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ABSTRACT: Photoexcitation of keto−enamine allows intramolecular proton transfer from C−NH to C�O, leading to
tautomerization, while the photogenerated isomers are excluded from the study of photocatalytic applications. Herein, we
demonstrate the photoisomerization of keto−enamine linkages on covalent organic frameworks (COFs) induced by excited-state
intramolecular proton transfer (ESIPT). Partial enolization generates partially enolized photoisomers with a mixture of keto (C�O)
and enol (OH) forms, conferring extended π-conjugation with an increase in electron density. The spatially separated D−A
configuration is thus rebuilt with the enol−imine-linked branch as a donor and the keto−enamine-linked branch as an acceptor, and
in turn, the photoinduced charges transfer between the two adjacent branches with a long lifetime. We further prove that the partially
enolized photoisomer is a key transition instead of the keto−enamine form as an excited-state model to understand the
photocatalytic behaviors. Therefore, ESIPT-induced photoisomerization must be considered for rationally designing keto−enamine-
linked COFs with enhanced photocatalytic activity. Also, our study points toward the importance of controlling excited-state
structures for long-lived separated charges, which is of particular interest for optoelectronic applications.
KEYWORDS: covalent organic frameworks, photocatalysis, proton transfer, H2 evolution, photoisomerization

■ INTRODUCTION
Excited-state intramolecular proton transfer (ESIPT) is a
classical molecular photoisomerization process that affords a
large Stokes shift.1 Basically, molecules that undergo ESIPT
have the thermodynamically favorable enolic form in the ground
state. Upon excitation, redistribution of charge density elevates
the acidity of the proton donor and the basicity of the proton
acceptor simultaneously. This allows the migration of a proton
from the donor to acceptor sites, resulting in reversible
tautomerization for dual fluorescence emission. Also, the
ESIPT can spatially separate the highest occupied and lowest
unoccupied molecular orbitals (HOMO and LUMO) to
regenerate a donor−acceptor scheme for charge transfer.
Although it is highly desirable for photocatalytic conversion, it
still remains unexplored.
Two-dimensional covalent organic frameworks (2D COFs)

are emerging as a desirable platform for exploring advanced

functional materials. They feature 2D periodic atomic frame-
works and mutual stacking in a well-defined ordered fashion,
thereby producing 1D opening pore channels.2,3 Through
molecular engineering, atomic structure−performance correla-
tion has been established to achieve a series of striking properties
for adsorption and separation,4,5 catalysis,6−8 energy stor-
age,9−11 and magnetism.12 In particular, mounting interest has
been aroused for COFs in implementing artificial photosyn-
thesis by converting solar energy into hydrogen in water
splitting. Inspired by the design of multichromophoric arrays, a
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series of heteronuclear photoactive modules such as sulfone,13

alkyne,14 benzothiadiazole,15,16 bipyridine,17 and triazine18−20

have been incorporated into COF backbones, constituting
extended polygons containing D−π−A multibranches. Such
emerging COFs are beneficial to harvest visible light in a broad
window and expedite charge transport,21 thereby outperforming
most amorphous or semicrystalline polymers in terms of
photocatalytic performances. However, from the photophysical
point of view, the photoinduced electron transfer between
building blocks at different sites of frameworks is limited by
nonconjugated covalent linkages such as keto−enamine, imide,
and 1,4-dioxin. Therefore, a study on the photoexcitation state
of covalent linkages is of significance, which virtually decides the
electron flow direction and charge redistribution, whereas such
investigations have rarely been concerned so far.
In this study, we report on ESIPT-induced photoisomeriza-

tion of keto−enamine linkages for a variety of 2D COFs with
different building blocks. In the ground state, keto−enamine
linkages render 2D COFs excellent chemical stability due to the
irreversible transformation from enol−imine to keto−enam-
ine.22 In the excited state, the photoisomerization of the keto−

enamine linkage is likely via a reverse ESIPT process. As
displayed in Figure 1a, the complete conversion from Keto to
Enol is prohibited, as a higher excited-state energy level exists in
the Enol form, but partially enolized structures, i.e., K1E2 and
K2E1, are thermodynamically stable transitions derived from
proton transfer.23 Our study demonstrates that such ESIPT-
induced photoisomerization generates a partially enolized
structure with extended conjugation and increased electron
density. The spatially separated enol−imine-linked branch and
keto−enamine-linked branch serve as a donor and an acceptor,
respectively, to accomplish the long-lived charge separation and
enhance the photocatalytic conversion efficiency, differing from
the case for the Keto isomer and imine-linked analogues. This is
the first systematic investigation of excited-state structural
transformation of COF-based photocatalysts for a profound
insight into photochemical dynamics.

■ RESULTS AND DISCUSSION

Synthesis of Keto−Enamine-Linked COFs
As displayed in Figure 1b, 1,3,5-triformylphloroglucinol (Tp)
was applied to synthesize a variety of keto−enamine-linked

Figure 1. (a) Scheme of the ESIPT process from Keto to transition (K2E1 and K1E2) to Enol forms. (b) Illustration of keto−enamine-linked COFs
containing a variety of linkers including phenyl, pyridine, biphenyl, and bipyridine. (c) Relative energy level diagram of the corresponding tautomers
after relaxation in the S1 state. S0@S1 represents de-excitation relaxed from the S1 state.
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COFs, using different diamines with aromatic linkers including
phenyl, biphenyl, pyridine, and bipyridine. A general solvother-
mal synthesis was adopted to undergo an aldimine reaction in
mixed solvents at 120 °C for 3 days in the presence of an acetic
acid aqueous solution as a catalyst.
The formation of the keto−enamine linkage was proved by

various spectroscopic techniques. In the Fourier transform
infrared (FT-IR) spectra, the emerging absorbance peaks at
1600 and 1260 cm−1 were assigned to C�O and C−NH bonds
stemming from the keto−enamine linkages in the COFs
(Supporting Information Figure S1). Meanwhile, the solid-
state CP/MAS 13C NMR spectra provided evidence for
framework formation (Supporting Information Figure S2).
The chemical shifts at 182, 144, and 115 ppm could be assigned
to the carbons of keto C(a) and enamine C(b) and C(c),
respectively, and the other phenyl carbons as well as pyridinic
carbons corresponded to the signals in the range of 110−140
ppm.22,24,25

Structural characterization was conducted using powder X-ray
diffraction (PXRD) and N2 sorption techniques. All of the
products were crystalline and gave typical PXRD patterns
indexed to the hexagonal 2D COFs (Supporting Information
Figure S3). The sharp diffraction peaks at 3.3° are derived from
the (100) crystalline facet of TpBPy-COF and TpBD-COF. For
TpPa-COF and TpPy-COF with short linkers, the (100)
diffraction peaks shifted to 4.7°, which was consistent with the
reported X-ray diffraction signal.26−28 Based on the Scherrer
equation, the domain sizes of the crystalline COFs were
calculated to be 13.3, 13.4, 11.4, and 12.0 nm for TpBPy-COF,
TpBD-COF, TpPa-COF and TpPy-COF, respectively.
The accessible pores of these COFs were assessed by N2

sorption measurement at 77 K. The as-synthesized COFs had
high porosity and narrow pore size distributions (Supporting

Information Figures S4 and S5). The Brunauer−Emmett−
Teller (BET) surface areas were calculated to be 820, 841, 696,
and 774 m2g−1 for TpBD-COF, TpBPy-COF, TpPy-COF, and
TpPa-COF, respectively, and accordingly, the pore volumes
were 0.43, 0.41, 0.36, and 0.38 cm3g−1, respectively. Based on the
NLDFT method, the pore size of TpBD-COF was determined
to be 2.1 nm, identical to that of TpBPy-COF. For the
microporous TpPa-COF and TpPy-COF, the pore sizes were
around 1−2 nm. Combined with the well-defined PXRD
patterns, the results of the N2 sorption measurement indicate
that the pores originate from the periodic structures of COFs.
ESIPT-Induced Photoisomerization of
Keto−Enamine-Linked COFs
As reported earlier,29 dual fluorescence emission by single
wavelength excitation is responsible for the ESIPT trans-
formation in chromophore molecules. Investigating the photo-
luminescent property of the keto−enamine-linked COFs can
estimate the possibility of an ESIPT-induced tautomerization
process.
The study commenced with the computational calculation of

model compounds derived from the four COFs. The ESIPT can
generate different tautomers by a sequential keto-to-enol
transformation, as illustrated in Figure 1c. The excited energy
of cutout models and their isomers for the four COFs was
calculated by the time-dependent density functional theory
(TD-DFT) method at the TD-PBE0-D3BJ/def2-TZVP level.
Of the various tautomers, Keto forms possess the most stable
ground states (S0). Upon excitation, the structural rearrange-
ment achieves the global minimum of the lowest excited state
(S1-adiabatic). As a single proton is transferred, tautomer K2E1
is more stable than the starting form, Keto, giving a small energy
decrease in the excited state (1.85 kJ/mol on average).While the

Figure 2. (a) Photoluminescence spectra of TpPa-COF, TpBD-COF, TpPy-COF, and TpBPy-COF. (b) Energy level diagram of ESIPT-induced
COF photoisomers. (c) In situ X-ray photoelectron spectra of TpBPy-COF and TpPa-COF in the dark and under visible light (λ > 420 nm).
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two protons are transferred, the excited energy decreases by
15.23 kJ/mol, indicating that K1E2 is the most stable compared
with Keto and K2E1 and causes the long-wavelength
fluorescence emission around 600−650 nm (Supporting
Information Tables S1−S12). Of the different tautomers,
TpBPy (K1E2) has the lowest energy level in the S1 state,
implying that the BPy moiety is beneficial to form the stable
excited state through partial enolization.
With the theoretical analysis in mind, the fluorescence

measurement was conducted for the aqueous dispersions of
the four COFs under ambient conditions. As shown in Figure 2a,
TpBD-COF and TpPy-COF both show typical dual fluores-
cence emissions around 410 and 590 nm. This could be
interpreted by theoretically predicted ESIPT-induced isomer-
ization (Figure 2b). The short-wavelength emission arises from
the Keto form rather than Enol, as the transition from Keto to
Enol is thermodynamically prohibited. The long-wavelength
emission is attributed to the partially enolized structures, which
have low-lying levels in excited states as well as narrowed energy
band gaps, resulting in red-shifted emission. Differing from the
above two COFs, TpPa-COF exhibited dominant single
emission at 600 nm, indicative of remarkable isomerization. In
contrast, TpBPy-COF merely emitted blue light at 420 nm. It is
most likely that the long-wavelength emission generated by the
tautomers of TpBPy-COF is suppressed. From the computa-
tional point of view (Supporting Information Tables S1−S12),
the calculated HOMO and LUMO of TpBPy(K1E2) are well
separated, providing clear evidence that the recombination of
photoexcited electron−hole pairs could be effectively weakened.
In contrast, TpPa(K1E2) has overlapped molecular orbitals,
featuring the HOMO filling many of the gaps in the LUMO and
vice versa.
Given the single emission observed from TpPa-COF and

TpBPy-COF, the ESIPT-triggered structural transformation
was examined via in situ X-ray photoelectron spectroscopy
(XPS; Figure 2c). In the dark, the N 1s core level spectrum of
TpPa-COF displayed a single peak at 399.4 eV, which could be
fitted with the C−N bond of the Keto form.30 Once TpPa-COF
was irradiated by visible light, the N 1s peak was broadened and
could be deconvoluted into two peaks at 399.4 and 398.5 eV.
The newly emerging peak at 398.5 eV was ascribed to the imine
bond, proving the enolization of keto−enamine configurations
in the excited state. Also, the ESIPT-induced isomerization did
happen to TpBPy-COF. The N 1s signal in the dark was fitted
into the C−Nbond of keto−enamine and the C�Nbond of the
pyridinium moiety.31,32 Upon irradiation, the relative intensity
between the fitting peaks of the C−N and C�N bonds
declined, revealing that the amount of partially enolized
structures increased accordingly. The formed imine bonds
were quantified to roughly estimate the tautomerization degree
for TpPa-COF and TpBPy-COF (Table 1). Both COFs
converted Keto into transition forms with approximately 35%
enol−imine and 65% keto−enamine, indicative of the partial
enolization of the excited COFs via ESIPT.
Transient absorption spectroscopy was carried out to study

the excited states after nanosecond pulsed laser excitation across
the COF series. Figure 3a shows the full transient absorption
spectra of the three COFs dispersed in an aqueous solution.
Note that TpBD-COF did not form a good dispersion after
sonication, so it was excluded from the transient absorption
measurements. To elucidate the uniqueness of charge transfer
states for the partially enolized COFs, the imine-linked PyBPy-
COF was adopted as a control, which consisted of a pyrene

moiety as a donor and a bipyridine moiety as an acceptor. All of
the COFs showed broad photoinduced visible absorption bands
around 400−550 and 600−850 nm during the 80 ns delay.
These bands were attributed to the exciton absorption in the
transition states. It was worth noting that TpBPy-COF gave
significant photoinduced absorption from 550 to 700 nm
compared to TpPa-COF, TpPy-COF, and PyBPy-COF. This
suggests that the excited state of TpBPy-COF is subjected to
exciton dissociation. Figure 3b reveals that the transition state
decays back to the ground state on a time scale of tens to
hundreds of nanoseconds. The decay kinetics could be well fit to
the single exponential model, from which the abstracted lifetime
constants for TpPa-COF, TpPy-COF, and PyBPy-COF showed
similar values of 35, 41, and 41 ns, respectively. TpBPy-COF
showed a much longer lifetime of 76 ns than the other COFs.
Especially compared to PyBPy-COF, the significantly extended
lifetime of TpBPy-COF is attributed to the remarkable charge
separation.

Table 1. Estimation of Keto−Enamine (K) and Enol−Imine
(E) Moieties in the Tautomers of TpPa-COF and TpBPy-
COF through the Analysis of In Situ XPS Spectra (Figure 2c)

C−N (%) C�N (%) K (%) E (%)

TpPa-COF (dark) 100 0 100 0
TpPa-COF (irradiation) 65.05 34.95 65.0 35.0
TpBPy-COF (dark) 49.6 50.4 99.2 0.8
TpBPy-COF (irradiation) 32.8 68.2 63.6 36.4

Figure 3. (a) Absorption difference spectra of TpBPy-COF, TpPa-
COF, TpPy-COF, and PyBPy-COF obtained at 80 ns time delay after
pulsed 355 nm laser excitation (7 mJ cm−2) in water. (b) Normalized
absorption differences monitored at 420 nm as a function of time for
TpBPy-COF, TpPa-COF, TpPy-COF, and PyBPy-COF.
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Photocatalytic Hydrogen Evolution of
Keto−Enamine-Linked COFs
As displayed in Figure 4a, the absorption edges in the UV−vis−
DRS spectra appear at 675, 712, 718, and 734 nm for TpPa-
COF, TpPy-COF, TpBD-COF, and TpBpy-COF, respectively,
exhibiting a continuous red shift in the visible window. Tauc
plots were used to calculate the optical band gaps of keto−
enamine-linked COFs, which ranged from 1.87 to 2.09 eV
(Figure 4b). The positive slopes of the Mott−Schottky plots
demonstrated that the materials were n-type semiconductors
(Supporting Information Figure S6). The flat-band potentials
were then determined to be −0.31, −0.55, −0.57, and −0.49 V
(vs SHE) for TpBPy-COF, TpBD-COF, TpPy-COF, and TpPa-
COF, respectively. As the bottom of the conduction band (CB)
could be approximately analogous to the flat band, it was applied
to calculate the valence band (VB) with the optical band gaps.
Thus, the energy band structures are confirmed, as displayed in
Figure 4c. Also, the electrochemical band diagrams were
established by cyclic voltammetry, showing similar oxidation
potentials to VB and higher reduction potentials than CB
(Supporting Information Figures S7 and S8) due to the need for
extra energy against the interfacial barrier for charge injection.
Thus, the optical band structures were applied to evaluate
photocatalytic ability. All of the keto−enamine-linked COFs are
thermodynamically favorable to reducing protons into H2 when
using ascorbic acid (AA) as the sacrificial electron donor.
Photocatalytic tests were carried out under visible irradiation

(λ > 420 nm) in the presence of AA (0.1 M). The reaction
solution was maintained at pH = 2.5 during photocatalysis. The
static water contact angles of less than 60° indicated that all of
the COFs showed similar wettability (Supporting Information
Figure S9). Also, they appeared to have nonspecific
morphologies and distinctly aggregated at the micrometer
scale (Supporting Information Figure S10). The ultrafine Pt
nanoparticles were photodeposited onto the COF solids to serve

as a cocatalyst. The uniform distribution on the COFmatrix was
observed, and the predominant sizes were around 2 nm
(Supporting Information Figure S11). The contents of Pt
were determined by ICP-AES to be 2.90 wt % for TpBD-COF,
2.88 wt % for TpBPy-COF, 2.93 wt % for TpPy-COF, and 2.90
wt % for TpPa-COF.
Upon exposure to visible irradiation, TpBPy-COF presented

the highest hydrogen evolution rate (HER) of 25.2 mmol h−1

g−1 achieved at every 4 h interval over 48 h (Figure 4d,4e).
Followed by TpBPy-COF, the HERs of TpPy-COF, TpBD-
COF, and TpPa-COF declined dramatically from 19.5 to 14.6
and to 13.2 mmol h−1 g−1. The stable keto−enamine linkages
ensured the structural intactness of the recycled COFs during
photocatalysis, which was evidenced by the measurement of
PXRD and FT-IR (Supporting Information Figures S12 and
S13). For comparison, amorphous analogues were synthesized
by the aldimine reaction of Tp and diamines to estimate
photocatalytic performances. The UV−vis absorption spectra of
amorphous materials were similar to those of the corresponding
COFs (Supporting Information Figure S14), while the HERs
were only 8.6, 4.3, 4.0, and 3.5 mmol h−1 g−1 for poly(TpBPy),
poly(TpPy), poly(TpBD), and poly(TpPa), respectively
(Supporting Information Figure S15).
In the photophysical tests, TpBPy-COF afforded the largest

photocurrent over the light on/off cycles (Supporting
Information Figure S16) and the smallest resistance with the
minimum radius of the semicircle in the Nyquist diagrams
among the COFs (Supporting Information Figure S17). The
best HER performances are also consistent with the longest
charge separation lifetime determined by transient absorption
spectroscopy. To further quantify the excellent photocatalytic
activity of TpBPy-COF over the visible spectral distribution,
apparent quantum efficiencies (AQEs) were measured to show a
wavelength-dependent correlation (Figure 4f), and the max-
imum was 2.46% obtained at 475 nm.

Figure 4.UV−vis−DRS spectra (a), Tauc plots (b), energy level diagram of band structures (c), and photocatalytic hydrogen evolution performance
(d) of TpPa-COF, TpPy-COF, TpBD-COF, and TpBPy-COF. (e) 48 h photocatalytic cycles for TpBPy-COF. (f) Wavelength-dependent AQE for
photocatalytic hydrogen evolution with TpBPy-COF.
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Understanding of the ESIPT-Mediated Photocatalytic
Mechanism
In general, ESIPT tautomers exhibit a drastic redistribution of
the electronic density that makes the proton donor and acceptor
stronger. After the photoinduced proton transfer, the strength of
the formed H-bond between OH and C�N in K2E1 models
was quantitively evaluated with the intrinsic bond strength index
(IBSI) derived from the IGM formulation (Figure 5).33 The

maximum IBSI for H···N bonding is 0.47 for the TpPa isomer
(K2E1), followed by 0.45, 0.44, and 0.38 for TpPy, TpBD, and
TpBPy isomers (K2E1), respectively. The same trend was
achieved for the K1E2 and Enol isomers of different COF
species (Supporting Information Tables S13). Given the
electron push−pull effect, the atomic charge density was
estimated for imine N and aromatic rings at the branches. It

was found that the low electron density on the aromatic rings
such as the Pa moiety (−0.014e) led to the high electro-
negativity of imine N (−0.178e), thereby contributing to the
strong hydrogen bonding in the K2E1 models. With all in mind,
it is most likely that the partially enolized TpPa with the
strongest H···N bonding allows for the improvement of enol−
imine ring rigidity, which favors the formation of planar
configuration and extended conjugation for the strong
fluorescence emission.34

The electron−hole redistributions were computationally
analyzed on the hexagonal models (Supporting Information
Tables S14−S31 and Figures S18−S30). As shown in Figure 6,
the real-space representation indicates that the forms of both
Keto and Enol lead to local excitation without remarkable
separation of electrons and holes. The charge separation of
models could be quantitatively evaluated by the S-to-D ratio
parameter,35 of which S represents the overlap integral of hole−
electron distribution and D means the distance between the
centroid of the hole and the electron. Thus, the smaller S/D
value reflects the smaller spatial overlap of electron accumu-
lation and electron depletion, indicating the efficiency of
electron−hole separation. The minimum S/D value of 0.03
A−1 is derived from partially enolized TpBPy-COF(K2E1),
signifying the most efficient photogenerated electron−hole
separation. This is consistent with the photocatalytic results that
show that TpBPy-COF achieves optimal performance. In
contrast, tautomer TpPa-COF(K2E1) bears the maximum S/
D value of 72.73 A−1, validating the possibility of electron−hole
recombination. Thus, the radiative transition occurs on TpPa-
COF, leading to strong fluorescence emission in the long-
wavelength window.
The π-electron delocalization region in different isomers was

estimated using the electron localization function (ELF).36 As
displayed in the ELF isosurface (isovalue = 0.39; Supporting

Figure 5. Computational calculations of the IBSI and fragment charges
for the cutout models (K2E1) of isomerized TpPa-COF, TpPy-COF,
TpBD-COF, and TpBPy-COF.

Figure 6. Electron−hole distributions for the hexagonal cutout models with different linkers (isovalue = 0.001, calculated on the TD-PBE0-D3/def2-
SVP level). Blue and green regions represent the holes and electrons, respectively.
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Information Figure S31), the delocalized conjugation of the
Ketomodel was severely impeded due to the presence of phenyl-
NH(enamine) and keto-C(enamine) moieties, which gave
relatively low critical ELF values of 0.39 and 0.49, respectively.
For the K2E1 isomer, the ESIPT-induced partial enolization
remarkably enhanced π-conjugation at the same sites, showing
increased critical ELF values of 0.47 and 0.70, respectively,
corresponding to phenyl-N(imine) and enol−imine. Next, the
inter-fragment charge transfer method was adopted to predict
donor and acceptor moieties in different isomers.37 As displayed
in Figure 6, few electrons transfer between the two neighboring
linkers in all of the Keto models. In contrast, the K2E1 isomers
allow for the enhanced charge transfer. Among the four COFs,
the partially enolized TpBPy-COF gave the largest charge value
of 0.42e transferred from the enol−imine branch as a donor to
the adjacent keto−enamine branch as an acceptor. This validates
that ESIPT makes the excited COF rebuild a spatially separated
donor−acceptor system. With PyBPy-COF as a control
(Supporting Information Figure S32), charge transfer occurs
between the adjacent Py (donor) and BPy (acceptor) units,
accordingly limiting the range of electron delocalization and
charge separation (Supporting Information Figure S30 and
Table S32). The ESIPT triggers donor−acceptor separation in
space, resulting in photoinduced electron migration in a large
range. Therefore, the partially enolized structure facilitates an
increase in the yield of separated charges and their lifetimes.
With all in mind, an insightful understanding of the ESIPT-

involved photocatalytic mechanism is illustrated in Figure 7.
Upon excitation, the intramolecular proton transfer occurs on
the keto−enamine moiety, causing an in situ conversion into the
partial enol−imine structure. The dominant isomer is the K2E1
form comprising two keto−enamine bonds and one enol−imine
bond around a six-membered ring. Without ESIPT, the
excitation of the keto−enamine isomer is localized on the
linkers, shortening the charge transfer range. Upon photo-
isomerization, π-conjugation is extended to accumulate

electrons on the enol−imine-linked branch, rendering a new
donor in the excited state.
Combined with the keto−enamine branch as an acceptor, the

spatial separation of the donor and acceptor facilitates the
photogenerated charge transfer between the neighboring edges
of the framework. Indeed, the experimentally observed photo-
catalytic HER increases with the promotion of predicted charge
separation in the K2E1 models. All of the Keto models exhibit
significantly localized excitation, and the charge separation is the
most remarkable using a pyridine linker, which noticeably
disagrees with the experimental results. Therefore, ESIPT-
induced photoisomerization plays a crucial role in under-
standing the structure-to-activity connection for the photo-
catalysis of keto−enamine-linked COFs.

■ CONCLUSIONS
In summary, we have demonstrated the ESIPT-induced
photoisomerization of keto−enamine-linked COFs. The
ESIPT process is responsible for the partial enolization of the
keto−enamine linkage, directly leading to the extended π-
conjugation and narrowed energy band gaps for light harvesting.
Meanwhile, the π-electron density accordingly increases on the
enol−imine-linked branch, which rebuilds a new donor−
acceptor system with the keto−enamine-linked branch. We
find that the charge transfer between the spatially separated
donor and acceptor branches is long-range andmore remarkable
in the K2E1 models than in the Keto models without the need
for an external donor. This can interpret the origin of the long-
lived separated charges and enhanced photocatalytic H2
evolution performances observed in the experiments. The
ESIPT-caused photoisomerization from Keto to partial Enol is
necessarily considered for a mechanistic insight into the
photochemical dynamics. More intriguingly, the study on the
charge separation state of ESIPT materials holds great promise
for use in optoelectronic devices.

Figure 7. Illustration of the photoinduced charge separation for the COFs with different linkers including phenyl, biphenyl, pyridine, and bipyridine.
(a) The inconsistent change between the photocatalytic HER and the predicted charge separation property for the Keto-form COFs in the excited
state. (b) The identical changes in the HER and charge separation for ESIPT-induced photoisomer K2E1, of which the partially enolized moiety serves
as a newly formed donor to reconstruct a spatially separated D−A system.
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■ METHODS

Synthesis of Keto−Enamine-Linked COFs
All of the keto−enamine-linked COFs were synthesized by a
solvothermal route. Typically, a Pyrex tube (10 mL) was charged Tp
(21.0 mg, 0.1 mmol), BD (27.6 mg, 0.15 mmol), o-DCB (0.9 mL), n-
BuOH (0.1 mL), and HOAc (6M, 0.1 mL). The mixture was sonicated
for 2min and degassed through three freeze−pump−thaw cycles. Then,
the tube was sealed off and kept in an oven at 120 °C for 3 days. After
the reaction cooled to room temperature, the precipitate was collected
by filtration and washed with THF and acetone several times. Then, the
solid was extracted by a Soxhlet instrument with THF for 1 day and
dried under vacuum at 40 °C for 24 h, affording TpBD-COF in 83%
yield. The other COFs were prepared by a similar route, and the
detailed recipes were as follows: TpBPy-COF: Tp (21.0 mg, 0.1 mmol),
Bp (27.9 mg, 0.15 mmol), mesitylene (0.5 mL), dioxane (0.5 mL), and
HOAc (6M, 0.1mL). The yield was 80%. TpPy-COF: Tp (21.0mg, 0.1
mmol), Py (16.4 mg, 0.15 mmol), dioxane (0.75 mL), andHOAc (3M,
0.25 mL). The yield was 79%. TpPa-COF: Tp (21.0 mg, 0.1 mmol), Pa
(16.4 mg, 0.15 mmol), mesitylene (0.5 mL), dioxane (0.5 mL), and
HOAc (3 M, 0.1 mL). The yield was 81%.

Photocatalytic Measurement
TheH2 evolution test was performed in a top-irradiation reaction vessel
of a Labsolar 6A system (Beijing Perfect Light Technology Co., Ltd.)
under irradiation of a 300 W Xe lamp equipped with a cutoff filter (λ ≥
420 nm). H2 was analyzed by gas chromatography (Techcomp
GC7900). H2PtCl6 aqueous solution (3.86 mM, 0.405 mL) was added
for loading 3 wt % Pt onto the COF solid (10 mg) by photodeposition.
Photocatalysis was carried out by dispersing 10 mg of the photocatalyst
in 100 mL of water with ascorbic acid (0.1 M) as the sacrificial electron
donor. The pH value of the reaction solution was measured to be 2.5
during photocatalysis. The mixture was evacuated several times to
remove air completely before irradiation. The reaction temperature was
kept at 8 °C by flowing water.
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