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ABSTRACT: By developing metallophthalocyanines and diimides as electron-
donating and -accepting building blocks, herein, we report the construction of new
electron donor—acceptor covalent organic frameworks (COFs) with periodically
ordered electron donor and acceptor 7z-columnar arrays via direct polycondensation
reactions. X-ray diffraction measurements in conjunction with structural simulations
resolved that the resulting frameworks consist of metallophthalocyanine and diimide
columns, which are ordered in a segregated yet bicontinuous manner to form built-in

periodic 7-arrays. In the frameworks, each metallophthalocyanine donor and diimide

acceptor units are exactly linked and interfaced, leading to the generation of superheterojunctions—a new type of heterojunction
machinery, for photoinduced electron transfer and charge separation. We show that this polycondensation method is widely
applicable to various metallophthalocyanines and diimides as demonstrated by the combination of copper, nickel, and zinc
phthalocyanine donors with pyrommellitic diimide, naphthalene diimide, and perylene diimide acceptors. By using time-resolved
transient absorption spectroscopy and electron spin resonance, we demonstrated that the COFs enable long-lived charge
separation, whereas the metal species, the class of acceptors, and the local geometry between donor and acceptor units play roles
in determining the photochemical dynamics. The results provide insights into photoelectric COFs and demonstrate their
enormous potential for charge separation and photoenergy conversions.

1. INTRODUCTION

Covalent organic frameworks (COFs) are an emerging class of
crystalline porous polymers that allow atomically precise
integration of organic building blocks into periodic struc-
=12 By virtue of their unique structural features, COFs
have shown great potential in a variety of applications, ranging
from gas storage to semicoductors, catalysis, and photoenergy
conversion.”"* The development of z-units as building blocks
enables the construction of two-dimensional (2D) COFs in
which 7-units are linked and stacked to form periodic #-
columnar arrays. This concept has led to the finding of various
new organic semiconductors with periodic m-arrays. >0
Those studies demonstrated that COFs could offer a powerful
platform for creating next-generation organic 7-electronic
structures with built-in 7-orderings upon polycondensation.

tures.
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An open question is that is it possible to form electron donor
and acceptor COFs with ordered donor-on-donor and
acceptor-on-acceptor m-columnar structures upon direct
copolymerization; the creation of such segregated yet
bicontinuous donor—acceptor structures is vital to next-
generation devices for photoinduced charge separation and
photoenergy conversion. Self-assembly of donor—acceptor
systems into bicontinuous arrays and organization of donor—
acceptor units in amorphous porous organic polymers have
been previously reported.”* In addition to those systems, we
have developed the direct polycondensation of electron donor
and acceptor monomers to form donor—acceptor COFs in
which electron donor and acceptor units are covalently linked
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Chart 1. Schematic Representation of the Donor—Acceptor COFs (Dyp.—Ap-COFs) with Covalently Linked Phthalocyanine-

diimide (MPc-DI) Structures”
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“Metallophthalocyanines are highlighted in blue, and diimides are in red. CuPc, NiPc, and ZnPc represent copper(II), nickel(II), and zinc(II)
phthalocyanine donors, whereas PyrDI, NDI, and PDI represent pyrommellitic diimide, naphthalene diimide, and perylene diimide acceptors,
respectively. MPc units occupy the vertices, and DI blocks locate the edges of the tetragonal polygon sheets that further stack to form layered

segregated bicontinuous z-arrays with periodically ordering structures.

and stacked into bicontinuous 7z-structures.> Recently, we™ and
Bein® have developed the utilization of donor—acceptor COFs
as photoactive layers for photoenergy conversion. However,
electron donor—acceptor COFs have been limited to only a few
examples; the development of new building blocks and COF
structures are highly desired for developing long-lived charge
separation and energy conversion materials.

In this study, we focused on developing 7-building blocks for
the construction of new donor—acceptor COFs and elucidated
their unique characters in photoinduced electron transfer and
charge separation. We employed electron-donating metal-
lophthalocyanines and electron-accepting diimide derivatives
as the building blocks for the synthesis of new COFs and
constructed photofunctional COFs with built-in donor—
acceptor segregated bicontinuous structures (Chart 1, Dyp.—
Ap-COFs). We resolved crystal structures by using X-ray
diffraction (XRD) measurements in conjunction with molecular
and electronic structure calculations, elucidated their photo-
chemical events and charge dynamics by using time-resolved
transient absorption spectroscopy and electron spin resonance
spectroscopy, and correlated their structure—function relation-
ships. We demonstrated that the segregated bicontinuous
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columnar r-arrays, found in donor—acceptor COFs features in
each metallophthalocyanine donor and diimide acceptor unit,
are exactly linked and interfaced, leading to the generation of
superheterojunctions—a new mechanism that enables photo-
induced electron transfer and long-lived charge separation.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of Dyp.—Ap-COFs.
Dyp.—Ap-COFs were newly synthesized through the direct
polycondensation of (2,3,9,10,16,17,23,24-octahydroxy phtha-
locyaninato) copper(Il) (CuPc[OH]Jy), (2,3,9,10,16,17,23,24-
octahydroxy phthalocyaninato) nickel(II) (NiPc[OHJg), or
(2,3,9,10,16,17,23,24-octahydroxy phthalocyaninato) zinc(II)
(ZnPc[OH]Jg) with N,N’-di(4-boronophenyl)-pyrromellitic-
1,2,4,5-tetracarboxylic acid diimide (PyrDIDA), N,N’-di(4-
boronophenyl)-naphthalene-1,4,5,8-tetracarboxylic acid diimide
(NDIDA), or N,N'-di(4-boronophenyl)-perylene-1,6,7,12-tet-
racarboxylic acid diimide (PDIDA) under solvothermal
conditions (Supporting Information, SI). We tuned the
reaction conditions, including solvent, reaction temperature,
and reaction time, with an aim to preparing highly crystalline
COFs. We found that a mixture of anhydrous N,N-
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Figure 1. HR-TEM images (4) Dcype-Apyp-COF, (B) Dyipe-Apyor-COF, (C) Deuwpe-Anpr-COF, (D) Dyipe-Anpr-COF, (E) Deype-App-COF, and
(F) DZnPc'APDI'COF'

Table 1. DFTB Calculations of Monolayer and Stacked Layers of Dyp.-Ap-COFs

COFs

Deupe
Apypr

D CuPc'ANDI

Deywpe-Appr

DNiPc'

Apypr

D NiPc'ANDI

D ZnPc'APDI

stacking
mode

monolayer

eclipsed AA

slipped AA

staggered
AB

monolayer
eclipsed AA
slipped AA

staggered
AB

monolayer
eclipsed AA
slipped AA

staggered
AB

monolayer
eclipsed AA
slipped AA

staggered
AB

monolayer
eclipsed AA
slipped AA

staggered
AB

monolayer
eclipsed AA
slipped AA

staggered
AB

a=b

4)
357

36.2

40.3

35.7

36.0

40.4

e (

3.49
3.33
3.30

3.48
3.53
3.31

3.54
3.53
3.31

3.49
3.37
3.34

3.55
3.55
3.32

3.55
3.53
3.31

slipped distance
@)

0.0

twisted angle
(deg)

0

20

20

15

20

15

20

15

LJ dispersion energy total crystal stacking energy per unit cell

(kcal mol™") (keal mol™*
0.8166 -
1.2479 109.87
1.2607 122.02
1.4991 34.54
09113 -
1.3922 123.24
1.3869 154.72
1.6349 53.53
1.0976 -
1.6788 158.69
1.6797 158.79
1.9558 71.87
0.8152 —
1.2459 110.33
1.2473 119.98
1.4975 33.49
0.9008 -
1.3837 128.66
1.3860 130.30
1.6016 56.20
1.0965 -
1.6784 159.26
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dimethylacetamide (DMAc) and o-dichlorobenzene (0-DCB)
in a volume ratio of 2/1 or 4/1 generated crystalline COFs with
prominent XRD signals. Reaction of MPc[OH]; with PyrDIDA
or NDIDA requires 3 days, whereas the condensation with

PDIDA in relation to its poor solubility needs a longer reaction
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time of 7 days. A typical protocol is as follows: a mixture of
DMAc/0-DCB (2 mL, 2/1 by vol.), DIDA (0.02 mmol), and
MPc[OH] (0.01 mmol) in a 10 mL Pyrex tube was sonicated
for 1 min, degassed through three freeze—pump—thaw cycles,
sealed under vacuum, and kept at 120 °C for 3 or 7 days. The
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Figure 2. HOMO—LUMO maps of (A) Deype-Apyp-COF, (B) Dcupe-Anpr-COF, (C) Deype-App-COF, (D) Dyjipe-Apyp-COF, (E) Dyipc-Anpr

COF, and (F) Dy, p.-App-COF in their stacked structures.

precipitate was collected by centrifugation, washed with
dehydrated DMAc until the solution was colorless, washed
with dehydrated acetone for 3 times, and dried under 120 °C
overnight, to yield Dyp-Ap-COF as dark green or red solids.
Accordingly, Dcype-Apypi-COF, DyipeApypi-COF, Dype-Anpr-
COF, Dyipc-Anpr-COF, Dype-App"COF, and D,p-App-COF
were prepared as dark green or red solids in isolated yields of
59%, 67%, 62%, 61%, 63%, and 59%, respectively.

Elemental analysis of Dyp-Ap-COFs revealed that the C, N,
and H contents are consistent with the theoretical values for
infinite 2D polymer sheets (Table S1 in SI). Infrared
spectroscopy confirmed the formation of boronate linkages in
the COPFs, as evidenced by characteristic vibration bands at
1348 and 1083 cm™}, which are assignable to the B—O and C—
B bonds, respectively (Figure S1 in SI). Field emission scanning
electron microscopy revealed that Dyp.-Ap-COFs assume
particle or belt shapes with size ranged from hundreds
nanometer to several micrometer scales (Figure S2 in SI).
High-resolution transmission electron microscopy (HR-TEM)
showed the presence of porous textures (Figure 1).

2.2. Structural Simulations. The density-functional tight-
binding (DFTB) method including Lennard-Jones (LJ)
dispersion was used to simulate the optimum structures of
the Dyp.-Ap-COFs (Table 1). First the series of Dgyp--Apr-
COFs with CuPc donor and PyrDI, NDI, and PDI acceptors
was optimized. The electronic configuration of the copper(II)
atom is [Ar]3d,” and thus each monolayer unit cell has one
unpaired spin (S = 1/2). In each bilayer model, these spins may
be paired or unpaired. In order to determine the relative energy
of unrestricted S = 0 and 1 bilayer structures, two-dimensional
periodic boundary condition (PBC) calculations, employing the
I'-point approximation, were undertaken on the DFTB
optimized geometries of the monolayer and lowest energy
stacked structure. Calculations employed the PBEQ density
functional and the STO-3G basis set.

For the monolayer structures of Dcyp-Ap;-COFs, the
obtained optimal cell lengths are a = b = 35.7, 36.2, and 40.3
A for the PyrDI, NDI, and PDI acceptors, respectively (Table
1). The monolayers with NDI and PyrDI acceptors remain
planar, however, the H—H repulsion in the PDI linker causes
twist, which, in turn, prompts the phenyl group to counter-tilt,
leaving a dihedral angle of 20° relative to the CuPc plane. Using
these optimal monolayer structures, three stacked config-
urations, AA, slipped AA, and staggered AB, were generated
and optimized. For the slipped-AA configuration, several initial
geometries were created by shifting the second layer in 0.1 A
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increments along either the a axis or both the a and b axes, and
all structures thus created were allowed to relax without
constraints.

In the stacked frameworks, D¢ypc-Apyp-COF adopts a planar
conformation with an interlayer distance (c) of 3.33 A, where
the neighboring sheets are slipped along the a axis by 1.9 A.
This optimal structure gives rise to a total crystal stacking
energy per unit cell of 122.0 kcal mol™" for Dcype-Apyp-COF
(Table 1). For Dcyp-Anp-COF and Dgp-App-COF, the
minimum energy structure is slipped by 0.4 A along the a and b
axes and holds an interlayer distance (c) of 3.53 A. The total
crystal stacking energies per unit cell are 154.72 and 158.79 kcal
mol™ for D¢ype-Anpi-COF and Dyp-App-COF, respectively.
These two COFs exhibit similar geometries, where the diimide
linker twists rather than remaining planar and the phenyl group
is tilted with respect to the CuPc plane by 20 and 15° for NDI
and PDI, respectively. The driving force behind the non-
planarity of these COFs is likely to be the formation of
interlayer hydrogen bonds between the diimide oxygen and
phenyl hydrogen atoms. In the minimum energy D¢ p.-Appr-
COF structure, the interlayer O---H distance is 2.33 A, which is
240 A for Deyp-Anpi-COF. These interlayer O---H distances
are within the hydrogen-bonding distance.

Based on the optimized layer structures, for the series of
Dcupe-Ap-COFs, the singly occupied molecular orbitals
(SOMO) are centered on the CuPc units (Figure 2). On the
other hand, the LUMO is centered on the diimide acceptor in
the cases of D¢yp-Anpr-COFs and D¢yp-App-COF. However,
for D¢yp-Apypi-COF, the LUMO and LUMO+1 resemble the
SOMO, and the LUMO+2 is centered on the PyrDI acceptor.
The Dcp-Ap-COFs adopt a high-spin state in the layered
structure.

The molecular and electronic structures of stacked isomers of
the analogous structures Dyp-Apypi-COF, Dyp-Anp-COF,
and Dy, p-App-COF were also optimized. For the monolayer
structures, the obtained optimal cell lengths are a = b = 35.7,
36.0, and 40.4 A for Dyipc-Apy:p-COF, Dyip-Anpr-COF, and
Dyp-App-COF, respectively (Table 1). The PyrDI linker
remains planar, whereas the phenyl groups on the NDI and
PDI units twist 20° relative to the MPc plane. As with the CuPc
COFs, AA, slipped AA, and staggered AB stacked config-
urations were generated from each monolayer and optimized.
For the slipped AA configuration, the degree of slip was again
scanned in 0.1 A increments along either the a axis or both the
a and b axes, and all structures thus created were allowed to
relax without constraints. For the Dy;p-Apy,p;-COF system, the
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minimum energy structure is the slipped AA stacking structure
with an interlayer distance of 3.38 A and a planar conformation.
Dyipc-Apypi-COF has a total crystal stacking energy of 112.0
kcal mol .

For both Dypc-Axpr-COF and Dy, p-App-COF, the
minimum energy structure is a slipped AA stacking structures
with a slip of 1.65 A along the a axis. The total crystal stacking
energies per unit cell per layer are 130.3 and 164.3 kcal mol ™",
whereas the corresponding interlayer distances are 3.55 and
3.53 A for Dyp-Anpr-COF and Dy, p-App;— COF, respectively.
Both COFs exhibit similar geometries, whereas the diimide
units twist rather than remaining planar, and the phenyl group
is tilted by 15° with respect to the MPc plane. These twisted
NDI and PDI units enable the formation of interlayer hydrogen
bonds between the diimide oxygen and the phenyl hydrogen
atoms. The HOMOs are centered, in each case, on the MPc
units, and the LUMOs are delocalized on the diimide moieties
in the layered structures (Figure 2).

The above calculations reveal that the optimal structures of
Dyip-Ap;-COFs are dependent on the central metal species and
the acceptor units. Especially, the acceptor units play a vital role
in determining the twist angles and the total crystal stacking
energy. A general tendency is that the COFs with larger
acceptor 7 systems possess higher total crystal stacking energy,
despite not remaining planar (Table 1). In this sense, PDI is
superior to NDI and PyrDI units. The NDI and PDI units allow
interlayer hydrogen-bonding interactions, in addition to the
interlayer 77— forces, thus leading to exceptional crystal
stacking energy of the COFs.

2.3. Crystalline Structures of Dyp-Ap-COFs. The
crystalline structures of Dyp.-Ap-COFs were resolved by the
XRD measurements in conjunction with Pawley refinements
and the above DFTB structural simulations. Depending on
acceptors, we categorized the six members of Dyp.-Ap-COFs
into three classes: (1) Dcypc-Apypi-COF and Dype-Apy,p-COF;
(2) Deype-Anpi-COF and Dyp-Axp-COF; and (3) Deype-Appr-
COF and Dy, p-App-COF.

For class 1, Dgype-Apypi-COF (Figure 3A, red curve) and
Dyipc-Apypi-COF (purple curve) exhibited XRD peaks at 2.48,
5.04, 7.62, 10.18, and 12.66°, which were assigned to the (100),
(200), (300), (400), and (S00) facets, respectively. The
appearance of XRD peaks at 26.1° (inset), which is attributed
to the (001) facets with an interlayer distance of 3.4 A, indicates
that Deype-Apy,pi-COF and Dyjp-Apy,pi-COF  have periodic
structure along the layered direction. Pawley refinements
(green curves) reproduced the experimentally observed XRD
pattern with a negligible difference (black curves), confirming
the correctness of the above peak assignments. XRD pattern
simulations using the slipped AA structure generated a profile
(blue curve), which reproduced the position and intensity of
experimentally observed XRD patterns well. On the other hand,
the staggered AB mode gave rise to an XRD pattern (brown
curve) that could not reproduce the experimentally observed
XRD profiles.

For class 2, D¢yp-Anp-COF (Figure 3B, red curve) and
Dyipe-Anpr-COF (purple curve) exhibited XRD signals at 2.44,
4.94 to 7.42, 9.92, and 12.44°, which were assigned to the
(100), (200), (300), (400), and (S00) facets, respectively. The
presence of (001) facet at 26.0° (inset) indicates that the 2D
polygon layers are ordered to stack at an interval of 3.4 A.
Pawley refinements (green curves) reproduced the XRD
patterns with negligible difference (black curves), indicating
that the above assignments of the XRD peaks are correct. One
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Figure 3. Powder XRD of Dyp-Ap-COFs. Experimental XRD of (A)
Dcupe-Apyp-COF (red) and Dyipe-Apyrp1-COF (purple); (B) Dgype-
Aypr-COF (red) and Dyjp-Anp-COF (purple); and (C) Dype-Appr-
COF (red) and Dy,p-App-COF (purple). The blue curves and brown
curves are the simulated slipped AA stacking structures and simulated
AB stacking structures.

may notice that the lattice sizes of D¢yp-Axp-COF and Dype-
Axpr-COF are slightly larger than those of Dc,pc-Apypi-COF
and  Dyjp-Ap,pi-COF. XRD pattern simulations using the
slipped AA mode (blue curve) reproduced the experimentally
observed data, whereas the staggered AB mode (brown curve)
did not reproduce the data.
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Figure 4. AA stacking structures of (A) D¢ype-Apypr-COF, (B) Dcupe-Anpi-COF, (C) Deype-App-COF, (G) Dyipe-Apy:pi-COF, (H) Dyipe-Anpr-COF,
and (I) Dyp-App-COF. Staggered AB stacking structures of (D) Dcupe-Apyip-COF, (E) Deype-Anpi-COF, (F) Dcype-Appi-COF, (J) Dyipc-Apyinr-
COF, (K) Dypc-Anpr-COF, and (L) Dy, p-App;-COF (top and side views are shown).

D¢ype-App-COF (Figure 3C, red curve) and Dy, p-App-COF
(purple curve) consist of the largest lattice size among the
series. Their XRD peaks appeared at 2.12, 4.46, 6.76, 9.56, and
25.3°, which are assigned to the (100), (200), (300), (400),
and (001) facets, respectively. The assignment of these XRD
signals was confirmed by Pawley refinement (green curves),
which exhibited negligible difference (black curves) from the
experimentally observed XRD patterns. The twist angle
between the phenyl of PDI units and MPc planes is 20° and
15° for monolayer and slipped AA stacking layer structure,
which indicates that the 7—7 interaction between 2D layers
decreases the twist angle significantly. XRD simulations also
indicate that the slipped AA stacking structure (blue curve)
reproduced the experimentally observed profiles. In contrast,
the staggered AB structure could not reproduce the measured
profiles.

The above results of crystal structure resolution indicate that
Dyp-Ap-COFs assume slipped AA stacking structures, which
give rise to periodically aligned donor—acceptor heterojunc-
tions (Figure 4). This donor—acceptor configuration con-
stitutes not only periodically ordered donor and acceptor arrays
but also 1D nanopores. The staggered AB mode gives rise to
overlapped nanopores (Figure 4).

2.4. Porosity. As elucidated by the crystal structures, Dype-
Ap-COFs consists of open 1D nanopores. Their porosity was
investigated by nitrogen adsorption measurements at 77 K. All
the samples exhibited type IV sorption curves (Figure S), which
are characteristics of mesoporous materials. Dcype-Apyp-COF
(Figure SA) and Dyypc-Apy,p-COF  (Figure SB) exhibited
Brunauer—Emmitt—Teller (BET) surface areas of 1357 and
1172 m* g, respectively, whereas their pore volumes are 1.13
and 0.95 cm® g7!, respectively. The pore size distribution
profiles (Figure SG, H) were deduced from the sorption
isotherm curves and exhibited only one kind of mesopore,
which accounts for the porosity of the COFs. The BET surface
area and pore volume of D¢,p-Anp;-COF (Figure SC) were
1726 m* ¢! and 1.46 cm® g”', respectively, whereas Dyp.-
Anp-COF (Figure SD) exhibited the BET surface area and
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pore volume of 1432 m* g™ and 1.15 cm® g~', respectively.
Similarly, the pore size distribution profiles (Figure SLJ)
revealed the presence of only one kind of mesopore with the
size that is consistent with the theoretical calculated one.

The BET surface areas of D¢,p-App-COF (Figure SE) and
Dypc-App-COF (Figure SF) were determined to be 414 and
519 m” g, respectively, whereas their pore volumes were 0.48
and 0.55 cm® g7', respectively. The pore size distribution
profiles (Figure SK,L) indicate that only one kind of mesopore
exists in the two COFs. These porosity results indicate that
condensation of metallophthalocyanine units with diimide
derivatives allows the synthesis of crystalline porous COFs
with bicontinuous and segregated donor and acceptor columns
and open 1D mesoporous channels.

2.5. Solid-State Electronic Absorption. To evaluate light
absorption functions and ground-state interaction between
donor and acceptor units in COFs, the solid samples of Dyp,-
Ap-COFs were utilized for electronic absorption spectroscopic
measurements (K/M spectra). Solid samples of CuPc, NiPc,
and ZnPc exhibited B-bands at 425, 420, and 433 nm,
respectively, accompanied by their strong Q bands appeared at
687, 625, and 684 nm, respectively (Figure S4, SI). On the
other hand, PyrDI, NDI, and PDI exhibited absorption in the
range of 250—448, 300—430, and 380—610 nm with their peak
tops at 303, 386, and 496 nm, respectively (Figure S3, SI).

Compared with the monomers, Dyp.-Ap-COFs exhibited
several features in their absorption spectra (Figure 6). (1) The
B-bands of Dyp.-Ap;-COFs were blue-shifted from those of the
corresponding MPc monomers (Figure 6, dotted black curves).
For example, D¢ p-Anpi-COF exhibited a blue shift of 30 nm
from 425 to 395 nm (Figure 6A, blue curve). Dyp.-Apypi-COF
and Dyp-Anpr-COF exhibited blue shifts from 425 nm to 420
and 392 nm, respectively (Figure 6B, green and blue curves).
D2,p-App-COF exhibited the most significant blue shift from
433 to 379 nm (Figure 6C, green curve). These blue shifts are
consistent with H-type aggregation of the MPc z-planes, as
indicated by the Kasha principle.'* (2) The absorption bands
contributed to the imide units were red-shifted in Dyp-Ap-
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COFs. For example, Dcyp-Anp-COF and Dyyp-Anp-COF
exhibited red shifts from 386 to 395 and 392 nm, respectively.
Similarly, D, p-App-COF exhibited two peaks at 506 and 549
nm, which were 10 nm red-shifted from the PDI monomers.
(3) Owing to the different absorption regions of MPc and DI
units (Figure S3, SI), Dyp-Ap-COFs broaden and enhance the
light absorbance. In particular, when PDI was utilized as the
counterpart that covers visible region between 380 and 610 nm
with strong absorbance near 500 nm, the resulted D¢ p.-Appr-
COF and Dy,p~App-COF could merge the absorbance of MPc
at near-infrared region with that of PDI at visible region,
allowing for a broad covering of solar spectrum. As shown in
Figure 6C, D¢,p-App;-COF adsorbs a wide range of photons
from visible region to near-infrared area extended to even 1200
nm. (4) The above absorption spectra features indicate that in
Dyip-Ap-COFs, the MPc and DI units do not trigger ground-
state interactions such as charge-transfer complex formation,
which usually exhibits red-shifted peaks at wavelength after
1500 nm. Therefore, the electron donor and acceptor units are
periodically ordered in the COFs and exist as independent 7-
columns, although they are covalently linked.

2.6. Structural Features of Donor—Acceptor COFs. The
structural features of donor—acceptor COFs can be summar-
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ized into two structural hierarchies. (1) At the primary
structural level, the donor and acceptor units are covalently
bonded by the boronate ester linkages and form extended 2D
tetragonal polygon sheets according to the topological design
diagram. Therefore, at this level, the component, the linkage,
and the topology can be designed. In this study, we
demonstrated metallophthalocyanine with different metal
species and diimide with different 7-systems as the building
blocks and constructed periodically ordered donor—acceptor
lattice structure. Each donor and acceptor units are interfaced
to make heterojunctions in the COFs. The lattice size is
determined by the donor and acceptor size, whereas the
distance between the donor and acceptor is basically dependent
on the lattice size. (2) At the high structural order level, the 2D
sheets crystallize to form layered structures, generating periodic
7-columns and 1D open nanopores (Chart 2A).

Chart 2. (A) Schematic Representation of Layered
Structures of Donor—Acceptor COFs and (B) Motion of
Charges in the 7-Columns Leads to Two Different
Lifetimes”

A B

Superheterojunctions Charge Delocalizations

along Columns

“In (A) each column of metallophthalocyanine donors (blue) is
directly linked to four diimide acceptor columns (red). Photoinduced
electron transfer has discrete columnar pairs at different distances,
whereas one route is between the proximate neighboring pairs (green
arrows) and another path is between the remote diagonal pairs. In (B)
carrier migration along the same direction yields the short lifetime,
whereas motion along opposite directions leads to long lifetime

In the columnar structure, the donor and acceptor are
periodically aligned into z-arrays, whereas each donor columns
are directly linked to four acceptor columns. From the
photoinduced electron transfer and the charge separation
perspective, the donor—acceptor COFs combine three
characteristics: (1) From the heterojunction point of view, in
the COFs, each donor and acceptor are molecularly interfaced
to assume the largest numbers of heterojunctions for charge
separation. (2) From the viewpoint of charge transport, the
donor and acceptor columns offer independent pathways for
exciton migration and hole and electron transports. Con-
sequently, the molecularly interfaced superheterojunctions
work synergistically for charge separation and transport. (3)
From the viewpoint of photoinduced electron transfer, the
donor and acceptor units are paired into two classes of 7-
columns with different spatial distances. One class is the four
proximate pairs that are directly linked (green arrows, Chart
2A), and another class is the remote eight pairs without direct
linkages. Therefore, when one donor unit is excited by light,
these COFs provide four equivalent acceptors stacked in
proximate columns and another eight equivalent acceptors
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stacked in remote columns for accepting the electron.
Therefore, the probability of charge separation is greatly
enhanced. In Dcupe-Apypi-COF, Dyipe-Apy:p-COF, Deype-Anprr
COF, and Dyp-Anp-COF, the proximate donor—acceptor
pairs have a center-to-center distance of 1.8 nm, whereas the
remote pairs have a distance of 4.0 nm. On the other hand, in
DeupcApp-COF  and Dy, p-App-COF, the center-to-center
distances for the proximate and remote pairs are 2.0 and 4.5
nm, respectively. Therefore, the donor—acceptor Dyp-Apr-
COFs provide clear electron-transfer pathways for charge
separation; the discrete center-to-center distances allow the fine
screening of donor and acceptor structures for achieving long-
lived charge separation and photoenergy conversion.

From the electron-transfer distance point of view, the remote
pairs are spatially separated too far to enable the photoinduced
electron transfer.'> In the proximate columnar pairs, photo-
induced electron transfer generates a cation radical in the MPc
column and an anion radical in the DI column. Both radical
species can migrate along the columns, thus giving rise to two
possibilities for the charge separation. One is that the two
radicals move along the same direction and another one is
along an opposite direction; the former one yields a relatively
short distance between two radicals, whereas the latter one
leads to a longer distance between the radical species when the
charge migration proceeds (Chart 2B). Therefore, two kinds of
charge-separated states would be observable in this case.

2.7. Photoinduced Electron-Transfer Dynamics. The
exited states of MPcs (‘CuPc* and 'NiPc*) provide sufficient
driving forces for the electron transfer from 'CuPc* and
'NiPc* to the electron acceptors in the corresponding COFs
upon the excitation of CuPc and NiPc at 355 nm in the polar
solvents (see Table S2 and SI for the details of calculations of
driven force). The photoinduced electron-transfer events were
investigated by time-resolved transient absorption spectrosco-
py. We dispersed Dyp-Ap-COF samples in benzonitrile and
irradiated the suspension at room temperature with nano-
second laser pulse at 355 nm. We could not directly observe the
formation of the electron-transfer products of the correspond-
ing donor and acceptor units, i.e. the radical ion pairs, in these
transient absorption spectra. Instead, the transient absorption
spectra of COFs (Figures 7 and S4, SI) exhibit negative
absorption bands, which are the mirror image of the steady-
state absorption spectra of corresponding COFs with 10—15
nm redshift (Figures 7 and S5—S8, SI). These transient traits
are also different from those of the triplet excited states of
monomeric CuPc[OMe]; and NiPc[OMe]; (Figures S9 and
$10, SI). In addition, the triplet—triplet energy transfer from
the excited MPcs to the electron acceptors is not feasible
thermodyanmically.'®

The mirror-imaged negative transient features have been
previously observed in Dy p-Axp-COF, which were inter-
preted as the indication of the charge delocalization along the
extensive z-columns taking place after the fast photoinduced
charge separation between the adjacent donor—acceptor
units.”™'” Tt is important to note that the time-resolved
electron spin resonance (TR-ESR) measurements confirmed
the formation radical ion pair and the electron delocalization in
DZnPc—ANDI—COF'

The mirror-imaged negative transient absorption with a
significant redshift compared to the steady-state absorption of
the donor or acceptor units was regarded as the evidence of the
photoinduced electron transfer in the hybrid nanostructured
donor—acceptor systems. In a previous report, the charge
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separation in a single-walled carbon nanotube (SWCNT)
decorated with sm-extended tetrathiafulvalenes (TTF) was
described by the formation the positive transient traits of
radical cation of TTF in the visible region and the negative
imprint of the steady spectral features of SWCNT with a
significant red shift compared to the van Hove singularities in
the near-infrared region as result of 7-electron delocalization on
the SWCNT.'® The charge separation within the SWCNT
wrapped with coenzyme QIO was also identified by the
negative transient traits in the picosecond time scale, which
agreed with the absolute spectrum of SWCNT.' Similar

transient absorption minima were observed in the hybrid
system of graphene-ZnPc after the photoexcitation.”® In this
hybrid system, the photoinduced charge separation was
recognized by the positive trait of oxidized ZnPc at 840 nm
and the bleaching of reduced graphene at 1290 nm, significantly
red-shifted compared to that of the neutral graphene. In the
above-mentioned hybrid systems, the molecular components
(TTF, coenzyme Q10, and ZnPc), which were quite soluble in
the corresponding solvents, gave positive electron-transfer
characteristics in the transient spectra, whereas the dispersed
or suspended nanostructure components (SWCNT and
graphene) showed negative transient traits for the electron-
transfer products. In this case, both of the donor and acceptor
components, tightly stacked in the two-dimensionally extending
COFs, are not soluble but are dispersed in the solvents. This
may hinder the direct observation of the positive features of the
radical ion pairs of these COFs in the transient spectra. The
negative transient traits are probably a result from the
delocalized states of charges following the initial, fast charge
separation in the dispersed nanometer-size structures.

The immediate formation of the negative traits of COFs in
the nanosecond transient absorption spectra indicates that the
formation of charge migration following the initial charge
separation is faster than 400 ns.*' It also indicates that the spin
state of the charge-separated state is singlet. The decay of the
minima at 510 nm in the transient absorption spectra of the
corresponding COF was regarded as the recombination of the
migrating charges in the columns of COFs to the ground states.
Thus, the overall lifetimes of the charge-separated states (7¢g)
via the charge migration in the z-columns can be estimated
from these decays in each COFs (Figure 7). Dcyp-Apyni-COF,
Dcype-Anpr-COF,  Dyipe-Apypi-COF, and Dyp-Anp-COF
revealed two-component decays at 510 nm. The lifetime values
were obtained by fitting to a sum of two decaying exponentials,
ie., Tcg; and 7¢g, (see SI for the fitting details) and summarized
in Table 2. The final lifetime values for charge separation in the
Deup-Ap-COFs were relatively longer (z¢g, = 33 ps)
compared to those of Dyp-Ap-COFs (7¢g, = 26 and 29 us
for Dyipc-Anpr-COF  and  Dyp-Apypi-COF,  respectively).
These results indicate that CuPc is superior to NiPc as an
electron donor to form the long-lived charge-separated state, in
the presence of PyrDI acceptor. On the other hand, when the
donor is fixed, the 7cs; and 7¢g, values do not change
significantly between PyrDI and NDI acceptors. Only one-
component decay was observed in Dy p-Axp-COF in the
previous study.”” The two-component decay and the difference
in 7o values can be related to metal centers of the MPcs, which
affect the stacking behavior of the COFs and the charge
hopping dynamics in these COFs. The donor—acceptor lattice
arrays in COFs achieved long-lived charge-separated states
driven by charge delocalization in the columns, which suppress
the charge recombination process. Besides, the lifetime values
for final charge separation (7¢g,) in these COFs are much
longer than that observed in Dy,p-Anp;-COF (Table 2). The
higher oxidation states of CuPc and NiPc compared to that of
ZnPc (see Table S2) may cause the charge recombination to

Table 2. Lifetimes of Charge-Separated States of Dyp-Ap;-COFs

Deupe-ApypirCOF  Diyp-AnprCOF  Dyp-ApprCOF  Dyip-Ap,p-COF  Dyp-AnprCOF  Dyp-ApprCOF  Dyppe-Ayp-COF?

lifetime (us) Tcst 4.8 4.0 .
Tcs2 33 33 -

2.3 2.4 1.7 11
29 26 - =
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take place in the inverted region by providing much larger
driving forces for back electron transfer.”*

Along this line, we further investigated the charge separation
in the COFs with the largest lattice size among the series.
Because D¢ p-App-COF and Dy, p-App-COF have a very poor
dispersibility in solvents, the attempts using time-resolved
transient absorption spectroscopy for the resolution of the
photodynamics were unsuccessful. We turned to the technique
of TR-ESR spectroscopy to track the formation of radical
species in the solid samples of the COFs upon laser irradiation.
Owing to the interference by a very strong paramagnetic signal
arising from the central copper(II) species, TR-ESR spectral
profile of D¢p-App-COF was difficult to be resolved (Figure
S11, SI). In sharp contrast, Dy,p-App-COF after laser flash
yielded a rapidly increased TR-ESR signal, which increased up
to 1.35 us and then decayed slowly (Figure 8A). Therefore, we
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Figure 8. Contour plot of the TR-ESR spectroscopy profiles of Dy, p,-
App-COFs: (A) Dyp-App-COF at 230 K; (B) magnetic field
dependence profiles; and (C) time dependence profile.

monitored the TR-ESR spectra at t = 1.7 ys as a function of the
magnetic field and generated a time sliced profile. This curve
can be fitted with a single emission-type Lorentzian with a g
value of 2.0043 and a narrow spectra width of 0.41 mT (Figure
8B). This g value confirms the formation of ZnPc** and PDI*~
species.”® The narrow spectral width is consistent with a weak
magnetic dipolar interaction between two spins, which are
separated and delocalized in spatially separated and independ-
ent 7 columns. Through the curve fitting of the time profiles to
an exponential function given by ® = a exp[—t/7¢g], where a, t,
and 7cg are the proportional factor, time, and lifetime,
respectively, the 7o value was evaluated to be 1.7 us at 230
K (Figure 8C). The lifetime of charge-separated state in the
largest lattice COF is still at the same level among the COF
series, which means that the lattice size does not affect the
charge separation significantly and thus indicates that such a
donor—acceptor system is quite applicable with different
components.

3. CONCLUSIONS

Through the systematic study on the synthesis, structural
resolution, and photochemical events, we demonstrated that
donor—acceptor COFs can be a powerful platform for
constructing segregated bicontinuous superheterojunctions for
photoinduced electron transfer and charge separation via direct
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polycondensation under solvothermal conditions. The topo-
logical diagram directs the formation of tetragonal lattice with
donor at the vertices and acceptor on the edges, whereas the
extended 2D polygon sheets crystallize to generate layered
frameworks. From a synthetic point of view, a significant feature
is that this methodology enables the covalent integration of
metallophthalocyanines and diimides, irrespective of their
central metal species and 7z-systems, into a similar lattice
structure. Therefore, the COFs offer a powerful platform for
synthesizing predesigned periodic arrays of donor and acceptor
columns, which have been hardly achieved by using other
covalent or noncovalent approaches.

Each metallophthalocyanine donor and diimide acceptor
units in the COFs are interfaced, thus giving rise to periodically
ordered molecular heterojunctions. Such a structure thus
constitutes exceptional area of interface for charge separation,
a key issue to be solved in the current organic and polymeric
solar cells. The periodic arrays of metallophthalocyanine donor
and diimide acceptor columns not only provide discrete
donor—acceptor pairs for photoinduced electron transfer and
charge separation but also offer predesigned pathways for
charge transport and collection. These structural features and
functions of the donor—acceptor COFs demonstrate a
photoactive structure with an ideal mechanism for charge
separation and collection in solar cells.

Time-resolved spectroscopy revealed that the donor—accept-
or COFs are capable of electron transfer with long-lived charge
separation. The periodically ordered columnar arrays play an
important role in enhancing the lifetime of charge-separated
state, as a result of charge carrier migration. These long-lived
charge separation states offer the great chance to extract holes
and electrons for electric current production. In short, the
structural features of the donor—acceptor COFs and insights
into the mechanistic aspects of charge separation constitute a
basis for developing COFs in photovoltaic applications.
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