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ABSTRACT: 2D covalent organic frameworks (COFs) have

gy . . . T, A OF
emerged as a promising class of organic luminescent materials

due to their structural diversity, which allows the systematic tuning T

of organic building blocks to optimize emitting properties. AT —p ” &
However, a significant knowledge gap exists between the design %\:‘ ¢ kr > K, “M
strategy and the fundamental understanding of the key structural "y &ﬁ\&&" < P R
parameters that determine their photophysical properties. In this S 3‘:1 s }}‘“C'
work, we report two highly emissive sp>~C-COFs and the direct o4 R &”@\:r}\ a =2 {
correlation of the structure (conjugation and aggregation) with —“a &, b PO Q

their light absorption/emission, charge transfer (CT), and exciton
dynamics, the key properties that determine their function as
luminescent materials. We show that white light can be obtained
by simply coating COFs on an LED strip or mixing the two COFs.
Using the combination of time-resolved absorption and emission spectroscopy as well as computational prediction, we show that the
planarity, conjugation, orientation of the dipole moment, and interlayer aggregation not only determine the light-harvesting ability of
COFs but also control the exciton relaxation pathway and photoluminescent quantum yield.

B INTRODUCTION building blocks via covalent bonds.'”~** The diverse options of
organic ligands allow the inclusion of a large majority of
available chromophore units without the worry of solubility
2727 1n addition, these ligands can be

Organic luminescent materials have attracted increasing
attention in the past decades because of their widespread ¢
applications in organic light-emitting diodes (OLEDs),' > and processability.

ultrasensitive sensors,”” and bioimaging.”” Since the first readily modified by introducing functional groups, which
report of their use for efficient OLED devices, a variety of allows the systematic tuning of photophysical properties to
luminescent chromophores have evolved, which include small- optimize the emission efficiency. Meanwhile, the intrinsic
molecule and polymer emitters." ' The small-molecule ordered porosity of these materials may prevent aggregation of
emitters typically have a precise molecular structure, an emitters and suppress nonradiative deactivation. As such,
accessible structural modification, high purity, and lumines- COFs can offer the same level of advantages as molecular
cence efliciency. However, they often suffer from poor stability emitters while retaining the stability of the solid-state emitters.
in the presence of air and humidity as well as a complicated Indeed, a few photoluminescent COFs have been reported
fabrication process and heterogeneity when they are processed recently.24’28_40 For example, Jiang and co-workers pioneered
into films."'~'* These issues can be solved by using polymer the research to incorporate pyrene as building unit in
emitters, which are more favorable for wet processing and COFs, 28732 by which blue emission was achieved via exciton
flexible production and may take advantage of the phenom- migration owing to the 7— stacked columnar structure. In the
enon called Aaggregatif)n-induced emissim'l (AIE) thf‘t results meantime, emissive COFs have been designed by introducing
from a rleggr117ct10n of intramolecular rotatllons, v1br‘at10ns, and intramolecular hydrogen bonding or AlEgens within the
motions. However, the polymer emitters typically show frameworks,”* "> where the intramolecular rotation and

lower emission efficiency in comparison to the small-molecule
emitter, which may result from the imprecision of polymer
chemistry (defects).

Given the capability to assemble molecular chromophores in
a periodic crystalline framework and thereby integrate the
beneficial features and overcome the drawbacks of molecular
and polymer emitters, covalent organic frameworks (COFs)
have emerged as a promising class of organic luminescent
materials."® COFs are built from periodic multidentate organic

vibration have been restricted, resulting in enhanced

Received: November 8, 2020
Published: January 4, 2021

© 2021 American Chemical Society https://dx.doi.org/10.1021/jacs.0c11719

W ACS Publications 1061 J. Am. Chem. Soc. 2021, 143, 1061—1068


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sizhuo+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Streater"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christian+Fiankor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jier+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.0c11719&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c11719?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c11719?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c11719?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c11719?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c11719?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/143/2?ref=pdf
https://pubs.acs.org/toc/jacsat/143/2?ref=pdf
https://pubs.acs.org/toc/jacsat/143/2?ref=pdf
https://pubs.acs.org/toc/jacsat/143/2?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/jacs.0c11719?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

luminescence. More recently, an sp*-C-COF was reported to
be highly emissive,’”** where the full 7 conjugation between
the building blocks can facilitate exciton migration through the
framework.

While these prior works demonstrate the great potential of
COFs as organic luminescent materials, a significant gap exists
between the rational design of COFs and the fundamental
understanding on the key structural parameters that determine
their light absorption and emission properties. In this work, we
report two highly emissive COFs (TAT-COF and TPB-COF,
Scheme 1) and the direct correlation of the structure with their

Scheme 1. Synthesis Scheme of TAT-COF and TPB-COF
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light absorption, charge transfer (CT), and luminescent
properties. TAT-COF and TPB-COF were synthesized by
the reaction of 2,4,6-trimethyl-1,3,5-triazine (TMTA) with
star-shaped monomers, 2,7,12-triformyl-5,10,15-triethyltriin-
dole (TAT) and 1,3,5-tris(4- formylphenyl)benzene (TFPB),
respectively, via a Knoevenagel condensation reaction (Scheme
1). We hypothesize that fine tuning of the monomer structure
in TAT with respect to TFPB alters the planarity, charge
delocalization (conjugation), and z—7 stacking (aggregation)
of the COF structure, which are anticipated to affect the
photophysical properties. Using the combination of exper-
imental spectroscopic and computational studies, we not only
show that the designed COFs can be used to generate white
light but also identify how the physical structure of COFs can
modulate CT, exciton relaxation, and emission quantum
efficiency.

B RESULTS AND DISCUSSION

The details of the synthetic procedure of TAT-COF and TPB-
COF are described in the Supporting Information and follow
the same procedure for TPB-COF reported previously.””"’
The formation of both COFs was confirmed by FT-IR spectra,
X-ray diffraction (XRD), scanning electron microscopy
(SEM), and diffuse reflectance (DR) and emission spectra.
The FT-IR spectra of TAT-COF (Figure la) and TPB-COF
(Figure 1b) show the absence of the aldehyde band (1689
cm™') that was present in TAT (Figure la) and the TFPB
(Figure 1b) ligand and the presence of the characteristic
vibrational stretching modes of a C=C trans configuration at
1630 and 978 cm ™', suggesting the complete condensation of
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Figure 1. FT-IR spectra of (a) TAT-COF and (b) TPB-COF with the
corresponding monomers. Powder XRD patterns of (c) TAT-COF
and (d) TPB-COF: Pawley refinement of COFs (AA stacking) against
the experimental data, the Bragg positions (green bar), and the
refinement differences (purple). Simulated XRD of (e) TAT-COF
and (f) TPB-COF. Insets give the top and side views of the structure
modeling of TAT-COF and TPB-COF with AA stacking.

the starting monomers to form the olefin linkages in both
COFs. The XRD pattern of TAT-COF (Figure 1c) shows
peaks at 5.8, 9.8, 11.3, 14.9, and 24.4°, and that of TPB-COF
(Figure 1d) shows distinguished peaks at 5.8, 10.1, 11.6, 15.4,
and 25.8°, which can be assigned to (100), (110), (200),
(210), and (001) facets (Figure le,f), respectively. A Pawley
refinement of the eclipsed (AA) stacking mode (inset of Figure
le,f and Table S1) modeled using Materials Studio yields XRD
patterns (red plot in Figure lc,d) that show negligible
difference from the experimental data. In contrast, a staggered
(AB) mode cannot reproduce the experimental XRD patterns,
suggesting that the condensation reaction of monomers leads
to the formation of TAT-COF and TPB-COF with an AA
stacking mode.

The permanent porosity was investigated by N, sorption
measurements at 77 K. As illustrated in Figure S1, the
Brunauer—Emmett—Teller (BET) surface area of TPB-COF is
703 m?/g, which is comparable to the results reported
previously.””*" In contrast, the BET surface area of TAT-
COF is only 91 m*/g. The low surface area of TAT-COF can
be attributed to the ultramicroporous pores resulting from the
bulky ethyl group. This is further supported by the type II
isotherms, which indicate their low-porosity nature. Unlike
TAT-COF, TPB-COF shows type I reversible isotherms,
implying mesoporous characteristics. More importantly, both
TAT-COF and TPB-COF show good thermal and chemical
stability, as indicated by the TGA measurements (Figure S2)
and the negligible change in position and intensity of XRD
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Figure 2. (a) Diffuse reflectance UV—visible spectra of TAT-COF and TPB-COF with those of the corresponding monomers. Emission spectra of
(b) TAT-COF and (c) TPB-COF in hexane, DCM, DMSO, and MeOH. The insets show photographs of TAT-COF and TPB-COF suspensions
in different solvents under UV light (365 nm). (d) CIE-1931 diagram and the positions of the coated LED strip, TAT-COF, and the LED strip.
Insets give photographs of the LEDs. (e) Emission spectrum of mixed a TAT-COF and TPB-COF suspension. Insets give photographs of
suspensions with and without UV light. (f) CIE-1931 coordinates and a CCT diagram for mixed COF suspensions with different ratios.

patterns after dispersedion in DMF, MeOH, hexane, water,
HCI (12 M), and NaOH (12 M) solutions for 1 week (Figure
S3). An SEM image of TAT-COF (Figure S4a) shows a
fibrillar shape with a diameter of approximately 1 pm and
length of 10 um, while TPB-COF (Figure S4b) shows a
morphology of spherical aggregates 1 ym in diameter.

The formation of the COF structure was further supported
by the DR and photoluminescence (PL) spectra. In
comparison to their corresponding monomers, the DR spectra
of both COFs (Figure 2a) exhibit extended absorption in the
visible region, which can be attributed to a CT transition
arising from the donor—acceptor pairs via 7-conjugation in the
skeleton and/or interlayer stacking. The emission spectra of
TAT-COF and TPB-COF (Figure S5) after 400 nm excitation
show a distinct emission band with a significant red shift with
respect to their single units, implying that the CT transition is
responsible for the emission of COFs. In addition, the emission
spectra of both samples show a strong dependence on solvent
polarity. When TAT-COF was dispersed in hexane, orange
light was emitted at 575 nm (Figure 2b). When more polar
solvents were used, for which the solvent polarity increases in
the order of DCM < DMSO < MeOH, the emission maxima
shift to longer wavelength (from orange to red). A similar
trend of bathochromic shift with increasing solvent polarity
was observed in the emission spectrum of TPB-COF (Figure
2¢), indicating the polar nature of the CT state of the COFs.
Along with the bathochromic shift, the PL quantum yields
(PLQYs) of the two COFs are also sensitive to the
environment. As shown in Table S2, a PLQY value of
17.82% was observed for TAT-COF in DCM and decreased to
529% and 2% in DMSO and MeOH, respectively. In
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comparison to TAT-COF, TPB-COF exhibits much stronger
emission with a PLQY of up to 62.17% in DCM. The different
PLQYs of TAT-COF and TPB-COF are correlated to the
difference in transition dipole moment orientation and the
geometrical effect of the framework, which will be discussed
later.

The tunable emission color as well as the high PLQY of
TAT-COFs and TPB-COFs make them of interest in optical
applications such as white-light-emitting diodes (WLEDs).
RGB (red, green, blue) methods and phosphor methods are
two conventional approaches to produce white light with LEDs
by the proper mixture of LEDs with three primary colors (blue,
green, red) or the combination of a blue LED with a yellow
phosphor coating.”* As white light can be generated by mixing
two complementary colors, we then explored the possibility to
use TAT-COF for WLEDs. As shown in Figure 2d, white light
was obtained by simply coating TAT-COF on the surface of a
cyan LED strip (~485 nm). The CIE coordinates were
determined to be (0.31, 0.34) and found to be cold white
(CCT 6500K). More interestingly, white light with variable
temperature can be easily obtained by mixing the two COFs in
certain ratios. Shown in Figure 2e is the emission spectrum of
the mixed TAT-COF and TPB-COF dispersion in DCM with
a ratio of 3.5:1, which covers the entire visible spectrum. Upon
illumination of the mixed suspension by UV light (365 nm),
white light emission is clearly visible, as shown in the inset of
Figure 2e. The CIE coordinates of the mixed COFs (Figure 2f)
were determined to be (0.28, 0.34), resulting in cold white
light.

To gain insight into the origin of the observed emission
behaviors of these COFs, we first measured the excited state
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(ES) lifetime of TAT-COF and TPB-COF by time-resolved
emission spectroscopy after 400 nm excitation. Figure 3a
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Figure 3. Comparison of emission decay (a) and electron absorption
decay (inset) between TAT-COF and TPB-COF. Transient
absorption spectra of TAT-COF (b) and TPB-COF (d) following
400 nm excitation. (c) Comparison of TA kinetics of TAT-COF and
TPB-COF (inset) at different wavelengths. The solid lines are the fits
to the kinetic traces.

compares the emission decays of TAT-COF and TPB-COF
collected at 580 and 450 nm, respectively, corresponding to
their CT emissions. The emission decay is much faster in
TAT-COF than in TPB-COF, suggesting that the CT state in
the former has a shorter emission lifetime than the latter, which
is consistent with its lower PLQY and suggests a “non-
fluorescent J-type” aggregation behavior, as supported by time-
dependent density functional theory (TDDFT, discussed
later).” Bach decay curve can be fit by a biexponential
function, from which we obtained the amplitude weighted
lifetimes, which are 0.24 and 1.2 ns for TAT-COF and TPB-
COF (Table S3), respectively. In addition to emission lifetime,
we also examined the ES dynamics of these COFs using
femtosecond transient absorption (TA) spectroscopy, which
allowed us to probe the early time dynamics that cannot be
resolved by time-resolved emission spectroscopy. Figure 3b
shows the TA spectra of TAT-COF following 400 nm
excitation. Immediately following the excitation, the TA
spectra of TAT-COF show the formation of a negative feature
centered around 500 nm and a broad positive absorption band
from 525 nm to the red end of our spectral window (inset of
Figure 3b). The negative feature can be assigned to an exciton
bleaching (EB) band due to the occupation of the conduction
band (CB) by electrons following photoexcitation. The
positive band can be attributed to the CB electron absorption
in the framework. The formation of both EB and electron
absorption bands show a rising component within ~600 fs,
which can be attributed to the relaxation of the electrons from
the high- to low-energy CB. As shown in Figure 3¢, the
electron absorption of TAT-COF at 560 nm is found to decay
more quickly with respect to the longer wavelength region. A
similar probe wavelength dependent kinetics has been
previously reported in other solid-state materials and is likely
associated with the presence of a trap state.* Similar spectral
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features, i.e. negative EB and positive electron absorption
(increases within 600 fs) were observed for TPB-COF (Figure
3d), although the negative band of TPB-COF is barely seen
because of the limit of our TA window. Unlike TAT-COF, the
kinetic traces for electron absorption at different probe
wavelengths appear to be same for TPB-COF (inset of Figure
3c), suggesting exciton relaxation dynamics different from
those of TAT-COF. More interestingly, we note that the
electron absorption kinetics of TPB-COF exhibits faster decay
in comparison to TAT-COF (inset of Figure 3a), which
conflicts with the time-resolved emission results, where its
emission lifetime is longer in comparison to that of TAT-COF
(Figure 3a). This conflict further supports that different
exciton relaxation pathways are involved in these COFs.

To uncover the origins that result in distinct exciton
relaxation dynamics in TAT-COF and TPB-COF, we turned to
TDDFT (procedure outlined in the Supporting Information)
to examine the direct correlation of the optical properties of
the COFs with their topology, structure, and composition, as
these structural parameters are all expected to play a role in the
photophysical properties of COFs. We prefix the computa-
tional work by acknowledging that, although COFs polymerize
into extended structures, the size of the systems that can be
studied by TDDFT are limited by computational expense. As
such, we decomposed the extended COF structures into
smaller units as a tradeoff for reasonable timeliness and
efficiency. The unit selection, however, is critical to ensure
meaningful insights. In this work, the region including one
triazine ring and one of either TAT or TPB is selected as the
unit for study (Figure 4a,b), and the rationale for this selection
is discussed in the Supporting Information. Finally, COFs
readily form aggregated structures, which is especially
important, as our physical experiments herein are conducted
in the condensed phase. To account for aggregation, TDDFT

<
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Figure 4. Representative units selected for TDDFT study including
important dihedral angles of (a) TAT-COF and (b) TPB-COF.
Dihedrals in TPB-COF are larger than those in TAT-COF,
demonstrating the difference in planarity. Natural transition orbitals
and quantitative CT measures of (c) TAT-COF and (d) TPB-COF.
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is used to study not only single layers of COF but also the
interlayer interactions between multiple layers (one to three)
of our small units.

TDDFT is first used to examine the nature of electronic
transitions of TAT-COF and TPB-COF. The predicted
transitions indicate TAT-COF possesses lower energy
absorption and oscillator strength in comparison to TPB-
COF (Table SS), which directly reflects the DR spectrum
above and suggests the validity of our computational model.
The natural transition orbitals (NTOs) of the predicted
electronic transitions indicate that the planarity of TAT-COF
(Figure 4a,c) allows for significant delocalization. This is in
contrast with the propeller-like structure of TPB-COF (Figure
4b,d) that prevents a similar delocalization. In addition,
branches of TPB are arranged meta to one another around the
benzene core, which is inconducive with their ortho/para
electron directing nature.*® This meta arrangement, along with
the twisted propeller structure, prevents conjugation across the
TPB monomer. On the other hand, TAT-COF possesses
indole units which are directly attached to a shared benzene
core, thus allowing for more conjugation and lower energy
electronic transitions in comparison to TPB-COF. These
results agree well with the DR and emission spectra of COFs,
where TAT-COF shows significantly red shifted absorption/
emission, suggesting that in-plane conjugation plays an
important role in extending the light absorption/emission
properties of COFs into the visible region.

In addition to conjugation, CT and the effect of aggregation
on the electronic structure needs to be considered in order to
have a complete picture of the correlation of the COF
structure with its light absorption properties. Before under-
taking a complete discussion of interlayer interactions, we must
first lay out a few quantitative CT measures. Through analysis
of the transition density matrix (TDM, details outlined in the
Supporting Information),**™* we gain a quantitative value for
the CT character (CTC). Due to the difficulties in using CTC
to describe the intermediate cases of CT,>”" we also evaluated
electron—hole separation (COH:PR) and exciton size
(RMS,;,) as additional measures for CT characteristics (Figure
4¢,d and Table S6). In comparison to TPB-COF, TAT-COF
has less intralayer CTC and COH:PR but a larger overall
exciton, which is due to the greater degree of electron
delocalization in the ground state (GS) as shown in the NTOs
(Figure 4). After aggregation to three layers, CTC does not
change, but COH:PR decreases, and RMS,, increases by 3%
(Table S6). Furthermore, the transition energy decreases by
0.01 eV with an increase in oscillator strength by 0.2 au. On
the other hand, TPB-COF experiences a small increase of
intralayer COH:PR and a 7% increase in RMS,, (Table S6),
corresponding with an increase in the transition energy by 0.1
eV and in the oscillator strength by more than 1 au. These
results suggest that TPB-COF exhibits more intralayer CT
enhancement on aggregation, as indicated by the growth of its
exciton.

To uncover why the exciton in TPB-COF grows and gains
oscillator strength upon aggregation, we need to have an in-
depth understanding of the exciton interactions,”” for which
the structure, excited-state polarizability,53_57 and super-
exchange CT coupling need to be considered.”® First, it is
important to note that TAT-COF and TPB-COF are predicted
to have distinctly different aggregate structures. TAT-COF
(Figure Sa) is offset in the x direction by 2.32 A and in the y
direction by —2.95 A, while TPB-COF (Figure Sb) is offset
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Figure S. Interlayer arrangements of (a) TAT-COF and (b) TPB-
COF obtained from DFTB structure optimization. TDDFT-predicted
transition dipole moments of (c) TAT-COF and (d) TPB-COF. The
structures were placed into a reference frame so that their transition
dipole moments could be easily compared. The TDDFT predicted
absorption spectra upon aggregation of (¢) TAT-COF and (f) TPB-
COF.

—0.64 A in the x direction and 1.14 A in the y direction.
Simulated PXRD patterns of the COF structures show
reasonably good agreement with the experimental patterns
(Figure S7), although we acknowledge that bulk COFs may
assume various stacking patterns. As such, we assume our
converged structures yield plausible realistic representations.
Nonetheless, the stacking geometries generally approach “card
pack” and should lead to “H-type” aggregates, although TAT-
COF may be more of an intermediate case within Kasha’s
model of the exciton.’” However, since the transition energy of
TAT-COF decreases with aggregation, we must consider other
competing effects (Table SS). With regard to the ES
polarizability, both COFs undergo transitions with dipole
moments of a similar magnitude, but they have opposing
orientations, making a 175° angle (Figure 5). This observation
reveals that the orientation of the transition dipole moment in
TAT-COF opposes the direction of the intramolecular CT.
Thus, the transition dipole moment interacts to stabilize the
polarizable CT state, which prevents aggregation-induced CT
enhancement and lowers the oscillation strength of transitions
in comparison to TPB-COF (Figure Se,f). Overall, this also
narrows the exciton bandwidth between the bright transition
and the lowest dark transition (0.17 eV), red-shifts the
absorption, and suggests that TAT-COF may belong to the
“non-fluorescent J-type” class of aggregates.”” In contrast, the
opposite can be seen in the results for TPB-COF aggregates—
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aggregation-induced CT enhancement is expected, the
oscillator strength increases significantly (Figure 5f), and the
exciton bandwidth is significantly widened (0.71 eV), leading
to an assignment as a traditional “H-type” aggregate.
Superexchange CT coupling is the last piece to consider and
can be gauged by the same CT measures above, but in the
interlayer direction. For the two-layer system, TAT-COF has
almost S times as much CTC and ~35% more COH:PR in
comparison to TPB-COF (Table S6). Notably, COH:PR of
TAT-COF approaches 1 (0.73), which suggests that there is
strong mixing of Frenkel and CT states. For three layers, this
quantity is tempered somewhat, as COH:PR decreases to 0.55
but is still 45% greater than that for the three-layer TPB-COF
system. Evidence provided by the electron density map (Figure
S8) indicates interaction between two of the three TAT-COF
layers in the off-diagonal elements, whereas TPB-COF mainly
incorporates interaction localized on each layer in the on-
diagonal elements. Overall, these results suggest that the fused,
planar structure of TAT-COF yields more interlayer CT mixed
into allowed transitions in comparison to TPB-COF.
Combining the computational results with the fundamental
spectroscopic data above provides a robust explanation for
experimental differences between exciton formation and
relaxation dynamics in TPB-COF and TAT-COF. These
comparative experimental observations in TAT-COF are (a)
red shifting of the absorption spectrum, (b) slower TA decay
kinetics, (c) probe-dependent TA decay kinetics, (d) shorter
emission lifetime, and (e) lower PLQY. Delocalization and the
CT stabilizing orientation of the transition dipole moment in
TAT-COF contribute to the red shift in the absorption
spectrum. In turn, this narrows the exciton bandwidth and
shortens the internal conversion channel. As shown in the
model we propose to illustrate these experimental and
computational results (Figure 6), the photoexcitation of

a)

TAT-COF b) TPB-COF

VB

K,: radiative decay K, : non-radiative decay

Figure 6. Energy diagrams of TAT-COF (a) and TPB-COF (b) that
illustrate exciton relaxation dynamics.

COFs promotes the electrons from their valence band (VB)
to the high-energy level of the CB, which then quickly relax
down to the edge of the CB, corresponding to the increasing
component within 600 fs (k;). Due to the presence of trap
states in TAT-COF, some electrons relax down to this trap
state (k,), which is responsible for the probe-dependent
kinetics observed in the TA spectra of TAT-COF. Because the
electrons in trap states typically have longer lifetimes, which
coincides with the shortened internal conversion in TAT-COF,
this yields the appearance of slower electron absorption decay
in TAT-COF than in TPB-COF, where the latter undergoes
more internal conversion and barely populates trap states and
thus shows a negligible dependence of kinetic traces on probe
wavelength. The trap state is a nonradiative state, which well
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explains that TPB-COF has a much longer emission lifetime
and higher PLQY than TAT-COF, as time-resolved emission
spectroscopy only measures the emissive ES. While the origin
of the trap state remains unclear, one possibility could arise
from excimer formation,”” which has also been recently
regorted to lead to probe-dependent TA kinetics in COF-
5.°" However, further TA experiments using a near-IR probe
do not show the spectral features of an excimer (Figure S9),
which may suggest that the trap state herein may result from
other factors rather than the formation of an excimer.

B CONCLUSIONS

In summary, we report the synthesis, white-light emission, and
direct correlation of the structure (conjugation and aggrega-
tion) with the light-harvesting, CT, and ES dynamics of two
conjugated sp>-C-COFs with embedded donor—acceptor pairs.
We show that both COFs are highly emissive, where white
light can be obtained by simply coating the COFs on an LED
strip. On adjustment of the ratio of TAT-COF and TPB-COF
in solution, the mixed COFs exhibit different colors across the
visible spectrum. Using the combination of time-resolved
absorption and emission spectroscopy as well as TDDFT
calculations, we show that the planar backbone of TAT-COF
facilitates in-plane charge delocalization, resulting in a broader
absorption in the visible region with respect to TPB-COF. The
transition dipoles interact with polarizable intramolecular CT
states to narrow or widen the exciton bandwidth, leading to
shorter and longer internal conversions in TAT-COF and
TPB-COF, respectively. In addition, TAT-COF with a planar
backbone exhibits stronger interlayer CT in comparison to
TPB-COF with propeller-like monomers, which suppresses the
fluorescence quantum yield. These results not only demon-
strate the great potential of COFs as organic luminescent
materials but also provide unprecedented insight into how the
COF structure (conjugation and aggregation) should be
considered for the rational design of highly emissive COFs.
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