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ABSTRACT: Crystalline covalent triazine frameworks (CTFs) have shown intriguing applications in photoelectric fields. So far, a
number of synthetic strategies based on homogeneous nucleation have been reported. However, it still remains a great challenge to
acquire crystalline CTFs with wide structural diversity. Here we report the synthesis of crystalline CTFs via a novel heterogeneous
nucleation strategy which exhibits a wide monomer scope. The crystalline CTFs could be successfully induced and grown on the
lattice planes of salt, which works as heterogeneous nucleation agent. The CTFs of different structures were successfully obtained
with high degrees of crystallinity and nanosheet morphologies. These crystalline CTFs with structural diversity showed excellent
activities in photocatalytic hydrogen evolution from sea water. The highest hydrogen evolution rate from “sea water” reached 791
pmol h™ with a quantum yield of 12.8% under 420 nm irradiation. This work successfully demonstrated a new approach to synthesize

crystalline CTFs with wide monomer scope for photoelectric applications.

INTRODUCTION

In recent years, covalent triazine frameworks (CTFs)
stand out as an intriguing porous materials and have wit-
nessed enormous research interests in gas adsorption and
storage,' heterogeneous catalysis,>* sensor,’ energy stor-
age,®'2 photocatalysis,’** and so on.'”?! As compared to
other classes of porous materials, CTFs feature robust
chemical structures and heteroatom aromatic effects en-
dowed by highly conjugated and nitrogen-rich skeletons,
and thus have shown massive potentials in optoelectronic
applications.???¢ Furthermore, CTFs that combine mod-
ular synthetic versatility with ordered structures can dra-
matically enhance the material’s optoelectronic proper-
ties, in which the efficient charge transport and separation
are facilitated.”” Thus, crystalline CTFs are highly desira-
ble and sought with enthusiasms. Despite the tremendous
progress so far, the crystalline CTFs are still limited,
showing a low chemical and structural diversity compared
with the more versatile covalent organic frameworks
(COFs).?*%7 Therefore, it is of great importance to de-
velop new strategies to crystallize CTFs with wide scopes
of framework topologies and diverse molecular building
units.*

Crystalline CTFs have been synthesized through sev-
eral typical methods, such as molten synthesis under ion-
othermal conditions from aromatic nitrile?® or amide

monomers,* interfacial or microwave synthesis from aro-
matic nitrile monomers and etc.’***-*! However, the harsh
reaction conditions constrained the kinetic control desir-
able for high crystallinity and thus it generally showed a
narrow scope. We have recently developed an amidine-
based polycondensation reaction,**** which contains a re-
versible imine-bond, making the kinetic control more fea-
sible at milder conditions. The crystallization of covalent
organic frameworks (COFs) has been reported to be
dominated by nucleation and growth processes.** In order
to obtain high crystallinity, it is critical to control the ki-
netics of the nucleation and growth processes so that the
self-correction is permitted in sufficient time. In the crys-
tallization, nucleation plays an important role for the first
step.*® There are two general nucleation approaches: ho-
mogeneous nucleation and heterogeneous nucleation. A
series of crystalline CTFs has been successfully achieved
by adjusting the homogeneous nucleation rate through
the kinetic control of monomer concentrations.*” * How-
ever, methods via heterogeneous nucleation have been
underdeveloped to crystallize CTFs.

Herein, we report a new heterogeneous nucleation
strategy for the synthesis of crystalline CTFs. Unlike the
homogeneous nucleation approach, the external nuclea-
tion agent should be introduced in the polymerization so-
lution. We notice that inorganic salt could be an ideal nu-
cleation agent because they consist of crystalline lattice
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Figure 1. (a) Representative synthetic protocol of crystalline CTFs via heterogeneous nucleation. (b) Molecular structures of the aldehyde
monomers and the framework structures of the corresponding crystalline CTFs.

and could be easily removed by washing with water.*
They can also work as a physical separator to hinder the
aggregation of the CTF layers and thus decrease the
growth rate of the CTF crystals.”® With the presence of
inorganic salt, the growth of the crystalline CTF lattice is
induced on the salt-liquid interface and the resulting
CTFs tend to form nanosheet morphologies.*’ Therefore,
this method possesses a distinct advantage with a wide
scope of molecular building blocks. The resulting crystal-
line CTFs displayed excellent functional applications in
photocatalytic hydrogen evolution from “sea water” for
the first time. We also computationally explored the struc-
ture-property relationships of the crystalline CTFs in
photocatalytic performance.

RESULTS AND DISCUSSION

The monomers were mixed with salt nucleation agent
and dispersed into dimethyl sulfoxide, and then the reac-
tion mixture was heated to initiate the polymerization.
Unlike the theoretical simulation, due to the rapid precip-
itation of oligomers in the crystallization process, it re-
mains a challenge to study the crystallization process of
framework materials experimentally to date.>® Here, for a
better understanding of the crystallization process, we
proposed a possible mechanism as shown in Figure 1. The
salt has a large interface and could quickly induce the nu-
cleation of the CTFs at the beginning of the polymeriza-
tion. Then, the crystalline salt could induce the further

growth of the CTF layers along the lattice planes.*! It has
been reported that the particle-particle attachment is an
important step in crystallization.’>** Due to the presence
of the large amount of nucleation agent in the solution,
the CTF oligomers or large layers are spatially separated
by the salts and the aggregation of them and the larger
CTF crystals are hindered. Therefore, the growth rate of
crystallization could be obviously slowed down. This re-
tarded crystallization process would make the self-correc-
tion more sufficient and thus the more crystalline CTFs
may be formed.

After the completion of the reaction, the nucleation
agent could be easily removed by washing with water and
the resulting crystalline CTFs were obtained, which are
named as CTF-HUST-Sx (x = 1-6). CTE-HUST-1 to
CTF-HUST-4 have been previously reported, but mainly
as amorphous structures unless the kinetic controls were
taken, such as controlling the monomer concentration by
feeding pumps or the in-situ generation of the mono-
mers.*> % We chose CTF-HUST-2 to be the benchmark
model for optimizing synthetic conditions, as it has been
proven relatively harder to form crystalline structures. In-
itially, various salt nucleation agents—including NaCl,
NaBr, Na,S04, KCl and LiCl—were used individually in
condensation reactions of the aldehyde monomers with
the amidine monomer (Supporting Information). NaCl
was found to be the optimal nucleation agent, giving rise
to the highest crystallinity for CTF-HUST-S2 (Figure
S1). Then the amount of nucleation agent was optimized
according to the PXRD peak intensity (Figure S2). The
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Figure 2. Experimental PXRD of the crystalline CTFs (black lines), compared with patterns obtained for the corresponding CTFs synthe-
sized without salt-templates (red lines) and patterns simulated from structural models in the AA stacking mode (blue lines).

increased heterogeneous seeds are beneficial for crystalli-
zation with more interface for nucleation. But too much
salt would affect the uniformity of the reaction system
thus caused decreased crystallinity. Hereafter, we further
explored the generality of this heterogeneous nucleation
strategy, and successfully synthesized other examples of
crystalline CTFs, i.e. CTF-HUST-S1, CTE-HUST-S3,
CTF-HUST-S4, CTE-HUST-SS and CTEF-HUST-S6
(Figure 1). Among them, CTF-HUST-S3 was for the first
time obtained in a crystalline form, while CTF-HUST-SS
and CTF-HUST-S6 were newly synthesized for the first
time and as crystalline materials. The design of these
CTFs can provide a wide structural diversity for the fur-
ther applications.

As shown in Figure 2a-f, the PXRD patterns of the
CTFs resulted from heterogeneous nucleation strategy
exhibit strong diffraction peaks (Figure 2, black lines),
confirming that the CTFs have long-range order and high
periodicity in three dimensions. By contrast, the samples
of the same CTFs synthesized without using external nu-
cleation agents are mostly amorphous, with none or ex-
tremely weak PXRD signals (Figure 2, red lines). This ap-
parent contrast illustrates that the external nucleation
agent is indispensable to the formation of crystalline
structures. Diffraction peaks associated with NaCl crystal-
lites are not observed in the PXRD patterns of the CTFs
(Figure S3), indicating that the salt was sufficiently re-
moved by washing. The simulated PXRD patterns of the
AA stacking mode—see Figure S4 for comparisons with
the AB stacking mode—for all the CTFs agree well with

the experimental PXRD data. According to the simulation
results, the unit cell parameters of crystalline CTFs were
a=b=14.53 A, c=3.61 A for CTE-HUST-S1, a = b=
29.52 A, ¢=3.62 A for CTF-HUST-S2, a=26.61A, b=
26.64 A, c=3.79 A for CTF-HUST-S3, 2 =b=29.32 A,
c¢=3.62 A for CTF-HUST-S4, 2a = b=26.85 A, c=3.66
A for CTF-HUST-SS, a = b = 29.31 A, c = 3.62 A for
CTF-HUST-S6 (Table S5).

High resolution-transmission electron microscopy
(HR-TEM) is a ubiquitous tool to reveal the crystalline
structure of framework materials from a microscopic per-
spective. As shown in Figure 3, clear lattice structures of
the crystalline CTFs are demonstrated by the HR-TEM
images. Although the lattice fringes are sensitive to elec-
tron beam, some highly ordered lattices can be observed
in these crystalline CTFs with robust nitrogen-rich aro-
matic skeletons. Furthermore, for each CTFs, the crystal-
line lattices can be observed in different regions, indicat-
ing the long-range ordering of the CTFs (Figure SS-Fig-
ure S10).

As shown in Figure 4, Fourier transform infrared (FT-
IR) spectroscopy, solid-state CP-MAS carbon-13 nuclear
magnetic resonance spectrometry (**C NMR), and X-ray
photoelectron spectroscopy (XPS) measurements were
carried out for structural characterization of the crystal-
line CTFs. In line with the reported CTFs, the triazine
structures were implied by the characteristic stretches at
1526 (C=N) and 1357 cm™ (C-N) assigned in the FT-IR
spectra (Figure 4a and Figure S11).** The CTF structures
were further attested by solid-state *C NMR spectra,



Figure 3. HR-TEM images of the crystalline CTFs, with scale bars of 20 nm and 2 nm (insets: FFT images): (a) CTE-HUST-S1, (b) CTF-
HUST-S2, (c) CTE- HUST-S3, (d) CTE- HUST-S4, () CTF- HUST-SS, (f) CTE- HUST-S6.

which describe the characteristic chemical shifts of tria-
zine carbon atoms at 170 ppm and other carbon atoms de-
rived from their unique structures (Figure 4b). Moreover,
XPS reveals the elements and bonding types in the crys-
talline CTFs (Figure S12). As shown in Figure 4c, the
high-resolution N 1s surveys of the crystalline CTFs dis-
play a peak at 398.8 eV, derived from C=N-C of the tria-
zine moiety, which can only be deconvoluted into a single
peak. To compare the difference in structure between
CTF samples synthesized with or without a salt nuclea-
tion agent, we measured the XPS of CTF-HUST-2 syn-
thesized under salt-free condition (Figure S13): the XPS
peak at 398.8 eV was deconvoluted into two contributing
peaks withthe binding energies of 398.7 eV (correspond-
ing to C=N-C) and 399.5 eV. The latter may be assigned
to defect sites, in the form of C-N-C, in the CTFs synthe-
sized under salt-free condition, demonstrating that the
addition of heterogeneous nucleation agent promotes
well-defined structures, less prone to defective triazine
units. The XPS surveys also show that there was no resid-
ual sodium ion in the CTFs (Figure S14), consistent with
the ICP results, confirming that the salts were completely

removed. The elemental compositions of the crystalline
CTFs are close to the theoretical values according to ele-
mental analysis results (Table S1). Notably, the ele-
mental contents of the crystalline CTFs synthesized in
this strategy show smaller deviations from the ideal struc-
tures as compared to their amorphous counterparts (Ta-
ble S2). As depicted in the thermogravimetric analysis
curves in Figure S15, the crystalline CTFs did not mark-
edly lose weight until 630°C under nitrogen atmosphere.
The crystalline CTFs show higher thermal stabilities than
their amorphous counterparts (Figure S16), which may
be attributed to their more ordered and less defective
structures.

Nitrogen adsorption-desorption isotherm measure-
ments at 77 K were conducted to probe the porosity of
CTE-HUST-S1 to S6 (Figure S), with their porosity char-
acteristics summarized in Table S3. The Brunauer-Em-
mett-Teller (BET) surface areas of CTF-HUST-S1 to S6
are 618, 623, 715, 470, 454, and 800 m? g, respectively.
These surface area values are comparable with previously
reported crystalline CTFs.3% 324 The experimental pore
diameters of the CTFs, as indicated by the corresponding
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Figure 4. FT-IR spectra (a), solid-state *C NMR spectra (b) and high-resolution XPS N 1s spectra (c) for CTF-HUST-S1 to CTF-HUST-

Sé.

pore size distribution derived from the N, isotherm (in-
sets in Figure S), are in the range from 1.2 nm to 1.8 nm,
in agreement with the theoretical models.

Benefited from the crystal surfaces of the salt nucleation
agent, the CTFs were found to form nanosheet morphol-
ogies (Figure S17-S18).%° The crystalline CTFs disperse
well in water (Figures S18-S19) and ethanol (Figure S20),
exhibiting pronounced Tyndall phenomenon. Thin
nanosheet morphologies are clearly demonstrated for the
crystalline CTFs by the TEM images after dispersion in
water as shown in Figure S18: the thin layers are found in
large domains with a lateral size of 1 ym to S pm. These
thin layered morphologies may also be a good benefit for
various applications such as photocatalysis. The newly

synthesized, crystalline CTFs show good absorption in
the visible light region (Figure S21), suggesting poten-
tials to enable visible-light-driven photocatalysis. As an
active hydrogen evolution photocatalyst, the CTF must
not only absorb the visible light efficiently over a wide
range, but also need to transport photo-generated elec-
tron-hole pairs, or excitons, and free charges.’*>” We ex-
perimentally determined the HOMO/LUMO energy lev-
els of CTF-HUST-S1 to S6, confirming that they could,
at least, in principle drive photocatalytic hydrogen evolu-
tion (Figure $22-S24). The different molecular building
blocks used to construct these CTFs afforded well-adjust-
able photoelectric properties (Figure $25-S27)

(a) 700 —aads (b) e00 ] 2o e Ads (C) 1000 2 e Ad
60075 * —o—Des 500 ¢. —o—Des_ ]z o besq
& 50075 SRS 3 = 0
£ sl s ool 5 i
2 aoodiiid s < 1§ ot D 600 FooHus
‘o 3 Pore width (nif) 9 o 300 Foevnom " : Fore il
] < ® ] - >
e 300 ¢ £ JuwaaEy “c 400
[P £
S 2007 g 2007 o
s (]
o ] 100 > 2007
100 CTF-HUST-S1 : CTF-HUST-S2 CTF-HUST-S3
0 T o_|-|'l'l‘l'| O +—F——7F——T—T—T—
0.0 0.2 0.;/8.6 08 10 00 02 04 06 08 10 0.0 02 04 06 08 1.0
o 0 P/P,
d — e = ) 100072
(d) 4004 3 —e—Ads (€) 400 T Ak, ) 1% DA
s, . —Oo— Des ' —0—
R gm —o—Des & E:z ] A 8007 55 Desk
£ 300 bes l F 300 i 7S Soof |1 ‘
('/_) %n.n £ N 1 % : 3 4 i, 6007 §:5 J“t
— 3 3 4 3 re width (nm) ' S
" 200 Fore with (nit) «): 200 4 Fls o oy o')m 1° Forewit
" 3 § 400
S 100- S 100 =
s 200
o CTF-HUST-84 o CTF-HUST-85 ] CTFHUST-S6
o

T T T T 7T
00 02 04 06 08 1.0
P/P,

T T T T T T T T T
0.0 02 04 06 08 1.0

L S A L L
00 02 04 06 08 10

P /P, P/P,

Figure S. Nitrogen adsorption and desorption isotherms of the crystalline CTFs at 77 K (insets: the corresponding pore size distribution
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Figure 6. (a) Hydrogen evolution rates (HER) of CTFs over four hours under visible light irradiation from “sea water”. (b) Recyclability
performance of CTF-HUST-S3 for photocatalytic hydrogen production from “sea water”. (c) UV-vis absorption spectrum and apparent
quantum yields (AQY) at two different incident light wavelengths (420 nm and 500 nm) for CTE-HUST-S3. (d) Comparison of the HERs
between CTF-HUST-S3 and CTF-HUST-3 in “sea water”. (e) Steady-state photoluminescence spectra of CTF-HUST-S3 and CTF-HUST-
3. (f) Electrochemical impedance spectroscopy (EIS) Nyquist plots of CTF-HUST-S3 and CTF-HUST-3.

Sea water is the most abundant water source on earth;
thus, it is highly desirable to produce hydrogen directly
from sea water.* Photocatalytic hydrogen evolution from
pure water has been intensively studied. Yet, few efforts
have been launched on using porous organic solids as
photocatalysts for hydrogen evolution from sea water. As
a proof of concept, 3 wt% NaCl solution was used as mim-
icked “sea water”.’® As shown in Figure 6, the CTFs dis-
play high photocatalytic hydrogen evolution activities
(Figure 6a and Figure $28-S29) as well as good stabilities
(Figure 6b). CTE-HUST-S3 gave a hydrogen evolution
rate (HER) of 791 pmol h? and an apparent quantum
yield (AQY) of 12.8% at 420 nm and AQY of 11.4% at 500
nm (Figure 6¢). Furthermore, when the real sea water
source was used, CTF-HUST-S3 still exhibited the stable
photocatalytic performance (812 pmol h*) (Figure S30-
S31). The photocatalytic hydrogen evolution perfor-
mance is the highest in crystalline CTFs*”*» and is also
comparable to most photocatalytically active crystalline
COFs 0163

The photocatalytic hydrogen evolution performance of
a CTF may be influenced by a plethora of the material’s
photoelectric properties, as well as mesoscale factors.
Among the crystalline CTFs studied here, CTF-HUST-
SS shows the best light harvesting ability (Figure S21)
and the smallest electron impedance (Figure S25), posi-
tively contributing to its relatively high hydrogen produ-

tion. The most active photocatalyst CTF-HUST-S3 (Fig-
ure 6a, Figure S28) gives the highest photocurrent re-
sponse (Figure $26) and the lowest photoluminescence
intensity (Figure S27), indicating that CTF-HUST-S3 is
most conducive among the series, corroborating the com-
putational results that rank it as the best for charge sepa-
ration and redistribution. Furthermore, the photolumi-
nescence intensity of CTE-HUST-S3 is decreased as
compared to its amorphous counterpart CTF-HUST-3,
indicating that charge recombination is restrained (Fig-
ure 6e). Likewise, the lower electrical impedance (Figure
6f) and the higher photocurrent (Figure S26) of CTE-
HUST-S3, compared to CTE-HUST-3, suggest that the
increased long-range ordering improves the charge sepa-
ration and transport in CTF-HUST-S3. Consequently,
the crystalline CTF-HUST-S3 (791 pmol h') outper-
forms its amorphous counterpart (421 ymol h*) in hydro-
gen production, clearly demonstrating the importance of
optimizing the crystallinity of CTFs for enhanced func-
tional properties.

To further probe the molecular-level mechanisms and
structure—property relationships for the CTF photocata-
lysts synthesized here, we computationally studied these
systems using both periodic calculations on the CTF crys-
tal structures and cluster calculations on representative
molecular fragments of the CTFs (Figure $32-S37). To
work as an effective photocatalyst, the CTF is required to
thermodynamically drive the reduction of protons and
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the oxidation of, in this study, the sacrificial agent TEOA.
That is, the CTF’s electron affinity (EA) or exciton ioni-
zation potential (IP") and the CTF’s ionization potential
(IP) orits exciton electron affinity (EA") must bracket the
proton reduction and the TEOA oxidation potentials.®*
Periodic DFET calculations of the CTF-HUST-S1 to S6
crystal structures yielded HSE06 band gaps (Figure S38)
in good agreement with the experimental optical gaps.
The IP and EA of each CTF crystal structure are approxi-
mated as the Kohn-Sham valence-band-maximum and
conduction-band-minimum positions of the HSE06 band
structure, aligned to a common vacuum level (see details
in Supporting Information Section 18). Our results show
that CTF-HUST-S1 to S6 are all thermodynamically able
to reduce protons and oxidize TEOA, in line with experi-
ments (Figure 7a). CTF-HUST-S3 is shown to have the
largest driving force for proton reduction—the energy

difference between CTF’s EA and the proton reduction
potential—among the series, corroborating its highest hy-
drogen evolution rate.

Cluster DFT (wB97XD) calculations on representative
molecular fragments of the CTFs agree with our periodic
results: CTE-HUST-S1 to S6 should all have substantial
thermodynamic driving forces for proton reduction and
TEOA oxidation (Figure 7b). Moreover, the exciton po-
tentials (IP" and EA") are all confirmed to be thermody-
namically able to drive exciton dissociation at the photo-
catalyst-solution interface, thereby participating the cor-
responding half reactions. This is important because exci-
ton dissociation in the bulk material can be difficult for
polymeric materials.

It is well-established that the actual hydrogen evolution
activity can be influenced by a host of factors, from
atomic/molecular structures up to macroscopic materials



morphologies and reaction processes. Here, we compare
CTF-HUST-S1(L) to S6(L) for a range of key electronic
and excited-state properties (Figure 7c): thermodynamic
driving forces for the half reactions, light absorption (op-
tical gap, Eg.p), excited-state charge distribution (change
in dipole moment between S1 and SO, AD; electron-hole
dispersion, AC) and separation (electron — hole overlap,
Sr), wettability (solvation energy, E.1) and energy gap be-
tween the first singlet state and triplet states ( A Eg1—-11);
see Table S6 for details. The most photocatalytically ac-
tive CTF-HUST-S3(L) is ranked at the top of the list for
six out of the eight performance metrics: the largest driv-
ing force for proton reduction, strongest light absorption,
largest spatial separation between the excited-state elec-
tron and hole densities, and highest probability of inter-
system crossing (Figure 7c, Table S6). None of the other
five CTFs is ranked the highest among the series in mul-
tiple properties. To characterize the specific transition as-
sociated with each of the S1-S3 excited states, natural
transition orbitals (NTOs) were generated and are shown
in Figure 7d and Figures $32-S37. For all the three ex-
cited states (S1-S3) of CTE-HUST-S3(L), there is a
dominant NTO transition from the triphenylamine unit
to its neighbouring triazine units (Figure 7d), with a siza-
ble electron-hole distance (D in Table S7), showing that
there are appreciable charge redistributions between the
different units of the backbone upon electronic excitation.
By contrast, NTO analyses of the other five CTF frag-
ments show that all the excitations probed are heavily lo-
calized on the individual building units of the CTFs (Fig-
ures $32-S37 and Table S7).

CONCLUSIONS

In summary, we successfully developed a heterogene-
ous nucleation strategy to construct crystalline CTFs with
awide monomer scope. It provides a convenient synthetic
route to create CTFs with structural diversity for func-
tional applications. The photocatalytic hydrogen evolu-
tion performance was significantly enhanced due to the
structural diversity and the improved crystallinity of the
material. It is conceivable that the CTFs may well attain
better performances as they get closer to their ordered,
ideal structures. Our synthetic strategy demonstrated
here may open up a promising avenue to combine crystal-
linity and chemical diversity in CTFs for improved syn-
thetic tunability and versatility, and ultimately enhanced
functional properties.
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SYNOPSIS TOC

We report a novel heterogeneous nucleation approach to synthesize crystalline CTFs with wide monomer scope. The lattice
plane of nucleation agent provides the place for CTFs growing and crystallizing and also prevent the aggregation of the CTF
layers by working as physical separators. This general method, with structural diversity, is more conducive to extend the family
of crystalline CTFs and optimize crystalline CTFs with high photocatalytic activity.

.0 HyN_NH .
Nucleation Washing
+ + Crystalline CTFs
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v'Wide scope of monomers v'Crystalline structure v'Large nanosheets
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