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Conductive organic materials are important because of their
interesting electronic and optoelectronic properties, low
cost and weight, and the ease with which they can be fabricated.
Their mechanical flexibility has opened up new applications such
as flexible displays." An important characteristic of a semicon-
ductor is the ability to control its electrical conductance, where
the most important property, characterizing the charge transport
ability, is the charge carrier mobility,” u. It is widely believed
that strong cofacial interactions between polymer chains allow
for char§e carriers to be transported easily from one chain to
another.” However, linear polymers have only confined lateral
overlap, and materials with large intermolecular conduction cross-
sections have thus far remained a difficult challenge to construct.

To enhance the mobility of charge carriers in organic semi-
conductors, highly crystalline structures with close interactions
between internal segments are essential design features.* Very
rarely have one-dimensional polymers shown high charge carrier
mobility values;> however, most of these compounds typically
exhibit”® small and limited overlap between “slim” backbones,
even in the face-to-face stacking mode. Therefore two-
dimentional (2D) flat sheet structures constitute an ideal morphology
from the viewpoint of maximizing intermolecular interactions. Such
interactions take place when all the atoms within the structure are
completely superimposed upon those of the neighboring sheet. These
assemblages should create a broad path for charge carriers moving
from one sheet to another, enabling the eclipsed integration of
7T-electronic components into a well-defined 2D layered framework.

Covalent organic frameworks (COFs) are a class of porous
crystalline materials constructed by the linkage of organic
secondary building units (SBUs) through covalent bonds to
produce predetermined structures. The topology of the frame-
works obtained is imposed by the geometrical features of the
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SBUs, according to the principles of reticular chemistry.” Within
the COF class of materials, both three-dimentional (3D) struc-
tures and 2D layered materials are prepared, depending on the
degree of connectivity and geometry of the selected organic
building units.® Materials belonging to the 2D COFs subclass
with desirable properties have been prepared by the stacking of
organic layers. These materials feature a variety of pore sizes and
high surface areas and their usefulness for the storage of gases” such
as H, and NH; has been demonstrated. Remarkably, in these 2D
structures, we have observed shortened interlayer distances,sa’b
suggesting the existence of interactions between the aromatic
organic components of the layers. Ideally, a 2D COF with a
7r-conjugated system and short interlayer distances could exhibit
electronic interactions between the different sheets, and hence
potentially become a conductive material. "’

With this background in mind, we designed two new 2D
COFs, each with a 7-conjugated system, with the expectation
that their short interlayer distances would allow for electronic
interactions between the different sheets. Accordingly, we have
selected porphyrin units with the aim of creating an extended planar
qr-electron system that allows close intermolecular ;7—r distances,
resulting (Scheme 1) in the formation of two new COFs (COF-366
and -66) with the highest charge carrier mobility values among
known organic crystalline conducting polymers.

Both COFs were synthesized by solvothermal reactions (See
the Supporting Information). In the case of COF-366, the formation
of the imine bond between the porpl;grrin and the terephthaldehyde

was confirmed by FT-IR and “C cross-polarization with
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Scheme 1. Condensation Reactions between TAPP and
Terephthaldehyde, TBPP, and THAn Produce Extended
(a) COF-366 and (b) COF-66
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Figure 1. PXRD study of (a) COF-366 and (b) COF-66 with the
observed pattern in black, the refined profile in red, and the difference
plot in blue (observed minus refined profiles). The calculated PXRD
pattern from the proposed models is shown in green. Inset: Structural
representation of COFs based on powder diffraction and modeling
projected along the ¢ axis (top) and the b axis (bottom) (H atoms are
omitted). C, N, B, and O are represented in turn as gray, green, yellow
and red spheres.

magic-angle spinning (CP-MAS) NMR spectroscopic techniques.
The FT-IR spectrum clearly reveals the C=N stretching of imine
functions (vc_y = 1620 and 1249 cm ™) ,8d whereas the "*C CP-
MAS NMR spectrum has a resonance at 156.95 ppm for the carbon
of the C=N bond, a 2 ppm shift from the resonance observed for
the carbon adjacent to the amino group of the TAPP linker. In the
case of COF-66, spectroscopic data (FT-IR, "B and *C MAS
NMR) were similar to those performed on the reported COFs**" of
the microcrystalline powder, which is indicative of the formation of
C,0,B rings (see the Supporting Information).

Powder X-ray diffraction (PXRD) patterns of the two COFs
demonstrate their crystalline nature (Figure 1). In both cases, a
strong diffraction peak appears at alow angle, characteristic of the
expected large unit-cell parameters, 20 = 3.0 and 3.5° for COF-66
and -366, respectively, along with some other peaks with lower
diffraction intensities. No diffraction peaks appeared that were

characteristic of the starting materials. The peaks are relatively
broad, which is attributed to strain defects of the perfect lattice,
and/or particle size effects.

To elucidate the lattice packing, we constructed crystal models
using Materials Studio software package (see the Supporting
Information, Section S3). The square geometry of the porphyrin
unit suggests the formation of square layers. Accordingly, mod-
eling was performed in the tetragonal system, with layers lying on
the ab plane. Two extreme possibilities were evaluated, with
respect to the stacking of the layers: (i) a fully eclipsed model
with an AA stacking sequence, and (ii) a staggered model with an
AB stacking sequence of layers, each layer translated from the
next one by one-half of the a and b lattice parameters. These two
models were constructed in the space groups P4/mmm and
I4/mmm for COF-66, and in the space groups P4/m and I4/m for
COF-366. A geometrical energy minimization was performed
using the universal force-field to optimize the geometry of the
building molecules and the unit-cell parameters. When the
PXRDs for the models were calculated and compared with
the experimental ones, we observed excellent agreement with
the fully eclipsed model in the case of both materials. A full profile
pattern matching (Pawley) refinement was subsequently carried
out to determine the unit cell parameters for both structures,
obtaining good agreement factors in the case of both compounds.
Therefore, on the basis of these results, we consider the materials
as being composed of square layers, stacking along the 001
direction with interlayer distances between the centroids of the
stacked porphyrin units of 5.64 and 3.81 A for COF-366 and -66,
respectively. Hollow channels are produced, running along the ¢
axis, with a diameter of 20.2 and 23.2 A for COF-366 and -66
(Figure 1), respectively, as calculated using the Platon software,
cavity routine.

To investigate the details of the pore characteristics, we
employed Ar adsorption measurements for both COFs at 87
K. The Ar isotherms show (Figures S13, S14, and S16 in the
Supporting Information) significant uptake in the low-pressure
region (P/P, < 0.1), an observation which is indicative of the
porous character. The BET surface areas for COF-366 and -66
were calculated to be 735 and 360 m” g~ ', respectively. Esti-
mated total pore volumes for COF-366 and -66 are 0.32 and
0.20 cm® g~ ', respectively. The porous structures of COF-366
and -66 were further corroborated by fitting nonlocal density
functional theory models to isotherms to determine pore size
distributions that are centered (17.6 and 24.9 A) close to pore
diameters obtained from the crystal structure (20.2 and 23.2 A)
(see Figures S13, S16, and S18 in the Supporting Information).

The well-defined sheet structures together with the layers
alignment of COFs would benefit the flow of carriers. To verify
this hypothesis, we measured the electrical conductivity of both
COFs across a gap of 2 um between two Au electrodes. Both
COFs displayed almost linear I—V profiles in air at 25 °C (Figure
S21 in the Supporting Information). For example, at 0.2 V bias
voltage, the electric current of COF-366 is 0.75 nA. The results
prove both of the COFs are in fact conductive. Furthermore,
we investigated the transient charge-carrier conduction of COF-366
and -66 by performing laser flash photolysis time-resolved
microwave conductivity (FP-TRMC) measurements at 25 °C
on irradiation with a 355-nm pulse laser at 1.78 x 10'°
photons cm ™% The photoinduced transient conductivity profile
shows a rapid rise in current with a maximum P> value of 4.1 x
10° em®> V' s (COF-366) and 1.7 x 10> em®* V ' s7!

(COF-66) at a photon density of 9.1 x 10"° photons cm™ 2,
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Figure 2. (a) FP TRMC profile of COF-366 (red) and COF-66 (blue)
at 25 °C upon irradiation with a 355 nm pulse laser at a power of 1.4 X
10" and 2.1 x 10" photons cm™?, respectively. (b) Accumulated
number of photoinduced charge carriers upon 355 nm pulse exposure to
COF-366 (red)/COF-66 (blue) sandwiched by ITO and Al electrodes.
Excitation was carried out at the photon density of 9.

respectively (Figure 2a). To determine the numbers of photo-
induced charge carriers, we integrated the time-of-flight (TOF)
transient at different bias voltages (Figure 2b). The number of
charge carriers were estimated via extrapolation from the bias at
0V, to be 32 x 10° (COF-66) and 4.5 x 10° (COF-366),
leading to the charge carrier generation yields @, expressed as the
number of charge carriers/photon of 1.5 X 10 °and 1.7 X 1073,
respectively. TOF transient current integration measurements
performed on 1.5-um thick COF-366 or COF-66/poly(methyl
methacrylate) films (60/40 in wt%) between Al and indium tin
oxide electrodes reveal hole conduction in the case of both
COFs. It transpires that COF-366 and -66 are p-type semicon-
ductors with one-dimensional hole mobilities (Zu) of 8.1 and
3.0 cm® V's ', respectively. It is generally known that the
mobility values vary by changing methods. For organic field-
effect transitor measurements, poly(2,5-bis(3-alkylthiophen-
2-yl)thieno[3,2-b]thiophenes) (0.72 ¢cm® V' s7')° and
poly(3-hexylthiophene) (0.1—0.5 cm® V™' s7 ") are the two
representative compounds. In the past few years, several poly-
crystalline polymer films have resulted in high hole mobilities of
larger than 4 > 0.1 cm”* V"' s~ ' as well.'" Self-assembled con-
jugate discotic materials, like hexaperihexabenzocoronene (HBC), a
local charge carrier mobility as high as 1.1 cm® V' s~ " has
been determined by means of the pulse-radiolysis time-resolved
microwave conductivity (PR-TRMC) technique.”” We emphasize
that our mobilities are extraordinarily high with both values being
greater than that of inorganic amorphous silicon (~1 am’V s Y,
and much higher than those of common conjugated polymers,"
thus marking COF-366 and -66 as among highest mobility, most
highly ordered crystalline organic semiconductors yet known."*
Generally, single crystals perform better in charge carrier
transport as a result of the slowing of the translational motion
of the charge carriers at interfaces, defects, boundaries, etc. In our
measurements, without the long-range translational motion of
charge carriers, the mobilities of the charge carriers are consistent
with those in the crystals. Given the high mobility values of
(8.1 cm>V 's 1), the electric field strength of the microwave in
the cavity of the TRMC measurement (~10 V cm ™ '), and the
turnover interval of the microwave in the cavity (9 GHz of the
probing microwave and Q value of the cavity ~2500), we esti-
mate the spatial size of the oscillating motion of charge carriers in
the FP-TRMC measurement as ~5 nm at a maximum, which
is much longer than the interlayer distances of COFs. Thus, it
is presumed that the charge carrier mobility estimated by
FP-TRMC should be close to the value in a single crystal, and

includes significant contribution from the local motion of charge
carriers over the range of the interlayer distances. However the
value of mobility determined by the conventional TOF method is
more than 2 orders of magnitude lower than that by TRMC with
negative dependence on the applied electric field (see Figure S28
in the Supporting Information), which shows good agreement
with other organic compounds, like HBC."* This implies that the
grain/domain boundaries disturb the long-range (~um) transla-
tional motion of charge carriers in these materials. We believe
that the high-mobility carrier conduction is related to the eclipsed
arrangements and 7T-conjugated intralayer structures, account-
ing for the higher mobility present in COF-366 compared to
COF-66, and the value of TRMC mobility is responsible in the
devices fabricated within nm scale.

We also found that the lifetimes of the charged species for both
COFs are ~80 s or even longer in spite of the higher mobility of
the charge carriers (see Figure S26b and d in the Supporting In-
formation). The lifetime of free charge carriers is the primary
factor in the promotion of the effective charge carrier separation.
Therefore, it is possible to consider fabricating a future hetero-
junction type solar cell based on the two COFs impressive
performance on charge carrier separation.

In conclusion, two covalent organic frameworks (COFs) with
structures based on covalently linked porphyrin units were syn-
thesized. These crystalline compounds afford sheets in which the
porphyrin units are stacked laterally to give an efficient conduct-
ing interface. The two porphyrin COFs (COF-366 and COF-66)
were determined to be hole conducting with mobilities as high as
8.1 and 3.0 cm® V' s~ !. Therefore, these multifunctional con-
ducting COFs combine thermal stability, electrical conductivity,
high charge mobility, and pore accessibility, which represent an
important discovery in the push to design viable plastic electro-
nics and optoelectronic systems.
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