2-carbalde-
hyde) (4) or 4,8-bis(4-hexylthiophen-2-yl)benzo[1,2-b:4,5-
b’]dithiophene-2,6-dicarbaldehyde (5) and 2 with NH,OAc
as the catalyst and dioxane as the solvent in a sealed glass
ampoule at 120°C for 3 days in a high yield of 98 % and
93 %, respectively. The successful synthesis of 1D PAVs was
confirmed by solid-state *C cross-polarization magic-angle
spinning (CP-MAS) nuclear magnetic resonance (NMR)
spectroscopy (Figures S1 and S2), mass spectrometry (with
detectable molecular weight up to 10* g mol™' and interval
of 787 g mol™" for the repeating unit of C,HzN,S,, Fig-
ure S3), and Fourier-transform infrared (FT-IR) spectro-
scopy (Figure S4). Under the same conditions, 2DPAV-
BDT-Xs were synthesized from 1 and 2 or 3 by Knoevenagel
2D polycondensation with isolated yields of 95 % and 98 %,
respectively (Scheme 1b and Table S1).

Powder X-ray diffraction (PXRD) analysis demonstrates
the crystalline nature of both 2D PAVs. As shown in
Figure 1a, 2DPAV-BDT-BT displays intense signals at
5.01°, 8.90°, 10.16°, 25.41° (black line), suggesting long-range
order in the 2D plane. We then performed a multi-level
computational chemistry workflow and thoroughly screened
~30,000 potential structural models via force field, density-
functional based tight binding, and DFT methods in
sequence (Figures S5-7) to explore the stacked structure of
the as-synthesized 2DPAV-BDT-BT. We found that one
structural model matches very well with the experimental
PXRD signals, which are assigned to (010), (110), (200),
(001) reflections, respectively (Figure 1a, dark cyan line at
the bottom). Pawley refinement was further conducted,
providing R, and R, values as low as 1.86 % and 1.31 %,
respectively, with unit parameters of a=22.78 A, b=20.49 A
and ¢=3.99 A (and a=70.67°, f=81.21°, and y=119.53°).
Similarly, 2DPAV-BDT-BP displays PXRD signals corre-
sponding to (010) and (001) crystallographic planes (Fig-
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Figure 1. Crystal structure of 2DPAV-BDT-Xs. (a) Experimental (black or
blue line), Pawley refined (light grey dotted lines) and calculated PXRD
(dark cyan lines) patterns as well as the refinement differences (brown
lines) for 2DPAV-BDT-BT and 2DPAV-BDT-BP. (b, c) Top and side view
of structural models of 2DPAV-BDT-BT and 2DPAV-BDT-BP, respec-
tively. Alkyl chains were not depicted to clarify the topologies.

ure 1a blue line). Its unit parameters are a=2439 A, b=
2173 A, and ¢=3.90 A (and a=70.67°, f=81.21°, and y=
119.53°). As shown in Figure 1b, ¢ and Figure S8, 2DPAV-
BDT-BT maintains the preferred planarity (i.e., with
strengthened m-conjugation), while 2DPAV-BDT-BP
presents considerable twist, which causes reduced crystal-
linity in the latter.

The formation of the vinylene linkage in 2DPAV-BDT-
BT ("C=!C-°CN, b, f and e label the C atoms, Figure 2a,
Figures S9 and S10) is identified by the solid-state *C CP-
MAS NMR spectrum displaying *C signals at 138, 103 and
118 ppm (°C, 'C, °C, respectively) and other signals related
to the thienyl-BDT and bithiophene moieties. No detectable
aldehyde C peak can be found at over 170 ppm, indicating
the successful polycondensation of monomers. FT-IR spec-
tra indicate a shift of C=N stretching vibrations in
monomer 2 from ~2245 to ~2200 cm ™' in 2DPAV-BDT-BT
(Figure S11), which can be attributed to the extended
conjugation in the latter. The peak at 1672 cm™ belongs to
the unreacted aldehydes at the edges.

The morphology was inspected by scanning electron
microscopy (SEM), revealing aggregated flaky polycrystals
in 2DPAV-BDT-BT (Figure S12). High-resolution trans-
mission electron microscopy (TEM) image manifests its
periodic structure with a unit distance of ~1.5nm at the
nanoscale domain of 20x20 nm (Figure 2b), which agrees
well with the shortest distance of parallel polymer strands
(see details in Figure 1b and Figure S13). Similar to
2DPAV-BDT-BT, the formation of 2DPAV-BDT-BP is
confirmed by solid-state *C CP-MAS NMR presented in
Figure 2c and Figure S9 as well as other characterizations
such as FT-IR, SEM, TEM, etc. in Figures S11, S14-S19.
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Figure 2. Component analysis and optical property of 2DPAV-BDT-Xs.
(a, c) Solid-state '>°C CP-MAS NMR spectra of 2DPVA-BDT-BT and
2DPVA-BDT-BP, respectively. (b) High-resolution TEM image of
2DPAV-BDT-BT. The inset is the enlarged image. (d) UV/Visible-near IR
absorption and Tauc plot of 2DPVA-BDT-BT and 2DPVA-BDT-BP.

To investigate the optical properties of the 2DPAV-
BDT-Xs, we measured the absorbance of their dispersions
in dimethylformamide in the UV/Visible and near-IR
regions. 2DPAV-BDT-BT clearly presents a narrower band
gap, with the absorption onset starting from around 800 nm
(Figure 2d). The optical band gap extracted from the Tauc
plot is 1.62eV, which is much smaller than those of
2DPAV-BDT-BP (1.90eV) and the reported 2D
poly(phenylene vinylene)s (>2.0eV).l'”! This observation
can be mainly attributed to the extended n-conjugation in
2DPAV-BDT-BT.

The electronic band structures of the monolayer and
layer-stacked 2DPAV-BDT-Xs are calculated at the level of
DFT (see Section5 in the Supporting Information). As
shown in Figure 3a, the 2DPAV-BDT-BT monolayer is a
semiconductor and exhibits significant dispersion in both the
valance band (VB) and conduction band (CB), indicating
the strong n-delocalization within the thienyl-BDT-based
2D backbone.”*! Meanwhile, the layer-stacked 2DPAV-
BDT-BT retains dispersive VB and CB, and presents a
diminished band gap due to the n-n stacking (Figure 3b).
The strongly dispersive electronic bands correspond to the
low effective masses of only 0.12 and 0.19 m, for electrons
and holes along a direction, respectively (Table S2). Nota-
bly, the out-of-plane effective mass values far exceed the in-
plane ones (Table S2), indicating a favorable transport in
the 2D plane. The electron-hole reduced effective mass (
m™) is calculated to be ca. 0.1 m, in the layer-stacked
2DPAV-BDT-BT (see details in Table S2) following:

m*:mZ‘—i_W' @)
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Figure 3. Electronic band structures and partial charge densities of
2DPAV-BDT-BT. (a, b) Electronic band structures (left panel) and
projected density of states (PDOS) (right panel) of monolayer and
multilayer, respectively. (c) The partial charge densities at VBM and
CBM of the multilayer system. The isosurface value is 0.0015 e/Bohr®.

For comparison, we calculated the intrachain m™ of
1DPAV-BDT-BT-x and 1IDPAV-BDT-BT-y, which are also
ca. 0.1 m, (structural models are presented in Figures S20
and S21). These low values indicate high mobility, but
reflect the behavior of the ideal crystal without defects,
domain walls, other scattering, or external factors. These
factors likely affect the 1D conjugated polymers because a
defect can only be circumvented by interchain hopping,
whereas the 2D n-conjugated network is more robust.

We note that the dispersions of VB and CB diverge
along I'X and T'Y directions, indicative of an unprecedented
in-plane anisotropic charge transport that has not yet been
identified in the reported 2D ¢-COFs and conjugated 2D
metal-organic frameworks.[09*1014152021231 ' The  delocalized
electron density distribution at the VB maximum and CB
minimum (VBM and CBM) fostering anisotropic transport
is depicted in Figure 3c. Although 2DPAV-BDT-BP pos-
sesses the same in-plane anisotropy (Figure S22-S23), in line
with our expectation, the degree of conjugation is substan-
tially reduced by the twisted biphenyl units, which results in
a larger band gap and relatively weaker band dispersions,
which is also reflected by the larger m™* of 024 m,
(Table S2). It is noteworthy that both IDPAV-BDT-BT-x
and 1DPAV-BDT-BT-y present, instead, isotropic charge
transport (Figures S24 and S25), suggesting the crucial of
dimensionality extension in achieving unique -electronic
structures.

To elucidate the effect of extended n-conjugation and n-
delocalization pathways (2D vs. 1D) on the charge transport
properties, we performed contact-free, optical pump-THz
probe (OPTP) spectroscopy on the pelletized thienyl-BDT-
based PAVs (see experimental details in Supporting In-
formation). Freely propagating, single-cycle THz pulses
(with ~1 ps duration) provide a contact-free manner for
interrogating intrinsic charge transport in molecular materi-
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als. In this approach, an ultrafast and coherent oscillating
electric field drives a current, which in turn emits a terahertz
field. The interference between the incident and emitted
fields can be used to deduce the induced current and,
thereby, the material’s conductivity. To generate free charge
carriers, an ultrashort optical laser pulse (400 nm, ~100 fs
duration) is employed to excite interband transitions. The
time- and frequency-dependent relative change of the trans-
mitted THz field -4E/E through the photoexcited material is
proportional to its photoconductivity (c).?! By varying the
time delay between optical and THz pulses, we can measure
the photoconductivity dynamics of 2DPAV-BDT-BT and
2DPAV-BDT-BP, as shown in Figure 4a (the photoconduc-
tivity dynamics of 1IDPAV-BDT-BT-x and 1DPAV-BDT-
BT-y were presented in Figure S26). These experiments
were performed at the same absorbed fluences at room
temperature. Similar to the previous reports,”*! free carrier
response dominates within the first ~2 ps for all the samples,
followed by a fast decay due to the charge trapping or bound
electron-hole pair (i.e., exciton) formation.*!

The free carrier transport is further confirmed by
frequency-resolved complex photoconductivity spectrum in
Figure 4b measured at 0.5 ps after the peak of the photo-
conductivity dynamics in Figure 4a (see details of 2DPAYV-
BDT-BP, 1IDPAV-BDT-BT-x and 1DPAV-BDT-BT-y in
Figure S27, see additional discussion with Figure S28). Such
spectrum has been widely reported in organic polymers and

—_
D
2
n
—_
B
2
[
o

2DPAV-BDT-BT
20 2oPav-BoT-BP [ 20 o0
o815 X415 45
X x >
1.0 © ~
o 310 30 E
<05 w =
Yos 15
0.0 '
0.0
14 0 1 2 3 4 5 6
Pump probe delay (ps)
b d
(b) @ .
4{ 9 Real
° i &
E Imaginary . 60 3%
£ 2 X
5 5 o ° | z
"é :;-, 40 2 §-
X 6990, ©0%000. ) w
o, (9 o'o°o°° 20 1 E
4 0
0.5 1 1.5 2 50 100 150 200 250 300

Frequency (THz) Temperature (K)

Figure 4. Time- and frequency-resolved THz photoconductivity. (a)
Photoconductivity dynamics of 2DPAV-BDT-BT and 2DPAV-BDT-BP at
room temperature following excitations at 400 nm with a fluence of 255
) cm™2 (b) Frequency-resolved complex photoconductivity spectra of
2DPAV-BDT-BT. The solid and dashed lines are Drude-Smith fits. (c)
Comparison of the photoconductivity peak intensities in (a) and the
charge mobilities from Drude—Smith fits. The details of 1DPAV-BDT-
BT-x and 1DPAV-BDT-BT-y are shown in Table S3. (d) T-dependent
scattering times and photoconductivity peaks of 2DPAV-BDT-BT. The
error bars for scattering time originate from the uncertainty of Drude—
Smith fit. The error bars for the photoconductivity peak represent the
standard errors calculated from ~30 measurements. The dashed lines
are used to guide the eye.
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polycrystalline materials where long-range free charge trans-
port is limited microscopically by the conjugation irregu-
larities and structural confinement such as grain boundaries.
The conductivity spectra can be quantitatively described by
the modified Drude model, i.e., the Drude-Smith (DS)
model,”*"” which allows the extraction of the DS scattering
time 7 and confinement parameter c¢. We can further
estimate the charge mobility in the dc limit with the
knowledge of m™ following

ﬂz%(uc). )

Figure 4c compares the deduced charge mobilities from
DS fitting and OPTP peak intensities of two PAVs. Overall,
2DPAV-BDT-BT exhibits 2—4 times higher mobility than
2DPAV-BDT-BP. This result is in line with our expectation
and demonstrates that increasing the in-plane conjugation
(2DPAV-BDT-BT vs. 2DPAV-BDT-BP) and extending the
n-delocalization pathways (2DPAV-BDT-BT vs. 1DPAV-
BDT-BT-x/y) improves the charge transport properties in
conjugated polymers. Remarkably, 2DPAV-BDT-BT shows
the highest charge carrier mobility up to ~65cm?V!s™!,
which represents, to the best of our knowledge, a record
value among the thus-far developed 2D PAVs and ¢-COFs
in powder form (Table S3).

To gain further insights into the charge transport proper-
ties, we performed temperature (7)-dependent photocon-
ductivity studies on 2DPAV-BDT-BT in vacuum with T
ranging from 78 to 286 K (Figure S29). As summarized in
Figure 4d, the OPTP peak intensities and extracted 7 both
increase by lowering 7. This result is in line with the intrinsic
band-like transport behavior in which lowering T reduces
the electron-phonon scattering and thus enhances u.*"! Yet,
the relatively weak T-dependence observed here suggests
that defect or impurity scattering sets one of the main
constraints on the charge transport efficiency of 2DPAV-
BDT-BT."

Conclusion

In conclusion, we report the first crystalline fully thiophene-
based 2D PAVs by Knoevenagel polycondensation. Theo-
retical calculations and experimental results demonstrate
that a thiophene-based polymer backbone ensures sufficient
n-conjugation, and the extended mn-delocalization pathways
enhance the charge transport effect. Benefiting from the
planarity and extended m-conjugation, the achieved
2DPAV-BDT-BT exhibits a narrow optical band gap,
significant electronic band dispersion, and intrinsic band-like
transport behavior, showing charge carrier mobility of up to
~65cm® V~'s™!, which exceeds the reported 2D ¢-COFs in
the powder form. Further structural design to strengthen 2D
n-conjugation and the synthesis of highly crystalline and
oriented 2D PAYV films will be explored to develop 2D
PAVs-based organic electronic devices.
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