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ABSTRACT: Electrochemiluminescence (ECL) involves charge
transfer between electrochemical redox intermediates to produce
an excited state for light emission. Ensuring precise control of
charge transfer is essential for decoding ECL fundamentals, yet
guidelines on how to achieve this for conventional emitters remain
unexplored. Molecular ratchets offer a potential solution, as they
enable the directional transfer of energy or chemicals while
impeding the reverse movement. Herein, we designed 10 pairs of
imine-based covalent organic frameworks as reticular ratchets to
delicately manipulate the intrareticular charge transfer for directing
ECL transduction from electric and chemical energies. Aligning the
donor and acceptor (D—A) directions with the imine dipole
effectively facilitates charge migration, whereas reversing the D—A
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direction impedes it. Notably, the ratchet effect of charge transfer directionality intensified with increasing D—A contrast, resulting in
a remarkable 680-fold improvement in the ECL efficiency. Furthermore, dipole-controlled exciton binding energy, electron/hole
decay kinetics, and femtosecond transient absorption spectra identified the electron transfer tendency from the N-end toward the C-
end of reticular ratchets during ECL transduction. An exponential correlation between the ECL efficiency and the dipole difference
was discovered. Our work provides a general approach to manipulate charge transfer and design next-generation electrochemical

devices.

B INTRODUCTION

The molecular ratchet allows the directional transfer of energy
or chemicals while impeding the reverse movement,' finding
applications in a broad range of chemical and biochemical
processes.”* In biological systems, directional movement can
be accomplished through protein motors such as the kinesin,
myosin, and dynein superfamilies.” Artificial molecular
machines involving catenanes and rotaxanes can achieve
directional movement under various stimuli, such as light,
electrochemical gradient, pH, heat, solvent polarity, and cation
or anion binding.’ Benefiting from the tunable crystalline
structure of metal—organic frameworks (MOFs) and covalent
organic frameworks ( COFs),” ™ integrating molecular ratchet
into reticular materials allows for the design of molecular
ratchet with atomic precision. Moreover, periodically arranging
molecular ratchets into extended network structures amplifies
the ratchet effect, yielding unprecedented properties.lz’13 For
example, Stoddart and co-workers developed MOF-based
pumping cassettes with molecular ratchet structures for
adsorption control and chemical energy storage.'* Further-
more, reticular materials utilizing molecular ratchets to control
charge transfer directions within reticular structures hold
promise in diverse areas, including organic (opto)electronics,
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electrochemistry, photocatalysis,"> and electrochemilumines-
cence (ECL).

ECL is a light-emitting process from transductions of
chemical and electric energies, where excited states depend
critically on the charge transfer between the electrochemically
generated radical anions and cations.'®™"® For conventional
emitters, ECL is generated through random collisions between
radical anions and cations, leading to a low ECL efficiency. In
reticular emitters, the ECL efficiency is determined by
intrareticular charge transfer (IRCT)-mediated radical annihi-
lation."”™?" Therefore, it is intriguing to convert unbiased
charge transport into directional motion by the ratchet effect to
promote exciton generation for ECL emission.'”** Moreover,
benefiting from the low background of ECL,>™%° the ratchet
effect-directed charge migration behaviors could be projected
by ECL performances. However, no reticular ratchets have
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been designed for this purpose to our knowledge, and there is a
need for suitable techniques and theories to quantify the
ratchet efficiency in directing IRCT.

In this study, we designed a series of imine COFs as reticular
ratchets to manipulate the IRCT for directing ECL trans-
duction. These COF ratchets, with varying donor—acceptor
(D—A) contrasts, allowed us to transduce nonequilibrium
electron—hole coexistence states established through the
electrochemical reaction under different ratchet potentials.
Notably, we observed that the ratchet effect intensified with
increasing D—A contrast, resulting in a remarkable 680-fold
enhancement in the ECL efficiency. Investigations into the
electronic structures of these COFs and corresponding model
compounds (MCs) revealed that CH=N dipoles within the
frameworks acted as ratchet teeth. Aligning the CH=N
dipoles along the D—A direction effectively facilitated charge
migration for ECL exciton production, whereas reversing the
D—A direction significantly impeded charge transfer. This
ratchet effect is supported by the delocalized band distribu-
tions, overlapped ground and excited states, and increased
exciton binding energies during electron—hole recombination.
Furthermore, nonadiabatic molecular dynamics (NAMD)
simulation and femtosecond transient absorption (fs-TA)
spectra elucidated the charge recombination dynamics,
confirming the transduction efficacy of this ratchet. Overall,
our study demonstrates the effective application of the ratchet
effect in directing the IRCT within COFs, offering inspiration
for further advancements in manipulating charge migration in
reticular materials.

B RESULTS AND DISCUSSION

Construction of Reticular Ratchets. Considering that
ECL is generated through the annihilation of electrons and
holes, a nonequilibrium state could be established via
electrochemical excitation (Figures la and S1).'%*° Further-
more, a series of D—A building units were selected to create
nonequilibrium states with different ratchet potentials.
Benefiting from the tunability of COFs, we delicately designed
10 pairs of COF-based ratchets with mutually reversed
orientations of polar CH=N bonds between D—A units. We
anticipated that the polarized CH=N bonds could serve as
ratchet teeth, which preferentially direct the electron transfer
from the N-end units to the C-end units and impede the
reversed electron migration during electron—hole combination
(Figure la), in analogy to the recently reported “ICT Tesla
Valve.”' >~ Similar to the space charge in semiconductor
heterojunctions, the CH=N bond in COFs with reversed
orientation could cause inverted band bending (Figures 1b and
S2), where the C-end band bends upward, and the N-end band
bends downward.>*~33 Consequently, the direction of CH=N
bonds not only affects the conduction band minimum (CBM)
and valence band maximum (VBM) but also dictates the
electron—hole combination and the resulting ECL perform-
ance (Figure Ic).

In addition to imine bonds, the electronic structures and
ECL properties of COFs could be manipulated by the choice
of the D—A building units. We selected 10 D—A pairs as
building units and checked their electron/hole affinities
through electrostatic potentials and frontier orbital analysis
(Figures S3 and $4).** The electron-donating abilities of the
building units follow the order triphenylamine (Tpa),
tetraphenylpyrene (Tpy), tetraphenylethylene (Tpe), benzene
(Ph), diphenylbenzothiadiazole (Bt), diphenylthiazolothiazole
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Figure 1. (a) Schematic illustration of the charge transfer direction
during electron—hole recombination in the COF structures and the
corresponding ratchet effect. The opposite orientations of imine
bonds invert the ratchet teeth. (b) Diagrams of imine bond
orientation-induced band shift. The VBM and CBM levels of D—A
COFs are dominated by the electronic interactions between imine
bonds and D—A units. (c) Ratchet effect-directed ECL generation.
The D-CN-A with large E, directs IRCT between the electrochemi-
cally produced electrons and holes and facilitates ECL generation,

distinguishing weak ECL of D-NC-A.

(Tt), and triphenyltriazine (Tz). To further evaluate the
contrasts between D—A pairs, we calculated charges and imine
dipoles for 20 model compounds (Figures SS and S8 and
Table S2). The imine dipole differences align with the
differential charge differences among the D—A units within
each pair of models, arising from distinct electronic
interactions with CH=N bonds in different orientations.
The positive proportions, as shown in Figure S7, indicate that
larger imine dipole differences correspond to larger D—A
contrasts; thus, the latter could be quantified by the imine
dipole differences. In the model pairs with large D—A
contrasts, D-NC-A generally exhibits an elevated highest
occupied molecular orbital (HOMO) and a reduced lowest
unoccupied molecular orbital (LUMO) compared to D-CN-A
(with reversed CH=N bond orientation), leading to the
smaller band gaps of D-NC-A (Figure S9).

Next, we successfully synthesized 10 pairs of COF-based
reticular ratchets, each featuring distinct D—A pairs and
reversed CH=N bond orientations (Figure 2a and Table S1).
Through optimization of solvents and acetic concentrations,
each COF pair exhibits similar powder X-ray diffraction
(PXRD) patterns and closely matched lattice parameters, as
confirmed by the Pawley refinements (Figures S10—S20).
Taking the Tpy-Tt pair (Tpy-CN-Tt and Tpy-NC-Tt COF) as
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Figure 2. (a) Chemical structures and energy levels of VBM and CBM of 10 COF pairs with different D—A contrasts and corresponding band gap
differences. COF pairs were designed by aligning the imine dipole along (X=C, Y=N) or against (X=N, Y=C) the D—A directions. (b) PXRD
and (c) corresponding ECL patterns of the Tpy-CN-Tt and Tpy-NC-Tt pair. (d) ECL efficiency ratios of C=N to N=C linked COFs. X and Y

represent the left and right ligands, respectively.
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Figure 3. (a) Concentration ratio of VBM on the donor and CBM on the acceptor of reticular ratchets in spatial distribution. (b) Dependence of
concentration ratio differences of VBM on dipole differences for Tpy-CN-R and Tpy-NC-R pairs. R = Tpa, Tpe, Tpy, Bt, Tt, Tz, and Ph. (c) BSE
spectra of Tpy-Tt pairs. (d) Differential charge density between the 1st excited state and the ground state of the Tpy-Tt pair. Electron gain and loss
are denoted as cyan and yellow, respectively. (e) ECL transients of Tpy-Tt ratchet under stepping potentials from +1.0 to —2.1 V.

an example (Figure 2b), they both show characteristic peaks at
2.68°, 5.37°, and 8.10°, corresponding to the (110), (220), and
(330) crystallographic planes, respectively. This is consistent
with the high-resolution transmission electron microscopy
experiments, which reveal similar lattice spacings for each COF

pair (Figures S21—S30). N, adsorption isotherms further

confirm their comparable pore sizes and Brunauer—Emmett—
Teller surface areas (Figures S31 and S32 and Table S3).
Despite their analogous framework structures, Fourier
transform infrared spectra of D-CN-A exhibit blue-shifted
stretching vibration peaks of imine bonds compared to their D-
NC-A counterparts, indicating the presence of stronger dipoles
in D-CN-A (Figure $33).> Additionally, the '3C cross-
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Figure 4. TA spectra of (a) Tpy-CN-Tt and (d) Tpy-NC-Tt under 420 nm excitation and (b,e) corresponding spectral cross sections at different

delay times. (c) GSB and (f) ESA TA kinetics at 509 and 712 nm for

Tpy-CN-Tt, and 525 and 643 nm for Tpy-NC-Tt, respectively. (g) NAMD

simulations of electron and hole decay kinetics of Tpy-Tt ratchet. (h) Schematic mechanism of the D—A contrast-dependent ratchet effect in
directing electron—hole recombination. In D-CN-A COFs, raising the D—A contrasts could reduce the slope of the ratchet potential and facilitate
electron—hole recombination. Conversely, the slope increase of the ratchet potentials impedes charge transfer in D-NC-A COFs. (i) Correlation
between ECL efficiency ratios and imine bond dipoles of reticular ratchets.

polarization magic-angle-spinning solid-state NMR experiment
(Figure S34) demonstrates a downfield shift of resonances for
CH=N in D-CN-A, indicative of a more electron-deficient
carbon environment,”® which is consistent with the calculated
charge of imine bonds in these COFs (Figure SSc).
Furthermore, in COF pairs with substantial D—A contrasts
(such as Tpy-Bt, Tpy-Tt, and Tpa-Tz), reversing the imine
bonds from D-CN-A to D-NC-A caused a significant increase
in VBMs and a decrease in CBMs based on density functional
theory (DFT) computations (Figure 2a). Consequently, larger
band gaps were obtained for D-CN-A compared to D-NC-A
(Figures S35—S37). This trend is consistent with the
experimentally observed redshift of fluorescence peaks and
absorbance peaks in the photoluminescence and solid-state
UV—vis spectra, respectively (Figures S35 and $38).
Conversely, for reticular ratchets with relatively small D—A
contrasts (such as Tpy-Tpy and Tt-Tz), reversing the imine
bond orientation resulted in negligible differences in band

gaps, fluorescence, and UV—vis absorbance peak shifts. The
results are in good consistence with the proposed imine bond
orientation-induced band shift model (Figures 1b and S2),
verified by the experimental energy levels of Tt-Tz and Tpy-Tt
COFs calculated from the ultraviolet photoelectron spectrum
and Tauc plots (Figures $36, S37, and S39).

Ratcheting IRCT in ECL. The imine bond orientations
could have a significant impact on IRCT-mediated electron
and hole annihilation during ECL generation. As shown in
Figure 2¢, Tpy-CN-Tt showed a 165-fold enhancement in ECL
intensity compared to that of Tpy-NC-Tt. This trend remains
consistent when employing various solvents and coreactants
(Figures S40—S42). We collected the ECL curves of 10 COF
pairs (Figures S43 and S52), and the ratios of ECL efficiencies
are presented in Figure 2d. Among them, the Tpa-Tz COF pair
(characterized by the largest D—A contrast) showcases the
highest ECL efficiency ratio of 680-fold by switching imine
bond directions, whereas the Tpy-Tpy COF pair (featuring the
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smallest D—A contrast) displays the lowest ECL efficiency
ratio of 1.20-fold.

To comprehend the factors contributing to the variation in
ECL upon reversing the imine bond orientations, we
conducted band structure calculations for these COF pairs
(Figures S53—S62). In Tpy-CN-Tt, the VBM and CBM
exhibit delocalization over both the Tt and Tpy units.
Conversely, in Tpy-NC-Tt, the VBM localizes at Tpy units,
while the CBM localizes at Tt units (Figure SS56). We
introduced a concept called “band concentration ratio” to
quantify the degree of charge localization for the CBM and
VBM (see Supporting Information, Figure 3a and Table S4).
Notably, an inverse proportion was observed between the
concentration ratio differences of VBM and the dipole
differences arising from the imine bond orientation in Tpy-
based reticular ratchets (Figure 3b). This result implies that
reversing the CH=N bond orientation in Tpy-CN-R leads to
increased band localization, while a larger D—A contrast
further promotes the degree of band localization. A similar
trend was also observed in Tz-based COF pairs (Figure S63).

As the ECL is related to exciton generation (Figures S63 and
S64),'%***” we proceeded to calculate the exciton binding
energies (E,) of the reticular ratchets (Figures S65 and
$66).”%* Our calculations reveal that D-CN-A with a larger
band gap exhibits larger E, values than its D-NC-A
counterparts (Figure 3c), signifying a higher propensity for
exciton formation in D-CN-A and an increased tendency for
electron—hole separation in D-NC-A.***" Furthermore, the
differential charge density between the first excited state (S,)
and ground state (S,) of the reticular ratchets demonstrated
that the electrons and holes in Tpy-CN-Tt are less separated
than those in Tpy-NC-Tt (Figure 3d), indicating a more facile
exciton generation process in D-CN-A than that in D-NC-A
(Figures S67—S77 and Table $5).*" These calculation results
align with the slower fluorescence decays (Figure S78 and
Table S6), lower fluorescence quantum yields (Figure $79),*'
and stronger electron paramagnetic resonance signals observed
in D-NC-A upon excitation (Figure $80).* In addition, ECL
transients of Tpy-CN-Tt demonstrated more efficient exciton
production compared with Tpy-NC-Tt, verifying a typical
ratchet effect of directing the IRCT from the N-end to the C-
end units for ECL emission (Figures 3e and S81—S91).

Reticular Ratchet Mechanism-Regulated ECL. To
further investigate the ratchet effect of the reticular ratchets,
femtosecond transient absorption spectroscopy was applied
(Figure 4a—f). Tpy-CN-Tt and Tpy-NC-Tt exhibited ground
state bleachings (GSBs) at 509 and 525 nm, respectively,
which correspond to the absorbance of Tt units (Figures 4b,e
and $35)."*** The separated charges were featured by excited
state absorptions (ESAs) in Tpy-CN-Tt at 712 nm and Tpy-
NC-Tt at 643 nm within 1.5 ps (Figure 4b).*** Compared
with Tpy-NC-Tt, the faster decay of both GSB and ESA for
Tpy-CN-Tt signified more efficient electron—hole recombina-
tion (Figure 4c,f), which is in agreement with the larger Eb.46’47
Therefore, the polar imine bond in Tpy-Tt functions as a
ratchet tooth to accelerate exciton production for enhanced
ECL.

Furthermore, we conducted 5000 fs NAMD simulations to
evaluate the electron—hole combination process. By analyzing
the energy and population of separated electrons and holes, we
found that both the electrons and holes of Tpy-CN-Tt decay
faster than those of Tpy-NC-Tt (Figure 4g), which is
consistent with the above fs-TA results. NAMD simulations

of Tpy-Ph and Tpa-Tz ratchets also exhibited a faster
electron—hole combination of Tpa-CN-Tz and Tpy-CN-Ph
(Figures $S92—S94), verifying the efficient IRCT-directing
abilities of the reticular ratchets.

We found that the D—A contrast caused band gap difference
is proportional to ECL efficiency (reticular ratchet efficiency),
and the faster charge transfer dynamics of D-CN-A COFs
facilitated the ECL exciton generation in each pair of reticular
ratchets (Figures S95—S97). An exponential correlation
between the DFT-calculated dipole differences and the
experimentally measured ECL efliciency ratio of each ratchet
is established (Figure 4i):

QECL; CN ekADipole

imine

(DECL,NC

where @pc; on/Prcrne and ADipole, . represent the ECL

efficiency ratio and imine dipole difference in each reticular
ratchet, respectively; and k is the corrected coeflicient. Finally,
a reticular ratchet-regulated ECL mechanism was proposed
(Figure 4h). That is, steeper slopes are formed when electrons
transfer from the C-end to N-end units, whereas gentler slopes
arise when electrons transfer from the N-end to C-end units.
The increase in the D—A contrast results in higher ratchet
potentials due to electronic interactions between the D—A
units and imine bonds. Consequently, higher D—A contrast
leads to a more efficient IRCT in the D-CN-A system for
luminous energy transduction from electric and chemical
sources through the ratchet effect.

Bl CONCLUSIONS

In summary, by employing the ratchet-directed ECL as a
bridge between the charge transfer and ratchet effect, IRCT
was delicately manipulated based on 10 pairs of D—A COFs
with imine bonds of mutually reversed orientations. The polar
imine bonds in the COFs acted as an efficient ratchet tooth for
directing the electron transfer from N-end units toward C-end
units, thereby vyielding effective control over the ECL
efficiency. The established correlation between ECL efficiency
ratios and dipole differences highlights the prospect of
designing efficient ECL emitters through the deliberate
manipulation of the ratchet effect between D—A fragments.
With the deepening of mechanism understanding, we
anticipate that our research will drive progress in the fields
of optoelectronics, photoelectrochemical devices, and beyond.
This innovative concept of the reticular ratchet opens up new
avenues for precise management of charge transfer within
reticular materials, offering exciting opportunities in various
scientific and technological domains.
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