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ABSTRACT: We apply a versatile reaction to a versatile solid: the
former involves the electron-deficient alkene tetracyanoethylene
(TCNE) as the guest reactant; the latter consists of stacked 2D
honeycomb covalent networks based on the electron-rich β-
ketoenamine hinges that also activate the conjugated, connecting
alkyne units. The TCNE/alkyne reaction is a [2 + 2] cyclo-
addition−retroelectrocyclization (CA-RE) that forms strong push−
pull units directly into the backbone of the framework�i.e., using
only the minimalist “bare-bones” scaffold, without the need for
additional side groups of alkynes or other functions. The ability of
the stacked alkyne units (i.e., as part of the honeycomb mass) to
undergo such extensive rearrangement highlights the structural
flexibility of these covalent organic framework (COF) hosts. The
COF solids remain porous, crystalline, and air-/water-stable after the CA-RE modification, while the resulting push−pull units
feature distinct open-shell/free-radical character, are strongly light-absorbing, and shift the absorption ends from 590 nm to around
1900 nm (band gaps from 2.17−2.23 to 0.87−0.95 eV), so as to better capture sunlight (especially the infrared region which takes
up 52% of the solar energy). As a result, the modified COF materials achieve the highest photothermal conversion performances,
holding promise in thermoelectric power generation and solar steam generation (e.g., with solar-vapor conversion efficiencies >96%).
KEYWORDS: covalent organic framework, post-synthetic modification, photothermal conversion, solar thermoelectric generation

■ INTRODUCTION
Post-synthetic modification (PSM) represents a major thrust in
the study of porous solids of covalent and coordination
frameworks (aka COFs and MOFs).1−6 Therein, the organic
linker units allow the open channels to be conveniently varied
in size and function. Often, functional side arms are attached to
the backbone of the linker molecule, so as to be reacted�in
the assembled framework�with incoming guest reagents. A
cross-linking reagent, for example, can covalently bridge the
individual linkers and serves to convert a coordination
framework into a stronger and more stable covalent grid.7−13

With select side arms and guests, one can even build
conjugated bridges (e.g., alkene, oligothiophene, and metal-
thiolate)14−19 to boost the electronic interaction across the
organic linker molecules, achieving better conductive and
catalytic properties.
Besides the side arms, the backbone of the organic linker

molecule can also undergo a structural rearrangement in the
solid-state framework,20−24 with the addition of Br2 onto the
alkyne or alkene units of the backbone being well studied.25−31

However, transformation of the backbone is generally more
difficult because the backbone atoms are more constricted by
the rigid framework and therefore less prone to rearranging

their atomic positions (this differs from the side arm, which,
dangling off the scaffold, is more free to move around). An
illustrative (and somewhat related) case is the topochemical
polymerization of diacetylenes in close-packed crystals, which
entails close alignment of the reacting units in the solid
state.32−40 In an open framework, the backbone atoms are
more accessible than in the close-packed topochemical
systems, but still some coordinated motion of the atoms
throughout the extended framework is required for the
transformation to proceed. So, PSM studies normally target
the freer side groups instead. But framework dynamics and
flexibility are not to be underestimated, and the above-
mentioned Br2 additions already suggest the great potential of
the backbone to react and reshape. Moreover, changes on the
linker backbone (especially its π-system) often directly and
more deeply impact the solid-state properties. So, it is perhaps
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time to shift some attention back to the backbone and exploit
its reactivity for functionalization; for example, even in the
studied case of the backbone alkyne unit, it is of fundamental
interest to simply ask how far one can go beyond the simple
bromination.
Presented here is a dramatic revamping of the backbone

alkyne units of an ordered covalent organic framework system.
Compared with Br2 addition, the guest reactant here is bulkier,
and the reaction is more elaborate, i.e., the electrophilic
tetracyanoethylene (TCNE) reacts with the electron-rich
alkyne units of the backbone, proceeding in the [2 + 2]
cycloaddition−retroelectrocyclization (CA-RE) mecha-
nism41,42 (Scheme 1) and establishing strongly light-absorbing

push−pull functions to boost the photothermal conversion
performances of the framework solids. These deep linker
transformations unveil a surprising degree of flexibility of the
organic frameworks to reshape and reform. They point to
broad applicability. For example, the host net is efficiently
constructed from modular aldehyde and amine building blocks
(to form the imine/β-ketoenamine hinges), whose metric and
functional diversity43−47 is highlighted by the gigantic pore
sizes of the COF reported recently by Feng et al.48 on this class
of COF materials. The CA-RE reaction41,42,49−55 is also
versatile for the PSM, as various electron-deficient alkene
reactants (i.e., besides TCNE) can be tested on the amine-
activated backbone alkynes, and the resulting push−pull
groups can also undergo further transformations56−67 to
broaden the functional scope.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of COF−Ss
The synthesis of the framework COF−S1 was recently
reported, while COF−S2 is new. The amines (S1 and S2)
and the aldehyde (1,3,5-triformylphloroglucinol: Tp) as
building blocks feature the tritopic shape to generate the
honeycomb net. To promote the crystallinity of the COF
products (i.e., COF−S1 and COF−S2; see Figure 1), the
monotopic aniline was added as a modulator (see the
Supporting Information for detailed synthetic procedures).
Compared with the benzenoid core of S1, the triphenylene
core of S2 offers a larger, fused-ring π-system for tuning the
electronic properties. The three hydroxyl (−OH) groups on
the Tp molecule are strongly electron-donating, and they can
enhance the electron density of the alkyne units of the COF
grid (e.g., by tautomerizing to the β-ketoenamine form,
Schemes S5 and S6) and promote the CA-RE reaction with

the electrophilic TCNE guests. In general, amino-activated
alkyne functions were found to most effectively undergo the
CA-RE reaction�often in a quantitative, “click-like” fashion.
As an illustrative model reaction, molecule S1 can react with
TCNE even at room temperature to form the expected CA-RE
product S1-T (Scheme S3).
Powder X-ray diffraction (PXRD) patterns demonstrate high

crystallinity of the COF−S1 (Figure 2a) and COF−S2 solids
(Figure 2b). Reasonable RWP and RP values based on Pawley
refinement reveal both COF solids to be of 2D hexagonal
sheets in the AA stacking mode (COF−S1: a = 23.18 Å and c
= 3.52 Å and COF−S2: a = 23.19 Å and c = 3.50 Å, with c
corresponding to the interlayer spacing, Figures S15 and S17).
The Brunauer−Emmett−Teller (BET) surface areas of COF−
S1 and COF−S2 based on N2 sorption isotherms (Figure 2c)
measured at 77 K were found to be 1061 and 630 m2 g−1,
respectively, with pore sizes of around 1.786 and 1.725 nm
(Figures S16 and S18), respectively. Importantly, C�O
stretching, C�C stretching, and C−N vibrational bands at
1618, 1568, and 1289 cm−1 observed in the Fourier-transform
infrared (FT-IR) spectrum of COF−S2 (Figure S19) support
the formation of the β-ketoenamine links from enol−keto
tautomerization. Also, the C�C stretching at 2181 cm−1

indicates that the alkynyl groups are preserved in the COF
product. The β-ketoenamine linkage of COF−S2 was also
probed by solid-state 13C NMR spectroscopy (139.0, 98.8, and
176.1 ppm for the enamine carbon �C−N, α-enamine carbon
C�C, and keto carbon C�O, respectively) and X-ray
photoelectron spectroscopy (XPS) (C−N, 400 eV in N 1s
spectra) (Figures S20 and S27), as is previously verified for
COF−S1.68

Synthesis and Characterization of COF−Ss-T
Based on a reported method,24 the solids of COF−S1 and
COF−S2 were reacted with TCNE vapor at 140 °C under
vacuum, along with the TCNE reactant replenished twice to
ensure complete conversion of the alkyne groups in the COF
solids (Figure 1c and Scheme S7). The orange COF−S1 and
orange-red COF−S2 powders both became black (Figure S31)
after the TCNE treatment. Scanning electron microscopic
(SEM) images show that the COF−S1 and COF−S2 particles
retain their morphologies throughout the CA-RE reaction
(Figure S32). While both COF−S1 and COF−S2 feature weak
C�C stretching at 2200 and 2181 cm−1 in the FT-IR spectra,
respectively, the TCNE-treated solids of COF−S1-T and
COF−S2-T feature prominent peaks of C�N stretching at
2211 and 2208 cm−1 instead, respectively, indicating the
reaction of the alkyne functions with the TCNE guests (Figure
2e). Most notably, the solid-state 13C NMR C�C peaks, while
exhibited by COF−S1 and COF−S2 (81 and 84 ppm,
respectively), become absent in the spectra of COF−S1-T
and COF−S2-T (Figure 2f), indicating the complete reaction
of the alkyne groups by the TCNE guests; COF−S1-T and
COF−S2-T also feature new peaks (90 and 94 ppm,
respectively) consistent with the nitrile groups. The C�N
presence was further confirmed by XPS N 1s spectra (binding
energies of 399.7 and 399.5 eV for COF−S1-T and COF−S2-
T, respectively), with peak areas greater than those of C−N
bonds (Figures S24 and S28). Moreover, the elemental analysis
results agree with calculated results (Tables S1 and S2).
After the TCNE treatment, PXRD patterns reveal increased

intensity of the (110) peak (at 7.70°) relative to the (100)
peak (at 4.40°) for the resulting solids of COF−S1-T (a = b =

Scheme 1. [2 + 2] CA-RE Reaction between the Alkyne and
TCNE
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22.11 Å and c = 7.04 Å) and COF−S2-T (a = b = 22.90 Å and
c = 8.45 Å, Figures 2d and S29). Both COF−S1-T and COF−
S2-T adopt the AA stacking mode on the basis that their
precursors (COF−S1 and COF−S2) adopt the same stacking
mode, yet with longer interlayer distances in both COF−S1-T
and COF−S2-T. To further verify the structural models of
TCNE-treated COF−S1 and COF−S2, the Pawley refine-
ments in the AA stacking mode against the experimental
PXRD patterns give satisfactory agreement factors (for COF−
S1-T: RWP = 3.04% and Rp = 2.3%; for COF−S2-T: RWP =
2.3% and RP = 1.7%), further indicating the correctness of the
AA stacking structural models. In general, crystallinity
decreases from COF−Ss to COF−Ss-T (i.e., reflected by
weakening and broadening of the PXRD signal, Figure 2a,b,d)
because the incorporation of sterically bulky tetracyanobuta-

diene (TCBD) moieties promotes partial amorphization of the
frameworks. For COF−S1-T, the (100) peak remains stronger
than the (110) peak, but for COF−S2-T, the increase is
greater, with (110) now stronger than (100). Such intensity
changes suggest that COF−S2-T with the windmill-like
triphenylene core crowds more against the neighboring groups,
making for less flat shapes and looser stacks when compared
with COF−S1-T.69,70 Generally, a weaker (100) peak relative
to (110) indicates more blocking of the hexagonal channels
and diminished porosity, which is consistent with the smaller
surface area of COF−S2-T relative to COF−S1-T, namely,
CO2 sorption isotherms collected at 273 K indicated BET
surface areas of COF−S1-T and COF−S2-T to be 102.80 and
55.53 m2 g−1, respectively (Figure S36). Incidentally, N2
uptakes at 77 K for both COF−S1-T and COF−S2-T are

Figure 1. (a) Molecular building blocks and the structural models for COF−S1 and COF−S2 solids and the models for their TCNE-modified
derivatives COF−S1-T and COF−S2-T. (b) Model compound T1−Tp−T3. (c) Schematics of reacting TCNE with COF−S2 to form COF−S2-T
(with the TCBD function), with two insets showing the water contact angles of COF−S2 and COF−S2-T.
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both insignificant (Figure S35), indicating pore blocking at this
low temperature using the N2 probe.
The PXRD patterns of COF−S1-T and COF−S2-T also

feature a broad hump gradually sloping from low angles (e.g.,
5°) to peak at 26° (corresponding to the typical interlayer
spacing of 3.4 Å). Such broadening suggests the loss of
periodicity along the stacking direction (i.e., the c axis), as the
bulky TCBD groups formed in COF−S1-T and COF−S2-T
networks can push apart the individual 2D sheets, to result in
various interlayer spacings. But such broadening could also
arise from some amorphous side products generated in the
TCNE treatment.
To assess the likelihood of side reactions in the TCNE

treatment, we similarly conducted a model reaction (Scheme
S4) between TCNE and the powder sample of molecules T1−
Tp, which feature the same β-ketoenamine units as in COF−
S1 and COF−S2 solids. The reaction is less complete than the
COF cases (perhaps because it is harder for TCNE to
penetrate the close-packed T1−Tp solid), forming all three
expected CA-RE products shown in Scheme S4 (see Figure S12
for the MS spectrum and Figure S13 for the solid-state 13C

NMR indicating the persistence of the C�C peak after
reacting T1−Tp with TCNE�unlike the clean absence of the
C�C peak for the COF cases, as shown in Figure 2f). But
solution NMR finds no other side product of the reaction with
T1−Tp (Figure S14), suggesting the dominance of the CA-RE
reaction and the stability of its products in the solid state at
140 °C.
Thermogravimetric analysis (TGA) in a N2 atmosphere

indicates that the majority of weight (weight loss <10%) in
both COF−Ss and COF−Ss-T retain up to 400 °C, and
afterward, the COF−Ss-T samples exhibit greater weight losses
than the pristine samples of COF−Ss, which is also consistent
with the weight accrued from the CA-RE reaction with TCNE
(Figures S25 and S30).
The black color of the COF−Ss-T solids is consistent with

their broad UV−vis−NIR absorption extending up to about
1900 nm (0.65 eV; Figure 2g). The electronic band gaps of
COF−S1-T and COF−S2-T were determined by the
Kubelka−Munk equation to be 0.95 and 0.87 eV, respectively,
which are smaller than those of COF−S1 (2.17 eV) and
COF−S2 (2.23 eV; Figures S43 and S44). More broadly,

Figure 2. Experimental (plus), Pawley-refined (red), and simulated XRD patterns (AA stacking, blue) of COF−S1 (a), COF−S2 (b), and their N2
sorption isotherms (c). (d) Experimental (plus) and Pawley-refined (red) XRD patterns for the TCNE-modified COF−S1-T and COF−S2-T. (e)
FT-IR spectra, (f) 13C CP/MAS NMR spectroscopic analysis, (g) UV−vis−NIR absorption spectra at room temperature, (h) photoluminescence
spectra at room temperature, and (i) solid-state EPR spectra at room temperature for COF−S1, COF−S2, COF−S1-T, and COF−S2-T (1.0 mg
each).
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COF−S1-T and COF−S2-T absorb at significantly longer
wavelengths than CA-RE-derived molecules and materials,71−75

exhibiting a band gap similar to that of an MOF system
extensively cross-linked through the CA-RE modification.24 To
give more insights, COF−S1-T and COF−S2-T models with
the triplet state (spins denoted as α and β) were constructed
for theoretical investigation of the electronic states. The results
show that the highest occupied molecular orbital−lowest
unoccupied molecular orbital (HOMO−LUMO) gaps of β
spin in both COF−S1-T and COF−S2-T models are 0.955
and 0.741 eV, respectively (Figure S40), consistent with those
obtained electronic band gaps of COF−S1-T (0.95 eV) and
COF−S2-T (0.87 eV). Importantly, in both COF−S1-T and
COF−S2-T models, the HOMO (β) is dominantly on the β-
ketoenamine moiety, while the LUMO (β) is mainly on the
TCBD unit (Figure S40), in agreement with the proposed
donor−acceptor junction and supporting the intramolecular
charge transfer from the β-ketoenamine donor to the TCBD
acceptor as the origin for the low-energy band gaps observed
for COF−S1-T and COF−S2-T. While the orange COF−S1
and COF−S2 solids are strongly fluorescent, the black COF−
S1-T and COF−S2-T are both non-emissive (as shown in
Figure 2h), which is expected of the majority of TCBD
derivatives formed from CA-RE reactions.76,77 As strong
donor−acceptor TCBD functions can give rise to open-shell,

radical species,72,73,75 we wonder if the conjugated TCBD-
based frameworks of COF−S1-T and COF−S2-T also contain
unpaired electrons which may also help account for the broad
near IR absorption.
Characterization of Radicals

Both COF−S1-T and COF−S2-T solids (each sample being
1.0 mg) were electron paramagnetic resonance (EPR)-active,
with the signal of the larger-π and more crowded
(triphenylene-based) COF−S2-T (g-factor = 2.0048) about
three times stronger than that of COF−S1-T (g-factor =
2.0050; Figure 2i). By comparison, the pristine (i.e., not treated
by TCNE) COF−S1 and COF−S2 solids showed negligible
EPR signals (Figure 2i). In another comparison, the EPR signal
of the solid sample (1.0 mg) of the model molecule S1-T
(Scheme S3 for the structure and Figure S6 for EPR signals) is
much weaker than that of COF−S1-T. Compared with the
isolated amino group in molecule S1-T, the large-π, electron-
rich β-ketoenamine node can more readily donate electrons to
the TCBD units to generate the EPR-active open-shell species,
as is also observed in the strong EPR signals of the β-
ketoenamine molecules of T1−Tp-T (made from reacting
TCNE with T1−Tp, Figure S11a). For further character-
ization, the variable-temperature magnetic susceptibility
measurement of COF−S2-T was conducted under a dc
magnetic field of 1000 Oe at 2−300 K. The χMT versus T

Figure 3. (a) IR thermal images of COF−S2-T powders (50 mg) under xenon lamp irradiation within 480 s and then with the xenon lamp turned
off (0.1 W cm−2, simulated sunlight). (b) Comparison of the performances among photothermal properties and solar water evaporators based on
various materials reported in one-sun illumination. (c,d) Temperature changes of COF−S1-T and COF−S2-T powders (50 mg) under 808 nm
laser irradiation at different power densities. (e) Temperature changes of COF−S2 and COF−S2-T powders (50 mg) under xenon lamp irradiation
(0.1 W cm−2). (f) Anti-photobleaching property of COF−S2-T powder (50 mg) during five cycles of the heating−cooling process. (g)
Temperature changes of COF−S2-T@PU foam (50 mg loading of COF−S2-T) under xenon lamp irradiation (0.1 W cm−2) within 480 s and then
with the xenon lamp turned off. (h) Water evaporation of the blank (black), PU (blue), and COF−S2-T@PU foam (50 mg loading of COF−S2-T,
purple) floating on water under one-sun light irradiation for 1 h.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00132
JACS Au 2023, 3, 1711−1722

1715

https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00132/suppl_file/au3c00132_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00132/suppl_file/au3c00132_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00132/suppl_file/au3c00132_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00132/suppl_file/au3c00132_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00132/suppl_file/au3c00132_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00132?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00132?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00132?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00132?fig=fig3&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


plot of COF−S2-T shows that the χMT value is 2.936 cm3 K
mol−1 at 300 K and decreases to 0.024 cm3 K mol−1 at 2 K
(Figure S38). COF−S2-T (Mw: 1116.09 g mol−1,
C69H29N15O3) exhibits paramagnetism at 2−300 K, and the
net χMT value of 2.912 cm3 K mol−1 is contributed by the
organic radicals. The experimental effective magnetic moment
(μeff) was obtained as 4.83 B.M. according to μeff = (8χMT)1/2,
and the theoretical μeff is calculated to be 4.90 B.M. according
to μeff = g[S(S + 1)]1/2 (g-factor = 2 is generally assumed),
when S = 2 (four unpaired electrons) and μeff = 2[2(2 + 1)]1/2
= 4.90 B.M., which agrees well the measured value. Based on
the above results, each unit (C69H29N15O3) in COF−S2-T
carries four unpaired electrons, probably distributed over the
TCBD units and β-ketoenamine nodes in COF−S2-T. The
above analysis is therefore consistent with the charge transfer
scheme proposed in Figure S39, but the possibility of some
other charge transfer complex remains worthy of consideration
in further studies.
Photothermal Performance of COF−Ss-T
Notably, COF−S1-T and COF−S2-T solids exhibit stability
(unchanged PXRD patterns and FT-IR profiles) even after
being heated at 300 °C for 1 h and exposed to irradiation by an
808 nm laser (Figures S48 and S55). Also, the thermal
conductivities at room temperature of COF−S1-T and COF−
S2-T were found to be 0.10 and 0.35 W K−1 m−1, respectively
(Figure S42), indicative of their thermally insulative features.
Because of the broad absorption profile and thermal stability in
air, the COF−S1-T and COF−S2-T solids were tested for
photothermal conversion applications. The temperature
changes of each powder (50 mg) upon irradiation by an 808
nm laser were first recorded by an infrared camera to evaluate
the photothermal conversion performance. The COF−S2-T
powder rapidly increased from 25 to 309 °C within 20 s under
808 nm laser irradiation (1.0 W cm−2) and maintained a high
temperature at about 331 °C for the next 8 min (Figures 3d
and S53). After the removal of the laser, the temperature
dropped rapidly to room temperature. Compared to the
COF−S1-T powder (Figure 3c), the maximum temperature of
the COF−S2-T powder was about 11 °C higher under the
same experimental conditions: its more efficient photothermal
conversion is consistent with its larger-π, triphenylene system
and its higher density of radicals (as per the EPR spectra). In
addition, the maximum stable temperature of COF−Ss-T
gradually increased with elevating power density in a linear
relationship (Figure S54). Compared with the reported
network of GT−COF−3 (absorption up to 1400 nm), which
features the TCBD units as side chains,75 the COF−Ss-T
systems integrate the TCBD units into the backbone for
conjugation with the strongly electron-donating β-ketoen-
amine nodes and achieve broader light absorption profiles (e.g.,
absorption up to 1900 nm) and better photothermal
properties.
Under one-sun irradiation (420−2500 nm) simulated with a

xenon lamp (0.1 W cm−2), the COF−Ss-T powders also
exhibited efficient solar-thermal conversion. Specifically, after 8
min, COF−S2-T (50 mg) registers a maximum temperature of
68 °C (Figures 3a and 3e; 66.7 °C for COF−S1-T, Figures S59
and S60)�one of the highest values reached under this
irradiation condition (Figure 3b and Table S17), while the
pristine COF−S2 did not exceed 50 °C under the same
conditions. In addition, the framework solids of COF−S1-T
and COF−S2-T offer advantages in stability (e.g., not to be

washed away by solvents) and porosity. The porosity also
allows the TCNE molecules to fully access and convert the
alkyne units, compared with the incomplete reaction between
TCNE and the molecular solid of T1−Tp (cf. Figures 2c, S16,
and S18). The COF−Ss-T powders are also found to be
resistant to photobleaching: the maximum temperatures
remained the same after five cycles of xenon lamp on−off
irradiation (Figures 3f and S61), and the IR and PXRD
features were also not changed, demonstrating the photo-
thermal stability of COF−Ss-T (Figure S62).
Photothermal conversion for water evaporation/purification

(e.g., for sewage treatment) is a growing technology for
utilizing solar energy. As shown in Figures 1c and S46, the CA-
RE modification increases hydrophilicity, e.g., with the water
contact angle changing from 75° (COF−S2) to 34° (COF−
S2-T); due to its many strong donors of polar cyano groups
hydrogen-bonding with water), which is suited for water
evaporation use. The solar water evaporation system was
constructed by loading the COF−Ss-T powders on polyur-
ethane (PU) foams. Porous PU foams offer good thermal
insulation and water transport,75,78 thus suitable for being
floating carriers of COF−Ss-T powders to assist interfacial
water evaporation. Specifically, 10−50 mg of COF−Ss-T
powders were loaded on PU films with a diameter of 2.2 cm to
afford a series of black COF−Ss-T@PU foams (Figures S64
and S65). The photothermal conversion behaviors of the
COF−Ss-T@PU foams were then evaluated by using the same
method as for the COF powders. In comparison to the COF−
Ss-T powders, COF−Ss-T@PU foams (50 mg) reach a higher
stable temperature of 80 °C under one-sun irradiation (Figures
3g and S66). Therefore, COF−Ss-T@PU foams were tested
for solar water evaporation, and the water evaporation rate
increases with higher COF loading (with up to 50 mg of
COF−Ss-T powders loaded on the PU film; Figures S68 and
S69). The changes in temperature and mass within 1 h under
the simulated solar irradiation were recorded, and the water
evaporation interface temperature of COF−S2-T@PU foam
(50 mg) can reach 43.3 °C (Figure S69). The solar-driven
water evaporation efficiency was calculated to be 97.8%, which
was much higher than that of pure PU foam (i.e., 30.5%; Figure
3h and Table S7). Additionally, the COF−Ss-T powders were
found to be chemically stable (by stirring for one day) in water
at 100 °C and in aqueous solutions of pH = 5, 7, and 9 at room
temperature (Figure S45). Thus, COF−Ss-T@PU foams can
be used for pure water evaporation, as well as sewage treatment
or seawater desalination under real-life conditions. By
comparison, carbon materials (e.g., activated carbon and
carbon black) also have a wide visible light absorption range
(200−2500 nm for activated carbon) for capturing pho-
tons,79,80 but their hydrophobicity limits the use for solar water
evaporation, not to mention the safety issues associated with
their electrical conductivity. Therefore, the hydrophilic and
electrically insulating COF−Ss-T powders offer clear advan-
tages over carbon materials, including the higher evaporation
efficiency (in part enabled by the hydrophilicity; Figure S71).
Solar Thermoelectric Generation

The heat converted from sunlight can also be turned into
electricity by means of a solar thermoelectric generator
(STEG), which represents a promising clean energy
technology.81,82 According to the Seebeck effect, to generate
strong voltage, it is key to increase the temperature difference
between the two ends of a thermoelectric device. As shown in
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Figures 4a and S72, using a xenon lamp as the light source, the
photothermal−electric conversion device was constructed by
coating various amounts of COF−Ss-T powder on the surface
of the hot end, with the surface of the cold end connected to a
condensation device. Upon xenon lamp irradiation, the
resulting temperature gradient between the hot and cold
ends produces a voltage difference. The voltage can be

recorded by a multimeter, and the temperature, by an infrared
camera. The thermoelectric device loaded with COF−Ss-T
powders at the hot end showed a larger temperature difference
and higher voltage than the blank sample (Figure 4b). Under
xenon lamp irradiation (0.1 W cm−2), the hot-end temperature
increased with higher COF−Ss-T loading, but the voltage did
not change but decreased instead (Figures S80 and S86). This

Figure 4. (a) Design of the thermoelectric device to power a fan. (b) Voltage changes of COF-Ss and COF-Ss-T powder (50 mg) upon xenon lamp
irradiation at 0.1 W cm−2 within 120 s and then with the xenon lamp turned off. (c) Voltage changes of COF−S2-T powder (50 mg, xenon lamp
irradiation at 0.1 W cm−2) during five cycles of the heating-cooling process. (d) Voltage and (e) upper surface temperature changes of COF−S2-T
powder (50 mg) coated onto the surface of the thermoelectric device under xenon lamp irradiation at different laser powers (0.1, 0.2, 0.3, and 0.5
W cm−2) within 120 s and then with the xenon lamp turned off.

Figure 5. (a) Diagram of the solar-water evaporation-thermoelectric generator device for water evaporation and thermoelectric generation. The
inset shows the actual device. (b) Voltage and (c) upper surface temperature changes of COF−S2-T powder (50 mg) attached to the filter paper
on the surface of the thermoelectric device under xenon lamp irradiation at different laser powers within 120 s and then with the xenon lamp turned
off. (d) Voltage changes, (e) upper surface temperature changes, and (f) water evaporation of blank (black), COF−S1-T (purple), and COF−S2-T
(blue) powder (50 mg) attached to the filter paper on the surface of the thermoelectric device under xenon lamp irradiation of 0.1 W cm−2 for 1 h.
The inset shows the actual device.
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can be attributed to the low density of the COF powders. As
the thickness of COF layer increases with higher loading, the
actual temperature difference between the hot and cold ends
becomes smaller. To fully cover the surface of the thermo-
electric device by the COF−Ss-T powder, a loading of 50 mg
was selected for the following experiments. The thermoelectric
device remained stable after five cycles of xenon lamp on−off
irradiation (0.1 W cm−2), highlighting the stability of the
photothermal-to-electric conversion device (Figures 4c and
S82). Furthermore, the thermoelectric performance of the
device irradiated at different power densities was investigated.
The final stable voltage output of the thermoelectric device
loaded with COF−Ss-T (50 mg) increases with elevating
xenon lamp intensity (Figures 4d−e and S83 and S84). To
visualize the photothermal-to-electric conversion, the thermo-
electric devices were used to power an electric fan. When the
power density of the light source reaches 0.3 W cm−2, the
voltage output of 370 mV can start the fan (Figure S92), and
the fan stops immediately when the light source is removed,
highlighting the swift response of electricity generation to light.
Our materials thus compare favorably with many organic phase
change materials (PCMs; e.g., n-octadecane), as these are often
poor light absorbers and need additives of high thermal
conductivity and photon absorption (e.g., boron nitride and
graphene) for STEG assembly.83−88 Moreover, STEG devices
using composite phase change materials generally require
longer (minutes or even hours) irradiation time to affect the
phase change and thermal energy conversion.
Low-grade waste heat generated by photothermal materials

during water evaporation can be applied to thermoelectric
conversion in order to construct a simple solar-water
evaporation-thermoelectric generator device (Figure S93). By
loading the photothermal materials on the hot end of the
thermoelectric device as a solar collector, the generated heat is
not only transferred to the interface for water evaporation but
also forms a temperature difference with the cold end for
voltage generation, thereby simultaneously realizing water
evaporation and thermoelectric conversion. The device was
improved by adding a filter paper for transporting water to
ensure the stability of interfacial water evaporation, while
maintaining thermoelectric conversion (Figures 5a and S94).
Thus, the multifunctional device with COF-Ss-T powder (50
mg loading) gave a continuous voltage output (Figure 5d) and
solar-water evaporation efficiency of more than 70% under 0.1
W cm−2 xenon lamp irradiation (Figure 5e−f). The generated
voltage increases with stronger irradiation (Figures 5b−c and
Figure S97), and it is generally 3.5 times higher than the
corresponding value of the blank sample, and it can exceed half
of the above single-purpose thermoelectric device. The
implementation of such a simple, multifunctional solar-water
evaporation-thermoelectric generator highlights the versatility
of our photothermal materials in the clean and efficient
utilization of solar energy.

■ CONCLUSIONS
In conclusion, our effort to boost the clean use of solar energy
has motivated us to leverage our skills across organic chemistry
and crystal engineering to develop highly efficient photo-
thermal materials, as is showcased in the organic framework
solids of COF−S1-T and COF−S2-T. Our design invoked the
strongly light absorbing push−pull TCBD units that have been
established in solution chemistry (i.e., via the CA-RE reaction),
and our design has also greatly benefited from the stable and

functional β-ketoenamine-based framework system developed
by other pioneers in the field. By uniting the CA-RE reaction
and β-ketoenamine framework, we have made two surprising
discoveries: (1) the surprising framework flexibility/reactivity:
who would have thought that the elaborate and bulky TCBD
units can be so readily generated from the alkyne units
imbedded in the stacked 2D networks! (2) the surprising
density of radical species, which, in hindsight, can be
rationalized by the β-ketoenamine donors and TCBD
acceptors integrated within the conjugated structures. We
hope that our work would not only attract more attention to
radical-based photoactive materials but also spur more studies
on the flexibility and reactivity of framework materials, in order
to broaden the functionalities in the solid state.

■ METHODS

Synthesis of COF−S1
S1 (20 mg, 48 μmol) and Tp (10 mg, 48 μmol) were dispersed into a
glass tube (8 × 150 mm) charged with the solution of 0.50 mL of
mesitylene/0.50 mL of 1,4-dioxane/0.1 mL of 6 M aqueous acetic
acid/13 μL of aniline. The mixture was sonicated for 10 min to form a
homogeneous dispersion. The reaction mixture was heated at 120 °C
for 3 days under a static condition. After cooling, the precipitate was
collected by filtration and washed with DMF and THF and subjected
to Soxhlet extraction with THF for 3 days. The orange powder was
collected and dried at 120 °C under vacuum overnight to give COF−
S1. (Yield: 83%).

Synthesis of COF−S2
S2 (22 mg, 38 μmol) and Tp (8 mg, 38 μmol) were dispersed into a
glass tube (8 × 150 mm) charged with the solution of 0.50 mL of
mesitylene/0.50 mL of 1,4-dioxane/0.1 mL of 6 M aqueous acetic
acid/10 μL of aniline. The mixture was sonicated for 10 min to form a
homogeneous dispersion. The reaction mixture was heated at 120 °C
for 3 days under a static condition. After cooling, the precipitate was
collected by filtration and washed with DMF and THF and subjected
to Soxhlet extraction with THF for 3 days. The orange red powder
was collected and dried at 120 °C under vacuum overnight to give
COF−S2. (Yield: 78%).

Synthesis of COF−S1-T
COF−S1 (50 mg) and TCNE (50 mg, 0.39 mol) were placed in a 25
mL Schlenk tube, with spatial separation maintained to prevent the
two from directly contacting each other (e.g., by holding TCNE in a
smaller tube sealed at one end). After the air was evacuated from the
Schlenk tube, the tube was placed in an oven preheated to 140 °C to
promote sublimation/vapor transport of TCNE. A new batch of
TCNE powder was substituted every 24 h for two times. After 72 h,
the tube was removed from the oven to cool down to room
temperature. The obtained powder was washed with DMF and THF
and subjected to Soxhlet extraction with THF for 3 days and dried in
vacuo at 100 °C (5 h) to afford the brownish black powder, COF−S1-
T.

Synthesis of COF−S2-T
The synthesis was carried out following the synthetic procedure of
COF−S1-T using COF−S2 in place of COF−S1, and COF−S2-T
was obtained as black powders.

Photothermal Conversion Measurement
Photothermal measurements of COF−Ss-T powder (50 mg) were
performed by using an 808 nm laser (FLMM-0808, Xi’an Herschel
Laser Technology Co. Ltd., China) and the xenon lamp (AM 1.5 G,
PLS-SXE300+). The temperature response of the samples was
measured with an IR thermal camera (MAG14, Shanghai Magnity
Technologies Co. Ltd., China).
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Fabrication of COF-Loaded PU Foams
10−50 mg of COF samples was ground carefully and then
ultrasonically dispersed in 2 mL of ethanol and 200 μL of 5%
Nafion. The COF-loaded polyurethane (PU) foams were obtained by
dropping the resulting suspensions onto circular and porous PU
foams with diameters of 2.2 cm and drying under 70 °C under
vacuum for 1 h.

Solar-Driven Vapor Generation Experiments
The COF-loaded PU foams were allowed to float on water in a quartz
beaker (see Figure S56). Sunlight was simulated by a xenon lamp
(PLS-SXE300+) with an optical filter (AM 1.5 G) and used to
irradiate the sample under specific power density. The mass change of
the water was recorded by an electronic balance (accuracy of 0.1 mg).
An IR camera was used to measure the temperature.
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