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High-Rate Charge-Carrier Transport in Porphyrin Covalent Organic
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Conducting polymers play a key role in optoelectronics,
transistors, and solar cells owing to their capability in charge-
carrier transport. To achieve high-rate carrier transport, the
molecular design of a conjugated structure that allows the
formation of organized conducting pathways is highly pre-
ferred.!! In this context, two-dimensional covalent organic
frameworks (2D COFs) offer a new class of conducting
polymers with unconventional structures that feature 2D
polygon sheets and eclipsed stacking architecture to provide
preorganized pathways for charge-carrier transport.”¥ A
significant feature of COFs is that the ordering of building
blocks in the 2D polygon sheet is discrete and the layered
alignment of 2D sheets is parallel and unidirectional. Such
a well-organized architecture with precise intra- and inter-
plane orderings is seldom available with conventional 1D and
3D conducting polymers.

We have focused on the synthesis of m-electronic 2D
COFs by integrating m-electronic components into the
skeletons of 2D COFs.P! Recently, we have developed
a typical and large m system, that is, a porphyrin unit for the
synthesis of a tetragonal 2D porphyrin COF, which shows
high crystallinity and large surface area.! During the course
of the study, we found that the porphyrin units stacked in an
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eclipsed mode and formed conduction pathways that enable
high-rate charge-carrier conduction. Interestingly, the types
of charge carriers that can move in the 2D COFs are
dominated by the central metals in the porphyrin rings, thus
allowing the switching of conducting nature from hole to
electron as well as to ambipolar, based on the same 2D COF
architecture (Figure 1, MP-COF, M=H,, Zn, and Cu).
Herein we report the synthesis, structure, and high-rate
carrier transporting properties of porphyrin COFs and high-
light their functions in switching their conducting nature and
their drastic effects on the photoconductivity of COFs.

am
eom

MP-COF
(M =H,, Zn, Cu)

c) B & e Hole

Electron

High-Rate Carrier Conducting
Unidirectional Columns in 2D
Porphyrln COFs

ZnP-COF

l I

Ambipolar Electron

Figure 1. a) Schematic representation of MP-COFs (M=H,, Zn, and
Cu). b) Schematic graphs of a 2x2 grid of MP-COFs with achiral AA
stacking 2D sheets (C: light blue; N: deep blue; H: white; O: red; B:
pink; Zn: green; Cu: violet). c) Graphical representation of metal-on-
metal and macrocycle-on-macrocycle channels for respective electron
and hole transport in stacked porphyrin column of 2D porphyrin COFs.

2D porphyrin COFs, that is, H,P-COF, ZnP-COF, and
CuP-COF, with free base, zinc, and copper porphyrin units at
the nodes of a tetragonal mesoporous framework were newly
synthesized and unambiguously characterized by spectrosco-
py (see Figures S1-S3 in the Supporting Information). Field-
emission scanning electron microscopy (FE/SEM) showed
that H,P-COF, ZnP-COF, and CuP-COF adopted disk, cube,
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and belt morphologies, respectively (see Figure S4 in the
Supporting Information). High-resolution transmission elec-
tron microscopy (HR/TEM) of ZnP-COF revealed that each
line is straight and represents a single 2D sheet that stacks at
the same interval to form a layered structure (see Figure S4).
Direct visualization of the tetragonal texture with HR/TEM
was successful and the pore size was estimated to be 2.5 nm,
which was close to the theoretical value.

We obtained a fully optimized molecular structure,
stacking energies, atomic charges, and orbital energies of
2D porphyrin COF stacks using the carefully benchmarked
dispersion-corrected density-functional tight-binding
(DFTB) method. The AA stacking alignment has a total
crystalline stacking energy of 263.6 kcalmol ' per monolayer
unit, which is larger than the AB stacking alignment (see
Table S1 in the Supporting Information). The c¢ lattice
constant in the case of AB stacking is 3.3 A, which is
dramatically shorter than that in the case of the AA stacking
alignment with an interlayer spacing of 3.9 A. Despite
a smaller ¢ value, the AB stacking energy (Lennard-Jones
crystal stacking energy) is only 144.7 kcalmol™', which is
about 55 kcalmol™! smaller than that of the AA stacking
alignment (199.9 kcalmol™). Upon AA stacking, the dihedral
angle between bridge and porphyrin plane decreases from 90°
in the monolayer to approximately 45° in the stacked layers,
thus indicating that the m-stacking interaction forces the
system to overcome the steric repulsion between the ortho-
hydrogen atoms. The porphyrin node shows chiral, achiral,
and C, isomers having different orientations of the four
phenyl groups (Figure 2 a). These isomers cannot interconvert
because of the existence of large rotational barriers of the
bridges that are in excess of 150 kcalmol™'; such rotation is
severely hindered in the AA stack. We found that only stacks
with identical bridge rotation isomers aggregate on top of
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Figure 2. a) Schematic representation of chiral, achiral, and C, isomers
of porphyrins having different orientations of the four phenyl groups.
Achiral AA stacking structures of H,P-COF (b), ZnP-COF (c), and CuP-
COF (d). The color of the atoms in b—d are consistent with their net
charges (color bars).
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each other, and mixed combinations cannot be realized as
a result of severe stacking defects. Interestingly, the achiral
AA stacking was found to be the most stable structure
(Figures 2b—d, and see Table S1), with a stacking energy that
is approximately 86 and 36 kcalmol™! per monolayer unit
more stable than that for the chiral AA and C, AA stacking
structures, respectively (for atomistic coordinates see CIF
files in the Supporting Information). As shown in Figures 2b—
d, a decrement in net charge of the porphyrin macrocycle was
observed for ZnP-COF and CuP-COF, in comparison with
H,P-COF, as a result of metal coordination.

The intense X-ray diffraction (XRD) peaks for MP-COFs
at 20 =3.5° were consistent with the above-mentioned stack-
ing structure and assignable to regularly ordered mesopores
in a tetragonal orientation with a dyy, spacing value of 25 A
(Figures 3 a—c, green curves). The XRD peaks corresponding
to dy, spacing appeared at 20 =23°, which gave the distance
between layers to be 3.9 A. Pawley refinements of the
observed XRD profiles using the Reflex Plus module of the
Materials Studio version 4.4 suite of programs gave XRD
patterns (Figure 3a-c, red curves) and confirmed the assign-
ment of observed reflections. All of the refined profiles were
consistent with the experimentally observed XRD patterns, as
evidenced by very small differences (Figure 3a—c, black
curves). The simulated XRD pattern based on optimized
achiral AA unit-cell structures (see Table S2 in the Supporting
Information) matched the experimental peak positions and
intensities reasonably well (Figure 3a—c, blue curves). In
agreement with the structure simulation results, the 2D sheets
stack to form periodically ordered porphyrin columns inter-
woven at 2.5 nm separation along the x and y directions, while
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Figure 3. XRD patterns of H,P-COF (a), ZnP-COF (b), and CuP-COF
(c). The experimentally observed: green; the Pawley refinement: red;
their difference: black; the simulation of achiral AA stacking model:
blue; the simulation of AB stacking model: orange. Views of the unit
cell derived from achiral AA stacking model along the z (d) and y (e)
axes of ZnP-COF. Views of the unit cell derived from AB stacking
model along the z (f) and y (g) axes of ZnP-COF.

www.angewandte.org

2619


http://www.angewandte.org

Angewandte

2620

Communications

in the z direction, each column consists of unidirectional
porphyrin-on-porphyrin and metal-on-metal stacks with an
interlayer distance of 3.9 A (Figures 3d,e). In contrast, the
staggered achiral AB stacking alignment did not match the
experimentally observed patterns (Figures 3a-c, orange
curves). In this case, the porphyrin sheet overlaps on the
pore of the neighboring sheet (Figures 3 f,g).

Nitrogen sorption isotherm measurements at 77 K were
carried out for the evaluation of porous structure. All of the
porphyrin COFs exhibited almost identical type IV reversible
sorption isotherm curves, which is characteristic of mesopo-
rous materials (Figures 4a—c, blue curves). Analysis of the
sorption curves of H,P-COF, ZnP-COF, and CuP-COF by the
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Figure 4. Nitrogen sorption isotherm curves for H,P-COF (a), ZnP-
COF (b), and CuP-COF (c) at 77 K. Experimentally measured curve:
blue; GCMC simulated curve based on the achiral AA stacking model:
red. Pore size (black, left axis) and pore-size distribution profiles (red,
right axis) for H,P-COF (d), ZnP-COF (e), and CuP-COF (f), respec-
tively.

Brunauer-Emmett-Teller (BET) method gave specific surface
areas of 1894, 1713, and 1724 m*g~!, respectively. Evaluations
of pore size with a nonlocal density-functional theory
(NLDFT) model indicated a common pore width of 2.5 nm
(Figures 4d—f, black curves), which was the same as the
theoretical value (2.5 nm). The pore distribution profiles
confirmed that the surface area originates from persistent
mesopores (Figure 4 d—f, red curves). To assess the perfectness
of the pores, grand canonical Monte Carlo (GCMC) methods
were employed for simulation of the nitrogen sorption
isotherm curves based on the crystalline models of the achiral
AA stacks.! The experimentally observed adsorption curves
are in good agreement with the simulated curves (Figure 4a—
¢, red curves). The surface areas of H,P-COF, ZnP-COF, and
CuP-COF determined from the GCMC simulations were
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1901, 1781, and 1779 m?g"!, respectively, which indicate that
the mesoporous porphyrin COFs are close to their theoretical
porosities.

Flash-photolysis time-resolved microwave conductivity
(FP/TRMC) methods, which allow measurement of the
intrinsic charge-carrier mobility to within several nanometers
after laser pulse irradiation under a rapidly oscillating electric
field, was utilized to quantitatively evaluate the charge-carrier
transport in the COFs.[° The electrodeless FF/TRMC method
can minimize the influence of factors such as impurities,
chemical and physical defects, and organic/electrode inter-
faces, as compared to the time-of-flight (TOF) and field-effect
transistor (FET) methods. Moreover, FP/TRMC measure-
ments under an argon atmosphere enables elucidation of the
total carrier mobilities (Zu,.,), including both electrons and
holes, whereas using a SF, atmosphere gives only hole
mobilities (u,) as electrons are trapped by SF,. Therefore,
both the intrinsic carrier mobilities of holes and electrons can
be obtained using the FP/TRMC technique.

Upon laser flash, rise and decay profiles of the FP/TRMC
signal, given by ¢Zu, are observed, where ¢ and Zu represent
the photocarrier generation yield and the sum of the
generated charge carrier mobities, respectively (see Figur-
es S5a-c in the Supporting Information). The maximum value
of ¢p>u is generally used for evaluation of the photoconduc-
tivity of a material. H,P-COF displays hole transport (¢u, =
1.8x10* cm?*V~'s™"), to give the same values of transient
conductivities measured under Ar and SF; atmospheres
(Figure S5a). In sharp contrast, CuP-COF favors electron
transport, as indicated by the ¢u. value of 1.16x
10~ em*V~'s™!, which is much larger than the ¢u,, value of
3.68x 107 cm?V~'s™" (Figure S5b). In contrast, ZnP-COF
exhibits comparable carrier mobilities for both holes and
electrons (pue=5.4x10" cm*V-1s7!, by, =3.36 x
107 em?*V~'s™"; Figure S5¢).

Time-of-flight transient current integration measurements
revealed that the maximum quantum yield (¢) of photocarrier
generation for H,P-COF was 5x 10~° (see Figure S5d in the
Supporting Information). Therefore, the minimum g, value
was calculated to be as high as 3.5 cm®V~'s™!, which is twofold
as high as that of phthalocyanine COF (1.6 cm*V~'s™!). This
4y, value is much higher than those of small organic semi-
conductors, conjugate polymers, and self-assembly systems as
measured by the FP/TRMC method.” Theoretical calcula-
tions on triphenylene-based COF-5 indicate that the hole
transport through stacking triphenelene columns is a bandlike
motion process, which allows much faster transport than those
of liquid-crystalline-orientated molecular systems.”! The ¢
value of ZnP-COF was estimated to be 1.9x 107> by the
transient absorption spectroscopic method, and the u. and
wy, values were 0.016 and 0.032 cm*V~'s™', respectively. In
contrast, the ¢ value of CuP-COF was 6 x 10~*, which led to
the minimum electron mobility of 0.19 cm*V 's™*. Therefore,
2D porphyrin COFs are high-rate conducting COFs wherein
the metal ions in porphyrins determine the type of charge
carrier that can move in the columns and regulate the ease of
carrier motion within the frameworks. We highlight that H,P-
COF is a top class high-rate hole-transporting COF and ZnP-
COF is the first example of ambipolar conducting COFs.
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The AA stacking offers macrocycle-on-macrocycle and
metal-on-metal pathways within porphyrin columns. Similar
structures have been observed for single crystals of metal-
lomacrocycles.””’ The metal-on-metal ordering in the crystals
leads to the formation of two channels for carrier motion, that
is, macrocycle and metal channels (Figure 1c). The hole-
conduction nature of H,P-COF indicates that the stacking
macrocycles without central metals form a path for hole
transport. Insertion of a metal species to the porphyrin
macrocycles gives rise to the formation of the metal-on-metal
channel, which accounts for the electron transport. The
insertion of a central metal to the porphyrin macrocycle,
lowers the electron density of the macrocycles.!'"”! Calculated
partial atomic charges in the unit cell of porphyrin COFs
revealed that the electron densities of the porphyrin macro-
cycles were decreased for ZnP-COF and CuP-COF, as
compared to that of H,P-COF (Figures 3b-d). The decrease
in the electron density of porphyrin macrocycles decreases
the mobility of holes through the stacked macrocycles.
Moreover, copper metal has a strong tendency to exhibit
ligand-to-metal charge transfer, thus significantly reducing
the electron density of the porphyrin macrocycles.'! Con-
sequently, CuP-COF favors electron transport through the
metal-on-metal channel, whereas the zinc metal is free of
ligand-to-metal charge transfer and allows balanced transport
through both channels; that is, it becomes an ambipolar
conduction.

The distinct conducting nature of MP-COFs has a remark-
able effect on their photoconductivity. Upon irradiation with
visible light (> 400 nm) using a Xe lamp, all of the porphyrin
COFs exhibited photocurrent generation, but their responses
are significantly different from one another. For example,
ZnP-COF generated a photocurrent of approximately
26.8 nA, whereas CuP-COF and H,P-COF displayed photo-
currents of only 0.6 and 0.01 nA, respectively (Figure 5Sa and
Figure S6 in the Supporting Information). ZnP-COF had the
largest on-off ratio of 5 x 10°, whereas the ratio was only 300
and 4 for CuP-COF and H,P-COF, respectively. Therefore,
a balanced hole and electron transport drives the high on-off
ratio photocurrent production, while the unbalanced carrier
transport leads to a low photoconductivity. Along these lines,
we additionally investigated the wavelength-dependent
response of ZnP-COF, because of its broad absorbance over
the solar spectrum. Interestingly, ZnP-COF exhibited prom-
inent photocurrent generation, especially when exposed to
long-wavelength visible and near IR lights, such as at A =600,
620, and 700 nm (Figure 5b).

In summary, we have explored porphyrin macrocycles
bearing different central metals for the synthesis of high-rate
charge carrier conducting 2D COFs. The AA stacking
alignment is the most favorable layer structure and offers
columnar porphyrin paths, that is, macrocycle-on-macrocycle
and metal-on-metal channels, through which holes and
electrons are transported within the COFs. Bridge rotational
isomers are found to be separated by large barriers that
stabilize such isomers up to high temperatures, and we predict
that A A stacks possess identical bridge conformations in each
layer. The focal metals in the porphyrin rings play a dominat-
ing role not only in the formation of channels for electron
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Figure 5. a) Photocurrents for 2D porphyrin COFs upon repeated

switching of the light on and off. b) Wavelength-dependent on-off

switching of photocurrent of ZnP-COF at a bias voltage of 1.0 V.

conduction, but also in the regulation of the ease of carrier
motion, thereby leading to the formation of high-rate hole,
electron, and ambipolar conducting COFs. The insights into
the conducting nature and its remarkable effect on photo-
conductivity provide guidance for the application of the 2D
COFs. For example, pairing MP-COFs with electronically
active counterparts trapped in the mesoporous channels
would allow the construction of organized donor—aceptor
systems. Together with the enhanced absorbance in the visible
and IR regions, large carrier mobilities, and high thermal
stability, porphyrin-COF-based donor—acceptor systems are
a subject worthy of further investigation.
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