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and Hai I. Wang*

Cite This: J. Am. Chem. Soc. 2022, 144, 7489−7496 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Two-dimensional covalent organic frameworks (2D
COFs) represent a family of crystalline porous polymers with a long-
range order and well-defined open nanochannels that hold great promise
for electronics, catalysis, sensing, and energy storage. To date, the
development of highly conductive 2D COFs has remained challenging
due to the finite π-conjugation along the 2D lattice and charge
localization at grain boundaries. Furthermore, the charge transport
mechanism within the crystalline framework remains elusive. Here, time-
and frequency-resolved terahertz spectroscopy reveals intrinsically
Drude-type band transport of charge carriers in semiconducting 2D
COF thin films condensed by 1,3,5-tris(4-aminophenyl)benzene (TPB)
and 1,3,5-triformylbenzene (TFB). The TPB−TFB COF thin films demonstrate high photoconductivity with a long charge
scattering time exceeding 70 fs at room temperature which resembles crystalline inorganic materials. This corresponds to a record
charge carrier mobility of 165 ± 10 cm2 V−1 s−1, vastly outperforming that of the state-of-the-art conductive COFs. These results
reveal TPB−TFB COF thin films as promising candidates for organic electronics and catalysis and provide insights into the rational
design of highly crystalline porous materials for efficient and long-range charge transport.

■ INTRODUCTION

Conventional amorphous semiconducting polymers exhibit
localized charge transport properties with reported state-of-
the-art charge carrier mobility on the order of 1 cm2 V−1 s−1,
partially owing to local structural deformations originating
from the disordered nature of polymer blends.1 Therefore, it is
highly desirable to explore organic structures with a long-range
order, whose extended electronic states are delocalized to
facilitate band-like transport toward highly mobile organic
electronics. In this regard, recently developed crystalline
molecular semiconductors2−4 exhibit charge mobilities exceed-
ing 10 cm2 V−1 s−1.
Two-dimensional covalent organic frameworks (2D COFs)

with periodic nanochannels, abundant active sites, high
chemical and thermal stability, and tailorable topologies have
emerged recently as promising alternative electronic materials
for solid electrolytes5−10 and optoelectronics.11−16 As salient
characteristics, 2D COFs possess 2D polygon sheets along the
x−y plane mimicking the graphene lattice and layer-stacked
architectures along the z-direction resembling layered van der
Waals materials. Although their long-range-ordered frame-
works hold great promise for electronics,17−23 2D COFs with
high charge carrier mobility comparable to that of inorganic
semiconductors remain scarce, and the underlying charge
transport mechanism has remained largely elusive.

Since the advent of 2D COFs,20 many studies have been
committed to tuning their charge transport properties by
exploiting various subunits,22,24 linkages,25−27 and topolo-
gies.28 One representative study by Yaghi and co-workers29

demonstrated impressive charge mobilities of 8.0 and 3.1 cm2

V−1 s−1 in boronate ester and imine-linked porphyrin-based 2D
COFs by integrating flash photolysis time-resolved microwave
conductivity measurements (FP-TRMC) with time-of-flight
(TOF) transients at different bias voltages. Follow-up works
developed high-mobility 2D COFs by employing macro-
molecular building blocks,30 exploring π-conjugated link-
ages,26,31 regulating orientations,32,33 and doping.34,35 For
instance, Dalapati et al.28 integrated a hexabenzocoronene
(HBC) building block into the backbone of an imine-linked
triangular COF, achieving a charge mobility of 0.7 cm2 V−1 s−1.
Moreover, utilizing π-conjugated linkages, Guo et al.26

reported a charge mobility up to 4.2 cm2 V−1 s−1 in a
phenazine-linked 2D COF using FP-TRMC combined with

Received: March 3, 2022
Published: April 14, 2022

Articlepubs.acs.org/JACS

© 2022 The Authors. Published by
American Chemical Society

7489
https://doi.org/10.1021/jacs.2c02408

J. Am. Chem. Soc. 2022, 144, 7489−7496

D
ow

nl
oa

de
d 

vi
a 

M
PI

 P
O

L
Y

M
E

R
FO

R
SC

H
U

N
G

 o
n 

Ju
ne

 7
, 2

02
2 

at
 1

3:
30

:5
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuai+Fu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Enquan+Jin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hiroki+Hanayama"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenhao+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heng+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lucia+Di+Virgilio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+A.+Addicoat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+A.+Addicoat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Markus+Mezger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Akimitsu+Narita"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mischa+Bonn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Klaus+Mu%CC%88llen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hai+I.+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hai+I.+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.2c02408&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02408?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02408?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02408?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02408?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02408?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jacsat/144/16?ref=pdf
https://pubs.acs.org/toc/jacsat/144/16?ref=pdf
https://pubs.acs.org/toc/jacsat/144/16?ref=pdf
https://pubs.acs.org/toc/jacsat/144/16?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.2c02408?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


TOF transients at different bias voltages. Recently, Wang et
al.31 have disclosed a record device-relevant mobility of ∼5
cm2 V−1 s−1 in field-effect transistors based on π-conjugated
pyrazine-linked 2D COFs by the condensation of zinc-
phalocyanine and tert-butylpyrene-tetraone. The mobility was
further improved up to 22 cm2 V−1 s−1 by molecular iodine
doping.34 Despite the impressive progress in developing high-
mobility 2D COFs, the reported mobilities are far lower than
those of their metal-based 2D counterparts, that is, 2D metal−
organic frameworks (2D MOFs) with a record mobility over
200 cm2 V−1 s−1, as reported by Dong et al.36 Furthermore,
according to recent spectroscopic studies,31,34,37 photogen-
erated charge carriers in 2D COFs are subject to the strong

spatial confinement, likely originating from their small grain
sizes. This is in stark contrast to the fully delocalized, band-like
charge transport reported in the π−d conjugated porous
Fe3(THT)2(NH4)3 MOFs.36 Finally, photogenerated charge
carriers in all the 2D COFs reported till now31,34,37 exhibit
short lifetimes on the order of sub-10 ps, likely due to charge
trapping at defects. The charge localization and short carrier
lifetime impede 2D COFs toward advanced electronics and
optoelectronics, which calls for fundamental understanding of
their intrinsic charge transport and recombination mecha-
nisms.
Here, we report the first observation of band-like transport

in highly crystalline 2D TPB−TFB COF thin films. Terahertz

Figure 1. Synthesis and characterization of TPB−TFB COFs. (a) Schematic of the synthesis of TPB−TFB COF powder and thin films. (b) FTIR
spectra of TPB (black), TFB (blue), and TPB−TFB COF (red). (c) PXRD patterns of TPB−TFB COF powder: experimental pattern (red),
Pawley refined pattern (green), differences between the experimental and Pawley refined patterns (black), and the simulated pattern for the AA-
stacking mode (blue). (d) 2D X-ray scattering pattern of a 3 μm thick TPB−TFB COF thin film recorded at a grazing incident angle of 0.2°. (e)
TEM image of TPB−TFB COF showing hexagonal pore structures (scale bar: 2 nm). Reconstructed crystal structures of the (f) top and (g) side
views of TPB-TFB COFs. The 2D layers are stacked along the out-of-plane direction with an interlayer spacing of 3.6 Å. (h) Calculated electronic
structure of the AA-stacked TPB−TFB COF. The left and right panels display the calculated electronic band structure and the corresponding
projected density of state (PDOS), respectively. (i) The blue line represents the Tauc plot of TPB-TFB COF thin film, and the red line stands for
the Kubelka−Munk-transformed reflectance spectrum of the TPB−TFB COF powder.
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(THz) spectroscopy reveals the Drude response of photo-
generated charge carriers, typical of band transport, with a
charge scattering time of up to 70 fs. Our studies unveil an
intuitive but critical parameter to ensure long-range,
delocalized charge transport: crystallinity. Remarkably, our
results disclose an exceptionally high charge mobility of 165 ±
10 cm2 V−1 s−1 in highly crystalline TPB−TFB COF thin films
at room temperature, comparable to mobilities in inorganic
semiconductors. Along with the band-like transport nature, the
observed high mobility also originates from the largely reduced
scattering events as demonstrated by the long charge scattering
time of up to 70 fs. This value is superior to that of the
previously reported 2D COFs, whose scattering times range
from 30 to 50 fs (with non-Drude transport character-
istics).31,34,37−39 Temperature-dependent THz photoconduc-
tivity measurements confirm the band-like charge transport in
TPB−TFB COF thin films, by showing a negative temperature
dependence of the mobility. Furthermore, there remains
considerable room for further enhancing the mobility, as
impurity scattering plays a nontrivial role in limiting the charge
mobility. Our results are of importance for 2D COFs toward
electronics, as they not only unveil the intrinsic charge
transport mechanism in 2D COFs but also demonstrate the
possibility of producing 2D COFs with high mobilities and the

relevance of highly crystalline TPB−TFB COF thin films for
organic electronics.

■ RESULTS AND DISCUSSION

We synthesize imine-linked 2D hexagonal TPB−TFB COFs
via a facile and mild solvothermal polymerization approach40,41

driven by the condensation of C3-symmetric 1,3,5-tris(4-
aminophenyl)benzene (TPB) and C3-symmetric 1,3,5-trifor-
mylbenzene (TFB) monomers. As schematically depicted in
Figure 1a, the polymerization of TPB and TFB monomers is
performed in a mixture of dioxane (1.0 mL) and acetic acid
solution (HAc, 6 M, 0.1 mL) at 120 °C for 3 days. Fused silica
substrates are put inside the solution to allow the formation of
TPB−TFB COFs in two distinct forms: powder in the solution
and thin films on the fused silica substrates (see details in
SectionS1). The Fourier-transform infrared (FTIR) spectrum
(Figure 1b) supports the formation of TPB−TFB COFs by the
emergence of imine stretching vibration at 1630 cm−1. Powder
X-ray diffraction (PXRD) pattern of the TPB−TFB COF
powder (red line, Figure 1c) shows characteristic diffraction
peaks at 2θ = 5.6, 9.8, 11.3, and 25.2°, which are assigned to
the (100), (110), (200), and (001) facets, respectively. The
strong reflection at 2θ = 5.6° indicates a structural periodicity
of d = 2π/q ∼ 1.6 nm (see Figure 1a). Assuming a hexagonal

Figure 2. Ultrafast THz photoconductivity of TPB−TFB COF. (a) Schematic of the optical pump-THz probe spectroscopy. (b) Time-resolved
THz photoconductivity of TPB−TFB COFs in the forms of a thin film (sample A) and powder. The samples are photoexcited by a femtosecond
laser pulse (λ = 400 nm, absorbed pump fluence = 22 μJ/cm2), and their photoconductivity is probed by a single-cycle THz pulse with ∼1 THz
bandwidth under dry N2 flow. (c) Frequency-resolved complex THz photoconductivity of the TPB−TFB COF thin film at different pump−probe
delays following optical excitation. The blue and red dots represent the real and imaginary parts of the complex THz photoconductivity,
respectively. The blue and red solid lines correspond to the Drude model describing the real and imaginary components of the complex THz
photoconductivity, respectively. (d) Pump-induced changes in the transmitted THz electrical field (−ΔE/E, blue diamonds, left y-axis) and charge
carrier densities (N, red circles, right y-axis) obtained from the Drude fits at different pump−probe delays. (e) Charge scattering times (τ) obtained
from the Drude fits at different pump−probe delays. The black dashed line reflects the average of the four obtained charge scattering times (orange
squares) at different pump−probe delays.
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symmetry, this corresponds to a lattice constant of a = 2/3d ∼
1.8 nm. Indeed, the Pawley refined PXRD pattern (green line,
Figure 1c and TableS1) using the P1 space group and unit cell
parameters of a = 18.8 Å, b = 18.7 Å, c = 3.61 Å, α = β = 90°,
and γ = 120° (residuals Rwp = 4.89%, Rp = 3.69%) well
reproduces the experimentally observed PXRD profile, as
evidenced by their negligible difference (black line, Figure 1c).
The diffraction peak at 2θ = 25.2° originating from the (001)
facet suggests an ordered stacking along the out-of-plane
direction with an interlayer spacing of 3.6 Å. Employing the
density-functional tight-binding (DFTB+) method with the
mio-1-1 parameter set, we find that the experimental PXRD
profile matches well with the simulated AA-stacking mode
(blue line, Figure 1c and Table S2) rather than the simulated
AB-stacking one (FigureS1 and Table S3) in terms of the peak
positions and intensities. The 2D X-ray scattering pattern of
the thin film (Figure 1d) not only reproduces the pronounced
(100), (110), and (200) Bragg reflections of the powder but
also shows a weak signal around 2θ = 25.0° for the (101)
Bragg reflection that is characteristic of the AA-stacking mode.
Furthermore, the peak width for the (100) Bragg reflection of
the 3 μm thick film (Δq/q ∼ 0.12) is smaller than that of the
powder (Δq/q ∼ 0.14). A further significant decrease in the
innermost reflection peak widths is observed for a 200 nm
thick thin film (Figure S2). According to the Scherrer
equation, Δq/q is inversely proportional to the crystallite
size. These results, therefore, suggest that the crystallite size in
thin films is larger than that in the powder.
The formation of TPB−TFB COF is further confirmed by

high-resolution transmission electron microscopy (HR-TEM).
Figure 1e shows a TEM image of the periodic hexagonal
patterns for an exfoliated TPB−TFB COF thin film, where the
obtained contrast matches well with an image for the simulated
AA-stacking TPB−TFB COF42 (Figure S3a). Figure S3b
visualizes a stacked-layer structure with an interlayer distance
of 3.6 Å (Figure S3c), in good agreement with the PXRD data.
Moreover, TEM images with periodic patterns at different
intervals are obtained and reproduced well by the simulations
generated from the AA-stacking TPB−TFB COF (Figure
S3d−g). These results indicate a face-to-face arrangement of
the discrete 2D COF sheets, forming periodically ordered and
unidirectional hexagonal π-columns along the out-of-plane
direction (Figure 1f,g). Nitrogen sorption isotherm measure-
ments are taken at 77 K to evaluate the porosity of TPB−TFB
COF powders and reveal a Brunauer−Emmett−Teller specific
surface area of 1232 m2 g−1 (see Figure S4a). The average pore
size is calculated as 1.7 nm using the nonlocal density
functional theory (NLDFT) method (FigureS4b). Figure 1h
displays the calculated electronic structure of TPB−TFB COF
and the corresponding PDOS, demonstrating its semiconduct-
ing nature with an indirect band gap of ∼2.1 eV. Figure 1i
compares the Tauc plot of the TPB−TFB thin film and the
Kubelka−Munk-transformed reflectance spectrum of the
TPB−TFB powder. Despite their different morphologies,
both TPB−TFB thin film and powder exhibit an absorption
onset of ∼2.6 eV and a maximum absorption at ∼3.0 eV. The
hole mass (mh) and electron mass (me) inferred from the
energy band diagram are 2.04 m0 and 1.26 m0, respectively,
giving rise to a reduced electron−hole mass of m* = 0.78 m0
(with m0 representing the electron rest mass).
To elucidate the dynamics and transport properties of

photogenerated charge carriers in semiconducting TPB−TFB
COFs, we measure their time-resolved photoconductivity by

optical pump−THz probe (OPTP) spectroscopy (see details
in the Supporting Information). In a typical OPTP measure-
ment, as schematically shown in Figure 2a, we optically inject
charge carriers into TPB−TFB COFs by above band-gap
excitations using ultrafast femtosecond laser pulses with a
photon energy of 3.1 eV (λ = 400 nm). The pump-induced
conductivity, that is, photoconductivity (Δσ) of charge
carriers, is subsequently probed by a single-cycle, collinearly
propagating THz pulse (with a peak electric field strength of
E). The pump-induced, relative change in the transmitted THz
electric field, −ΔE/E, is linearly proportional to Δσ.43
Following optical excitations, photogenerated charge carriers
in the TPB−TFB COF thin film (red line, Figure 2b) exhibit
large photoconductivity with a lifetime on the order of 10 ps.
Note that Δσ is expressed as Δσ = n·e·μ, where n, e, and μ
represent the photogenerated charge carrier density, elemen-
tary charge, and charge mobility, respectively. Our observation
of large photoconductivity is remarkable, in particular taking
into account the nearly transparent nature of the thin film
(with an absorbance of ∼0.02 at hν = 3.1 eV) and thus a low
density of charge carriers n. This directly provides the first
indication of a large μ in the TPB−TFB COF thin film. As for
the charge carrier lifetime, further extending the pump−probe
delay window (see FigureS5) reveals that the photo-
conductivity decays in a biexponential fashion characterized
by fast and slow relaxation components with time constants of
t1 = 10 ± 1 ps and t2 = 131 ± 10 ps, respectively. The fast and
slow relaxation components can be tentatively assigned to
trapping and electron−hole recombination processes, respec-
tively. The weighted fast and slow relaxation components yield
an averaged charge carrier lifetime of t ∼ 40 ps, significantly
longer than that of the other COFs characterized by the same
technique,31,34,37−39 where the photoconductivity becomes
negligible within sub-10 ps. To explore the role of crystallinity
in determining the charge transport properties, we compare
thin-film photoconductivity with that of the TPB−TFB COF
powder (the sample morphology that has been extensively
used in previous photoconductivity measurements). Under the
same absorbed photon density, the TPB−TFB COF powder
(Figure 2b, blue line) shows no photoconductivity within the
noise level of the measurements, indicating that the charge
mobility of the TPB−TFB powder is orders of magnitude
lower than that of the film (by comparing the noise level of the
data to the peak photoconductivity of the film sample). The
dramatic photoconductivity difference between the thin film
and the powder points out the critical role of crystallinity in
determining the charge carrier lifetime and conductivity of 2D
COFs.
To further confirm the high mobility of photogenerated

charge carriers in TPB−TFB COF thin films and investigate
their transport mechanism, we performed frequency-resolved
complex photoconductivity [Δσ(ω)] measurements at varied
pump−probe delays (i.e., 1, 3, 5, and 10 ps) using THz time-
domain spectroscopy (THz-TDS, see details in the Supporting
Information). As shown in Figure 2c, in all the cases, Δσ(ω) is
in accordance with the spectral responses arising from
delocalized free charge carriers that are typically observed in
the crystalline inorganic materials44−47 and can be well
described by the Drude model, following eq 1

i
( )

1
p

2
0σ ω

ω τ
ωτ

=
ϵ

− (1)
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where ωp, ε0, ω, and τ represent the plasma frequency, vacuum
permittivity, angular frequency, and charge scattering time,
respectively. Furthermore, the charge carrier density can be
obtained from the inferred plasma frequency by eq 2

N
m

e
p

2
0

2

ω
=

*ϵ
(2)

where N and e stand for the charge carrier density and
elementary charge, respectively.
The Drude fits to Δσ(ω) at different pump−probe delays

depict the evolution of microscopic charge transport properties
(i.e., N and τ). As shown in Figure 2d, the inferred N follows
the same trend with −ΔE/E (and thus Δσ) during the
photoconductivity decay, indicating that the decrease in N is
responsible for the decay of Δσ, as consequences of the
trapping and electron−hole recombination processes. Fur-
thermore, the inferred τ is almost unchanged at the four
pump−probe delays, as displayed in Figure 2e, giving rise to an
averaged charge scattering time τ̅ = 72 fs (dashed line, Figure
2e). This suggests that τ is independent of N in the measured
charge carrier density range (∼3−5 × 1016 cm−3). Using τ̅= 72
fs and m* = 0.78 m0 obtained from the DFT calculation, we
infer the mobility of photogenerated charge carriers in TPB−
TFB COF thin films to be 165 ± 10 cm2 V−1 s−1, following μ =
eτ̅/m*. To the best of our knowledge, our results represent the
first observation of the Drude transport of charge carriers in
2D COFs. Furthermore, the estimated mobility constitutes a
record high in COFs and is almost one order of magnitude
higher than the other reported conduct ive 2D
COFs31,34,37−39,48 (see Table S5). Note that the obtained
mobility combines the contributions of in- and out-of-plane
conduction. Further efforts to control the layer orientation of
2D COFs, for example, by pre-organizing them on the water
surface by exploiting the π−π interaction and hydrophobicity
of monomers49 and choosing suitable substrates for COF
growth,41 are required to disentangle the in- and out-of-plane
conduction by THz spectroscopy. Such experiments are critical
for providing insights into the potential anisotropic charge
transport properties of 2D COFs. The intrinsically high charge
mobility and the Drude-type charge transport observed here
indicate that band transport prevails in the TPB−TFB COF
thin films. The relatively long charge carrier lifetime and
outstanding mobility facilitate the efficient and long-range
transport of charge carriers in TPB−TFB COF thin films and
lead to a diffusion length exceeding 100 nm (see details in
SectionS9). The superior charge transport properties of TPB−
TFB films over other molecular and polymeric materials (see
Table S6) make them promising candidates for organic
electrodes, electronics, and catalysis.
To provide further insights into the charge transport

mechanism in the TPB−TFB COF thin films, we perform
temperature-dependent frequency-resolved photoconductivity
measurements spanning from 278 to 78 K. As shown in Figure
3a, the frequency-resolved photoconductivity retains the key
signature of Drude-type transport at all the measured
temperatures. Figure 3b shows the charge scattering time
extracted from the Drude fits as a function of temperature (T).
The charge scattering time exhibits a weak temperature
dependence, increasing slightly with a decrease in T. Such
dependence is qualitatively in line with band transport, as
freezing out phonons at lower T reduces charge scattering.
Impurity scattering likely weakens the temperature dependence

of the mobility.36,50,51 The presence of defects is further
evidenced by a correlation between the charge scattering time
and charge carrier lifetime in our samples: compared to sample
A used for the OPTP studies (shown in Figure 2), we noticed
a reduced charge scattering time at room temperature (from 72
to 41 fs) in sample B used for the temperature-dependent
measurements. This is accompanied by a reduction in the
charge carrier lifetime (Figure S6). As such, despite being
already high, the estimated mobility represents the lower
bound that appears to be limited by defects and may be further
improved by, for example, passivating defects by doping and
screening of charged impurities through dielectric engineer-
ing.34,52 Furthermore, we expect that further enhancement of
the charge transport properties can be achieved by increasing
the conjugation within the layers and incorporating donor−
acceptor structures into the backbones to enable the synthesis
of 2D COFs promising for advanced optoelectronic
applications.

■ CONCLUSIONS

In summary, we report the first observation of Drude-type
band transport of photogenerated charge carriers in 2D COFs
and reveal the critical role of crystallinity in determining the
charge transport properties. The highly crystalline TPB−TFB
COF thin films exhibit a long scattering time beyond 70 fs at
room temperature, corresponding to a record mobility of 165
± 10 cm2 V−1 s−1 for 2D COFs. The outstanding mobility,
together with the much-enhanced charge carrier lifetime
compared to other 2D COFs (∼40 vs sub-10 ps), enables
relatively efficient and long-range charge transport that holds
great promise for organic optoelectronics, green catalysis, and
chemiresistive sensing. Our results not only provide insights
into the intrinsic charge transport mechanism in 2D COFs but
also demonstrate the possibility of producing high-mobility 2D
COFs through the rational design of their chemical structures
and fine control of their crystallinity.

Figure 3. Temperature dependence of THz photoconductivity and
scattering time of the TPB−TFB COF thin film. (a) Frequency-
resolved complex THz photoconductivity of the TPB−TFB COF thin
film (sample B) measured at 1 ps following optical excitation at
different temperatures. The blue and red solid lines correspond to the
Drude model describing the real and imaginary components of the
complex THz photoconductivity, respectively. (b) Charge scattering
times (τ) obtained from the Drude fits shown in (a). The red dashed
line represents a linear fit to guide the eyes.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c02408
J. Am. Chem. Soc. 2022, 144, 7489−7496

7493

https://pubs.acs.org/doi/suppl/10.1021/jacs.2c02408/suppl_file/ja2c02408_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c02408/suppl_file/ja2c02408_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02408?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02408?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02408?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02408?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c02408?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.2c02408.

Experimental details and characterizations of the TPB-
TFB COFs (PDF)

■ AUTHOR INFORMATION

Corresponding Authors
Mischa Bonn − Max Planck Institute for Polymer Research,
Mainz D-55128, Germany; orcid.org/0000-0001-6851-
8453; Email: bonn@mpip-mainz.mpg.de

Klaus Müllen − Max Planck Institute for Polymer Research,
Mainz D-55128, Germany; Institute of Physical Chemistry,
Johannes Gutenberg-University, Mainz 55128, Germany;
orcid.org/0000-0001-6630-8786; Email: muellen@

mpip-mainz.mpg.de
Hai I. Wang − Max Planck Institute for Polymer Research,
Mainz D-55128, Germany; orcid.org/0000-0003-0940-
3984; Email: wanghai@mpip-mainz.mpg.de

Authors
Shuai Fu − Max Planck Institute for Polymer Research, Mainz
D-55128, Germany; orcid.org/0000-0003-4038-2384

Enquan Jin − Max Planck Institute for Polymer Research,
Mainz D-55128, Germany; State Key Laboratory of
Inorganic Synthesis and Preparative Chemistry, College of
Chemistry and International Center of Future Science, Jilin
University, Changchun 130012, P.R. China; orcid.org/
0000-0002-6827-4804

Hiroki Hanayama − Organic and Carbon Nanomaterials
Unit, Okinawa Institute of Science and Technology Graduate
University, Okinawa 904-0495, Japan

Wenhao Zheng − Max Planck Institute for Polymer Research,
Mainz D-55128, Germany

Heng Zhang − Max Planck Institute for Polymer Research,
Mainz D-55128, Germany; orcid.org/0000-0002-5175-
7367

Lucia Di Virgilio − Max Planck Institute for Polymer
Research, Mainz D-55128, Germany

Matthew A. Addicoat − School of Science and Technology,
Nottingham Trent University, Nottingham NG11 8NS,
U.K.; orcid.org/0000-0002-5406-7927

Markus Mezger − Max Planck Institute for Polymer Research,
Mainz D-55128, Germany; orcid.org/0000-0001-9049-
6983

Akimitsu Narita − Max Planck Institute for Polymer Research,
Mainz D-55128, Germany; Organic and Carbon
Nanomaterials Unit, Okinawa Institute of Science and
Technology Graduate University, Okinawa 904-0495,
Japan; orcid.org/0000-0002-3625-522X

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.2c02408

Author Contributions
#S.F. and E.J. contributed equally to this work.

Funding
Open access funded by Max Planck Society.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was financially supported by Max Planck Society.
The authors thank Mathias Kläui, Aga Shahee, and Leo
Schnitzspan for helpful discussion and Stefan Geiter for X-ray
diffraction measurements. S.F. acknowledges the China
Scholarship Council for financial support. E.J. appreciates
support from the Alexander von Humboldt Foundation.
M.A.A. acknowledges HPC time on YOUNG via the Materials
Chemistry Consortium (EP/T022213). K.M. acknowledges a
fellowship from the Gutenberg Research College, Johannes
Gutenberg University Mainz. H.H. appreciates the support by
Grant-in-Aid for JSPS Fellows (JSPS KAKENHI JP21J01147).
H.H. and A.N. are grateful for the financial support by the
Okinawa Institute of Science and Technology Graduate
University (OIST) and the help and support provided by the
Scientific Imaging Section of Research Support Division at
OIST for the HR-TEM characterizations.

■ REFERENCES
(1) Schweicher, G.; Garbay, G.; Jouclas, R.; Vibert, F.; Devaux, F.;
Geerts, Y. H. Molecular Semiconductors for Logic Operations: Dead-
End or Bright Future? Adv. Mater. 2020, 32, 1905909.
(2) Tsutsui, Y.; Schweicher, G.; Chattopadhyay, B.; Sakurai, T.;
Arlin, J. B.; Ruzié, C.; Aliev, A.; Ciesielski, A.; Colella, S.; Kennedy, A.
R.; Lemaur, V.; Olivier, Y.; Hadji, R.; Sanguinet, L.; Castet, F.; Osella,
S.; Dudenko, D.; Beljonne, D.; Cornil, J.; Samorì, P.; Seki, S.; Geerts,
Y. H. Unraveling Unprecedented Charge Carrier Mobility through
Structure Property Relationship of Four Isomers of Didodecyl[1]-
Benzothieno[3,2-b][1]Benzothiophene. Adv. Mater. 2016, 28, 7106−
7114.
(3) Minemawari, H.; Yamada, T.; Matsui, H.; Tsutsumi, J. y.; Haas,
S.; Chiba, R.; Kumai, R.; Hasegawa, T. Inkjet Printing of Single-
Crystal Films. Nature 2011, 475, 364−367.
(4) Amin, A. Y.; Khassanov, A.; Reuter, K.; Meyer-Friedrichsen, T.;
Halik, M. Low-Voltage Organic Field Effect Transistors with a 2-
Tridecyl[1]Benzothieno[3,2-b][1]Benzothiophene Semiconductor
Layer. J. Am. Chem. Soc. 2012, 134, 16548−16550.
(5) Li, Z.; Liu, Z.-W.; Mu, Z.-J.; Cao, C.; Li, Z.; Wang, T.-X.; Li, Y.;
Ding, X.; Han, B.-H.; Feng, W. Cationic Covalent Organic
Framework Based All-Solid-State Electrolytes. Mater. Chem. Front.
2020, 4, 1164−1173.
(6) Li, X.; Hou, Q.; Huang, W.; Xu, H.-S.; Wang, X.; Yu, W.; Li, R.;
Zhang, K.; Wang, L.; Chen, Z.; Xie, K.; Loh, K. P. Solution-
Processable Covalent Organic Framework Electrolytes for All-Solid-
State Li−Organic Batteries. ACS Energy Lett. 2020, 5, 3498−3506.
(7) Chen, D.; Huang, S.; Zhong, L.; Wang, S.; Xiao, M.; Han, D.;
Meng, Y. In Situ Preparation of Thin and Rigid COF Film on Li
Anode as Artificial Solid Electrolyte Interphase Layer Resisting Li
Dendrite Puncture. Adv. Funct. Mater. 2020, 30, 1907717.
(8) Shinde, D. B.; Aiyappa, H. B.; Bhadra, M.; Biswal, B. P.; Wadge,
P.; Kandambeth, S.; Garai, B.; Kundu, T.; Kurungot, S.; Banerjee, R.
A Mechanochemically Synthesized Covalent Organic Framework as a
Proton-Conducting Solid Electrolyte. J. Mater. Chem. A 2016, 4,
2682−2690.
(9) Song, Y.; Sun, Q.; Aguila, B.; Ma, S. Opportunities of Covalent
Organic Frameworks for Advanced Applications. Adv. Sci. 2019, 6,
1801410.
(10) Guo, Z.; Zhang, Y.; Dong, Y.; Li, J.; Li, S.; Shao, P.; Feng, X.;
Wang, B. Fast Ion Transport Pathway Provided by Polyethylene
Glycol Confined in Covalent Organic Frameworks. J. Am. Chem. Soc.
2019, 141, 1923−1927.
(11) Liang, X.; Tian, Y.; Yuan, Y.; Kim, Y. Ionic Covalent Organic
Frameworks for Energy Devices. Adv. Mater. 2021, 33, 2105647.
(12) Ziogos, O. G.; Blanco, I.; Blumberger, J. Ultrathin Porphyrin
and Tetra-Indole Covalent Organic Frameworks for Organic
Electronics Applications. J. Chem. Phys. 2020, 153, 044702.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c02408
J. Am. Chem. Soc. 2022, 144, 7489−7496

7494

https://pubs.acs.org/doi/10.1021/jacs.2c02408?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c02408/suppl_file/ja2c02408_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mischa+Bonn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6851-8453
https://orcid.org/0000-0001-6851-8453
mailto:bonn@mpip-mainz.mpg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Klaus+Mu%CC%88llen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6630-8786
https://orcid.org/0000-0001-6630-8786
mailto:muellen@mpip-mainz.mpg.de
mailto:muellen@mpip-mainz.mpg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hai+I.+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0940-3984
https://orcid.org/0000-0003-0940-3984
mailto:wanghai@mpip-mainz.mpg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuai+Fu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4038-2384
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Enquan+Jin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6827-4804
https://orcid.org/0000-0002-6827-4804
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hiroki+Hanayama"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenhao+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heng+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5175-7367
https://orcid.org/0000-0002-5175-7367
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lucia+Di+Virgilio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+A.+Addicoat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5406-7927
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Markus+Mezger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9049-6983
https://orcid.org/0000-0001-9049-6983
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Akimitsu+Narita"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3625-522X
https://pubs.acs.org/doi/10.1021/jacs.2c02408?ref=pdf
https://doi.org/10.1002/adma.201905909
https://doi.org/10.1002/adma.201905909
https://doi.org/10.1002/adma.201601285
https://doi.org/10.1002/adma.201601285
https://doi.org/10.1002/adma.201601285
https://doi.org/10.1038/nature10313
https://doi.org/10.1038/nature10313
https://doi.org/10.1021/ja307802q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja307802q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja307802q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c9qm00781d
https://doi.org/10.1039/c9qm00781d
https://doi.org/10.1021/acsenergylett.0c01889?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c01889?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c01889?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201907717
https://doi.org/10.1002/adfm.201907717
https://doi.org/10.1002/adfm.201907717
https://doi.org/10.1039/c5ta10521h
https://doi.org/10.1039/c5ta10521h
https://doi.org/10.1002/advs.201801410
https://doi.org/10.1002/advs.201801410
https://doi.org/10.1021/jacs.8b13551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b13551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202105647
https://doi.org/10.1002/adma.202105647
https://doi.org/10.1063/5.0010164
https://doi.org/10.1063/5.0010164
https://doi.org/10.1063/5.0010164
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c02408?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(13) Kou, Y.; Xu, Y.; Guo, Z.; Jiang, D. Supercapacitive Energy
Storage and Electric Power Supply Using an Aza-fused Π-conjugated
Microporous Framework. Angew. Chem., Int. Ed. 2011, 50, 8753−
8757.
(14) Xu, J.; He, Y.; Bi, S.; Wang, M.; Yang, P.; Wu, D.; Wang, J.;
Zhang, F. An Olefin-Linked Covalent Organic Framework as a
Flexible Thin-Film Electrode for a High-Performance Micro-Super-
capacitor. Angew. Chem., Int. Ed. 2019, 58, 12065−12069.
(15) Jin, E.; Li, J.; Geng, K.; Jiang, Q.; Xu, H.; Xu, Q.; Jiang, D.
Designed Synthesis of Stable Light-Emitting Two-Dimensional Sp2

Carbon-Conjugated Covalent Organic Frameworks. Nat. Commun.
2018, 9, 4143.
(16) Hao, Q.; Li, Z.-J.; Lu, C.; Sun, B.; Zhong, Y.-W.; Wan, L.-J.;
Wang, D. Oriented Two-Dimensional Covalent Organic Framework
Films for near-Infrared Electrochromic Application. J. Am. Chem. Soc.
2019, 141, 19831−19838.
(17) Medina, D. D.; Petrus, M. L.; Jumabekov, A. N.; Margraf, J. T.;
Weinberger, S.; Rotter, J. M.; Clark, T.; Bein, T.; Medina, D.; Petrus,
L.; Jumabekov, N.; Margraf, T.; Weinberger, S.; Rotter, M.; Clark, T.;
Bein, T. Directional Charge-Carrier Transport in Oriented
Benzodithiophene Covalent Organic Framework Thin Films. ACS
Nano 2017, 11, 2706−2713.
(18) Rotter, J. M.; Guntermann, R.; Auth, M.; Mähringer, A.;
Sperlich, A.; Dyakonov, V.; Medina, D. D.; Bein, T. Highly
Conducting Wurster-Type Twisted Covalent Organic Frameworks.
Chem. Sci. 2020, 11, 12843−12853.
(19) Keller, N.; Bein, T. Optoelectronic Processes in Covalent
Organic Frameworks. Chem. Soc. Rev. 2021, 50, 1813−1845.
(20) Côté, A. P.; Benin, A. I.; Ockwig, N. W.; O’Keeffe, M.; Matzger,
A. J.; Yaghi, O. M. Porous, Crystalline, Covalent Organic Frameworks.
Science 2005, 310, 1166−1170.
(21) Yue, Y.; Cai, P.; Xu, X.; Li, H.; Chen, H.; Zhou, H. C.; Huang,
N. Conductive Metallophthalocyanine Framework Films with High
Carrier Mobility as Efficient Chemiresistors. Angew. Chem., Int. Ed.
2021, 60, 10806−10813.
(22) Feng, X.; Liu, L.; Honsho, Y.; Saeki, A.; Seki, S.; Irle, S.; Dong,
Y.; Nagai, A.; Jiang, D. High-rate Charge-carrier Transport in
Porphyrin Covalent Organic Frameworks: Switching from Hole to
Electron to Ambipolar Conduction. Angew. Chem., Int. Ed. 2012, 124,
2672−2676.
(23) Yusran, Y.; Li, H.; Guan, X.; Li, D.; Tang, L.; Xue, M.; Zhuang,
Z.; Yan, Y.; Valtchev, V.; Qiu, S.; Fang, Q. Exfoliated Mesoporous 2D
Covalent Organic Frameworks for High-Rate Electrochemical
Double-Layer Capacitors. Adv. Mater. 2020, 32, 1907289.
(24) Chen, X.; Addicoat, M.; Irle, S.; Nagai, A.; Jiang, D. Control of
Crystallinity and Porosity of Covalent Organic Frameworks by
Managing Interlayer Interactions Based on Self-Complementary π-
Electronic Force. J. Am. Chem. Soc. 2013, 135, 546−549.
(25) Liu, W.; Luo, X.; Bao, Y.; Liu, Y. P.; Ning, G.-H.; Abdelwahab,
I.; Li, L.; Nai, C. T.; Hu, Z. G.; Zhao, D.; Liu, B.; Quek, S. Y.; Loh, K.
P. A Two-Dimensional Conjugated Aromatic Polymer via C−C
Coupling Reaction. Nat. Chem. 2017, 9, 563−570.
(26) Guo, J.; Xu, Y.; Jin, S.; Chen, L.; Kaji, T.; Honsho, Y.; Addicoat,
M. A.; Kim, J.; Saeki, A.; Ihee, H.; Seki, S.; Irle, S.; Hiramoto, M.;
Gao, J.; Jiang, D. Conjugated Organic Framework with Three-
Dimensionally Ordered Stable Structure and Delocalized π Clouds.
Nat. Commun. 2013, 4, 2736.
(27) Jin, E.; Lan, Z.; Jiang, Q.; Geng, K.; Li, G.; Wang, X.; Jiang, D.
2D Sp2 Carbon-Conjugated Covalent Organic Frameworks for
Photocatalytic Hydrogen Production from Water. Chem 2019, 5,
1632−1647.
(28) Dalapati, S.; Addicoat, M.; Jin, S.; Sakurai, T.; Gao, J.; Xu, H.;
Irle, S.; Seki, S.; Jiang, D. Rational Design of Crystalline Super-
microporous Covalent Organic Frameworks with Triangular Top-
ologies. Nat. Commun. 2015, 6, 7786.
(29) Wan, S.; Gándara, F.; Asano, A.; Furukawa, H.; Saeki, A.; Dey,
S. K.; Liao, L.; Ambrogio, M. W.; Botros, Y. Y.; Duan, X.; Seki, S.;
Stoddart, J. F.; Yaghi, O. M. Covalent Organic Frameworks with High
Charge Carrier Mobility. Chem. Mater. 2011, 23, 4094−4097.

(30) Veber, G.; Diercks, C. S.; Rogers, C.; Perkins, W. S.; Ciston, J.;
Lee, K.; Llinas, J. P.; Liebman-Peláez, A.; Zhu, C.; Bokor, J.; Fischer,
F. R. Reticular Growth of Graphene Nanoribbon 2D Covalent
Organic Frameworks. Chem 2020, 6, 1125−1133.
(31) Wang, M.; Ballabio, M.; Wang, M.; Lin, H.-H.; Biswal, P.; Han,
X.; Paasch, S.; Brunner, E.; Liu, P.; Chen, M.; Bonn, M.; Heine, T.;
Zhou, S.; Cánovas, E.; Dong, R.; Feng, X. Unveiling Electronic
Properties in Metal−Phthalocyanine-Based Pyrazine-Linked Con-
jugated Two-Dimensional Covalent Organic Frameworks. J. Am.
Chem. Soc. 2019, 141, 16810−16816.
(32) Cai, S.-L.; Zhang, Y.-B.; Pun, A. B.; He, B.; Yang, J.; Toma, F.
M.; Sharp, I. D.; Yaghi, O. M.; Fan, J.; Zheng, S.-R.; Zhang, W.-G.;
Liu, Y. Tunable Electrical Conductivity in Oriented Thin Films of
Tetrathiafulvalene-Based Covalent Organic Framework. Chem. Sci.
2014, 5, 4693−4700.
(33) Medina, D. D.; Petrus, M. L.; Jumabekov, A. N.; Margraf, J. T.;
Weinberger, S.; Rotter, J. M.; Clark, T.; Bein, T. Directional Charge-
Carrier Transport in Oriented Benzodithiophene Covalent Organic
Framework Thin Films. ACS Nano 2017, 11, 2706−2713.
(34) Wang, M.; Wang, M.; Lin, H.-H.; Ballabio, M.; Zhong, H.;
Bonn, M.; Zhou, S.; Heine, T.; Cánovas, E.; Dong, R.; Feng, X. High-
Mobility Semiconducting Two-Dimensional Conjugated Covalent
Organic Frameworks with p-Type Doping. J. Am. Chem. Soc. 2020,
142, 21622−21627.
(35) Nath, B.; Li, W.-H.; Huang, J.-H.; Wang, G.-E.; Fu, Z.-h.; Yao,
M.-S.; Xu, G. A New Azodioxy-Linked Porphyrin-Based Semi-
conductive Covalent Organic Framework with I 2 Doping-Enhanced
Photoconductivity. CrystEngComm 2016, 18, 4259−4263.
(36) Dong, R.; Han, P.; Arora, H.; Ballabio, M.; Karakus, M.; Zhang,
Z.; Shekhar, C.; Adler, P.; Petkov, P. S.; Erbe, A.; Mannsfeld, S. C. B.;
Felser, C.; Heine, T.; Bonn, M.; Feng, X.; Cánovas, E. High-Mobility
Band-like Charge Transport in a Semiconducting Two-Dimensional
Metal−Organic Framework. Nat. Mater. 2018, 17, 1027−1032.
(37) Jin, E.; Geng, K.; Fu, S.; Yang, S.; Kanlayakan, N.; Addicoat, M.
A.; Kungwan, N.; Geurs, J.; Xu, H.; Bonn, M.; Wang, H. I.; Smet, J.;
Kowalczyk, T.; Jiang, D. Exceptional Electron Conduction in Two-
Dimensional Covalent Organic Frameworks. Chem 2021, 7, 3309.
(38) Jin, E.; Geng, K.; Fu, S.; Addicoat, M. A.; Zheng, W.; Xie, S.;
Hu, J.-S.; Hou, X.; Wu, X.; Jiang, Q.; Xu, Q.-H.; Wang, H. I.; Jiang, D.
Module-Patterned Polymerization towards Crystalline 2D Sp2-Carbon
Covalent Organic Framework Semiconductors. Angew. Chem., Int. Ed.
2022, 61, No. e202115020.
(39) Jin, E.; Fu, S.; Hanayama, H.; Addicoat, M. A.; Wei, W.; Chen,
Q.; Graf, R.; Landfester, K.; Bonn, M.; Zhang, K. A. I.; Wang, H. I.;
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