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Turning on Singlet Oxygen Generation by Outer-Sphere
Microenvironment Modulation in Porphyrinic Covalent Organic
Frameworks for Photocatalytic Oxidation

Suleman Suleman, Yi Zhang, Yunyang Qian, Jinwei Zhang, Zhongyuan Lin, Onder Metin,

Zheng Meng,* and Hai-Long Jiang*

Abstract: Singlet oxygen ('O,) is ubiquitously involved
in various photocatalytic oxidation reactions; however,
efficient and selective production of 'O, is still challeng-
ing. Herein, we reported the synthesis of nickel porphyr-
in-based covalent organic frameworks (COFs) incorpo-
rating functional groups with different -electron-
donating/-withdrawing features on their pore walls.
These functional groups established a dedicated outer-
sphere microenvironment surrounding the Ni catalytic
center that tunes the activity of the COFs for 'O,-
mediated thioether oxidation. With the increase of the
electron-donating ability of functional groups, the
modulated outer-sphere microenvironment turns on the
catalytic activity from a yield of nearly zero by the cyano
group functionalized COF to an excellent yield of 98 %
by the methoxy group functionalized one. Electronic
property investigation and density-functional theory
(DFT) calculations suggested that the distinct excitonic
behaviors attributed to the diverse band energy levels
and orbital compositions are responsible for the differ-
ent activities. This study represents the first regulation
of generating reactive oxygen species (ROS) based on
the strategy of outer-sphere microenvironment modula-
tion in COFs. )

Introduction

Light-assisted oxidation reaction represents a sustainable
strategy to convert solar energy into highly value-added
chemicals.!! In these reactions, ROS, including singlet oxy-
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gen (‘0,), superoxide (O,*"), and hydroxyl radical (*OH),
enable the cleavage of chemical bonds and the introduction
of oxygen atoms, contributing to efficient conversion of
substrates under light irradiation. Due to the unique
reactivity and oxidizability of ROS, the investigation of the
specific ROS involved in a particular photooxidation reac-
tion has been of considerable interest.” Among various
ROS, electrically neutral 'O, is one of the most important
ROS with a long lifetime and adequate oxidizability, which
has been utilized in various important reactions.”! The 'O,
can be produced through an energy transfer process from
the triplet state (T;) of a molecular photocatalyst to the
ground state of molecular oxygen (*0,), which relies on the
effectiveness of T, generation of the photocatalyst. To
sensitize the ground-state oxygen into 'O,, a highly effective
photocatalyst is necessary.[¥! Up to date, the majority of 'O,
is usually produced with the assistance of organic dyes
bearing heavy atoms, such as iodine or bromine, transition
metal complexes, and noble metal nanoparticles.’! Although
the heavy atoms promote photosensitizers’ intersystem
crossing (ISC) from singlet to triplet excited states to
facilitate the sensitization of O, into 'O,, the application of
these conventional photosensitizers in photooxidation reac-
tions is constrained by their lack of selectivity, susceptibility
to photobleaching, and toxicity. On the other hand,
transition metal complexes and noble metal nanoparticles
have raised environmental concerns and have limited
availability. Therefore, it is preferable to develop an
alternate method to improve 'O, production.

Recently, metal-nitrogen-doped carbon (MN/C) materi-
als such as Co—N, Cu—N, or Ni—N, have shown great
potential for activating molecular oxygen to 'O,. Catalysts
with metal ions chelated with nitrogen, which share a similar
structure to metal porphyrins or metal phthalocyanines, can
efficiently adsorb and activate oxygen,” favoring 'O,
photosensitization.”! In this respect, a few approaches have
been developed to manipulate the electronic configurations
of catalytic sites of MN/C for improved activity, such as
linker engineering, metal node variation, and active guest
incorporations.”) Amongst these strategies, the direct manip-
ulation of the coordination environment around the catalytic
metal centers is a particularly effective method for modulat-
ing the electronic structures of transition metal complexes.
Nevertheless, the majority of strategies employed to modify
the coordination environments of transition metal com-
plexes are centered on the primary coordination spheres, in
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which the catalytic behavior of the materials is largely
constrained by the intrinsic properties of the metal
centers.'” Indeed, the functionalities of active sites are
linked to the outer-sphere microenvironment where they
exist, thereby significantly altering the catalytic performance
of catalysts.”'! Increasing evidence indicates that the
control of the outer-sphere microenvironment surrounding a
catalytic center of enzymes can significantly enhance
selectivity and activity by optimizing the substrate binding,
stabilizing transition states, and facilitating efficient product
release."” However, attaining such precise control over the
periphery of an active site remains a formidable synthetic
challenge, particularly for heterogeneous catalytic
systems.™ Therefore, it is highly desirable to develop
photocatalysts with atomically precise and highly custom-
izable structures that allow effective outer-sphere micro-
environment modulation.

In this context, COFs represent a distinctive class of
crystalline porous materials constructed through the inter-
connection of organic building blocks via covalent bonds.!"!
COFs exhibit large surface area, adjustable pore size, and
excellent compositional and structural tailorability, which
are desirable prospects for coordination sphere
modulation.™ The compositional flexibility offered by the
choice of building blocks and their connections can be
regulated to improve stability. More importantly, different
functionalities can be feasibly introduced into COFs through
various post-modification methods, which would further
allow the precise modulation of metal electronic properties
based on the unique chemical characteristics of these groups.
Despite the features of COFs offer an excellent foundation
for overcoming the limitations found in conventional
materials for regulating ROS generation in modulating
electronic properties,"” no previous studies have docu-
mented the manipulation of ROS generation pathways
through the variation of the outer-sphere environment
surrounding catalytic metal sites of COFs.

Given the aforementioned points, herein, we report the
synthesis of a series of COFs bearing different electron-
withdrawing and -donating groups (-R=-CN, -CF;,
-COOMe, -H, and -OMe) on their pore walls, named COF-
366(Ni)-R. The -R groups are introduced to COF-366(Ni)
through a post-modification based on the Povarov reaction
between aryl imines of COF-366(Ni) and different aryl
alkynes, which gives isoreticular COF-366(Ni)-R series with
distinct functional groups. With the increase of the electron-
donating ability of -R groups, COF-366(Ni)-R showed
enhanced activity in the photocatalytic oxidation of thio-
ether, in which the yield boosts from nearly zero in the
cyano group functionalized COF to up to 98% in the
methoxy group functionalized one. Analysis of electronic
properties and DFT calculations indicated that the observed
different excitonic behaviors are associated with variations
in band energy levels and orbital composition. These
findings offer valuable insights into generating ROS by
modulating the outer-sphere microenvironment of COFs.
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Results and Discussion

The COF-366(Ni) was synthesized by the solvothermal
method through condensation between 5,10,15,20-tetrakis(4-
aminophenyl)porphinato] nickel (Ni-TAP) and 2,5-dimeth-
oxyterephthaldehyde (DMTA) in mixed solvents of 1,2-
dichlorobenzene (0-DCB) and butanol in the presence of
6 M aqueous acetic acid.'"” Post-synthetic modifications
using the Povarov reaction were then performed by reacting
COF-366(Ni) with a series of benzene alkynes, which
allowed the introduction of different electron-withdrawing
and electron-donating functional moieties, including -CN,
-CF;, -COOMe, -H, and -OMe, onto the pore walls of COF-
366(Ni) via the formation of quinoline ring to give COF-
366(Ni)-R (Figure 1).08

The powder X-ray diffraction (PXRD) patterns of COF-
366(Ni)-R display peaks at 20=3.43°, 6.89°, and 10.34°
(Figure 2a), corresponding to diffractions of (100), (200),
and (300), respectively, which are consistent with those of
COF-366(Ni), implying that COF-366(Ni)-R are highly
crystalline and isostructural with COF-366(Ni). Fourier
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+ method Povarov reaction

COF-366(Ni) " COF-366(Ni)-R
NH,
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Figure 1. Schematic representation of the outer-sphere microenviron-
ment modulation of Ni sites in COF-366(Ni)-R (-R=-CN, -CF;,
-COOMe, -H, and -OMe).
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Figure 2. (a) PXRD patterns, (b) FT-IR spectra, and (c) N, sorption
isotherms at 77 K of COF-366(Ni) and COF-366(Ni)-R. (d) SEM and
(e) TEM images for COF-366(Ni)-OMe and COF-366(Ni)-CN.
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transform infrared (FT-IR) spectra revealed that the C=N
stretching vibrations at 1615 cm™' were retained after the
post-synthetic modifications. Moreover, typical stretching
vibration peaks at 2931cm™!, 1208cm!, 1721 cm’,
1347 cm™!, and 2232 cm™' appear, which are respectively
ascribed to -CH;, -H, -CO, -CF;, and -CN in COF-366(Ni)-
OMe, COF-366(Ni)-H, COF-366(Ni)-COOMe, COF-366
(Ni)-CF;, and COF-366(Ni)-CN, unambiguously demon-
strating the successful introduction of quinoline into the
pore of COF-366(Ni) structure (Figure2b). The post-
modification degree in this work is controlled to be almost
similar by giving sufficient reaction time and a large excess
of the aryl alkynes,™ as also roughly evaluated by the peak
disappearance of imine and the appearance of quinoline
peaks in functionalized COFs in the FT-IR spectra at
1545 cm™ and 1585 cm™, respectively (Figure 2b).”" X-ray
photoelectron spectroscopy demonstrates that the Ni sites in
COF-366(Ni) and COF-366(Ni)-R are in the +2 oxidation
state (Figure S1-S3).

The porosity and surface area of COF-366(Ni) and
COF-366(Ni)-R have been examined by N, sorption iso-
therms at 77 K (Figure 2c). All the COFs displayed type-I
adsorption/desorption isotherms, implying their micropo-
rous feature. The Brunauer—-Emmett-Teller (BET) specific
surface area of COF-366(Ni)-R is in the range of 136-
644 m%g, which is smaller than the 960 m*/g of COF-366(Ni).
The decreased surface area is likely due to the occupation of
the pores by the different-sized functional groups on the
pore walls. Scanning electron microscopy (SEM) images of
COF-366(Ni) and COF-366(Ni)-R illustrate irregular fibers-
like morphology (Figure 2d, Figure S4-S5). Transmission
electron microscope (TEM) images of COF-366(Ni)-CN and
COF-366(Ni)-OMe show nanosheets with lattice fringes
with a distance of 1.8 nm, which is corresponding to the
(100) planes, further confirming the presence of highly
ordered structures (Figure 2e).

In COF-366(Ni)-R, the periodic connections of porphyr-
in units and quinoline connections form porous n-conjugated
scaffolds. Compared with the parent COF-366(Ni), the
newly formed quinoline units through the Povarov reaction
can enhance the n-conjugation of the resulting COFs to
absorb light in the visible and near-infrared regions of the
electromagnetic spectrum. Of greater significance, the
diverse functional groups in the outer-sphere may further
fine-tune the electronic properties of metals within the
COFs. Therefore, COF-366(Ni) with different functional
groups is expected to exhibit fascinating photoelectronic
properties for photocatalytic oxidation of thioanisole.

To examine the photocatalytic performance of COF-
366(Ni)-R, thioether oxidation, which is mediated by
10,,°*1 has been performed in CH;CN under an O,
environment with a violet light-emitting diode (LED light,
410-420 nm) (Figure 3a). As shown in Figure 3b, COF-
366(Ni) gives a low yield of 12 % +1.24 % toward phenyl
sulfoxide after 5h. Interestingly, the reaction rates vary
significantly for COF-366(Ni)-R depending on their -R
functional groups. For example, the COF-366(Ni)-CN gives
no observable yield under given reaction conditions. On the
other hand, COF-366(Ni)-CF;, which is functionalized with
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Figure 3. (a) Photocatalytic oxidation of thioether to phenyl sulfoxide.
(b) The catalytic yield of the photocatalytic oxidation of thioether using
COF-366(Ni) and COF-366(Ni)-R (the error bars in the graph indicate
the relative standard deviation). (c) Yields of photocatalytic oxidation of
thioether under different reaction conditions using COF-366(Ni)-OMe.

a weaker electron-withdrawing group than -CN, exhibits a
low yield of 11%. COF-366(Ni)-COOMe with a weak
electron-withdrawing group displays a slightly higher yield
of 17 %. Compared to the previous COFs, COF-366(Ni)-H
demonstrates an improved yield of 30 %. In sharp contrast, a
remarkable improvement in activity is observed in the
presence of COF-366(Ni)-OMe with a strong electron-
donating methoxyl group, which attains an exceptional yield
of 98 %. The catalytic activity of COF-366(Ni)-R series for
photocatalytic oxidative of thioether to sulfoxide follows the
order of -CN <-CF; <-COOMe <-H <-OMe, which is in the
same order as the electron-donating ability of the functional
groups. In COF-366(Ni)-R series, the incorporation of
different groups not only offers a significantly improved
activity that can be up to 8-fold of the parent COF-366(Ni),
but also achieves the switch of activity from nearly zero to
98 %. These results highlight the significant impact of
different functional groups on the reactivity of porphyrin-
based COFs in photocatalytic thioether oxidation.

Control experiments show that no product can be
observed when the reaction is conducted without catalysts,
in the dark, or in an N, atmosphere (Figure 3c), verifying
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that the catalyst, light, and O, environment are indispen-
sable for this oxidation reaction. The oxidation of thioether
to phenyl sulfoxide is primarily mediated by 'O,. Scavenging
tests further confirm that 'O, is produced as the major ROS
during the oxidation of thioanisole using COF-366(Ni)-
OMe. As demonstrated in Figure 3c and Table S1, the
reactions are completely inhibited by adding sodium azide
(NaN,) as the 'O, scavenger. In contrast, the introduction of
0O, scavenger (p-benzoquinone) and *OH scavenger (-
butanol) has very limited influence on the yield.

It is worth noting that the functional groups influencing
the light-assisted 'O, generation are not located in close
proximity to the catalytic Ni(II) center. Instead, these
functional groups should be assigned to the outer-sphere
microenvironment of the Ni(IT) center. It is generally
believed that the metal center of porphyrin plays a vital role
in the regulation of 'O, and, consequently, their catalytic
activity."” However, here, we have surprisingly demon-
strated for the first time that the modulation of the outer-
sphere microenvironment of catalytic metal sites could turn
on and further tune the 'O, generation effectively.

Mechanistic study

To investigate the ability of COF-366(Ni) and COF-366(Ni)-
R in the generation of ROS, including 'O, and O,*~, we have
conducted electron spin resonance (ESR) measurements on
an aqueous suspension of the COF catalysts with the
addition of 'O, and O, trapping agent, respectively. The
2,2,6,6-tetramethylpiperidine (TEMP) is utilized as a 'O,
trapping agent, which generates the stable 2,2,6,6-tetra-
methylpiperidine oxide radical (TEMPO) upon capturing
'0,. The 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) is em-
ployed as O, trapping agent, which can be converted to
DMPO-O,"" after capturing O,"". Strong and characteristic
1:1:1 triplet ESR signals of TEMPO are observed in the
COF-366(Ni)-OMe system, demonstrating the 'O, produc-
tion after light irradiation (Figure 4a, red curve).”® In
contrast, no corresponding signals are observed in the COF-
366(Ni)-CN systems (Figure 4b, purple curve). The relative
signal intensities of TEMPO in the ESR spectra for the six
COFs follow an order of COF-366(Ni)-CN < COF-366(Ni)
< COF-366(Ni)-CF;/COOMe < COF-366(Ni)-H < COF-366
(Ni)-OMe, which is in a general consistence with the
observed trend of the activity for these COFs. Interestingly,
the relative signal intensities of DMPO-OOH (a spin adduct
derived from DMPO-O,"") in the ESR spectra for the six
COFs follow a reversed order as that of TEMPO (Fig-
ure 4b). These results clearly demonstrated that the exci-
tonic behavior of COF-366(Ni)-R series is effectively
modulated with the evolution of the functional groups from
electron-withdrawing to electron-donating, resulting in
weakened O, generation and enhanced 'O, generation.

It is generally believed that the production of 'O, relies
on an energy transfer mechanism, specifically through the
utilization of resonance energy transfer to excite O,
molecules from their ground state via dipole-dipole inter-
actions or charge exchange with photocatalyst.”” In contrast
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to the energy transfer mechanism, the generation of O,*"
involves an electron transfer mechanism, which involves the
migration of charge carriers generated around active metal
centers upon exposure to light towards the adsorbed O,.[!
Therefore, at least three factors can be considered whether
an energy or electron transfer process will occur between an
excited semiconductor-based photocatalytic system and an
O, molecule.® The first is the relative energy-level align-
ment between the photocatalyst and O,. It will direct the
flow of charge carriers between the O, and photocatalyst.*!
The second one is O, adsorption energy which will affect the
likelihood of the electron transfer process. A strong O,
adsorption energy favors the O,*” generation, whereas a
weak O, adsorption promotes 'O, formation.” The third
one is the composition of the frontier orbital of the photo-
catalyst. The n-type orbital shape favors overlapping with
dioxygen‘s n frontier orbitals and enhances the likelihood of
electron transfer to oxygen, favoring the O,*” generation.
Conversely, the o-type orbital has poor overlapping ability
with dioxygen n frontier orbitals and hence limited electron
transfer ability.””

To disclose the unique excitonic behavior of COFs in
controlling the generation of 'O,, we have first analyzed the
electronic energy band levels of the COFs by performing
light absorption measurements. All COFs exhibit a broad
light absorption that extends to the near-infrared region,
indicating their efficient light harvesting (Figure 4c). Ac-
cording to the calculations derived from the Tauc plots, the
band gap energies are found quite close, which are 1.87,
1.72, 1.77, 1.70, 1.73, and 1.79 eV for COF-366(Ni), COF-
366(Ni)-CN, COF-366(Ni)-CF;, COF-366(Ni)-COOMe,
COF-366(Ni)-H, and COF-366(Ni)-OMe, respectively (Fig-
ure S6-S11). We did not observe a significant difference in
the band gaps of the post-modified COFs with different
functional groups, which may be attributed to that the COFs
share structural moieties, including nickel porphyrin and
quinoline, and that the functional groups are not directly
linked to those moieties. Interestingly, the valence band
(VB) and conduction band (CB) levels of the COFs are
distinct and are highly dependent on their functional groups
(Figure 4d). As determined by Mott-Schottky plots (Fig-
ure S6-S11), the CB levels of COF-366(Ni), COF-366(Ni)-
CN, COF-366(Ni)-CF;, COF-366(Ni)-COOMe, COF-366
(Ni)-H, and COF-366(Ni)-OMe are —0.55, —0.47, —0.51,
—0.43, —0.53, and —0.15 V vs the normal hydrogen electrode
(NHE, pH=6.8). In COF-366(Ni)-R series, the CB energy
levels become less negative when their -R group evolves
from electron-withdrawing to electron-donating. Consider-
ing that the standard electrode potential for reduction of O,
to 0,* (Ey(O,/ 0,*7) is —0.33 V, the distinct CB levels in
the COF-366(Ni)-R system could lead to different pathways
for oxygen activation. COF-366(Ni)-R with strong electron-
withdrawing groups (such as -CN and -CF;) have CB levels
much more negative than —0.33 V, which indicates that one-
electron reduction of O, by the excited state of COF-
366(Ni)-R with strong electron-withdrawing groups will be
thermodynamically favorable.” In contrast, COF-366(Ni)-
OMe with the least negative CB energy level of —0.15V
may not be able to initiate one-electron reduction of O, and
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Figure 4. ESR spectra of COF-366(Ni) and COF-366(Ni)-R in the presence of (a) TEMP and (b) DMPO. (c) UV/Visible diffuse reflectance plots of
COF-366(Ni) and COF-366(Ni)-R. (d) Band gaps of COF-366(Ni) and COF-366(Ni)-R. (¢) Adsorption energies of O, on COF-366(Ni)-R. (f~h) VBM
for COF-366(Ni)-CN, COF-366(Ni)-H, and COF-366(Ni)-OMe. (i-k) CBM for COF-366(Ni)-CN, COF-366(Ni)-H, and COF-366(Ni)-OMe. In (a), (b),

and (d), M represents COF-366(Ni).

instead may promote the energy transfer process for the
generation of 'O,.

DFT calculations have been further conducted to get in-
depth insights into the underlying mechanism of the distinct
'O, generation in the COF-366(Ni)-R series. As shown in
Figure 4e, the calculated adsorption free energies (AG)
between O, and different members of COF-366(Ni)-R series
are quite close, which are all in the range of —0.40 to
—0.68 eV. The absence of significant AG difference of O,
adsorption for the COFs bearing electron-withdrawing or
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electron-donating groups can be rationalized by the fact that
the O, adsorption is mainly determined by the electronic
state of the Ni sites, which, however, can be hardly affected
by the existence of the functional groups due to their spatial
separation. Nevertheless, these results indicate that the
binding strength of the COFs to O, is not a determinant
factor that leads to distinct 'O, production in COF-366(Ni)-
R series.

The frontier orbitals of COF-366(Ni)-R series have been
further analyzed. As representative examples, COF-366(Ni)-
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CN, COF-366(Ni)-H, and COF-366(Ni)-OMe bearing R
groups from electron-withdrawing to electron-donating
characteristics have been discussed in detail. Theoretical
results show that the orbitals near the valency band
maximum (VBM) for COF-366(Ni)-CN are mainly localized
on the DMTA unit (Figure 4f), which show a prominent n-
type characteristic. These n-type orbitals of COF-366(Ni)-
CN are more likely to overlap with the n* frontier orbitals
of O, due to the geometry match, facilitating the electron
transfer from COF-366(Ni)-CN to O, upon excitation to
form O,"". The orbitals near VBM of COF-366(Ni)-H are
distributed on both porphyrin and DMTA units. Compared
with those of COF-366(Ni)-CN, the VBM orbitals of COF-
366(Ni)-H on DMTA units have weakened n feature and
those distributed on the porphyrin ring show a prominent ¢
feature (Figure 4g), which may explain why COF-366(Ni)-H
shows activity in the generation of both O,*” and 'O, in the
ESR results. With the evolution of electron-donating
characteristic of the -R group in COF-366(Ni)-OMe, VBM
orbitals with more prominent ¢ feature are observed on
both porphyrin and DMTA units (Figure 4h). On the
contrary, orbitals near conduction band minimum (CBM) of
COF-366(Ni)-CN, COF-366(Ni)-H, and COF-366(Ni)-OMe
show opposite features with their orbitals near VBM, where
the orbitals near CBM in COF-366(Ni)-OMe distributed on
the porphyrin ring exhibit more pronounced n-type charac-
teristic than those in COF-366(Ni)-H and COF-366(Ni)-CN
(Figure 4i-k).

Through accessing the possible factors that affect the 'O,
generation by experiments and theoretical calculations, the
key factors that lead to the distinct 'O, generation capability
in COF-366(Ni)-R series are mainly the energy level align-
ments and composition of their frontier orbitals. The outer-
sphere microenvironment created by the functional groups
with distinct electronic characteristics impacts these two
factors as a function of their electron-withdrawing/-donating
abilities, which successively result in the generations of 'O,
in a trend of -CN <-CF; <-COOMe <-H < -OMe.

Conclusion

This study elucidated the impact of different functional
groups surrounding catalytic nickel site based on a series of
COFs containing electron-withdrawing and -donating groups
on their pore walls. Notably, as the electronic property of
functional groups evolves from electron-withdrawing to
electron-donating, the adjusted outer-sphere surroundings
trigger the photocatalytic performance, transforming it from
almost zero product formation in the cyano group-function-
alized COF to an outstanding 98 % yield achieved by the
methoxy group-functionalized counterpart. Mechanistic
study by electronic characterization and DFT calculations
suggest that the distinct excitonic behaviors observed are
linked to their band energy levels and orbital compositions
of the COFs modulated by the outer-sphere microenviron-
ment. Our study shows for the first time that, besides the
generally used direct manipulation of catalytic metal sites,
the modulation of the outer-sphere microenvironment
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around nickel site could turn on and further tune the 'O,
generation effectively, which provides an essentially power-
ful strategy for improved catalytic performance.
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