
Control over Charge Separation by Imine Structural Isomerization in
Covalent Organic Frameworks with Implications on CO2
Photoreduction
Daniel H. Streater, Eric R. Kennehan, Denan Wang, Christian Fiankor, Liangji Chen, Chongqing Yang,
Bo Li, Daohua Liu, Faysal Ibrahim, Ive Hermans, Kevin L. Kohlstedt, Long Luo, Jian Zhang,
and Jier Huang*

Cite This: https://doi.org/10.1021/jacs.3c10627 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Two-dimensional covalent organic frameworks (COFs) are an
emerging class of photocatalytic materials for solar energy conversion. In this
work, we report a pair of structurally isomeric COFs with reversed imine
bond directions, which leads to drastic differences in their physical
properties, photophysical behaviors, and photocatalytic CO2 reduction
performance after incorporating a Re(bpy)(CO)3Cl molecular catalyst
through bipyridyl units on the COF backbone (Re-COF). Using the
combination of ultrafast spectroscopy and theory, we attributed these
differences to the polarized nature of the imine bond that imparts a
preferential direction to intramolecular charge transfer (ICT) upon
photoexcitation, where the bipyridyl unit acts as an electron acceptor in
the forward imine case (f-COF) and as an electron donor in the reverse imine case (r-COF). These interactions ultimately lead the
Re-f-COF isomer to function as an efficient CO2 reduction photocatalyst, while the Re-r-COF isomer shows minimal photocatalytic
activity. These findings not only reveal the essential role linker chemistry plays in COF photophysical and photocatalytic properties
but also offer a unique opportunity to design photosensitizers that can selectively direct charges.

■ INTRODUCTION
Fuel cells powered by H2 formed through water splitting (H2
and O2), upconverting syn gas (H2 and CO) derived from
CO2, and affixing H2 with atmospheric nitrogen as ammonia
(N2 and H2 to NH3) represent ideal strategies to sustainably
address global resource demands.1,2 Studying ways to perform
these reactions directly using the sun’s energy deserves
research not only due to its economic possibilities but also
because doing so mimics mother nature. Like nature, human-
made artificial photosynthesis requires a photocatalytic
architecture that can effectively couple a light absorber and a
catalyst.3,4 Two-dimensional (2D) covalent organic frame-
works (COFs) are a novel class of crystalline porous materials
that are built from aromatic organic monomers linked through
covalent bonds. They have been demonstrated as remarkable
photocatalytic materials owing to their π-conjugation that
often allows absorption of visible light in addition to their
inherent porosity, large surface area, and structural diver-
sity.5−13 Indeed, they have already been recognized as
photocatalytic materials in several forms, such as those that
incorporate metal catalysts via postsynthetic modification,14 Z-
scheme semiconductor/COF catalysts with covalent hetero-
junctions,15 photosensitizers incorporated with cocata-
lyst,7,16,17 as well as photocatalysts without metal compo-

nents.18 More recently, we have shown the successful
integration of Re(bpy)(CO)3Cl (where bpy is 2,2′-bipyridyl)
and Mn(bpy)(CO)3Br molecular catalyst (MC) into a 2D
imine COF featuring a triazine core and bipyridine. We show
that these COFs can catalyze CO2 reduction reactions to form
CO with better catalytic activity and durability compared to
their corresponding homogeneous counterparts.4,19

The imine bond (−C�N−, Schiff base) is widespread
among the field of COFs because of its facile formation and
reversibility, but there is relatively little known about the
photophysical implications of the bond beyond imparting
extended π-conjugation between aromatic monomers. Baldwin
et al. discovered hints of photophysical differences in two
COFs with reversed imine bonds by observing different
responses to solvent polarity.20 Thomas and co-workers dove
deeper into the impact of imine reversal reporting changes in
the absorption, band alignment, photoconductivity, and
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photocatalytic behavior,21 but the fundamentals for why imine
reversal changes these properties remain elusive. A related
trend in COF literature is the use of 5,5′-dicarbaldehyde-2,2′-
bipyridine (CHO-bpy) as an MC docking site for the
formation of photocatalytic COF structures with a variety of
comonomers.22−26 The structural diversity of comonomers
with 5,5′-diamino-2,2′-bipyridine (NH2-bpy), however, is
sparse.27−33 When NH2-bpy does appear in the literature it
is typically stabilized by hydrogen bonding interactions from
1,3,5-triformylphloroglucinol that undergoes keto−enol tauto-
merization to transform the imine bond into an amine and
only a few references exist that polymerize NH2-bpy without
additional hydrogen bonding stabilization.34,35 Of these, the
structures either make use of a tetratopic pyrene monomer that
has been shown to be a beneficial crystallization agent,36 or the
crystallinity and porosity of the sample are low.35 These
inherent structural challenges in imine structural isomerism
should be recognized as fundamentally important to under-
stand the dynamics of COF formation, and discovering the
electronic effects of imine reversal is important to understand
how such a ubiquitous linker may affect the performance in
COF photocatalysts.
In this work, we begin to fill these needs by reporting in-

depth theoretical predictions backed by experimental studies
on two imine COF isomers with reversed imine connectivity.
We show that the imine direction plays an outsized role in
controlling excited state relaxation dynamics whether the COF
is bare or coordinated to a Re MC (Re-COF). Photocatalytic
CO2 reduction performance of the Re-COFs, one of which has
already been reported,4 is starkly different, with the reversed
imine COF isomer showing no significant activity. We go
further to explain this finding by rationalizing that reversing the
direction of the imine-linkage changes the behavior of 2,2′-
bipyridine, switching it from an electron acceptor in the
forward imine COF (f-COF, Scheme 1a) to an electron donor
in the reversed imine COF (r-COF, Scheme 1b). This suggests
that the direction of imine enforces directionality to intra-
molecular charge transfer (ICT), an effect we term “ICT Tesla
Valve” in analogy to diodic one-directional fluidic flow
devices.37 Upon Re incorporation, the impacts of imine
reversal to Re/bpy orbital interactions are observable and

drastically change the excited state and charge separation
pathways. These findings are unprecedented and suggest that
when designing COFs for artificial photosynthesis, the linker
chemistry in COFs which controls the direction of ICT should
be a primary consideration. This may also provide a potential
tool in applications where the direction of the ICT is of
primary importance.

■ RESULTS AND DISCUSSION
Synthesis and Structural Characterization of f-COF,

Re-f-COF, r-COF, and Re-r-COF. f-COF and Re-f-COF
(Scheme 1a) were synthesized following the previously
reported method.4 r-COF (Scheme 1b) is synthesized by
adapting a recent synthetic method for colloidal COF
formation that uses aniline as a monofunctional polymerization
mediator in benzonitrile with a benzoic acid catalyst (details in
SI).38 r-COF is then placed into a teabag, washed by Soxhlet
extraction with methanol for 24 h before exchanging with
absolute ethanol for critical point drying (CPD, details in SI).
Standard characterizations including powder X-ray diffraction
(PXRD), Fourier-transformed infrared (FTIR) spectroscopy,
13C−CP-MAS NMR, and diffuse reflectance (DR) spectros-
copy are then performed to confirm their structure (details in
SI). In addition, small molecular models of f-COF, Re-f-COF,
r-COF, and Re-r-COF were synthesized for use as photo-
catalysis controls (details in SI). We note that we initially
attempted to synthesize r-COF by a similar solvothermal
method as f-COF by screening for optimal solvent conditions
(details in SI, Figures S1−S5), and while this uncovers
interesting trends regarding solvent polarity the colloidal
method yields r-COF with better porosity and is used in this
study.
Figure 1a shows the FTIR spectrum of r-COF, which is

featured by an imine (C�N) stretching band at 1620 cm−1,
and the attenuation of the −NH2 band present in NH2-bpy
and the −C�O band present in CHO-TTA. This suggests the
formation of the imine bond through the condensation of
−NH2 and −CHO groups. A similar FTIR evolution is
observed in the spectrum of f-COF and its monomers (Figure
S6), but imine (C�N) stretching is instead found at 1626
cm−1. The 13C−CP-MAS NMR spectrum of r-COF shows a

Scheme 1. Synthetic Scheme of (a) f-COF and Re-f-COF and (b) r-COF and Re-r-COF; They Are Built from COF Monomers
in which the Amine and Aldehyde Functional Groups Are Switched
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shoulder at a chemical shift of 159 ppm that we attribute to the
imine C (Figure S7). The PXRD patterns (Figure 1b) of r-
COF exhibit a relatively intense diffraction peak at 2θ equal to
2.3° but have poorly pronounced higher-order peaks,
suggesting a semicrystalline nature. These patterns are similar
to that of f-COF (Figure S8), suggesting that r-COF and f-
COF have comparable crystallinity and topology. These
experimental results are further validated by the computed
structure using the density functional tight binding
(DFTB)45−50 optimized unit cell as a lattice model (inset of
Figure 1b), where we found that AA stacking is the more
probable configuration compared to the AB stacking mode.
BET area of r-COF yields r-COF with a BET area of 600 m2/g
(Figure 1c). Because the Kubelka−Munk transformed DR
spectra of r-COF (Figure 1d) show broad absorption in the
UV−visible regions (>400 nm) where the monomers have
negligible absorption, we attribute the absorption at >400 nm
to the ICT band, which further supports the formation of r-
COF. Overall, the colloidal approach yields similar results by
PXRD, FTIR, and DR. The structural effects of imine reversal

are not completely clear, but understanding how and why
imine structural isomerism affects properties like the imine
stretching frequency and porosity is fundamentally important
to understanding the dynamics of imine COF formation and
deserves further investigation.
Re-r-COF is synthesized by refluxing r-COF with Re-

(CO)5Cl in toluene under N2 protection (Scheme 1b). FTIR
spectrum of Re-r-COF (Figure 1a) exhibits three new bands at
1878, 1910, and 2018 cm−1, as determined from the zero
crossing of the transmittance derivative (Figure S9). These
bands can be assigned to the A’(2), A”, and A’(1) stretching
modes of C�O in fac-Re(bpy)(CO)3Cl,

39 respectively, which
are consistent with the trend of analytic frequencies predicted
by DFT (Tables S1 and S2). The PXRD patterns of Re-r-COF
show enhanced diffraction peaks with respect to those of r-
COF, suggesting that the incorporation of Re to r-COF
improves the COF crystallinity (Figure 1b). The reason for
this is unknown, but similar trends have been observed upon
COF metalation previously.4,14,29,40 BET analysis of the N2
isotherm (Figure 1c) of Re-r-COF from the colloidal synthesis

Figure 1. (a) FTIR spectra of r-COF and Re-r-COF. The spectra of monomers and small molecular models are also shown for comparison. (b)
Experimental and simulated (AA and AB stacking modes) PXRD patterns of r-COF and Re-r-COF. (c) N2 adsorption isotherms of r-COF and Re-
r-COF with surface areas from BET calculation. (d) UV−visible diffuse reflectance spectra of r-COF and Re-r-COF and the absorption spectra of
monomers and small molecular models in acetonitrile solution. (e) EXAFS fitting of Re-r-COF with fitting parameters (top) and R-space fitting
(bottom). Note: Re−C−O forward scattering degeneracy of two. (f) FTIR of the (Re)-C�O stretches in Re-f-COF and Re-r-COF with reference
lines drawn through peaks determined by zero crossings of the derivatives (Figure S9).
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indicates a lower surface area (468 m2/g) than r-COF which is
somewhat expected upon incorporation of Re MC onto the
COF backbone and is about 34% that of Re-f-COF (Figure
S10). Kubelka−Munk DR spectra of r-COF and Re-r-COF
(Figure 1d) indicate that absorption is less red-shifted upon Re
incorporation compared with f-COF and Re-f-COF (Figure
S11). The incorporation of Re to r-COF to form Re-r-COF is
further supported by the X-ray absorption spectrum (XAS)
collected at the Re L3 edge. As shown in Figure 1e, the
extended X-ray absorption fine structure (EXAFS) spectrum of
Re-r-COF resembles that of Re(bpy)(CO)3Cl and Re-f-COF
(Figure S12) and can be adequately fit by FEFF calculation
based on a reported Re(bpy)(CO)3Cl crystal structure
(CCDC Deposition #649892), where Re is coordinated by
three C (C�O), two N (bpy), and one Cl. This
unambiguously confirms the presence of fac-Re(bpy)(CO)3Cl
and supports that Re was incorporated into r-COF through
bipyridine in Re-r-COF.39,41−43 The fitting results (top panel
in Figure 1e) indicate a decrease in the Re−C bond length in
Re-r-COF (1.83 Å equatorial and 1.84 Å axial) compared with
those in Re-f-COF (1.91 Å equatorial and 1.88 Å axial). These
bond reductions in Re-r-COF coincide with the elongation of
Re−N (2.24 Å) and Re−Cl (2.47 Å) bonds, as opposed to
those in Re-f-COF (2.17 Å for Re−N and 2.45 Å for Re−Cl).
However, Re → C → O forward scatterings exhibit only minor
changes, where it is 3.06 Å in Re-r-COF and 3.07 Å in Re-f-
COF. This results in a net increase of 0.07 and 0.03 Å in the
equatorial and axial C�O bond lengths, respectively.
Differences in the EXAFS results between Re-f-COF and Re-

r-COF can be attributed to π back-bonding from Re d-orbitals
(with π symmetry) to antibonding C�O (π*) molecular
orbitals. Re(dπ) → C�O (π*) back bonding is stronger in
Re-r-COF and thus a stronger and shorter Re−C bond but a
weaker and longer C�O bond than those in Re-f-COF. Note
that a larger C�O net elongation is observed in equatorial
C�O than in axial C�O, suggesting that the impact of imine
reversal on π back-bonding is more effective in the former than
the latter. Further support of these findings arises from the
FTIR spectra, where C�O stretching modes in Re-r-COF
have a lower frequency (1878, 1912, and 2018 cm−1) than
those in Re-f-COF (1890, 1910, and 2021 cm−1) due to
increased Re(dπ) → C�O (π*) back bonding in the former
(Figure 1f). These results together suggest that the imine
direction effectively impacts the π-acceptor characteristics of
the bipyridine in both f-COF and r-COF, where Re(dπ) →
bipyridine(π*) back-bonding has an inverse relationship with
Re(dπ) → C�O(π*) back-bonding.
Reversal of the Imine Direction Impacts Ground-

State Transitions of COFs. To understand how imine
direction impacts the electronic transitions and photophysical
properties of f-COF and r-COF, we evaluate the electronic
correlation between the four fragments (i.e., triazine, phenyl-
ene, bipyridine, and imine, Figure 2a) by performing time-
dependent DFT (TDDFT)53−58 calculations on the edge units
(Figure 2a), followed by transition density matrix (TDM)
analysis (with details in Supporting Information).59 The
selection of the four fragments-triazine, phenylene, bipyridine,
and imine- is based on the rationale that they play important
roles in ICT and are essential for TDM analysis. As shown in
the left panel of Figure 2b, the matrix elements in the electron
correlation plot of f-COF suggest that electron transfer from
phenylene to both imine and bipyridine contributes to ICT. In
contrast, the electron correlation plot of r-COF which has a

reversal imine direction (right panel in Figure 2b) indicates the
opposite behavior, where ICT has a contribution from hole
transfer from phenylene to bipyridine and imine, i.e., reversing
the ICT direction. The electron correlation plot illustrates this
by showing more correlation (darker green) in the bipyridine
→ imine and bipyridine → phenylene matrix elements, and
less correlation (lighter green) in the phenylene → imine and
phenylene → bipyridine matrix elements of r-COF and f-COF,
respectively. This finding has an analogy to one-way fluidic
valves (e.g., “Tesla Valve”), highlighting the crucial impact the
imine direction has on ICT in imine-based COFs.37

Reversal of Imine Direction Impacts the Excited State
Dynamics of COFs. The excited state (ES) dynamics of f-
COF and r-COF are examined using femtosecond transient
absorption (fs-TA) spectroscopy. ES properties are measured
by pumping f-COF and r-COF samples with a 400 nm 150 μJ
laser and using delayed visible light pulses to generate the ES
spectra. A distinct excited state absorption (ESA) peak at 500
nm is observed in the fs-TA spectrum of f-COF at 500 fs and
persists until 1 ns (Figure 3a). The presence of a clearly
defined peak indicates that ESA occurs from ground-state
electrons being promoted to a relatively localized electronic
ES. Notably, while this peak is no longer observable past 1 ns, a
broad positive feature persists, suggesting an underlying state is

Figure 2. (a) Molecular structure of the edge unit of f-COF and r-
COF and the fragments chosen for TDM analysis. (b) Electron
correlation plots of the allowed S1 transition produced by TDM
analysis; f-COF (left) and r-COF (right). The X-axis represents the
fragment from which the electron density originates, while the Y-axis
denotes the fragment where the electron density ends up. Darker
colors correspond to a higher degree of correlation among the
fragments. Outlines show the key differences pertaining to ICT.
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present. TDM analysis (vide supra) shows that the exciton
generated by the pump laser should localize electron density
primarily at the bipyridine. In this case, the hole density is
delocalized, overlapping the bipyridine, imine, and phenylene
fragments. In contrast, r-COF seems to initially populate a
rather electronically delocalized ES with a broad, featureless
ESA profile that returns to the ground state (GS) within the fs-
TA time window (Figure 3b). ESA in r-COF initially extends
across the visible spectrum and shows no prominent peaks, but
as time passes, a peak is dynamically evident; the peak
maximum arises at 525 nm in 2.5 ps and then migrates to 500
nm in 25 ps. Peak formation and migration represent exciton
self-trapping of carriers, in this case, electrons, that cannot
escape Coulombic attraction to holes in the low dielectric
environment of the framework.51,52 Thus, the initially
delocalized state localizes relatively quickly before exciton
recombination brings the system back to the GS by 1 ns.
Theoretical and experimental results are thus in accordance

with each other, allowing for summarization of the results in
Figure 3c. f-COF initially generates a delocalized hole with
localized electron while r-COF generates the opposite: a
localized hole with delocalized electron. Figure 3d shows the
kinetic traces of f-COF (top) and r-COF (bottom) that are fit
by a finite three-component exponential decay for both COFs.
It is difficult to definitively interpret what processes the time
components correspond to without specific further study, but

they are likely due to some combination of vibrational
relaxation, exciton self-trapping, and recombination. The
noticeable features of the fitting components (Table S3) are
that the first component in r-COF is faster and makes up a
larger portion of the overall relaxation than the first component
in f-COF. Fast processes in this time range could correspond
to structural relaxation and a larger proportion suggests r-COF
undergoes more structural distortion than f-COF. Interestingly,
the 540 and 500 nm probe in r-COF and f-COF, respectively,
have similar proportions of the overall relaxation.
Reversal of the Imine Direction Impacts Ground-

State Transitions in Re-COFs. The impact of the imine
direction on the electronic structure and energetics of Re-f-
COF and Re-r-COF is also assessed. The lowest energy
transition with appreciable oscillator strength (GS → S4,
Tables S4 and S5), which should be the main absorbance peak
in the visible portion of the DR spectrum for both Re-COFs, is
0.13 eV higher in energy in Re-r-COF than Re-f-COF. This
absorption energy difference is reflected in the measured DR
spectra of Re-COFs where Re-r-COF is centered around 450
nm (Figure 1d) and Re-f-COF is centered around 475 nm
(Figure S11). Natural transition orbitals (NTOs, Figure 4a)66

of this GS → S4 transition in Re-f-COF indicate the presence
of a hole particle centered on the COF and an electron particle
with mixed Re/f-COF characteristics. This may suggest the
presence of a small degree of ligand-to-metal charge transfer

Figure 3. (a) fs-TA time slices of f-COF. (b) Fs-TA time slices of r-COF. (c) Pictorial scheme of exciton localization in the f-COF and r-COF. (d)
fs-TA kinetic traces of f-COF (top) and r-COF (bottom) at various wavelengths.
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(LMCT) immediately following excitation but is primarily
intraligand charge transfer (ILCT) in nature. In contrast, the
Re-r-COF NTO of the S4 transition shows a hole particle with
mixed Re/r-COF orbital contributions (Figure 4a, bottom),
suggesting some degree of metal-to-ligand charge transfer
(MLCT) nature that is typically observed in Re(bpy)-
(CO)3Cl.

42 Frontier orbitals (Figure 4b) illustrate the effect
of imine reversal on the Re/COF energetic overlap in Re-
COFs. In Re-r-COF the occupied MOs localizing electron
density on Re (HOMO, HOMO−1, HOMO−2) and those
localized on COF (HOMO−3) are energetically separated
relative to those of Re-f-COF. This disparity is attributed to
that Re-r-COF has a relatively electron-rich bipyridine ground
state, which leads to energy lowering that inhibits the mixing of
Re(dπ) and bipyridine(π*) orbitals. This is consistent with the
results from XAS and FTIR spectroscopy (Figure 1e,f) and our
DFT prediction (Tables S1 and S2), where Re-r-COF shows
stronger Re(dπ) → C�O (π*) but weaker Re(dπ) →
bipyridine(π*) back bonding and lower C�O stretching
frequencies.
Reversing the Imine Direction Impacts the ES and CS

Dynamics of Re-COFs. The impact of imine reversal on the
ES and charge separation (CS) dynamics of Re-COFs is
examined by both femtosecond (fs-TA) and nanosecond (ns-
TA) transient absorption spectroscopy. Immediately following
400 nm excitation, the fs-TA spectra of Re-f-COF (top panel in
Figure 5a) show a negative feature at ∼470 nm corresponding
to the ground state bleach (GSB), a broad positive feature
(>500 nm) that can be attributed to ESA, and an isosbestic
point at 500 nm. At early time (<250 ps), the isosbestic point
shows a bathochromic shift (by ∼25 nm), which is
simultaneously accompanied by the broadening of GSB,
suggesting that the system undergoes relaxation to form a
new intermediate state. Re-r-COF has significantly different
initial fs-TA spectra from Re-f-COF; displaying a bimodal ESA
across the entire spectral window with peaks at 630 and 525

nm, and no observable GSB. Spectral evolution also occurs
within 250 ps, in the form of a red-shifting from the 630 nm
peak to 675 nm, suggesting the relaxation of an intermediate
excited state in Re-r-COF. By the end of the fs-TA time
window, the profiles of Re-f-COF and Re-r-COF somewhat
resemble one another, except for the persistent GSB in Re-f-

Figure 4. (a) Visualization of the NTO corresponding to the lowest
allowed singlet transition of Re-f-COF (S4, f = 1.86) and Re-r-COF
(S4, f = 1.96) at the S0 geometry. (b) Frontier orbital diagram of Re-f-
COF and Re-r-COF at the S0 geometry.

Figure 5. (a) Femtosecond TA spectra of Re-f-COF (top) and Re-r-
COF (bottom) upon 400 nm excitation. (b) Nanosecond TA spectra
of Re-f-COF (top) and Re-r-COF (bottom) after 355 nm excitation.
(c) Comparison of kinetic traces at 600 nm between Re-f-COF and
Re-r-COF from nanosecond TA spectra. The inset shows the
comparison of the kinetics from fs-TA.
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COF. At the beginning of the ns-TA window, Re-f-COF
(Figure 5b, top panel) still exhibits a GSB toward the blue and
an ESA centered at 600 nm, resembling the signature at the
end of its fs-TA. Prominent spectral evolution takes place
where the GSB decays into ESA by 5 μs then the whole ESA
persists past 15 μs. After recovery of the GSB, the broad ESA
appears relatively unchanged, suggesting the recovery or
interconversion of an intermediate species in Re-f-COF on a
ns time scale. In contrast, the ns-TA spectra of Re-r-COF
(Figure 5b, bottom panel) have a single broad ESA spectral
feature with maximal ΔA at 675 nm that decays monotonically
back to the ground state within 15 μs.
The kinetic traces of the visible TA measurements are shown

in Figure 5c. On a femtosecond time scale, the decay of the
normalized 600 nm signal is comparable between the Re-COFs
(inset of Figure 5c), suggesting the broad ESA corresponds to
the population of a similar excited state. The GSB in Re-f-COF
recovers within 5 μs, and the ESA grows, indicating that it is
either overlapped with GSB or that a new state is populated
(Figure 5c). Regardless, the presence of an ES population
beyond our ns-TA window (15 μs) suggests the presence of an
exceptionally long-lived ES in Re-f-COF. Indeed, efforts to
determine its full lifetime were unsuccessful since there is still a
substantial signal remaining even after 4 ms. This is in stark
contrast to the ESA lifetime of Re-r-COF, which completely
decays within 6 μs. Since the ESA of r-COF is completely
decayed by the end of the fs-TA time window we can rule out
r-COF exciton recombination from possible ESA contributions
in ns-TA.

To further develop a hypothesis for Re-f-COF having a
longer-lived excited state we turn to TDDFT to help describe
differences the Re-COFs have in their 3MLCT manifold.60−65

Starting from the GS geometry, the transitions predicted by
TDDFT can be inspected by generating the NTOs (top of
Figure 6a,b). Re-f-COF has an optically allowed vertical
transition to the S4 state which has 1ILCT character ( f = 1.86,
vide supra). The optically forbidden ( f = 0.00) GS → S1
transition has 1MLCT character, GS → T2 is 3MLCT, and GS
→ T1 is mixed 3ML/ILCT. Re-r-COF has a mixed 1ML/ILCT
character for its optically allowed GS → S4 transition ( f =
1.96), 1MLCT for GS → S1, and 3ILCT for GS → T1 and GS
→ T2.
TDDFT optimization of excited states is performed under

the constraint that the two triazines of the edge fragments
remain planar to replicate the bulk environment of the COFs
(Figure 2a). At their respective optimized geometries, the S4
state of Re-f-COF takes on mixed 1ML/ILCT character, the S1
state remains 1MLCT, while T2 and T1 both remain 3MLCT.
In Re-r-COF the S4 state becomes 1MLCT, S1 remains
1MLCT, T2 remains 3ILCT, and T1 becomes mixed 3ML/
ILCT. The relationship between state identity and dihedral
angle is best represented by plotting potential energy surfaces
under the assumption they are parabolic (Figure 6c,d). In Re-f-
COF the small dihedral progressions should allow for a variety
of pathways through the ES manifold, but the most prominent
is outlined in three steps (Figure 6c). The first step involves
relaxation of the S4 state until ISC to T2 occurs; ISC has been
suggested by studies on Re(bpy) complexes to occur quickly.44

Figure 6. (a) TDDFT predicted NTOs of excited states at the S0 geometry (top) and optimized geometry (bottom) of Re-f-COF. (b) Excited state
potential energy surfaces of Re-f-COF as a function of the phenyl-bipyridine dihedral angle assuming parabolic surfaces. (c) TDDFT predicted
NTOs of excited states at the S0 geometry (top) and optimized geometry (bottom) of Re-r-COF. (d) Excited state potential energy surfaces of Re-
r-COF as a function of the phenyl-bipyridine dihedral angle assuming parabolic surfaces.
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Next, the system relaxes along the T2 potential to its energetic
minima; we infer that crossing to the T1 state can be
reasonably well avoided due to the mixed 3ML/ILCT character
of the latter which would require hole transfer to f-COF. At the
T2 minima, thermal equilibrium with the T1 state (ΔG‡ = 0.14
eV under parabolic PES assumption) can be established.
Finally, once the T1 minima has been reached, relaxation back
to the GS can take place. Re-r-COF has a larger bipyridine-
phenylene dihedral progression than Re-f-COF, but notably,
the dihedral progression for the T1 relaxation in Re-r-COF is
much smaller than those in its other investigated transitions.
The dihedral progression of Re-r-COF proceeds toward
planarization and is evidently due to the delocalization of
electron density in the excited state, as observed in fs-TA
measurements of r-COF, which may be key to its rapid excited
state deactivation. The generally large dihedral progression and
energetic isolation of the S4 state offer fewer pathways through
the ES manifold (Figure 6d). The likely pathway would follow
relaxation along the S4 potential until crossing onto the T1
potential where the excitation resides until relaxation back to
the GS can occur.
Combining the findings from TA spectroscopy and TDDFT

computation, we propose a hypothesis on the ES relaxation
dynamics that can well explain the experimental data we have
observed. The pump initially excites Re coordinated sites from
GS to 1ILCT in Re-f-COF or mixed 1ML/ILCT in Re-r-COF.
Conversely, excitons at bare sites underlie 1MLCT → 3MLCT
at Re coordinated sites and recombine within 5 ns. Both Re-
COFs initially undergo intersystem crossing to 3MLCT states,
but this lifetime is decreased in Re-r-COF due to more metal−
ligand mixing in the T1 than Re-f-COF that experiences slow
interconversion of the T2 state to the T1. This interconversion
is observable by the recovery of GSB into ESA in ns-TA by
shifting dσ occupation at 10 ns. Re−N bond distances support
shifting occupation into dσ orbitals. At T2 the Re−N(1) and
the Re−N(2) distance is 2.19 and 2.09 Å, respectively, while at
T1 Re−N(1) is 2.17 Å and Re−N(2) is 2.14 Å. This
interpretation suggests that the T2 state is being probed at 10
ns before significant interconversion to T1 can take place.
Impact of the Imine Direction on Photocatalytic

Performance. Our fundamental photophysical studies dis-
cussed above suggest a distinct difference of electronic
structure and ICT due to imine reversal between COFs and
Re-COFs. Our next step is to evaluate whether imine reversal
in Re-COFs impacts their catalytic performance for light-
driven CO2 reduction to generate CO, and how the
photophysical properties of COFs and Re-COFs are correlated
with their catalytic functions. The photocatalytic CO2
reduction reactions are conducted in an 11 mL vial containing
3.0 mL of CH3CN, 0.2 mL of triethanolamine (TEOA), and
1.0 mg of Re-COF. The headspace of the reaction vial was
sampled by removing 200 μL with an airtight syringe and
manually loading an Agilent 490 Micro Gas Chromatograph
(GC) equipped with a thermal conductivity detector. Control
studies were performed without catalyst, without CO2, with
13CO2, without light, and with TEA or H2O as electron donors
(Figure S13). Additionally, model compounds of the Re-COFs
were synthesized by performing Schiff base condensation
between CHO-bpy with aniline and NH2-bpy with benzalde-
hyde followed by refluxing with Re(CO)5Cl in toluene (see
Supporting Information for details). The reaction vial was
purged with CO2 for 15 min and a Xe lamp with a cut off filter
(>420 nm) was used to illuminate the sample. In addition, a

one-foot water filter is placed after the Xe lamp to remove IR
light, which simulates solar radiation passing through water
vapor in the atmosphere. The Re mass percent in Re-COFs is
determined by ICP-MS, which is 6.2% Re in Re-f-COF and
7.4% Re in Re-r-COF (Figure S14). Under these experimental
conditions, Re-f-COF can produce 6.3 ± 1.2 mmol CO per
gram of the Re-f-COF catalyst after 8 h (equivalent to 4.5
μmol per unit surface area). In contrast, Re-r-COF can only
generate 0.30 ± 0.05 mmol CO per gram of the Re-r-COF
catalyst in the same duration (0.5 μmol per unit surface area).
These results were also reflected by model systems of Re-f-
COF and Re-r-COF that also showed that reversal of the imine
linker significantly hinders or entirely shuts off CO2 photo-
reduction (Figure 7b). We note that while the performance of

the model systems is similar to the Re-COF systems, the Re
loading in the Re-COFs is significantly lower since the gcatalyst is
measured as gross mass. After a reaction vial was purged with
isotopically labeled 13CO2, a tiny portion of 12CO could be
detected by GC-MS for both Re-f-COF and Re-r-COF
photocatalysts, suggesting a portion of the CO detected may
be due to decomposition of the catalyst (Figure S15).
Importantly, the integrated peak area of the 12CO response
is similar between Re-f-COF and Re-r-COF (Figure S15b,f),
but the proportion of 13CO produced by Re-f-COF is much
higher. These findings suggest that imine reversal from Re-f-
COF to Re-r-COF significantly reduces the catalytic activity
for CO2 → CO photoreduction. Characterizing the Re-COFs

Figure 7. (a) Time profile of CO production from CO2 by Re-f-COF
and Re-r-COF per gram of COF catalyst and normalized to the unit
surface area. Error bars represent 90% CI (n = 3). (b) Control
experiments performed on Re-f-COF and Re-r-COF models where
the catalyst loading is 1 mg Re-COF (∼6−7 mass % Re) or 1 mg Re-
COF model (27.9 mass % Re).
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after the photocatalytic reaction by FTIR (Figure S16) shows
that the Re center in each is coordinated by acetonitrile and
that the imine bond at 1620−1626 cm−1 appears to be
protonated, corresponding to a new peak at 1603 cm−1.

■ CONCLUSIONS
In summary, we report two imine COF isomers with reversed
imine connectivity (f-COF and r-COF), which demonstrated
distinct photophysical properties and photocatalytic perform-
ance for light-driven CO2 reduction to generate CO after
incorporating a Re(bpy)(CO)3Cl molecular catalyst to the
COF backbone. Theory-led investigations are supported by
experimental results from ultrafast transient absorption spec-
troscopy that show imine linkers impart a preferential direction
to ICT, where bipyridine in f-COF built from CHO-bpy and
NH2-TTA is an electron acceptor whereas it acts as an electron
donor in r-COF composed of CHO-TTA and NH2-bpy. The
reversal of imine also causes a switch in exciton localization in
bare-COFs, affects the coordination of Re(bpy)(CO)3Cl to the
COF, and promotes different charge separation mechanisms in
Re-COFs, where a significantly more prolonged excited state
was observed in Re-f-COF than in Re-r-COF. These properties
ultimately result in the Re-f-COF isomer acting as an effective
photocatalyst for CO2 reduction, whereas the Re-r-COF
isomer exhibits negligible photocatalytic activity. These
discoveries not only suggest that the chemistry of linker
should be the primary focus when developing imine-linked
COFs for photocatalytic applications but also offer a new
approach for controlling the charge transfer direction in COFs,
which may open a new avenue for their applications in solar
energy conversion.
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Beagle, L. K.; Grusenmeyer, T. A.; Dalton, M. J.; Vaia, R. A.;
Drummy, L. F.; Glavin, N. R.; Baldwin, L. A. Divergent Properties in
Structural Isomers of Triphenylamine-Based Covalent Organic
Frameworks. Chem. Mater. 2022, 34 (2), 529−536.
(21) Yang, J.; Ghosh, S.; Roeser, J.; Acharjya, A.; Penschke, C.;
Tsutsui, Y.; Rabeah, J.; Wang, T.; Djoko Tameu, S. Y.; Ye, M. Y.;
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