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Covalent organic frameworks (COFs) are distinguished from other organic polymers

by their crystallinity®, but it remains challenging to obtain robust, highly crystalline
COFsbecause the framework-forming reactions are poorly reversible*’. More
reversible chemistry can improve crystallinity®®, but this typically yields COFs with
poor physicochemical stability and limited application scope’. Here we reporta
general and scalable protocol to prepare robust, highly crystalline imine COFs, based
onanunexpected framework reconstruction. In contrast to standard approachesin
which monomers are initially randomly aligned, our method involves the
pre-organization of monomers using a reversible and removable covalent tether,
followed by confined polymerization. This reconstruction route produces
reconstructed COFs with greatly enhanced crystallinity and much higher porosity by
means of asimple vacuum-free synthetic procedure. The increased crystallinity in the
reconstructed COFsimproves charge carrier transport, leading to sacrificial
photocatalytic hydrogen evolution rates of up to 27.98 mmol h™ g™ This
nanoconfinement-assisted reconstruction strategy is a step towards programming
function in organic materials through atomistic structural control.

Covalent organic frameworks (COFs) are of growing interest for gas stor-
age, separation, electronics and catalysis applications because of their
predictable structures and ordered nanopores'® ™. Two-dimensional
COFswithm-stacking between the layers allow for charge carrier trans-
portinaligned molecular columns, and these materials show promise
for photoenergy conversion and optoelectronics?® ., However, mate-
rial quality and sometimes demanding synthetic procedures can limit
practical applications. In particular, the moderate level of crystallinity
intwo-dimensional COFs can compromise their performancein opto-
electronic applications, and synthetic requirements such as vacuum
sealing or strictly anaerobic conditions are practical hurdles toscale-up.

COFs are typically prepared by simultaneous polymerization and
crystallization of monomers following the principle of dynamic cova-
lent chemistry®. Reversible bond formation and structural self-healing
have a central role in achieving long-range crystalline order. Strat-
egies have been reported to produce COFs using more reversible
chemistry, even to the point of obtaining single crystals®®, but not
all of these strategies lead to porosity. High degrees of crystallin-
ity are much more difficult to obtain when the framework bonding
is more robust and less reversible*>**, As such, there is a trade-off
between stability—which is desirable for practical applications—and
high levels of long-range crystalline order. An attractive strategy is to
pre-organize monomers before polymerization. This separates the
crystallization process from the (irreversible) bond forming step>* .
In this case, monomers are pre-arranged in the solid state to form an

ordered self-assembled structure before the polymerization reaction.
However, the pre-organization is often based on weak intermolecu-
lar interactions, and strain induced by the change in geometry that
occursduring polymerization can cause fragmentation of crystallites
or structural disorder. Thus, such reactions tend to be limited to mild
photo-polymerizations in which the change in geometry is not too
large**3¢, although more profound structural transformations are
possible when flat and rigid building blocks are used*”*, The success
of these solid-state transformation strategies relies on appropriate
molecular ordering, which is hard to design a priori: for example,
pre-organized non-covalent molecular crystals can form different
polymorphs in different crystallization solvents, which can thwart
reticular framework strategies.

Confinement effects are ubiquitous in the chemistry of life; they
prevent the denaturation of proteins and allow the synthesis of complex
biomolecules under mild conditions. Likewise in synthetic nanochem-
istry, confining molecules can profoundly affect reaction pathways by
stabilizing reactive species, accelerating reactions or enhancing selec-
tivity*>*'. Here we present a reconstruction strategy for COF synthesis
that uses areversible and removable covalent tether to pre-organize
monomers before an irreversible polymerization. This route yields
highly crystalline and functional COF materials through afacile process
(Fig.1a). By stepwise control over temperature and solvent, we achieved
achemicalreconstruction in pre-organized urea-linked COFs. Instead
ofbecoming amorphous, solvothermal treatment initiates amulti-step
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Fig.1|Chemicalreconstruction.a, The synthetic procedure for
reconstructed COFsincludes two steps: pre-organization of the monomers
using reversible urealinkages to form a highly crystalline framework, followed
by asolvothermal treatment step that removes the ureatethers, releasing
monomers that then undergo in situ polymerization to form the reconstructed
B-ketoenamine COF. The urealinkage acts asadisposable tetherin this one-pot
multi-step reaction, organizing the monomers before being removed by

urea hydrolysis reaction followed by imine condensation. Notably, this
generates a highly crystalline reconstructed COF (RC-COF) through a
framework transformation, even though the mass loss during recon-
struction can be as high as 36%. The position of the monomers that are
produced by hydrolysisis directed by nanoconfinementin the frame-
work before in situ polymerization. This results in greatly improved
crystallinity and functional properties for the RC-COFs compared to
directly polymerized imine frameworks, in which the monomers are
aligned randomly before polymerization.

R Not detected .-~ ’

NMP/H,0 (9/1), 160 °C

conversionintoammoniaand carbon dioxide gas. b, Transformation of the
model compound. Asmallurea-linked model compound can also be converted
into the corresponding B-ketoenamine product, but with low isolated yield
(around11%yieldinthesolid statein the presence of H,0; decomposition
occurs when the model compound s dissolved in solution, NMP/H,0 (9/1v/v),
and the B-ketoenamine productis not detected).

Structural transformation

Ureachemistry is inexpensive and used in the large-scale manufacture
of resins and adhesives. Urea-linked COFs have been synthesized previ-
ously*. Ureais quite stable, with a decomposition half-life of 3.6 years
inaqueoussolution (38 °C); inindustry, hydrolysis of urea feedstocks
into ammonia and carbon dioxide is used for ammonia supply. This
hydrolysis reaction is favoured by increased temperatures. We there-
fore speculated that raising the temperature could promote astructural
changeinurea-linked COFs. Urea-COF-1 (also known as COF-117; ref. %)
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Fig.2| Thermal and water-triggered reconstruction. a, b, Evolution of the
PXRD patterns (a) and FTIR spectra (b) for Urea-COF-1as-synthesized at 90 °C
andtreated attheinsituincreasedreaction temperatures of110,120,130,150
and160 °Cforafurther72h, respectively,inan 8/2/1mixture of NMP,0-DCB
and 6 mol I aceticacid. The gradual shiftin PXRD peak positions suggestsa
continuous structural transformation. Insets are photographs of isolated
powders. AU, arbitrary units. ¢, d, Evolution of the PXRD patterns (c) and FTIR
spectra (d) forisolated Urea-COF-1treated by solvents with increased water

was first synthesized via a Schiff-base condensation reaction of
1,1'-(1,4-phenylene)diureawith 1,3,5-triformylphloroglucinol in a mix-
ture of N-methyl-2-pyrrolidinone (NMP), 1,2-dichlorobenzene (o-DCB)
and aqueousaceticacid (6 mol ) at 90 °C for 72 h. Instead of isolating
the powdered urea COF, we directly raised the temperature to 110,120,
130,150,160 and 170 °C, respectively, for afurther 72 h. A colour change
from yellow to dark red was observed after raising the temperature
(Fig.2a), suggesting more extended electronic conjugation. The crystal-
linity of the solvated samples was assessed by powder X-ray diffraction
(PXRD; Fig. 2a). When the reaction temperature was increased from
90 °Ct0 160 °C, the first intense diffraction peak was found to shift
gradually from26=3.5°t04.6°. Anincreasein the reaction temperature
to 170 °C did not shift this peak any further (Supplementary Fig. 3).
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respectively) at160 °C for 72 h. Insets are photographs of Urea-COF-1 (yellow)
and RC-COF-1(darkred) powders. Acomparison of the FTIR spectrum with that
of DP-COF-1, which was synthesized by directimine polycondensation, is also
shownind. e,C CP-MAS solid-state NMR spectra of Urea-COF-1, RC-COF-1and
DP-COF-1.Spinning sidebands are denoted with asterisks. Carbonatoms
responsible for the NMR resonances are labelled A-F (for DP-COF-1and
RC-COF-1) and a-f (for Urea-COF-1).

Various solvents and solvent mixtures were investigated for this sol-
vothermal treatment, such as 0-DCB, NMP, glacial acetic acid and water.
We first isolated the Urea-COF-1 powders formed at 90 °C after 72 h,
andthen used these solvents or solvent mixtures to treat the urea COF
inasealed Pyrex tube, separately, at a fixed temperature of 160 °Cfora
further 72 h (Fig. 2c). Urea-COF-1decomposed in neat o-DCB and NMP,
and little solid material wasisolated after thermal treatment. In glacial
aceticacid, most of the solid was retained and the first diffraction peak
shiftedto4.4°, suggesting anincomplete phase transformation. When
Urea-COF-1was treated with pure water at 160 °C (Fig. 2c, Extended
DataFig.1a), anintense diffraction peak appeared at 26 = 4.6° and the
colour of the powder changed from yellow to dark red (RC-COF-1).
A small quantity of water in NMP (NMP/H,0; 9/1 v/v) also promoted
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Fig.3|Reconstructed COFs with enhanced crystallinity and porosity.

a, b, Simulated and experimental PXRD patterns for Urea-COF-1(solvated) (a)
and RC-COF-1 (activated) (b). The structural models were built using Materials
Studio and refined using experimental PXRD data. ¢, Comparison of PXRD
patterns for RC-COF-1synthesized by the reconstruction protocol and
DP-COF-1synthesized by direct polymerization.d, Nitrogen adsorption
isotherm (filled symbols) and desorptionisotherm (open symbols) for
RC-COF-1,DP-COF-1and Urea-COF-1recorded at 77.3 K; RC-COF-1shows atypel
isotherm. e, SEMimage of RC-COF-1.Scale bar,1 pm. f, HRTEM image of
RC-COF-1.Insetsshow the FFT pattern taken from the regions highlighted by

the dashed-linesquares and the corresponding filtered inverse FFT image.
Scale bars, 50 nm (mainimage); 10 nm (inset). g-i, Simulated and experimental
PXRD patterns for RC-COF-2 (g), RC-COF-3 (h) and RC-COF-4 (i), and
comparison with PXRD patterns of DP-COF-2, DP-COF-3 and DP-COF-4
synthesized by direct polymerization. j, Nitrogen adsorptionisotherm (filled
symbols) and desorptionisotherm (open symbols) for RC-COF-2, RC-COF-3,
RC-COF-4 and directly polymerized analogues.k,l, HRTEM images of RC-COF-2
(k) and RC-COF-3 (I). Insets show FFT patterns and the corresponding filtered
inverse FFTimages. Scale bars, 50 nm (mainimages); 10 nm (insets).

this reconstruction. These experiments demonstrate that the trans-
formation was induced by water, along with the increased tempera-
ture. A high concentration of ammonium ion was detected from the
aqueous solution (Supplementary Fig. 4). Elemental analysis showed
amarked reduction in the nitrogen content for RC-COF-1 relative to
Urea-COF-1(11.89 versus 16.75 wt%), and the experimental weight loss
during transformation (36 wt%) was close to the proportion of ureain
Urea-COF-1(theoretical massloss =29 wt%), ignoring any end groups.
We therefore hypothesized that the urea-linked COF had transformed
into a 3-ketoenamine COF by solvothermal treatment in water, with
ammonia and carbon dioxide being released as by-products (Fig. 1).
RC-COF-1retained high crystallinity after thermal desolvation under
dynamicvacuum, in contrast to Urea-COF-1, which has flexible linkages
and loses crystallinity after solvent removal* (Extended Data Fig. 1b).

Tofurther confirmthestructure of RC-COF-1, we synthesized the same
B-ketoenamine COF by direct polymerization (DP-COF-1; also known
as TpPa-1*) of 1,3,5-triformylphloroglucinol with p-phenylenediamine
accordingtoreported procedures.C cross-polarization magic angle
spinning (CP-MAS) solid-state nuclear magnetic resonance (NMR)
spectroscopy showed the same resonances for RC-COF-1and DP-COF-1,
although the peaks were narrower and better resolved in RC-COF-1,
suggesting increased structural order* (Fig. 2e). Fourier transform
infrared (FTIR) spectroscopy for activated Urea-COF-1showed strong
bandsat around 1,713 and 3,285 cm™, corresponding to urea C=0 and
N-H groups (Fig. 2d). These bands disappeared after increasing the
reaction temperature to 110-160 °C (Fig. 2b); this change was even
more noticeable when we increased the water content in the solvent
(Fig.2d), suggesting hydrolysis of the ureagroups. Elemental analysis
(Supplementary Table 1) and X-ray photoelectron spectroscopy (Sup-
plementary Fig. 6) also supported the solvothermal transformation of
Urea-COF-1to the 3-ketoenamine COF, RC-COF-1.

Improved crystallinity and surface area

Thelevel of crystallinity in RC-COF-1was markedly enhanced compared
toits directly polymerized analogue, DP-COF-1 (Fig. 3c); RC-COF-1
showed prominent diffraction peaks at 4.6, 8.1,9.3,12.3,14.0, 16.1,
16.6,18.7,20.3 and 27.1°, which were indexed as 100, 110,200, 120, 300,
220,130,400, 410 and 001 reflections, respectively. By contrast, only
four broad peaks could be discerned from the diffraction pattern of
DP-COF-1, as measured using the same diffraction set-up and measure-
ment conditions. Eclipsed AA-stacking models yielded PXRD patterns
that were consistent with the experimental profiles of Urea-COF-1and
RC-COF-1(Supplementary Figs. 9,17). Pawley refinement in the P6/m
space group with unit cell parameters of a = 29.39, b = 29.39,c=3.56 A
(Fig. 3a) and a=22.04, b=22.04, c=3.49 A (Fig. 3b) reproduced the
experimental curve with good agreement factors (weight-profile
R-factorR,, = 5.52% and unweighted R-factor R, = 4.34% for Urea-COF-1,
andR,,=4.64% and R, =3.36% for RC-COF-1), which suggested a pro-
nounced contraction of the unit cell after reconstruction.

The porosity of these COFs was evaluated by nitrogen adsorp-
tion measurements at 77.3 K (Fig. 3d). Urea-COF-1 showed a low
Brunauer-Emmett-Teller (BET) surface area of 38 m?> g because of
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pore deformation upon activation*2. This increased to 1,712 m? g™ for
RC-COF-1, which showed a type I gas adsorption isotherm with rapid
gas uptake at low relative pressures (P/P, < 0.01), indicating a highly
microporous solid (Fig. 3d, Extended Data Fig. 2). The narrow pore
size distribution of around 1.6 nm obtained from the adsorptioniso-
therm using nonlocal density functional theory fitting was in precise
agreementwith the proposed structural model (Extended DataFig. 3).
By contrast, DP-COF-1adsorbed much less gas (Fig. 3d) and showed a
much lower BET surface area of 580 m?> g, close to previous reports
for this material* (535 m?g™). The broader, less regular pore size dis-
tribution for DP-COF-1 (Extended Data Fig. 3) can be ascribed to its
semi-crystalline nature. The high crystallinity and regular porosity of
RC-COF-1also translated into high CO, uptake, as shown by gas adsorp-
tion isotherms collected at 273 K (Extended Data Fig. 4a). RC-COF-1
showed a CO, uptake of 147 cm® g* (28.9 wt%) at 1 bar. This is to our
knowledge the highest CO, capacity reportedin COFs under these meas-
urement conditions** (Extended Data Fig. 4b). The calculated heat of
adsorptionwas around 35 k) mol™ at the adsorption onset (Supplemen-
taryFig.33), whichis comparable to related small-pore COFs with high
CO, uptakes**. The directly polymerized analogue, DP-COF-1,showed a
similar heat of adsorptionbuta muchlower CO, uptake (Supplementary
Fig.32). RC-COF-1also showed excellent chemical stability after treat-
mentwith concentrated HCI (12 mol I") and NaOH (14 mol 1) solution
for 24 h (Extended Data Fig. 5).

Scanning electron microscopy (SEM) showed that RC-COF-1 com-
prised uniform rod-like crystallites with an average size of around
600 nm (Fig. 3e), whereas DP-COF-1 was composed of less regu-
lar aggregates (Supplementary Fig. 35¢). The high crystallinity for
RC-COF-1allowed us to confirm its periodic porous structure using
high-resolution transmission electron microscopy (HRTEM). Reticular
structures with hexagonal pores oriented perpendicular to the crys-
tallographic c axis were observed (Fig. 3f). The calculated distance
between the centres of two adjacent pores was 2.2 nm, ingood agree-
ment with the refined eclipsed model. Fast Fourier transform (FFT)
conducted on a selected area showed a hexagonal symmetry; by con-
trast, nolattice fringes were discerned for DP-COF-1prepared by direct
polymerization (Supplementary Fig. 37a).

We next considered the generality of this reconstruction protocol for
other COFs.For Urea-COF-2 (also known as COF-118; ref. *?), we used acom-
mercially available isocyanate as the starting material; for Urea-COF-3
and Urea-COF-4, we used more widely accessible arylamine monomers,
which could be easily converted into diureas before pre-organization
(Fig.1, Supplementary Fig. 7). Again, these three reconstructed COFs
(RC-COF-2, RC-COF-3 and RC-COF-4) all showed superior crystallinity
relative to COFs that were prepared by direct polymerization as per
previously reported procedures (DP-COF-2 (also known as TpBD-Me,;
ref. **), DP-COF-3 (or TpBD; ref. ) and DP-COF-4 (or TP-EDDA; ref. %)),
and all showed sharp and well-resolved diffraction peaks (Fig. 3g-i).
Indeed, the difference in crystallinity levels between the pre-organized,
reconstructed COF andits direct polycondensation analogue was even
more pronounced for the mesoporous COF, RC-COF-4, which has the
largest pores in this series of materials. Nitrogen adsorption measure-
ments revealed greatly increased surface areas and pore volumes for
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thereconstructed COFs (Fig. 3j, Extended DataFig. 2); BET surface areas
increased from 623 m? g (DP-COF-2) t0 2,792 m? g (RC-COF-2); from
573 m? g™ (DP-COF-3) to 2,461 m? g™ (RC-COF-3); and from 877 m*g™*
(DP-COF-4) t0 2,301 m? g (RC-COF-4). As such, the surface areas of
the reconstructed COFs were between 2.6 and 4.5 times larger than the
directly polymerized analogues. Likewise, the measured pore volumes
were two to four times higher for the reconstructed COFs than for directly
polymerized analogues. Pore size distribution profiles indicated the
mesoporous nature of RC-COF-2, RC-COF-3 and RC-COF-4, with pore
sizes 0f2.3,2.4 and 2.8 nm, respectively, in precise agreement with their
structural models; whereas directly polymerized COFs show broader
poresizedistributions (Extended DataFig. 3). HRTEM images (Fig. 3k, I,
Supplementary Fig. 36) showed ordered porous structures extending
through the crystal domains with clearly visible honeycomb pores,
and the periodicities were consistent with the unit cell derived from
the Pawley refined PXRD data. Few such ordered domains could be

Attraction

Repulsion

moleculesreleased by hydrolysis, confined onthe surface of the
reconstructing COF. Theresults of hydrolysis of asingle ureabond (top) and
bothureabonds (bottom) are shown. Colouredisosurfaces are the
intermolecularinteractions quantified by anindependent gradient model
(isosurface = 0.003 atomic units). Inthe bottom example, the interactions
between the COF layers are omitted to highlight the interaction between the
p-phenylenediamine monomer and the framework.

observedinthe directly polymerized analogues (Supplementary Fig.37).
The reconstructed COFs also showed better thermal stability than
the directly polymerized analogues, presumably because of their
enhanced crystallinity (Supplementary Fig. 34). The increased crystal-
linity in RC-COF-1improves photogenerated charge carrier transport,
leading to sacrificial photocatalytic hydrogen evolution rates of up to
2798 mmol h™ g™ Thisis one of the highest activities reported fora COF
photocatalyst and four times higher than the chemically equivalent
but less ordered DP-COF-1 (Extended Data Figs. 6, 7, Supplementary
Information).

Density functional theory calculations

Density functional theory (DFT) calculations were used to investigate
this reconstruction protocol in more detail. Direct polymerization
of 1,3,5-triformylphloroglucinol with p-phenylenediamine yields
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rather low crystallinity because of the poorly reversible bond for-
mation and the tautomerization into a stable 3-ketoenamine form*
(Fig. 4a, Supplementary Fig. 42a), which does not allow for full error
correction. As aresult, the directly polymerized product, DP-COF-1,
does not attain the crystalline thermodynamic minimum structure
(Fig. 4b). By contrast, decorating arylamine monomers with urea
groups decreases the reactivity and enhances the reversibility for
the bond formation (Supplementary Fig. 42b). This yields a highly
crystalline but ‘soft’ urea precursor framework. Typically, hydrolysis
of crystalline frameworks might lead to amorphization, but here,
under appropriate solvothermal conditions (Fig. 2¢), confinement
in the framework coupled with fast imine condensation leads to
the retention of crystallinity, together with a high conversion yield.
Thenature of the reconstruction process is revealed by the evolution
of PXRD patterns recorded at different time intervals (Extended Data
Fig.1a). The diffraction peaks were found to shift continuously*, with
no detectable disorder during the reconstruction. We suggest that
the reconstruction in each COF crystallite has relatively slow kinet-
ics with respect to the PXRD collection timescale. The gradual shift
in peak positions indicates a smooth, continuous shrinkage of the
lattice upon hydrolysis and re-polymerization. By contrast, if a rapid
and concerted phase transformation was occurring, then we would
expect to observe two distinct sets of interconverting PXRD peaks*s,
and no intermediate phases would be observed.

The simulation in Fig. 4c suggests well-defined non-covalent inter-
actionsin the framework whenthe urealinkageis hydrolysed. Whena
singleureabondis cleaved (Fig. 4c), strong hydrogen bonding is found
in these simulations at the hydrolysis position between the resulting
amine group and fragments of the COF in the same layer, which main-
tains the position of the molecule in the framework. When both urea
bonds are cleaved (Fig. 4¢), the p-phenylenediamine molecule that
is produced by hydrolysis is still captured by the framework through
hydrogenbonds. The -t stacking between p-phenylenediamine and
the adjacent COF layer reinforces these interactions (binding energy of
around -16.08 kcal mol™). We suggest that this nanoconfinement in the
framework also stabilizes and protects the amine species by preventing
the entry of other reactive species, contributing to the high yield of this
multi-step reconstruction reaction. By contrast, such confinement
is absent for the small-molecule model compounds (Fig. 1b) and the
monomers canbecome disordered or react with other solution species
once the urea linkages are hydrolysed.

A convenient synthetic route

Vacuum sealing procedures are often necessary for COF syntheses
to prevent oxidation of the arylamine monomers under solvother-
mal conditions. Freeze-pump-thaw procedures can be performed
inaresearch laboratory, but they could represent a major hurdle for
industrial scale-up. By decorating with urea groups, we decrease the
reactivity of the monomers and provide better oxidation resistance,
and hence this reconstruction approach can be conducted without
any vacuum degassing steps (Extended Data Fig. 8, Supplementary
Information), while affording equivalent crystallinity and porosity (BET
surface area Sger =1,650 m? g for RC-COF-1) relative to reactions that
were performed with vacuum sealing (Sz;r =1,712m?g™). Such simple
vacuum-free, aqueous processes might prove decisive for the viable
commercial scale-up of highly crystalline COFs, for which vacuum
degassing and inertization are costly.

Outlook

COFs canbe highly crystalline or physicochemically robust, but rarely
both’. Onthe basis of an unexpected framework reconstructionin urea
COFs, we have established a general and scalable vacuum-free protocol
to synthesize highly crystalline imine frameworks by using areversible

78 | Nature | Vol 604 | 7 April 2022

and removable urea linkage as a disposable tether to pre-organize
monomersbeforeirreversible polymerization. This separates the crys-
tallization process from the formation of robust framework bonds.
Theremovable covalent tether is stronger and more directional com-
pared tothe non-covalentinteractionsin strategiesin which monomers
are pre-organized in molecular crystals. The superior level of structural
orderinreconstructed COFs presents new opportunities for applica-
tionssuchasgas adsorption and photocatalysis. We used urea tethers
here, butitis likely that other covalent pre-organization chemistries
could be devised to access other frameworks.
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Methods

Chemicals

Allreagents were obtained fromSigma-Aldrich, Fisher Chemical, Adamas,
Jilin Chinese Academy of Sciences-Yanshen Technology or Shanghai
Tensus Bio-Chem Technology and used as received. Carbonnitride was
bought from Carbodeon. Solvents were obtained from commercial
sources and used without further purification. A sulfone-decorated
imine COF, FS-COF, was synthesized according to previous literature?.

Liquid NMR spectroscopy
'H and *C NMR spectra were recorded in solution at 400 MHz and
100 MHz, respectively, using a Bruker Avance 400 NMR spectrometer.

High-resolution mass spectrometry
The high-resolution mass spectrometry data were obtained using a
Waters LCT Premier XE spectrometer.

Powder X-ray diffraction

PXRD patterns were recorded on a Bruker D8 Advance diffractometer
with CuKa radiation with avoltage of 40 kV. Datawere collected inthe
20 range of 2-40° with steps of 0.02°.

Fourier transforminfrared spectroscopy

TheFTIR spectrawererecorded onneat samplesin the range of 4,000-
650 cm™ on a PerkinElmer FTIR spectrometer equipped with a single
reflection diamond ATR module.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) datawere measured in powder
form using an ESCALAB 250Xi instrument (Thermo Fisher Scientific)
with amonochromatized Al Ka line source.

Elemental microanalyses

Elemental microanalyses were measured in the Research Center of
Analysis and Test of East China University of Science and Technology
using the EURO EA3000 Elemental Analyzer.

Solid-state NMR spectroscopy

The solid-state *C NMR spectrawere recorded ona Bruker Avance 400
NMR spectrometer with CP-MAS at a *C frequency of 100 MHz under
12 kHz spinning rate under MAS condition.

Thermogravimetric analyses
Thermogravimetric analyses were performed on an EXSTAR6000 by
heating samples at 20 °Cminunder anitrogen atmosphere to 800 °C.

Gas adsorption analysis

Apparent surface areas were measured by nitrogenadsorptionat 77.3 K
using a Micromeritics ASAP 2020 volumetric adsorption analyser.
Powder samples were degassed offline at 393 K for 12 h under adynamic
vacuum (10~°bar). Before the adsorption test, the inert gas was removed
using a high vacuum provided by the turbo molecular drag pump. The
specific surface areas were evaluated using the BET model. Pore size
distributions of COFs were obtained from fitting the nonlocal density
functional theory to the adsorption data.

Low-pressure gas adsorption measurements of CO, (273, 283, 293
and 308 K) were performed on MicrotacBELsorp Max and MaxlIl gas
adsorption analysers. Ultrahigh-purity (higher than 99.999%) CO, in
compressed gas cylinders was used throughout all experiments. Samples
were degassed at 393 K for 12 hbefore measurement. CO, adsorptioniso-
therms of each COF were then fitted with virialmodel equations as follows:

n

1 ¢m . .
In(p) = In(N) + = 2o @ X N'+ 2o byx N,

in which Nis the amount adsorbed (or uptake) in mmol g; pis the
pressureinkPa; Tisthe temperature inK; and m and n are multinomial
coefficients that determine the isosteric heat.

Theisosteric heat of each COF was calculated from the virial fitting
adsorption isotherms by using the Clausius-Clapeyron equation, in
which Q, is the isosteric heat in) mol™, Tis the temperature inK, Pis
the pressure in kPa, and R is the gas constant (8.314 ] KX mol™):

0 lnPj

—Q5t=RT2[ 3T

Scanning electron microscopy
COF morphologies wereimaged using afield-emission scanning elec-
tron microscope (Helios G4 UC, Thermo Fisher Scientific).

Transmission electron microscopy

Transmission electron microscopy (TEM) characterizations were per-
formed ona Themis Z microscope (Thermo Fisher Scientific) equipped
with two aberration correctors under 200 kV. To minimize the electron
beam damage, a cryo-transfer TEM holder (Model 2550, Fischione
Instruments) was used, and the temperature was set below —175 °C
during TEM imaging.

Ultraviolet-visible absorption spectroscopy

Ultraviolet (UV)-visible absorption spectra of the COFs wererecorded
onaPerkinElmer Lambda 950 UV-vis-NIR spectrometer by measuring
the reflectance of powders in the solid state.

Photoluminescence spectroscopy

Photoluminescence spectra were recorded on a Varian Cary Eclipse
fluorescence spectrophotometer by measuring the powders in the
solid state.

Electron paramagnetic resonance spectroscopy

Electron paramagnetic resonance (EPR) spectrawere acquired atroom
temperature under ambient conditions using a Bruker EMX-8/2.7 spec-
trometer. COF powders were taken in an EPR tube and excited with a
300-W Xe lamp using a420-nm filter.

Time-correlated single photon counting measurements
Time-correlated single photon counting measurements were per-
formed on an Edinburgh Instruments LS980-D2S2-STM spectrom-
eter equipped with picosecond-pulsed LED excitation sources and
an R928 detector, with a stop count rate below 3%. An EPL-375 diode
(A=370.5 nm, instrument response 100 ps, full width at half maximum,
FWHM) with a450-nm high-pass filter for emission detection was used.
Suspensions were prepared by ultrasonicating the COF in water. The
instrument response was measured with colloidal silica (LUDOX HS-40,
Sigma-Aldrich) at the excitation wavelength without filter. Decay times
were fitted in FAST software using suggested lifetime estimates.

Photoelectrochemical measurements

Indium tin oxide (ITO) glasses were cleaned by sonication in ethanol and
acetone for 30 min respectively, then dried under nitrogen flow. Two
milligrams of COF was dispersedin 0.2 ml ethanol with u110 ten Nafion
solution (5wt%in amixture of lower aliphatic alcohols and water) and
ultrasonicated for 20 min to give ahomogenous suspension. ITO glass
slides were covered witha copper mask giving an area of 0.28 cm?. Ten
microlitres of the suspension was drop-casted on the ITO glass and
dried overnight at room temperature. Electrochemical impedance
spectroscopy and photocurrent response were performed using a
Bio-Logic SP-200 electrochemical system. A three-electrode set-up was
used with a working electrode (COF on ITO glass), counter electrode
(platinum plate) and reference electrode (Ag/AgCl), and the bias voltage



was—0.35V.A300-W Newport Xe light source (model 6258, ozone-free)
with a 420-nm filter was used to illuminate the samples. A solution of
0.5MNa,SO, (pH = 6.8) was used for measurement.

Photocatalytic hydrogen evolution experiments

A quartz flask was charged with the photocatalyst powder (2.5 mg),
0.1 mol I ascorbic acid water solution (25 ml) and a certain amount
of platinum (Pt) as a cocatalyst, using hexachloroplatinic acid as a
Pt precursor. The resulting suspension was ultrasonicated until the
photocatalyst was well-dispersed before degassing by N, bubbling for
30 min. Thereaction mixture was illuminated witha300 W Newport Xe
light source (model 6258, ozone-free) using appropriate filters for the
time specified under atmospheric pressure. The Xe light source was
cooled by water circulating through a metal jacket. The samples were
firstilluminated for 5 hto complete Pt photo-deposition; then the flask
was degassed by N, bubbling for 30 min followed by the photocatalysis
reaction. Gas samples were taken with a gas-tight syringe and run on
a Bruker 450-GC gas chromatograph. Hydrogen was detected with a
thermal conductivity detector referencing against standard gas with a
known concentration of hydrogen. Hydrogen dissolved in the reaction
mixture was not measured and the pressure increase generated by the
evolved hydrogenwasnot consideredinthe calculations. Therates were
determined from a linear regression fit. After 5 h of photocatalysis,
no carbon monoxide associated with framework or ascorbic acid
decomposition could be detected on a gas chromatography system
equipped with a pulsed discharge detector.

For stability measurements, a flask was charged with 2.5 mg of COF
photocatalyst, 0.1 mol I ascorbic acid water solution (25 ml) and a
certain amount of Pt (3 wt%) as a cocatalyst, using hexachloroplatinic
acid as a Pt precursor. The resulting suspension was ultrasonicated to
obtain awell-dispersed suspension, then transferred into aquartzreac-
tor connected toaclosed gas system (Labsolar-6A, Beijing Perfectlight).
The reaction mixture was evacuated several times to ensure complete
removal of oxygen, and the pressure was set to13.33 kPa. The reactor was
irradiated ina90° angle witha300-W Xelight-source. The wavelength of
theincident light was controlled using a420-nm long-pass cut-offfilter.
The temperature of the reaction solution was maintained at 10 °C by
circulation of cool water. The evolved gases were detected on an online
gas chromatograph (Shimadzu GC 2014C) with a thermal conductive
detector. After the photocatalysis experiment, the photocatalyst was
recovered by washing with water then solvent exchange with methanol
andtetrahydrofuran, respectively, before drying at 60 °Cunderavacuum.

Measurement of external quantum efficiencies

The external quantum efficiencies (EQEs) for the photocatalyticH, evolu-
tion were measured using monochromatic LED lamps (1=420,490, 515
and 595 nm, respectively). For the experiments, the photocatalyst (2.5 mg)
with Ptloading was suspendedin an aqueous solution containing ascorbic
acid (0.1 mol I)). Thelightintensity was measured witha ThorLabs S120VC
photodiode power sensor controlled by a ThorLabs PM100D Power and
Energy Meter Console. The EQEs were estimated using the equation:

2 x Number of evolved H, molecules
Number of incident photons

EQE(%) = x100%

Computational methods

Periodic DFT calculations were performed within the plane-wave pseu-
dopotential formalism, using the Vienna ab initio simulation package
(VASP) code®. The projector augmented-wave method was applied to
describe the electron-ion interactions®**.. A kinetic-energy cut-off
of 500 eV was used to define the plane-wave basis set, and the elec-
tronic Brillouin zone was integrated using I'-centred Monkhorst—Pack
grids with the smallest allowed spacing between k-points (KSPACING)
being 0.25 A™.. Geometry optimizations were performed using the

Perdew-Burke—Ernzerhof exchange—-correlation functional with
the DFT-D3(BJ) dispersion correction®>*, Tolerances of 10 eV and
102eV A were applied during the optimization of the Kohn-Sham
wavefunctions and the geometry optimizations, respectively.

For crystal structures of COFs, both lattice parameters and atomic
positions are allowed to change during geometry optimization.
The electronic structures of the optimized RC-COF-1and Urea-COF-1
structures were then computed using ascreened hybrid exchange—cor-
relation functional (HSE06), giving key electronic properties, such
as band gap and electrostatic potential, for comparison of the COFs.
Within periodic boundary conditions, the electronic eigenvalues are
given with respect to an internal reference. To achieve valence band
alignment, usingacommon vacuum level, so thatband energies canbe
compared for the different COF structures, we followed an approach
devised for determining the vacuum level of porous structures®.

For the binding model constructed for the hydrolysis products of
the COF, the hydrolysis-released p-phenylenediamine monomer
was assumed to be trapped in a three-layer COF model, with the first
layer being decomposed. The periodic COF layer was parallel to the XY
plane and separated fromits periodicimages along the Zdirection by
avacuum of around 14 A, The lattice parameters were fixed, and the
atomic positions were fully optimized during this process.

The binding energy was computed using the following formula:

AEying= Esystem = Ernonomer ~ Eframework-

in which E., is the energy of COF with the first layer hydrolysed,
Eronomer aNd Egamework aT€ the energies of p-phenylenediamine and frame-
work, respectively, and the corresponding conformers were kept the
same asin that system.

To visualize the intermolecular interactions between the
p-phenylenediamine monomer and the COF fragment, we used the
independent gradient model (IGM)*®. The IGM method quantifies
the netelectrondensity gradient attenuation thatis due tointermolecu-
larinteractions, identifying non-covalent interactions and generating
data composed solely of intermolecular interactions for drawing the
corresponding 3D isosurface representations. Here structures were
extracted out from the periodic calculation result with no hydrogen
atoms added to the fragment, because we used pro-molecular level
electron density here. The Multiwfn program®” was used for IGM analy-
ses and the VMD program®® was used for visualization.

The geometries of the complexes were fully optimized by means
of the hybrid M06-2X functional®. For all atoms, the def2-SVP basis
set®**'was applied. No symmetry or geometry constraint was imposed
during optimizations. The optimized geometries were verified as local
minima on the potential energy surface by frequency computations
atthesametheoretical level. These calculations were performed with
the Gaussian 16 suite of programs®2. Water was used as the solvent in
the SMD solvation model®. A temperature of 433 K was used for ther-
mochemistry analysis in all calculations.

Data availability

The experimental and theoretical data that support the findings of this
study are available from the corresponding authors upon reasonable
request. Source data are provided with this paper.
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Extended DataFig.1|Continuous transformationinwater.a,b, The solvated with water (a) and measured after activation/desolvation (b)).
evolution of the PXRD patterns with time for as-synthesized Urea-COF-1by The gradual shiftin the peak positions over time suggests a continuous

treatment with water at the reaction temperatures of160 °C (samples were transformation during the COF reconstruction.
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Extended DataFig.2|Increased porosity.a, b, Comparison of BET surface areas (a) and total pore volumes (b) for RC-COFs (yellow bars) and DP-COFs
(greenbars). Reconstructed COFs showed greatlyimproved BET surface areaand pore volumes than directly polymerized analogues.
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Extended DataFig.4|CO,uptake. a,b, Adsorption (filled circles) and desorption (open circles) isotherms for CO, uptake in RC-COF-1and DP-COF-1recorded at
273K (a). Summary of CO, uptake capacities for COF materials reported at 273 Kand 1 bar (b); see details in Supplementary Table 5.
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retainedits crystalline structure after treatment under all these conditions.
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Extended DataFig. 6 | Optical and electronic properties and
photocatalytic hydrogen evolution activity. a, EPR studies showed asingle
Lorentzianline centred atagvalue of 2.006 for RC-COF-1, which intensified
dramatically uponlight excitation, suggesting an effective light-induced
charge carrier generation, whereas DP-COF-1displayed muchlower
signalintensity under same test conditions. b, Transient photocurrents with
on-offlightintermittentirradiation (A >420 nm) for RC-COF-1, DP-COF-1and
Urea-COF-1, conducted witha bias potential of - 0.35 Vvs Ag/AgCl. RC-COF-1
produced an enhanced photocurrent compared to its semi-crystalline
counterpart, DP-COF-1, indicating more efficient separation of
photogenerated charge carriers. ¢, Time courses of sacrificial photocatalytic
hydrogen production for RC-COF-1, FS-COF, DP-COF-1, Urea-COF-1and g-C;N,
(2.5 mgcatalystin water with3 wt.% Ptloading, A > 420 nm for RC-COF-1,

FS-COF, DP-COF-1and Urea-COF-1,and A > 295 nm for g-C;N,).d, Time course of
photocatalytic hydrogen evolution for RC-COF-1from three different synthetic
batchesunder visible lightirradiation;insetis corresponding hydrogen
evolutionrate (HER). Thereis good batch-to-batch reproducibility in terms of
photocatalytic performance for materials prepared by this reconstruction
route. e, The external quantum efficiencies (EQEs) of RC-COF-1were estimated
tobe 6.39%at420 nm, 5.92% at 490 nm, 5.20% at 515 nm, and 1.62% at 595 nm,
respectively. By comparison, DP-COF-1 exhibited amuch-lower EQEs 0of1.97%,
1.61%,1.37%,and 0.54% at the same wavelengths. f, Long-term photocatalytic
hydrogen evolution stability test for RC-COF-1over 60 hunder visible light

(A > 420 nm). The dashed vertical lines denote degassing and addition of a
further1.25 mmol of ascorbic acid. No obvious decreaseinactivity was
observed during this 60-h period.



Extended DataFig.7 |RC-COF-1crystallite with photo-deposited Pt photo-deposited Pt co-catalyst. Theinset in bshows uniformdistributions
co-catalyst nanoparticles. a-g, SEM (a), TEM (b), high angle annular dark of Ptnanoparticles (2.5+ 0.5 nm) inthe selected area (yellow square).

field scanning transmission electron microscopy (HAADF-STEM) (c) images The uniform morphology of the reconstructed COF and the good Pt cocatalyst
and elemental mapping (d-g) for RC-COF-1crystallite decorated with dispersionmightalso contribute toits enhanced activity.
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Extended DataFig. 8| RC-COF-1synthesized without vacuum degassing

step.a, b, Experimental PXRD patterns (a) and nitrogen adsorptionisotherm

(b, filled symbols) and desorptionisotherm (b, open symbols) for RC-COF-1

synthesized without vacuum degassing steps; inset shows calculated pore size
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distribution. Both the crystallinity and the porous properties are close to those
obtained with careful degassing, suggesting that this step is unnecessaryinthe
reconstructionsynthesis route, at least for these specific monomers.
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