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Enaminone-Linked Covalent Organic Frameworks for Boosting
Photocatalytic Hydrogen Production

Xinyu Guan®, Yunyang Qian’, Xiyuan Zhang, and Hai-Long Jiang*

Abstract: Covalent organic frameworks (COFs), pos-
sessing pre-designable structures and tailorable function-
alities, are promising candidates for photocatalysis.
Nevertheless, the most studied imine-linked COFs (Im-
COFs) usually suffer from unsatisfactory stability and
photocatalytic performance. To meet this challenge, a
series of highly stable enaminone-linked COFs (En-
COFs) have been synthesized and afford much im-
proved visible-light-driven hydrogen production activ-
ities, ranging from 44 to 1078 times that of isoreticular
Im-COFs, with the only difference being the linkages
(enaminone vs. imine) in their structures. The enhanced
light-harvesting ability, facilitated exciton dissociation
and improved chemical stability account for the superior
activity. Furthermore, quinoline-linked COFs (Qu-
COFs) have been further obtained via the post-modifi-
cation of Im-COFs. Compared with Im-COFs, the
photocatalytic activities of Qu-COFs are significantly
improved after modification, but still below those of the
corresponding En-COFs (3-107 times). The facile syn-
thesis, excellent activity, and high chemical stability
demonstrate that En-COFs are a promising platform for
hotocatalysis.

P y )

Photocatalysis is widely recognized as an efficient and
environmentally friendly pathway for solar-to-chemical en-
ergy conversion, in which photocatalysts play a crucial
role.! Not limited to conventional inorganic semiconduc-
tors, in recent years, polymeric photocatalysts, including
carbon nitrides,” conjugated microporous polymers
(CMPs),P! etc., have emerged due to their high structural
diversity and adjustable band gaps. Nevertheless, traditional
polymeric photocatalysts basically possess disordered struc-
tures, which are unfavorable to precise structure regulation
and the corresponding mechanism study in photocatalysis.
By contrast, covalent organic frameworks (COFs) are a class
of crystalline porous polymers that are connected by
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dynamic covalent bonds.[! Featuring periodic precise struc-
tures, high surface areas and tailorable functional groups,
etc., COFs demonstrate great potential in photocatalysis."
Particularly, the tunable structures of COFs enable precise
regulation of various parameters such as porosity, morphol-
ogy and hydrophilicity, rendering them ideal platforms for
exploring structure-function relationship in photocatalysis.®

Generally, the structures of COFs consist of two primary
building units, linkers and linkages.!” The regulation of
linkers, including varying symmetries,® arm lengths,” func-
tional groups,!'” etc., has been extensively investigated in
photocatalysis. By contrast, the influence of linkages on
photocatalysis has not yet been well investigated and under-
stood, despite their critical roles in stability, light adsorption,
charge separation, etc. Currently, imine and its derivatives
are the most extensively studied linkages in photocatalysis;
unfortunately, the moderate stability of most imine-based
COFs, particularly under prolonged light irradiation, re-
stricts their further application.'!! To alleviate this, olefin-
based COFs have been developed with high conjugation and
chemical durability, whereas their limited structural diversity
and potential challenge in crystallization bring great difficul-
ties in synthesis.'”! In addition, the preparation and precise
structural regulation of COFs involving other linkages, such
as acylhydrazone,™ amide,"” azo,™ etc., remain respective
challenges, and very limited studies on them have been
reported thus far. In this context, it is assumed that the
newly developed enaminone-linked COFs (En-COFs) might
be promising alternatives due to their facile synthesis, high
structural designability, and satisfactory chemical stability
for advanced photocatalysis.['®!

With this in mind, a series of enaminone-linked COFs
(En-COFs), named Entaprrpoes, Enrarropoes and Enpage.
tpoess have been facilely synthesized with high crystallinity
and porosity (Scheme 1). Interestingly, compared with
imine-linked COFs (Im-COFs, including Imyapr.rpg, IMpapr.
ta and Impagpreg), the corresponding En-COFs, featuring
very similar structures except for different linkages (enami-
none vs. imine) only, exhibit dramatically improved activity
(44-1078 times) in photocatalytic hydrogen production. The
exceptional performance of En-COFs can be attributed to
their broader light adsorption, easier exciton dissociation,
and improved irradiation stability. Moreover, quinoline-
linked COFs (Qu-COFs, including Quraprors, QUpaprra
and Qupapp.rps) Were obtained via post-modification of Im-
COFs to improve their photocatalytic performance.!'”!
Although the activities of Qu-COFs have been increased to
~2-18 times those of the corresponding Im-COFs after the
modification, they still lag far behind those of En-COFs

© 2023 Wiley-VCH GmbH
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Scheme 1. a) Schematic representation of the synthetic process and the
key building units of En-COFs, Im-COFs and Qu-COFs. b) Chemical
structures of En-COFs, Im-COFs and Qu-COFs in this work.

(3.0-107 times), possibly due to the better excitonic dissoci-
ation abilities of En-COFs. To the best of our knowledge,
this is the first work on enaminone-linked COFs for photo-
catalysis, fully manifesting their great potential.

The En-COFs were synthesized based on the conven-
tional solvothermal method by the nucleophilic addition-
elimination reaction between arylamine and enaminone
monomers, as revealed by the model reaction between 3-
(dimethylamino)-1-phenyl-2-propen-1-one ~ (DPPO) and
benzenamine (BA). Based on this reaction, Enyaprrpoes
was synthesized with 1,3,5-tris-(4-aminophenyl)triazine
(TAPT) and 1,3,5-tris(3-dimethylamino-1-oxoprop-2-en-
yl)benzene (TDOEB); Enrapr.opors Was synthesized with
TAPT and 1,4-bi(3-dimethylamino-1-oxoprop-2-en-
yl)benzene (DDOEB); and Enpagprpors Was synthesized
with 4,4'-diaminodiphenyl (DABP) and TDOEB (see Sup-
porting Information, Experimental Section). For compar-
ison, the corresponding Im-COFs with almost identical
structures except for the different linkages were prepared by
condensation between the arylamine and aldehyde mono-
mers. Typically, Imp,pr.rpg Was synthesized with TAPT and
1,3,5-triformylbenzene (TFB); Impaprra Was synthesized
with TAPT and terephthalaldehyde (TA); and Impapp.res
was synthesized with DABP and TFB (see Supporting
Information, Experimental Section) .Their crystal structures
were determined by powder X-ray diffraction (XRD), which
revealed the same A A-stacked boron nitride nets (bnn) with
hexagonal channels (P-6 symmetry for [3+3] structures,
including Enqaprrpogs OF Imrpapr.reg; PO/m symmetry for the
other [3+2] structures, Figure 1a, S1-S5 and Table S1-S6).
The predicted powder XRD patterns are highly consistent
with the experimental results, along with low refinement
agreement factors. Nitrogen adsorption experiments at 77 K
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b) Powder XRD patterns of Enqaprrpoes after immersing in different
acidic/alkaline conditions for 1 week.

show typical microporous characteristics with type I iso-
therms for both [343] frameworks (Figure 1b and S6), while
the [3+2] structures possess type IV isotherms, indicating
the characteristics of mesoporous materials (Figure S7-S10),
which are consistent with the modeled crystal structures.
Based on the N, sorption results, En-COFs exhibit moderate
surface areas of 1255, 967 and 746 m*g™"' for Enqaprrporss
Enpaprpopoes and Enpapprpops (Figure 1b, S7 and S8),
respectively, comparable to those of Im-COFs ranging from
854 to 1823 m?g™' (Figure S6, S9 and S10). These results
indicate the similar pore features of the corresponding En-
COFs and Im-COFs.

Solid-state "*C cross-polarization magic-angle-spinning
nuclear magnetic resonance (ssNMR) and Fourier transform
infrared (FT-IR) spectra were collected for the En-COFs to
well determine the chemical information of the linkages.
The existence of  enaminone moieties (—C-
(=0)—CH=CH-N-) is evidenced by characteristic chemical
shifts in ssNMR spectra at approximately 187 ppm (C=0)
and 94 ppm (0-C) (Figure 1c, S11 and S12), along with IR
adsorption peaks at approximately 1630cm™' (C=0),
1600 cm™ (C=C) and 1180cm™ (C-N) (Figure S13 and
S14). The successful synthesis can be further confirmed by
the absence of signals at approximately 44 ppm (related to
N(CHs;), in enaminone monomers) in the ssNMR spectra.
Similarly, imine linkages in the Im-COFs can also be
manifested based on the ssNMR and FT-IR spectra (Fig-
ure S15-S18).

Given the absence of highly reversible moieties, En-
COFs exhibit extremely high stability. The crystallinity and
integrity of Enpaprrpors, @S a representative, can be well
retained in diverse organic solvents and in concentrated
HCI, H,SO, or NaOH solutions for 1 week (Figure 1d and
S19), among the most stable COFs reported thus far
(Table S7). In contrast, the corresponding Imysprres be-
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comes nearly amorphous in concentrated HCI, H,SO, or
NaOH due to the involved polarized imine linkage in the
skeleton (Figure S20, S21). Subsequently, photoelectro-
chemical measurements have been carried out. The UV/Vis
diffuse reflectance spectra of En-COFs exhibit notably red-
shifted absorption edges compared to the corresponding Im-
COFs, indicating the smaller band gaps (E,) and enhanced
light adsorption of the former (Figure2a and S22-S28).
Based on Mott-Schottky measurements, the lowest unoccu-
pied molecular orbitals (LUMO), which are close to the flat
bands, are determined for En-COFs and Im-COFs, and the
highest occupied molecular orbitals (HOMO) are further
calculated with E,. The LUMO of En-COFs and Im-COFs
are more negative than the potential for H,O reduction
(—0.4V vs. NHE, pH 6.8), indicating their feasibility for
visible-light-catalyzed H, evolution (Figure 2b and S29-S33).
In addition, En-COFs demonstrate stronger photocurrent
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Figure 2. a) UV/Vis spectra of Enppr.rpoes and IMyaprree. Inset: Tauc
plot of Enqapr.rpoes- b) Mott—Schottky plots for Enqaprrpogs in 0.1 M
Na,SO, aqueous solution (pH 6.8). Inset: the energy diagram of the
HOMO and LUMO levels of Enpypr.rpogs. €) Photocurrent responses
and d) EIS Nyquist plots of Enqaprrpogs and IMupapr.rrg-
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Figure 3. The intensity of photoluminescence emission (4,,=400 nm)

as a function of temperature for a) Entaprrpoes, b) ENmaer.oooes:
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ature-dependent photoluminescence spectra from 80 K to 290 K (30 K
per interval).
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responses and smaller semicircles in the EIS Nyquist plots
than the corresponding Im-COFs, implying better charge
separation ability and lower interfacial charge transfer
resistance in En-COFs (Figure 2c, d and S34-S37).
Temperature-dependent photoluminescence measure-
ments have been further conducted to investigate the
exciton dissociation kinetics, which is one of the essential
factors affecting the photocatalytic activity of polymeric
photocatalysts (Figure 3).'¥! The integrated photolumines-
cence intensities increase gradually with decreasing temper-
ature from 290 K to 80 K, and exciton binding energies (E,)
can be calculated based on the Arrhenius equation. Signifi-
cantly, En-COFs present significantly lower E, than the
corresponding Im-COFs (e.g., 33.2 meV for Enpaprorpoes Vs-
45.5meV for Imppprrrs; 86.9 meV for Enpaproppoes VS-
111.2 meV for Imppprra; 40.4 meV for Enpagprpops Vs-
55.0meV for Impappyes, respectively), which clearly sug-
gests that exciton dissociation and the generation of charge
carriers are promoted in En-COFs compared with Im-COFs.
Encouraged by the aforementioned high stability, good
light harvesting ability and enhanced charge separation of
En-COFs, their photocatalytic performance toward H,
production by water splitting has been investigated under
visible light irradiation. As expected, En-COFs exhibit
excellent activity in photocatalytic H, production, far
superior to that of Im-COFs (Figure 4a). Specifically, the
hydrogen production rates of Enpaprrpoes, ENrapropoes
and Enpagprpops are able to reach ~2396, 675 and
734 ymolg 'h™!, respectively, nearly 55, 1078 and 44 times
those of the corresponding Im-COFs, i.e., Impaprrrg, IMyapr.
ta,> and Impsgp.rps. Compared with the Im-COFs, the higher
activity for these En-COFs highlights the advantage of
incorporating enaminone as the COF linkage in photo-
catalysts. Moreover, Enqsprrpoes presents a negligible
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Figure 4. a) H, evolution rates of En-COFs, Qu-COFs and Im-COFs
under visible-light irradiation (1 >380 nm) in phosphate buffer

(pH 7.0) in the presence of ascorbic acid as the sacrificial agent and Pt
(3 wt%) as the co-catalyst (Inset: enlarged H, production rates of Im-
and Qu-COFs). b) Four consecutive runs of photocatalytic H, produc-
tion over Enppr.rpogs Under visible light irradiation for 48 h. c) Powder
XRD patterns of En-COFs before and after 2 h of photocatalysis.
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activity drop in four consecutive photocatalytic runs (Fig-
ure 4b), further supporting its exceptional stability and
demonstrating the good durability in photoreaction system,
which are further proved by the well-retained powder XRD
patterns after photocatalysis (Figure 4c). Unfortunately, the
powder XRD intensities of all the Im-COFs decrease
significantly after photocatalysis under similar conditions
(Figure S38), well supporting the much higher stability and
superiority of En-COFs in photocatalysis.

To improve the poor photocatalytic activity and chemical
stability of Im-COFs, the corresponding Qu-COFs have
been fabricated via post-modification of the Im-COFs
(Scheme 1). Similar powder XRD patterns illustrate the
retained framework topology after post-modification (Fig-
ure S39-S41), and the successful linkage transformation
from imine to quinoline can be well proved by *C ssNMR
and FT-IR spectra (Figure S42-S45). Upon such a post-
modification, the enhanced conjugation of the resulting Qu-
COFs can be significantly increased, giving rise to their
improved light harvesting (Figure S46-S51), exciton dissoci-
ation ability (Figure S52-S54), and chemical stability (Fig-
ure S55, S56), compared with the parent Im-COFs. Mean-
while, Qu-COFs are able to preserve suitable band
structures for visible-light photocatalytic hydrogen produc-
tion (Figure S57-S59). As a result, the photocatalytic H,
production rates could reach ~787, 6 and 32 umolg 'h™! for
Quraprres, Quraprra and Qupappres, respectively, which
are ~18, 10 and 2 times that of the corresponding Im-COFs
(Figure 4a). To our surprise, despite the significant improve-
ment achieved after post-modification, the photocatalytic
activity of all the Qu-COFs still falls short when compared
to En-COFs (Figure 4a). The superior activity of En-COFs
might be attributed to the facilitated exciton dissociation, as
evidenced by the lower E, (Figure 3 and S52-S54), prelimi-
narily manifesting their particularly outstanding potential
among COFs in photocatalysis.

In summary, we have successfully prepared three
enaminone-linked COFs (En-COFs) with exceptional chem-
ical stability for photocatalytic H, production. The corre-
sponding Im-COFs involving basically the same building
units yet imine linkages, a class of intensively studied COFs,
have been deliberately synthesized as controls. Moreover,
the imine linkage in Im-COFs has been further post-
synthetically modified to obtain Qu-COFs with extended
light harvesting and enhanced stability for further compar-
ison. Remarkably, though this is the first study on photo-
catalysis over En-COFs, they demonstrate excellent activity
in photocatalytic H, production under visible light irradi-
ation, exponentially higher than those of corresponding Im-
COFs and Qu-COFs, possibly due to accelerated exciton
dissociation and promoted charge separation. Moreover, the
En-COFs are able to maintain their crystallinity and photo-
catalytic activities under long-term light irradiation, while
the Im-COFs largely lose their crystallinity after photo-
catalysis. Given the facile synthesis, good light adsorption,
tailorable structures, exceptional stability, and particularly
strong exciton dissociation ability, we believe that these
enaminone-linked COFs might be an excellent platform for
enhanced photocatalysis.
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