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: %,”’ Charge Dynamics in A Donor-Acceptor Covalent Organic Framework
\"‘* with Periodically Ordered Bicontinuous Heterojunctions**
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Shunichi Fukuzumi, Atsushi Nagai, and Donglin Jiang*

The donor—acceptor heterojunction is a key structure in
current technologies, including transistors, light-emitting
diodes, and photovoltaics, because it controls the charge
dynamics in the devices."”! Covalent organic frameworks
(COFs) are crystalline molecular skeletons that allow atomi-
cally precise integration of building blocks into periodic array
structures." ' In this regard, we have demonstrated arene,
porphyrin, and phthalocyanine COFs that provide periodi-
cally ordered columnar arrays of m-components and show
outstanding semiconducting and photoconductive proper-
ties.I! We recently synthesized a donor—acceptor COF!! that
gives rise to a periodically ordered bicontinuous heterojunc-
tion structure and self-sorted donor and acceptor columnar
arrays separated at nanometer-scale intervals. This nano-
scopic segregation morphology forms a broad interface for
charge separation, provides ambipolar pathways for charge
collection, and would be ideal for the current semiconducting
devices that involve photoenergy transformations; however,
the charge dynamics, which is a key mechanism that controls
the energy transformation, remains unclear.

Here, we report the charge dynamics of a donor-acceptor
COF, which were determined using time-resolved spectros-
copy to elucidate the photochemical processes of the free
charges from their generation to delocalization and retention.
In the COF, the heterojunctions allow an ultrafast electron
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transfer from the donor to the acceptor columns. Conse-
quently, the light absorption is directly coupled with charge
dissociation to generate free charges in the donor and
acceptor m-columns within 2 ps. On the other hand, the
stacked m-columns delocalize the charges, suppress charge
recombination, and retain the charges for a prolonged period
of time. We show that both solvated and solid-state COFs
enable rapid charge separation and exceptional long-term
charge retention, thereby providing a key mechanistic basis to
envisage the high potential of donor-acceptor COFs for
photoelectric applications.

The donor-acceptor COF (Scheme 1a, Dy, p.-Axp;-COF)
is a tetragonal, mesoporous 2D framework that is composed
of zinc phthalocyanine as an electron donor and naphthalene
diimide as an acceptor. In the COF, the two m-units are
alternately linked within an electron-transfer distance and at
a dihedral angle of approximately 42°. The COF provides self-
sorted, bicontinuous columnar arrays and constitutes periodi-
cally structured heterojunctions in which each donor column
is interfaced with four acceptor columns that are equally
active in capturing photo-generated electrons (Scheme 1b).
The Dy p.-Anpr-COF absorbs light over a broad visible and
near-infrared region up to 1100 nm (Figure S1 in the Support-
ing Information). Elemental analysis, infrared spectroscopy,
nuclear magnetic resonance spectroscopy, and electron mi-
croscopy confirmed the formation of the COF (Figure S2-S4
and Table S1). The same COF has been reported as a thin
film.*

The Dyp-Anpi-COF exhibited a type IV nitrogen sorp-
tion curve that is characteristic of mesoporous frameworks
(Figure 1a). The Brunauer-Emmett-Teller surface area and
pore volume were calculated as 1410 m?’g ™" and 1.25 cm®g~!,
respectively. The pore-size distribution profile with a range up
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Figure 1. a) Nitrogen sorption isotherm curves measured at 77 K.
Filled black circles represent adsorption and the open circles represent
desorption. b) Pore-size (black) and pore-size distribution profiles

(red).
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Scheme 1. a) Donor—acceptor COF (Dzup-Anp-COF). Donor and acceptor
units are shown in red and blue, respectively. The dotted black lines suggest
the extension of periodic structures. b) lllustration of a 2x2 cell of the 0.8 A
slipped AA-stacked COFs and photochemical events.

to 50 nm reveals one type of 3.6 nm-wide mesopores that
account for the porosity (Figure 1b).

We resolved the crystalline structure using X-ray diffrac-
tion (XRD) measurements in conjunction with structural
simulations. The Dy p.-Axp-COF exhibited strong XRD
peaks at 2.44, 4.96, and 7.54°, which were assigned to the
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(100), (200), and (300) facets, respectively (Figure 2a,
black curve). The peak at 2.44° reveals the periodicity in
the XY plane, whereas the peak at 26°, which was
assignable to the (001) facet, indicates the periodicity
along the z-direction with an interlayer spacing of 3.4 A.
The small difference (Figure 2a, blue curve) between
the Pawley refinement (Figure 2 a, dotted purple curve)
and experimental curve supports the above peak assign-
ment. The unit cell parameter of a P4 space group is a =
b=361A,c=34A anda =B =v=90°. The thickness
of the COF sample ranged from hundreds of nano-
meters to 1 um (see below), which corresponds to
thousands of layers stacked in the framework. The
simulated XRD pattern based on the 0.8 A slipped AA-
stacking mode reproduced both the experimental XRD
peak positions and the peak intensities (Figure 2a, red
curve). Scheme 1b shows a2 x 2 cell of the 0.8 A slipped
AA-stacking mode. In contrast, the staggered AB mode
offset by a/2 and b/2 resulted in an XRD pattern
(Figure 2a, green curve) that could not reproduce the
curve. The structure of the unit cell shows that the AB-
stacking overlaps the pores (Figure 2b,c).

Simulations using the density-functional tight-bind-
ing (DFTB) method including the Lennard-Jones (LJ)
dispersion revealed that the crystal stacking energy of
the 0.8 A slipped AA-stacking mode is 128.46 kcal
mol ™' (Table S2). This energy value is slightly greater
than that (126.61 kcalmol ') of the eclipsed A A-stack-
ing and is considerably greater than that (16.02 kcal
mol™") of the staggered AB mode. These energy differ-
ences confirmed that the slipped AA-stacking mode is
superior to the other modes.

Electron density mapping revealed that the HOMO
is centered on the donor unit, whereas the LUMO is
localized on the acceptor group (Figure S5a,b). This
result indicates that the HOMO and LUMO are
suitably paired for electron transfer. Differential-pulse
voltammetric measurements of D p.-Axp-COF dis-
persed in benzonitrile revealed a one-electron oxidation
at 0.42V, which was attributed to the ZnPc radical
cation, and a reduction at —0.52 V, which was assigned
to the NDI radical anion (Figure S6). The free-energy
change is —0.95 eV, which shows that there is a large
exothermic driving force for electron transfer.

Femtosecond transient spectroscopy of a benzoni-
trile-dispersed Dgz,p.-Anpi-COF suspension at 298 K
upon laser irradiation at 430 nm yielded an absorption
profile with peaks at 540 and 690 nm, which is most
likely a mirror image of the steady-state absorption
spectrum (Figure S7a). Monitoring at an initial time, for
example, 1.4 ps, confirmed the exact mirror image
correlation (Figure S7b). Nanosecond transient absorp-
tion spectroscopy also exhibited the mirror image traits
at early times (e.g., 1.4 ps, Figure S7¢). A significant feature of
the COF is its negative absorption throughout the time and
wavelength ranges of the nanosecond transient spectra (Fig-
ure S7d). Mirror-imaged transient spectra have been
observed in the photo-induced electron-transfer mechanisms
of hybrid systems, including insoluble single-walled carbon
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Figure 2. a) XRD patterns of the experimentally observed (black curve),
Pawely refined pattern (dotted purple curve), their difference (blue
curve), 0.8 A slipped AA-stacking mode of a P1 space group (red
curve), and the staggered AB-stacking mode of a P1 space group
(green curve). The crystal facets are shown with indices on the primary
peaks. The slipped AA-stacking mode matches the experimental curve,
whereas the staggered AB-stacking mode could not reproduce the
experimental profile. b,c) Views of the overlapped unit cell derived
from the staggered AB-stacking mode along the b) z- and c) y-axes.

nanotubes (SWNTSs). The electron delocalization along the
long axis of the SWNTs after an electron transfer from
tetrathiafulvalenes has been described by the negative
imprint of the steady-state absorption spectrum of the
SWNT (i.e., the van Hove singularities).* The hole deloc-
alization within the SWNT in an electron-transfer SWNT-
coenzyme Q10 system has been identified by the negative
transient traits, which show a mirror image of the absorption
spectrum of the SWNTs.*! Considering these similarities, the
transient spectral traits of the COF suggest that a very rapid
charge separation occurs within 1.4 ps between the closely
positioned donor and acceptor pairs followed by the charge
delocalization in the m-columns. The nanosecond transient
time profile at 480 nm indicates that the lifetime of the
charge-separated state (7o) is as long as 10 ps (Figure 3a).["%

We also performed femto- and nanosecond transient
absorption spectroscopic measurements of Dy p.-Aynpi-COF
dispersed in a deaerated nonpolar solvent, o-dichloroben-
zene, at 298 K. The transient absorption spectra exhibited
mirror images that were similar to those observed in
benzonitrile (Figure S8a,b). The curve fitting of the transient
absorption time profiles resulted in a 7cs value of 11 ps
(Figure S8c). The long lifetime even in the nonpolar solvent
stems from the delocalization of both charges in the
bicontinuous columns, which suppress the charge recombina-
tion.

Unlike benzonitrile and o-dichlorobenzene, N,N-dime-
thylformamide (DMF) causes the delamination of the COF
layers, which gives rise to an improved solubility and
enhanced absorption.'"’ Atomic force microscopy measure-
ments confirmed that the delaminated COFs in DMF have
a thickness of 3—7 nm, whereas the thickness of the COFs in
benzonitrile ranges from several hundred nanometers to
1 um, which is similar to the thickness of the pristine COF
(Figure S9). Transient absorption bands in DMF were
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Figure 3. a) The time profile of the nanosecond transient absorption
band at 480 nm of a benzonitrile-dispersed COF suspension at 298 K
(red dot). The lifetime of the charge-separated state was estimated to
be 10 pus using curve fitting (dotted black curve). b) Femtosecond
transient absorption spectrum of a COF sample in DMF. The peak at
480 nm are due to the radical anion of the NDI acceptor unit, whereas
the peaks at 576 and 840 nm are assignable to the radical cation of
the ZnPc donor unit. ¢) Time profile of the transient band at 840 nm.
d) Time profiles of the transient bands at 480, 576, and 840 nm.

observed at 576 and 840 nm, which were assignable to the
ZnPc radical cation (ZnPc™), and at 480 nm, which was
attributed to the NDI radical anion (NDI'") (Figure 3b and
Figure S10). From the time profile of ZnPc* at 840 nm, the
rate of the charge separation process is estimated to be 5.5 x
10" s~ (Figure 3c¢). Therefore, the exciton generation by light
absorption is directly coupled with the charge separation
through the ultrafast photo-induced electron transfer. Only
1.4 (in benzonitrile) and 1.8 ps (in DMF) are required to
complete the electron transfer from the singlet state of ZnPc
(*ZnPc*) to NDI and the generation of a charge-separated
state with ZnPc" and NDI'™ in the two proximate columns
(Scheme 1b). In DMF, the 74 value was decreased to 217 ps
as a result of fewer layers (Figure 3d). In the model electron-
transfer compound, m-t-stacked phthalocyanines can extend
the lifetime of the charge-separated state because of the
charge delocalization in the J-aggregates.*! The same ultra-
fast electron transfer observed for the COFs in different
solvents, but with a distinct difference in the lifetime, indicates
that the layered structure is crucial for the charge delocaliza-
tion and the retention of the charge-separated state. In the
COFs, the heterojunctions enable an ultrafast charge separa-
tion, whereas the bicontinuous m-columns account for the
long-distance charge delocalization and long-term charge
separation.

To clarify the charge dynamics in the solid-state COFs, we
performed time-resolved electron spin resonance spectrosco-
py (TR-ESR). Before the 700 nm laser flash, the sample was
ESR-silent over the entire magnetic field range (Figure 4a,
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Figure 4. a) Contour plots of the TR-ESR spectrum of the solid-state
COF at 280 K. The transverse and longitudinal axes denote the time
and magnetic field, respectively. The normal axis is the TR-ESR
intensity. The negative and positive signs of the signal intensity
indicate the absorption and emission of the microwaves, respectively.
b) Time slice of the TR-ESR spectrum at t=1.5 us. The green line is
the line calculated based on the Lorentz function (Abs=absorption
and Emi=emission). c) Time profile of the TR-ESR signal at a magnetic
field of 0.3435 T. The orange line is the curve calculated based on the
exponential function @ =aexp[—t/7cs).

t<0ps). After the laser flash, the TR-ESR signal rapidly
increased in intensity as a result of a very rapid charge
separation (Figure 4a). The TR-ESR signal exhibited an
increase up to t=1.5 ps and then decayed slowly. Therefore,
we monitored the TR-ESR spectra at t=1.5 ps as a function
of the magnetic field and obtained a time-slice profile, which
can be reproduced with a single emission-type Lorentzian
with a g value of 2.0059 and a narrow spectral width of
0.75mT (Figure 4b, green line). The g value of 2.0059
confirms the formation of ZnPc* and NDI*~ species.'! The
narrow spectral width of the COF is consistent with a weak
magnetic dipolar interaction between two spins because they
are spatially separated and delocalize in the donor and
acceptor columns. The TR-ESR measurements at 80 K also
confirmed the charge-separated state, as evidenced by a single
emission-type Lorentzian profile with the same g value of
2.0059 (Figure S1la,b). Through curve-fitting of the time
profiles to an exponential function given by @ =aexp[—t/
Tcs], Where a, , and 7 are the proportional factor, time, and
lifetime, respectively, the 75 values of the solid-state COFs at
280 and 80K were determined to be 1.8 and 1500 ps,
respectively (Figure 4c, orange line and Figure S11c).
Photo-induced electron transfer and charge separation is
a central subject in developing artificial photosynthesis and
photoenergy conversion systems. Many efforts have been
devoted to highly efficient electron-transfer and charge-
separation systems through extensive studies on various
model donor—acceptor compounds and on bulk heterojunc-
tion systems. The advantage of the donor-acceptor COF
configuration over the bulk heterojunction systems is that the
COF structure enables the formation of junction between
each donor and acceptor unit and the junctions are aligned
and periodically ordered throughout the framework. The
present study discloses that the donor-acceptor COFs pro-
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vide a new molecular configuration for electron transfer and
charge separation, based on the segregated and bicontinuous
donor-acceptor columnar arrays that are controllable
through the topological design of the COF skeletons.

In summary, we elucidate the electron transfer and charge
dynamics and their structural origin of donor—acceptor COFs
through time-resolved spectroscopic studies. In both solvated
and solid states, light absorption is directly coupled with
exciton generation and charge separation. The heterojunc-
tions in the COFs enable an ultrafast charge separation,
whereas the aligned bicontinuous n-columns account for the
long-distance charge delocalization and exceptional long-
term charge retention. These dynamics provide mechanistic
insights into the key photochemical processes involved in
optoelectronics and photoenergy conversion systems and
suggest that the donor-acceptor COFs are promising high-
performance semiconducting materials that may find appli-
cations.
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