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Visible-light-induced photocatalytic oxidation of
C-H bonds with O, employing simple porphyrins as
photocatalysts under solvent-free conditions

Yan-Bo Ding, Yi-Lin Chu, Qiu-Ping Liu, Hong-Ke Wu, Hai-Min Shen(®*
and Yuan-Bin She*

To insert oxygen atoms into C-H bonds through efficient and green process with lower energy
consumption and lower carbon emission, porphyrins and metalloporphyrins as model compounds of
chlorophyll were utilized as photocatalysts and applied to the oxidation of C—H bonds with O, under
irradiation of visible light at room temperature and solvent-free conditions. The generation efficiency of
oxygen-containing products reached up to the millimolar level (mmol (geae * h™)) with excellent
substrate tolerance. In cyclohexane oxidation as the model reaction, substrate conversion reached up to
3.18 mmol (gear L h™Y) with a selectivity of 99.9% towards cyclohexyl hydroperoxide, utilizing optimized
tetrakis(4-carboxyphenyl)porphyrin (T(4-COOH)PP) as the photocatalyst. Based on characterization
studies of UV-vis absorption spectroscopy, photoluminescence emission spectroscopy, time-resolved
photoluminescence spectroscopy, transient photocurrent spectroscopy and electrochemical impedance
spectroscopy, the source of excellent catalytic performance of T(4-COOH)PP was investigated, and it
was ascribed to its higher performance in visible-light absorption, charge separation, production of
photo-generated electrons, and lower impedance during charge migration under irradiation of visible
light. The reactive species and reaction mechanism in this work were investigated in detail as well. The
production efficiency of oxidation products at the millimolar level (mmol (geae + h™Y) was higher than
most of the reports in current literature. Thus, the oxidation method developed in this work was an
efficient, sustainable and low-energy consumption strategy for oxidative functionalization of C—H bonds
and would be a valuable reference for the development of an efficient, sustainable, low-energy
consumption and low-carbon emission chemical process.

Through learning from nature, this work presents a green and sustainable C-H bond oxidation strategy utilizing renewable visible light as the energy source
under solvent-free and room temperature conditions, which is a low-energy consumption and low-carbon emission chemical process. The generation efficiency
of oxygen-containing products in C-H bond oxidation with O, irradiated under visible light reached up to the millimolar level (mmol (g.... ' h™")) and was

higher than most of the reports in current literature. The substrate conversion in cyclohexane oxidation as a model reaction reached up to 3.18 mmol (g *h™*)

with a selectivity of 99.9% towards cyclohexyl hydroperoxide, providing an efficient and sustainable C-H bond oxidation route with high atom economy.
Furthermore, the strategy developed in this work will be further enhanced through constructing a cascade catalytic system to regulate the range of oxidation
products and generation efficiency and act as a valuable reference for the realization of sustainable development, green chemistry and energy conservation &
emission reduction in the chemical industry.

1. Introduction

chemicals and fine chemical intermediates can be obtained
with the shortest reaction route and highest atom economy.*”

In the chemical industry and related academic research, direct
oxidative functionalization of C-H bonds using molecular
oxygen (O,) has always been regarded as a promising, efficient
and rational strategy to utilize the abundant and cheap hydro-
carbons in the petroleum industry, through which various bulk
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In these important oxidative transformations, the most critical
step is the insertion of oxygen atoms into C-H bonds to form
alkyl hydroperoxides, which are the main oxidation intermedi-
ates in hydrocarbon oxidation with O, and can be transformed
into a series of valuable and useful oxygen-containing
compounds.®® However, because of the higher dissociation
energy (typically more than 300 k] mol™*)>**2 and lower polarity
of C-H bonds™™ and the inertness of triplet ground-state of
0,,"** the oxidation of C-H bonds with O, usually required the
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reaction temperature reaching up to more than 130 °C,>**
resulting in very high energy consumption and carbon emis-
sions, which is inconsistent with the principles of green
chemistry.'**® A representative example is the oxidation of
cyclohexane with O, to produce KA oil (a mixture of cyclohex-
anone and cyclohexanol), which are important intermediates of
industrial manufacture of polyamide fibers.»**>* The indus-
trial oxidation of cyclohexane with O, is usually conducted in
the temperature range of 150-170 °C.*'%*** The higher reac-
tion temperatures not only result in higher energy consumption
but also increase the carbon emissions, which is contrary to the
demand for energy conservation & emission reduction and
sustainable development in the chemical industry. Thus, to
realize the oxidation of C-H bonds with O, through an energy
conservation route is an urgent demand for constructing green
and sustainable chemical processes with
consumption and lower carbon emissions.

Photocatalysis, especially employing visible light as an
energy source, has often been adopted as a green, sustainable,
low-energy, and low-emission strategy to solve the problems in
traditional thermal catalysis.**** In visible-light-induced pho-
tocatalysis, not only the abundant solar energy can be employed
as a potential energy source but also the catalytic trans-
formation can be carried out at room temperature. Therefore,
the visible-light-induced photocatalytic technology has also
been introduced to the oxidation of C-H bonds with O, to solve
the high energy consumption and high carbon
emission.”****”-3! To effectively utilize the energy of visible light
to activate C-H bonds and O, and realize the insertion of oxygen
atoms into C-H bonds, a series of ingenious and efficient
photocatalysts were developed and applied, such as titanium
dioxide (TiO,)-based catalysts,>”** bismuth (Bi)-based
catalysts,****% tungsten (W)-based catalysts,****** cerium (Ce)-
based catalysts,***” perovskite-based catalysts**** and so on.
Benefiting from the efficient photocatalysts, oxygen atoms were
inserted into C-H bonds successfully at room temperature in
the presence of visible light, and usually the oxygen-containing
products could be obtained at a micromolar level (umol (gear.
h™1)).29252731 With the great achievement in inserting oxygen
atoms into C-H bonds, the next problem that must be solved is
to boost the conversion efficiency. Compared with traditional
thermal catalysis, the conversion efficiency in oxidation of C-H
bonds through visible-light-induced photocatalysis is still at
a lower level, usually being far below 1%,>***?7-** which inhibi-
ted the extensive application of visible-light-induced photo-
catalytic technology in industrial oxidative functionalization of
C-H bonds seriously.

To further enhance the utilization efficiency of visible light
and promote the insertion of oxygen atoms into C-H bonds, the
discovery and development of efficient photocatalytic materials
remain the work focus in photocatalytic C-H bond oxidation. As
for the efficient catalytic materials in utilization of visible light,
chlorophyll in plants is definitely the best and ideal choice,
which plays a vital role in the chemical transformations within
living organisms employing visible light as the energy
source.***" In regard to the chemical structure, the most
representative feature of chlorophyll is the highly conjugated

lower energy
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quaternary porphyrin ring, which can absorb the solar energy
efficiently and store it in biomass.*>*> Therefore, porphyrins and
their metal complexes (metalloporphyrins) have frequently
been employed as model compounds of chlorophyll and heme
and applied in catalysis chemistry to promote various chemical
transformations.**™¢ In addition, inspired by the high efficiency
of chlorophyll in utilizing visible light to promote chemical
transformations and adhering to the principle of learning from
nature, simple porphyrins and metalloporphyrins were
employed as model compounds of chlorophyll to initiate
visible-light-induced photocatalytic oxidation of C-H bonds
with O, in this work based on our precious research studies.*”->*
It is very exhilarating that, when porphyrins were employed as
photocatalysts, not only the insertion of oxygen atoms into C-H
bonds induced by visible light was realized at room temperature
but also the generation efficiency of oxidation products reached
up to the millimolar level (mmol (g~ h™")) with excellent
substrate  tolerance. For the optimized tetrakis(4-
carboxyphenyl)porphyrin (T(4-COOH)PP) photocatalyst, the
yield of oxygen-containing products in the typical oxidation of
cyclohexane reached up to 3.18 mmol (g ' h™') with a selec-
tivity of 99% towards cyclohexyl hydroperoxide (C¢H;;OO0H)
(Scheme 1). Through photoelectrochemical performance tests
and mechanism research studies, the origin of the outstanding
photocatalytic property of T(4-COOH)PP was explored as its
stronger visible-light absorption ability, higher separation effi-
ciency of photogenerated electrons-holes, lower recombination
of the generated electrons-holes and higher electron transport
capacity. Considering the yield of oxidation products at the
millimolar level (mmol (g.... " h™")), not only efficient insertion
of oxygen atoms into C-H bonds was realized when induced by
visible light at room temperature in this work but also
a successful example was provided for the achievement of effi-
cient chemical transformation through learning from nature.
Thus, this work will act as an inspiring, rational and practical
reference for both the industrial oxidation of C-H bonds and
development of other efficient, sustainable, low-energy
consumption, low-carbon emission catalytic processes, even-
tually promoting the realization of green chemistry, energy
conservation & emission reduction and sustainable develop-
ment in the chemical industry.

R
CHO H
N CH;CH,COOH
TN + ?» Ry R,
Ryt _ \ / efluxing
R,
T1
R4 =H, F, Cl, Br, CH3, OCHj, CN, CF;, COOCH;, COOH Ry = \ //

LED White Light

R-H O.
* 2 T3(4COoON)PP, 25 °C

» R—OOH + R—-OH + R=0

Scheme 1 Syntheses of porphyrins and photocatalytic oxidation of
C—H bonds with O,.
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2. Experimental section

Chemical reagents and materials, characterization studies and
instruments are presented in the SI.

2.1. Syntheses of porphyrins and metalloporphyrins

Porphyrins and metalloporphyrins utilized in this work as
photocatalysts were synthesized according to the procedures
reported in our previous studies.”*~*® All the obtained porphy-
rins and metalloporphyrins were purified through column
chromatography and determined through comparison with
standard samples in our laboratory utilizing thin layer chro-
matography. Porphyrins and metalloporphyrins utilized as
photocatalysts in this work were also characterized and deter-
mined through "H NMR spectroscopy, ">C NMR spectroscopy,
ESI-MS and FT-IR spectroscopy, and the corresponding char-
acterization spectra are presented in the SI.

2.2. Photocatalytic oxidation of C-H bonds with O,

Photocatalytic oxidation of C-H bonds with O, was carried out
following the procedure below utilizing cyclohexane as a model
substrate. In a glass reaction tube with a branch pipe and a high
vacuum valve (25 mL), porphyrin or metalloporphyrin (5 x 1073
mmol) was dispersed in cyclohexane (4.2080 g, 50 mmol), and
the reaction tube was sealed with an oxygen balloon (1 atm).
After stirring at 25 °C for 10 min, the reaction mixture was
irradiated with visible light for a certain reaction time utilizing
a LED white light lamp in a certain wattage as the light source.
And the distance between the reaction tube and visible-light
source was 4 cm. When the reaction was completed, tri-
phenylphosphine (1.0492 g, 4 mmol) was added to the resultant
reaction mixture with continued stirring for 15 min to trans-
form the formed hydroperoxide. All the reaction mixture was
transferred to a volumetric flask (25 mL), dissolved and made
up to 25 mL exactly with acetone as the solvent. One portion of
acetone solution (10 mL) was utilized to conduct GC analyses to
determine the yield of the partial oxidation products with
toluene (0.0921 g, 1 mmol) as the internal standard. Another
10 mL of acetone solution was utilized to conduct HPLC anal-
yses to determine whether there was overoxidation products
like alkyl dicarboxylic acid in the reaction mixture. Considering
the volatility of hydrocarbons and its effect on substrate
conversion, the substrate conversion and selectivity to oxidation
products in photocatalytic oxidation of C-H bonds were calcu-
lated following eqn (1) and (2).

Moles of all oxidation products

Conversion (%) = —
(%) Initial moles of substrate

x 100% (1)

Moles of certain product
Moles of all oxidation products

Selectivity(%) = x 100% (2)

The moles of alkyl peroxides were determined by the moles
of triphenylphosphine oxide obtained through reduction of
peroxides by triphenylphosphine at a molar ratio of 1:1. GC
analyses were conducted on a Thermo Scientific Trace 1300
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instrument with a flame ionization detector (FID), and the
chromatographic column was a TG-5MS capillary column (30 m
x 0.32 mm x 0.25 pm). HPLC analyses were conducted on
a Thermo Scientific Ultimate 3000 instrument with an Ultimate
3000 photodiode array detector (PAD), and the chromato-
graphic column was an Amethyst C;3-H chromatography
column (150 mm x 4.6 mm x 0.25 pm). The mobile phase in
HPLC analyses was a mixture of methanol and phosphoric acid
aqueous solution (pH 2.2) in a volume ratio of 1:3, and the
detection wavelength was 220 nm.

2.3. Quenching experiments

To investigate the mechanism of photocatalytic oxidation of
C-H bonds with O, and determine the reactive species in detail,
quenching experiments were carried out utilizing cyclohexane
as a model substrate and tetrakis(4-carboxyphenyl)porphyrin
(T(4-COOH)PP) as a representative photocatalyst in the pres-
ence of ethylenediaminetetraacetic acid disodium salt (EDTA-
2Na) as a photogenerated hole (h*) scavenger,®*! potassium
persulfate (K,S,0g) as a photogenerated electron (e”) scav-
enger,'***** (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) as
a superoxide radical ion ("0, ") scavenger*>** or isopropanol
(IPA) as a hydroxyl radical ("OH) scavenger.’>*** In a glass
reaction tube with a branch pipe and a high vacuum valve (25
mL), T(4-COOH)PP (4.0 mg, 5 x 10> mmol) and the quenching
agent (2.5 mmol, 5%, mol mol ') were dispersed in
cyclohexane(4.2080 g, 50 mmol), and the reaction tube was
sealed with an oxygen balloon (1 atm). After stirring at 25 °C for
10 min, the reaction mixture was irradiated with a LED white
light lamp (100 W) for 8.0 h. And the distance between the
reaction tube and visible-light source was 4 cm. When the
reaction was completed, triphenylphosphine (1.0492 g, 4 mmol)
was added to the resultant reaction mixture with continued
stirring for 15 min to transform the formed hydroperoxide. All
the reaction mixture was transferred to a volumetric flask (25
mL), dissolved and made up to 25 mL exactly with acetone as
the solvent. GC and HPLC analyses were carried out to calculate
the conversion and selectivity following the procedure in 2.2.

2.4. EPR analysis

Electron paramagnetic resonance (EPR) analysis was conducted
utilizing cyclohexane as a model substrate and T(4-COOH)PP as
arepresentative photocatalyst in the presence of 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) as a radical trapping agent.'*?%?”* In
a glass reaction tube with a branch pipe and a high vacuum
valve (25 mL), T(4-COOH)PP (4.0 mg, 5 x 10~° mmol) was
dispersed in cyclohexane (4.2080 g, 50 mmol), and the reaction
tube was sealed with an oxygen balloon (1 atm). After stirring at
25 °C for 10 min, the reaction mixture was irradiated with a LED
white light lamp (100 W) for 8.0 h. Then, 1 mL of the reaction
mixture was taken out, and DMPO (1.1 mg, 0.01 mmol) was
added to trap the free radical species for EPR measurements.
The EPR measurement was conducted on a Bruker A300
instrument at room temperature. In the EPR analysis, the
microwave frequency utilized was 9.85 GHz.

RSC Sustainability, 2025, 3, 4759-4775 | 4761
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3. Results and discussion

3.1. Characterization and photoelectrochemical properties

The porphyrins and metalloporphyrins utilized as photo-
catalysts in this work were characterized and determined
through "H NMR spectroscopy, >*C NMR spectroscopy, ESI-MS
and FT-IR spectroscopy, and the representative characteriza-
tion spectra are presented in the SI.

As photocatalysts utilizing visible light as the energy source,
the visible-light absorption properties of porphyrins and
metalloporphyrins were investigated by UV-vis spectroscopy
employing tetraphenylporphyrin (TPP), tetrakis(4-
chlorophenyl)porphyrin (T(4-C1)PP), tetrakis(4-
methoxycarbonylphenyl)porphyrin (T(4-COOCH;)PP),
tetrakis(4-carboxyphenyl)porphyrin ~ (T(4-COOH)PP), tetra-
phenylporphyrin  cobalt(u) (TPP Co) and tetrakis(4-
carboxyphenyl)porphyrin copper (u) (T(4-COOH)PP Cu) as
typical model photocatalysts. It was illustrated obviously in
Fig. 1(a) that all the model porphyrins and metalloporphyrins
exhibited a strong absorption peak around 415 nm, which
belonged to the Soret absorption band of porphyrins and
metalloporphyrins.®*®® And in the range of 500-650 nm, the four
Q absorption bands of porphyrins and metalloporphyrins were
observed too (Fig. 1(b)).***® Both the Soret absorption band and
Q absorption bands of porphyrins and metalloporphyrins were
in the range of visible light, illustrating their strong absorption
performance for visible light and their potential as photo-
catalysts under visible-light irradiation. The yield of photo-
generated electrons and holes, as well as their recombination

—TPP
——T(4-CI)PP

—— T(4-COOCH,)PP
——T(4-COOH)PP
——TPPCo
——T(4-COOH)PPCu

415 nm

Absorbance (a.u.)
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0.5 ! ) ) )
300 400 500 600 700 800
Wavelength (nm)

a
0.7
——TPP
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3 osl —— T(4-COOCH,)PP
s —— T(4-COOH)PP
g 04f ——TPPCo
£ —— T(4-COOH)PPCu
2 03r
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o 0.2f
<
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0.0
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b

Fig. 1 UV-vis absorption spectra of representative porphyrins and
metalloporphyrins in DMF (4 x 10~® mol L™} (a) and their Q bands (b).

4762 | RSC Sustainability, 2025, 3, 4759-4775

View Article Online

Paper

rates, are another important indicator of porphyrins and
metalloporphyrins as photocatalysts. Thus, photoluminescence
(PL) emission spectroscopy was utilized to characterize and
predict the efficiency of porphyrins and metalloporphyrins in
production of photo-generated electrons and holes and their
recombination rates. In PL measurements, representative TPP,
T(4-Cl)PP, T(4-COOCH;)PP, T(4-COOH)PP, TPPCo, and T(4-
COOH)PP Cu were employed as model photocatalysts. As
demonstrated in Fig. 2, peripheral groups of porphyrins and
metal centres exhibited a significant effect on their PL emission
intensities, implying different recombination rates of photo-
generated electrons and holes when porphyrins and meta-
lloporphyrins were employed as photocatalysts. In general, the
lower the PL emission intensities were, the slower the recom-
bination rate was.”® And the lower recombination rate of
photo-generated electrons and holes is generally beneficial for
improving the catalytic activity of photocatalysts. Hence, the
diversity of porphyrin peripheral groups and metal centres
would provide a huge catalyst library for porphyrin related

4000 | —TPP
——T(4-CI)PP
——T(4-COOCH,)PP
S 3000 -
3 —— T(4-COOH)PP
g ——TPPCo
= 2000 —— T(4-COOH)PPCu
8
<
= 1000 -
0
300 350 400 450 500 550
Wavelength (nm)
a
1000
—TPP
800 ——T(4-CI)PP
. ——T(4-COOCH,)PP
= —TPPCo
= —— T(4-COOH)PPCu
2 400
2
£
200
0

390 400 410 420 430 440 450 460
Wavelength (nm)

b

Fig. 2 PL emission spectra of representative porphyrins and meta-
lloporphyrins in DMF (a), and local magnification (b) (4 x 10~® mol L™%).
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photocatalytic reactions. In Fig. 2, lower PL emission intensities
were observed when TPP and T(4-COOH)PP were selected as
photocatalyst candidates, demonstrating great possibility and
potential for application in photocatalytic oxidation in this
work.

To further investigate the performance of porphyrins and
metalloporphyrins in production of photo-generated electrons
and holes and realization of the charge separation, transient
photocurrent response was examined through intermittent
light irradiation cycles utilizing representative TPP, T(4-Cl)PP,
T(4-COOCH;)PP, T(4-COOH)PP, TPP Co, and T(4-COOH)PP Cu
as model photocatalysts. It is illustrated in Fig. 3(a) that an
obvious transient photocurrent response could be observed
when the selected porphyrins and metalloporphyrins were
irradiated under visible light, indicating their superior perfor-
mance in charge separation and production of photo-generated
electrons. And for T(4-COOH)PP as a photocatalyst, the highest
transient photocurrent density was obtained for selected pho-
tocatalysts, implying its potential as a better photocatalyst in
this work, which was consistent with the prediction from the PL
measurements. Moreover, it could also be obtained from
Fig. 3(a) that, after five cycles of light-on and light-off irradia-
tion, no decrease was observed in the transient photocurrent
density, illustrating the stability and repeatability of selected
porphyrins and metalloporphyrins as potential photocatalysts.
The performance of porphyrins and metalloporphyrins in
charge separation and migration was assessed through
electrochemical impedance spectroscopy (EIS) as well. As

—TPP ——T(4-CI)PP

10 —— T(4-COOCH,)PP —— T(4-COOH)PP

gl — TPPCo — T(4-COOH)PPCu
on Off

Current Density (uA/cm?, x 107)
N - o

=)

:H %EEF

100 150 200 250 300 350 400

Times (s)

a

N

R

e TP
—e—T(4-CI)PP
—u—T(4-COOCH,)PP
—v— T(4-COOH)PP
cpe1 | ——TPPCo
—T(4-COOH)PPCu

. . . . . .
100 150 200 250 300 350 400
Z' (ohm)

b

Fig. 3 Transient photocurrent spectroscopy (a) and electrochemical
impedance spectroscopy (EIS) (b) of representative porphyrins and
metalloporphyrins.
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shown in Fig. 3(b), in selected model photocatalysts, different
arch radii were observed in the EIS Nyquist plots, illustrating
their different impedance during charge migration. And T(4-
COOH)PP and T(4-COOH)PP Cu exhibited smaller arch radii,
indicating their smaller impedance to charge migration
because of abundant protonic hydrogens (H') in their struc-
tures,?”** based on which T(4-COOH)PP and T(4-COOH)PP Cu
were speculated to have better photocatalytic activity following
oxidation of C-H bonds with O, irradiated under visible light.
The results of EIS measurements were in good agreement with
the PL test and transient photocurrent test.

Based on the characterization studies and measurements
above, it could be concluded that as the chemical models of
chlorophyll, porphyrins and metalloporphyrins possessed
strong absorption performance for visible light, and abundant
photo-generated electrons and holes could be produced
through charge separation under irradiation of visible light. In
particular, for tetrakis(4-carboxyphenyl)porphyrin (T(4-COOH)
PP) as the potential photocatalyst, strong visible-light absorp-
tion, lower recombination rates of photo-generated electrons
and holes, higher transient photocurrent density and smaller
impedance to charge migration were achieved simultaneously.
Thus, it could be predicted that T(4-COOH)PP is a good choice
to act as a photocatalyst in this work.

3.2. Photocatalytic oxidation performance

3.2.1. Preliminary exploration experiments. To realize the
insertion of oxygen element into C-H bonds through a greener
and sustainable chemical process with lower energy consump-
tion and lower carbon emissions, the feasibility of photo-
catalytic oxidation of C-H bonds with O, irradiated under
visible light employing porphyrins as photocatalysts was
investigated at first. The necessity of visible light, porphyrins
and O, in oxidation of C-H bonds was explored systematically
utilizing the important cyclohexane oxidation in the chemical
industry as a model reaction. As demonstrated in Table 1, no
conversion of cyclohexane was observed under the conditions of
no visible light, no catalyst and no O, (Entry 1 in Table 1), and in
the presence of only visible light, porphyrin catalyst or O,, the
conversion of cyclohexane was still at a negligible level
(<0.05 mmol (ge. " h™")) (Entries 2-5 in Table 1), indicating
that (1) just irradiation under visible-light, C-H bonds could not
be transformed to their oxidation products without catalyst and
O, (Entry 2 in Table 1), (2) both cyclohexane and porphyrin
catalysts could not be converted into oxidation products of C-H
bonds spontaneously without O, (Entries 3 and 4 in Table 1),
and (3) C-H bonds could not be oxidized by O, without catalyst
and light under the conditions in this work (Entry 5 in Table 1).
From the experimental data (Entries 6 and 7 in Table 1), it could
be found that in the absence of O,, not only C-H bonds could
not be converted to their oxidation products under the condi-
tions of visible-light irradiation in the presence of photo-
catalysts but also catalysts (TPP and T(4-Br)PP) could not be
converted to oxidation products too, demonstrating the stability
of porphyrins as photocatalysts. And in the presence of O,,
visible light exhibited some catalytic performance without
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Table 1 Feasibility study in the photocatalytic oxidation of C—H bonds with Ox¢
O, or no, Visible-light or no
O Catalyst or no, 25 °C © (j é Jl(s/)’u\
R—OOH  R—OH R4-COOH
Selectivity (%)

Entry Reaction conditions Conversion (mmol (g, h™)) R-OOH =0
1 No light, no catalyst, and no O, — — —
2 Light, no catalyst, and no O, <0.05 — —
3? No light, catalyst, and no O, <0.05 — —
4° No light, catalyst, and no O, <0.05 — —
5 No light, no catalyst, and O, <0.05 — —
6” Light, catalyst, and no O, <0.05 — —
7¢ Light, catalyst, and no O, <0.05 — —
8 Light, no catalyst, and O, 0.13 69.2 30.8
9’ No light, catalyst, and O, <0.05 — —
10° No light, catalyst, and O, <0.05 — —
11° Light, catalyst, and O, 3.03 99.9 0.1
12°¢ Light, catalyst, and O, 2.69 99.3 0.7

“ Reaction conditions: cgfclohexane (4.2080 g, 50 mmol), LED white light lamp (100 W), stirring speed (600 rpm), room temperature (25 °C), and

reaction time (8.0 h).
porphyrin (T(4- Br)PP) as a catalyst (5 x 10~

photocatalyst. In the oxidation of cyclohexane with O, irradi-
ated with visible light in the absence of photocatalyst, the
conversion reached up to 0.13 mmol (g ' h™") (Entry 8 in
Table 1), which still was at a very low level. But no catalytic
ability was observed from porphyrins (TPP and T(4-Br)PP) in the
oxidation of C-H bonds with O, in the absence of visible light
under the conditions of this work (Entries 9 and 10 in Table 1),
illustrating the necessity of light in this work. Only when visible
light, porphyrin catalysts and O, were presented simulta-
neously, obvious oxidation of C-H bonds occurred. In the
oxidation of cyclohexane with O, utilizing TPP and T(4-Br)PP as
photocatalysts under irradiation of visible light, the conversion
reached up to 3.03 mmol (g " h™") and 2.69 mmol (gea. "
h™), respectively, with the selectivity of more than 99% to
cyclohexyl hydroperoxide, which was the important interme-
diate product in cyclohexane oxidation and could be trans-
formed to cyclohexanol and cyclohexanone (KA oil) smoothly.
From the exploration experiments above, not only it could be
concluded that it was feasible to insert oxygen atoms into C-H
bonds with O, as the oxidant irradiated under visible-light
employing porphyrins as photocatalysts but also it was
confirmed that all the visible light, porphyrin catalysts and O,
were indispensable in this oxidation process.

3.2.2. Effect of photocatalyst structure. With confirmation
on the feasibility to conduct photocatalytic oxidation of C-H
bonds with O, irradiated under visible light employing
porphyrins as photocatalysts, the effect of porphyrin structure
on oxidation of C-H bonds was explored in detail as the key
factor. As illustrated in Table 2 and Fig. 4, in the employment of
cyclohexane oxidation as a model reaction, all the porphyrins
with different peripheral groups (electron-withdrawing or
-donating) and different electronic environments, the

4764 | RSC Sustainability, 2025, 3, 4759-4775

Tetraphenylporphyrln (TPP) as a catalyst (5 x 10~
3 mmol, 4.7 mg, 0.01%, mol mol™*).

* mmol, 3.1 mg, 0.01%, mol mol *). ¢ Tetrakis(4-bromophenyl)

corresponding metalloporphyrins possessed the capability to
act as photocatalysts in oxidation of C-H bonds with O, irra-
diated under visible light. A conversion range from 2.49 mmol
(gcac. * h™") to 3.18 mmol (geae. ' h™') was obtained with the
selectivity of more than 99% to cyclohexyl hydroperoxide
(CeH;;O0H). In particular, for tetrakis(4-carboxyphenyl)
porphyrin (T(4-COOH)PP) as the photocatalyst, the substrate
conversion reached up to 3.18 mmol (g.... " h™") with a selec-
tivity of 99.9% to cyclohexyl hydroperoxide (Entry 20 in Table 2).
It was also observed from Fig. 4 that no positive impact was
generated from the formation of metalloporphyrins. Thus, in
this work, tetrakis(4-carboxyphenyl)porphyrin (T(4-COOH)PP)
was regarded as the preferred photocatalyst to conduct the
following experiments for its convenient synthesis. In the
utilization of T(4-COOH)PP as the photocatalyst, not only the
highest catalytic performance among the selected chemical
models of chlorophyll (porphyrins and metalloporphyrins) in
this work was obtained but also higher conversion and selec-
tivity than the derivative of natural chlorophyll (chlorophyllin)
were achieved. As shown in Table 2, the conversion of cyclo-
hexane was 2.68 mmol (g... * h™') with a selectivity of 99.8%
towards cyclohexyl hydroperoxide (Entry 21 in Table 2) in the
utilization of chlorophyllin as the photocatalyst. Then, the
source of better catalytic performance exhibited by T(4-COOH)
PP was explored in depth by means of photoluminescence
(PL) emission spectroscopy, time-resolved photoluminescence
(TRPL) spectroscopy, transient photocurrent spectroscopy and
electrochemical impedance spectroscopy (EIS).

In the photoluminescence (PL) emission spectra of repre-
sentative porphyrins (Fig. 5(a)), TPP and T(4-COOH)PP exhibi-
ted lower PL emission intensities, implying their lower
recombination rate of photo-generated electrons and holes,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Effect of porphyrins on photocatalytic oxidation of C—H bonds with O,"

LED White nght
Porphyrln 25°C

o

S0 O ek

R—OOH

R—OH R4-COOH

Selectivity (%)

Entry Porphyrins” Conversion (mmol (geo, " h™")) R-OOH R=0
1 TPP 3.03 99.9 0.1
2 T(2-Cl)PP 2.62 99.8 0.2
3 T(3-Cl)PP 2.65 99.7 0.3
4 T(4-Cl)PP 2.76 99.7 0.3
5 T(4-Br)PP 2.69 99.3 0.7
6 T(4-F)PP 2.87 99.7 0.3
7 T(4-CN)PP 2.81 99.8 0.2
8 T(4-CF;)PP 2.92 99.9 0.1
9 T(2,4,6-triCl)PP 2.54 99.1 0.9
10 T(2,3,6-triF)PP 2.49 99.8 0.2
11 T(2,4,6-triF)PP 2.78 99.2 0.8
12 T(2,3,4,5,6-pentaF)PP 2.59 99.2 0.8
13 T(2-CH3)PP 2.78 99.8 0.2
14 T(3-CH;)PP 2.76 99.8 0.2
15 T(4-CH;)PP 2.58 99.3 0.7
16 T(2-OCH;)PP 2.94 99.8 0.2
17 T(3-OCH;)PP 2.86 99.8 0.2
18 T(4-OCH;)PP 2.62 99.5 0.5
19 T(4-COOCH;)PP 2.77 99.6 0.4
20 T(4-COOH)PP 3.18 99.9 0.1
21 Chlorophyllin 2.68 99.8 0.2

4 Reaction conditions: cyclohexane (4.2080 g, 50 mmol), porphyrin catalyst (5 x 10~

* mmol, 0.01%, mol mol '), LED white light lamp (100 w),

stirring speed (600 rpm), room temperature (25 °C), and reaction time (8.0 h). ” Porphyrln abbrev1at10n for example, T(2,4,6-triCl)PP is the
abbreviation of tetrakis(2,4,6-trichlorophenyl)porphyrin. T is the abbreviation of tetrakis, 2,4,6-triCl is the abbreviation of the position and
number of substituents on phenyl, the first P is the abbreviation of phenyl, and the second P is the abbreviation of porphyrin.

which was consistent with their higher photocatalytic activity,
as shown in Table 2 (Entry 1 and Entry 20). When photocatalysts
were converted from TPP and T(4-COOH)PP to T(4-Cl)PP and
T(4-COOCH;)PP, the PL emission intensities increased. as
demonstrated in Fig. 5(a), and the substrate conversion in
oxidation of cyclohexane decreased from 3.03 mmol (g¢,. *h™?)
and 3.18 mmol (g, * h™') to 2.76 mmol (g - h™') and
2.77 mmol (geae. * h™") (Entry 4 and Entry 19 in Table 2) as
a result of faster recombination rate of photo-generated elec-
trons and holes. And in Fig. 5(a), T(4-Br)PP and TPFPP
possessed the highest PL emission intensities along with their
lowest substrate conversion (2.69 mmol (g.. ' h™') and
2.59 mmol (g ' h™')) among the selected representative
porphyrins (Entry 5 and Entry 12 in Table 2). A similar profile
between substrate conversion and PL emission intensity was
also observed in the utilization of metalloporphyrins as pho-
tocatalysts (Fig. 5(b)). Thus, the recombination rate of photo-
generated electrons and holes was regarded as the first impor-
tant influencing factor in photocatalytic oxidation of C-H bonds
with O, irradiated under visible light in this work. The lower the
recombination rate of photo-generated electrons and holes was,
the higher the catalytic activity of photocatalysts was. The
recombination rate of photo-generated electrons and holes was

© 2025 The Author(s). Published by the Royal Society of Chemistry

further investigated through time-resolved photoluminescence
(TRPL) spectroscopy. As shown in Fig. 5(c), the longest photo-
generated electron lifetime was obtained in the utilization of
T(4-COOH)PP as a photocatalyst, and the lifetime of photo-
generated electrons reached up to 5.03 ns, which conformed
with the results of PL emission spectra (Fig. 5(a and b)) and the
higher catalytic performance of T(4-COOH)PP exhibited in
Table 2 (Entry 20).

To further probe the source of porphyrins and meta-
lloporphyrins as photocatalysts, their performance in charge
separation and production of photo-generated electrons was
investigated through the measurement of transient photocur-
rent responses. As shown inFig. 5(d and e), the highest transient
photocurrent density was obtained when T(4-COOH)PP was
selected as the photocatalyst among all the representative
porphyrins and metalloporphyrins, implying its superior func-
tion in inducing charge separation and production of photo-
generated electrons under irradiation of visible light. The
characterization results of transient photocurrent response
were in good agreement with the superior catalytic performance
of T(4-COOH)PP exhibited in Table 2 (Entry 20), which also
confirmed the characterization results in PL emission spectra
and TRPL spectra. Thus, the superior performance of T(4-

RSC Sustainability, 2025, 3, 4759-4775 | 4765
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Fig. 4 Effect of metal centres on photocatalytic oxidation of C-H
bonds with O, using TPP as ligand (a) and TCPP as ligand (b). Reaction
conditions: cyclohexane (4.2080 g, 50 mmol), porphyrin catalyst (5 x
1073 mmol, 0.01%, mol mol™), LED white light lamp (100 W), stirring
speed (600 rpm), room temperature (25 °C), and reaction time (8.0 h).
TCPP is the abbreviation of tetrakis(4-carboxyphenyl)porphyrin (T(4-
COOH)PP).

COOH)PP in inducing charge separation was regarded as its
second beneficial influencing factor in photocatalytic oxidation
of C-H bonds with O,. In the electrochemical impedance
spectroscopy (EIS), as shown in Fig. 5(f) and S46, the smaller
arch radius was observed from the EIS Nyquist plots of T(4-
COOH)PP, illustrating its lower impedance during charge
migration, which was the third important promoting factor for
photocatalytic reactions. All the photoelectrochemical charac-
terization experiments and measurements exhibited good
agreement with the superior photocatalytic performance of T(4-
COOH)PP in oxidation of C-H bonds with O, irradiated under
visible light.

Therefore, based on the systematic study on photocatalytic
performance and photoelectrochemical characterization
studies above, all the selected porphyrins and meta-
lloporphyrins possessed the capability to catalyze the oxidation
of C-H bonds with O, under irradiation of visible light, and
tetrakis(4-carboxyphenyl)porphyrin (T(4-COOH)PP) exhibited
superior photocatalytic performance than others, in which the
substrate conversion reached up to 3.18 mmol (g, ' h™") with
a selectivity of 99.9% to cyclohexyl hydroperoxide in cyclo-
hexane oxidation. The satisfying catalytic capability of T(4-
COOH)PP was mainly attributed to its higher visible-light
absorption, charge separation, production of photo-generated
electrons and lower impedance during charge migration
under irradiation of visible light, as illustrated in Fig. 1 and 5.
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Fig.5 PL emission spectra ((aand b), 4 x 10~® mol L1, time-resolved
photoluminescence (TRPL) spectra (c), transient photocurrent spec-
troscopy (d and e) and electrochemical impedance spectroscopy (EIS)
(f) of representative porphyrins and metalloporphyrins.
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The photocatalytic performance and photoelectrochemical
characterization exhibited good consistency.

3.2.3. Further optimization and catalyst stability. With the
determination of the optimized photocatalyst, the oxidation of
C-H bonds using O, catalyzed by T(4-COOH)PP under irradia-
tion of visible light was further optimized from the aspects of
light intensity, catalyst amount and reaction time. And the
stability of T(4-COOH)PP in photocatalytic oxidation of C-H
bonds was also evaluated through cycle experiments utilizing
cyclohexane oxidation as the model reaction. As illustrated in
Fig. 6(a), the substrate conversion exhibited an upward trend
with the increase of light intensity, and the selectivity towards
oxidation product maintained above 99%. Striking a balance
between catalytic efficiency and energy consumption, the light
intensity was selected as 100 W in this work, in which the
substrate conversion reached up to 3.18 mmol (g~ h™") with
the selectivity of 99.9%. As for the effect of catalyst amount
(Fig. 6(b)), due to the aggregation of catalysts and the unit of
conversion being mmol (g... " h™"), a decreasing trend was
observed from the profile between substrate conversion and
catalyst amount. Hence, the catalyst amount in this work was
selected as 0.01% (mmol mmol *). It was demonstrated in
Fig. 6(c) that the generation rate of oxidation products
decreased along with the increased reaction time, and in the
first hour, substrate conversion reached up to 22.38 mmol
(gear. " h™") with a selectivity of 99.9%. The decreased genera-
tion rate of oxidation products was mainly attributed to the
consumption of O, adsorbed from air by the catalyst, and in the
later stage of reaction, O, at atmospheric pressure diffused into
the reaction system in a relatively low rate. When T(4-COOH)PP
was kept under a N, atmosphere for 24.0 h to replace adsorbed
0,, the substrate conversion decreased from 22.38 mmol (gcatf1
h™") to 10.86 mmol (g.... " h™") in the first hour of the reaction,
which confirmed our speculation. Because of the insolubility of
T(4-COOH)PP in cyclohexane, its stability and reusability in
photocatalytic oxidation of C-H bonds with O, was evaluated
through cycle experiments. After each experiment, T(4-COOH)
PP was filtered, washed with cyclohexane, dried, and sub-
jected to cycle experiments. As shown in Fig. 6(d), in five
consecutive experiments, the substrate conversion of cyclo-
hexane oxidation was maintained above 2.70 mmol (g, ' h™)
with a selectivity higher than 99% towards cyclohexyl hydro-
peroxide, implying the stability and reusability of T(4-COOH)PP
in photocatalytic oxidation of C-H bonds with O,.

Thus, based on the systematic optimization and cycle
experiments, a sustainable, low-energy consumption and
feasible C-H bond oxidation strategy has been developed under
mild conditions in this work. In this procedure, tetrakis(4-
carboxyphenyl)porphyrin (T(4-COOH)PP) was utilized as a pho-
tocatalyst, and visible light from an LED white light lamp (100
W) was employed as the energy source. Under solvent-free
conditions and room temperature, the substrate conversion
reached up to 3.18 mmol (g.,. ' h™") with the selectivity of
99.9% to alkyl hydroperoxide within the reaction time of 8.0 h
utilizing cyclohexane oxidation as the model reaction.

3.2.4. Substrate scope and literature comparison. With the
confirmation on the feasibility and correctness of C-H bond

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of light intensity (a), catalyst amount (b), and reaction
time (c) on photocatalytic oxidation of C—H bonds with O, and cycle
experiments (d). Reaction conditions: cyclohexane (4.2080 g, 50
mmol), T(4-COOH)PP as the catalyst (mol mol™), LED white light lamp
(100 W or others), stirring speed (600 rpm), room temperature (25 °C),
and reaction time (8.0 h or others).

oxidation with O, under irradiation of visible light and utilizing
T(4-COOH)PP as the photocatalyst, the substrate scope was
extended to other cycloalkanes and alkyl aromatics possessing
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Table 3 Substrate scope of C—H bond oxidation with O, irradiated under visible light and catalyzed by T(4-COOH)PP*
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Entry Substrates Products Conversion (mmol (g, " h™")) Selectivity (%)
1 O O—OOH 3.12 99.9
2 O O—oon 3.18 99.9
3 O O—OOH 3.25 99.5
OOH
4 3.42 99.7
5 <§>—CH3 @—CHZOOH 3.10 99.3
! I
6 d_cm d—cmoon 2.85 99.9
cl cl
7 @—cm @_CHZOOH 2.79 99.9
8 CI—@—CH; CI—@—CHZOOH 3.21 99.8
CH, OOH
9 ©)\CH3 3.92 98.4
/@/\CH3 OH
10 By CH, 3.95 99.9
Br
’©/\CH3 QOH
11 0N /@ACHs 3.61 99.9
O,N
OOH
12 @:) @C§ 3.73 97.8
OH
13 @O @é 2.63 99.9
OOH
14 O O 2.95 99.3
H, H,
15 @-(c OOH 4.02 99.9
CH; CH,
H; H;
16 B"@‘( Br—@—i-OOH 4.00 99.9
CH; CH,3
CH,3 Hy
17 °zN—@—( ozN_©_T_00H 4.06 97.5
CH,3 CH,
H; H;
H;C H,C OOH
18 <:> <CH3 <:> ci 3.89 97.2

ju
&)

“ Reaction conditions: substrate (50 mmol), T(4-COOH)PP (4.0 mg, 5 x 10_* mmol, 0.01%, mol mol "), LED white light lamp (100 W), stirring speed
(600 rpm), room temperature (25 °C), and reaction time (8.0 h).
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a-C-H bonds. As demonstrated in Table 3, all the typical C-H
bonds in cycloalkanes and alkyl aromatics could be trans-
formed to their corresponding alkyl hydroperoxides under
irradiation of visible light in the utilization of O, as an oxidant
and simple porphyrin T(4-COOH)PP as a photocatalyst, real-
izing the insertion of oxygen element into C-H bonds. A
substrate conversion range from 2.63 mmol (g - h™') to
4.06 mmol (g ' h™') was obtained under the conditions of
low energy consumption and lower carbon emissions, and the
selectivity to main products alkyl hydroperoxides reached up to
97-99%, which not only could be employed as an industrial
oxidant but also could be conveniently converted into other
chemical products. Therefore, the method developed in this
work for C-H bonds' photocatalytic oxidation is of great
significance for the low-energy consumption, green and
sustainable conversion and utilization of hydrocarbons, as well
as for the syntheses of other oxygen-containing chemical
products and intermediates. It was also found from the study on
substrate scope, the substrate conversion exhibited a high
correlation with the dissociation energy of C-H bonds in
cycloalkanes and o-C-H bonds in alkyl aromatics. As demon-
strated in Fig. 7, the correlation between substrate conversion
and dissociation energy of C-H bonds reached up to 0.9823 and
0.9888, respectively, in the oxidation of cycloalkanes and alkyl

3.45
= = Conversion R?=0.9823
< 3.40
3
23350
2
£ 3.30
§ 325}
[4
$ 3201
<
o
© 315}
388 390 392 394 396 398 400 402 40
Bond Dissociation Energy(BDE) (kJ/mol)
a
= Conversion R®=0.9888

345 350 355 360 365 370
Bond Dissociation Energy(BDE) (kJ/mol)

b

Fig. 7 The correlation between substrate conversion and bond
dissociation energy of C—H bonds in cycloalkanes (a) and a-C-H
bonds in alkyl aromatics (b). The bond dissociation energy (BDE) was
obtained through quantum chemical calculations utilizing the
Gaussian 16 program.®” All the substrate molecules and radicals were
optimized at the level of B3LYP/def2SVP first, and then the bond
dissociation energy (BDE) was calculated through the following
equation, BDEgR_y = Hgr- + Hy- — Hr-p-
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aromatics, implying that the dissociation of C-H bonds is the
key step in the insertion of oxygen element into C-H bonds in
this work.

Then, the strategy developed in this work was compared with
methods reported in the literature for photocatalytic oxidation
of C-H bonds utilizing the important cyclohexane oxidation in
the chemical industry as a comparative model. Representative
examples irradiated under visible light and conducted at room
temperature with reasonable experimental data are presented
in Table 4. At the present stage, the production efficiency of
oxidation products in the important cyclohexane oxidation with
O, irradiated under visible light at room temperature is usually
at the level of umol (g.o. ' h™'), and in some examples volatile
and toxic organic solvents were employed. However, through
learning from nature and utilizing the chemical model of
chlorophyll and tetrakis(4-carboxyphenyl)porphyrin  (T(4-
COOH)PP) as the photocatalyst, not only the solvent-free
oxidation of C-H bonds with O, under irradiation of visible
light at room temperature was achieved in this work but also the
generation efficiency of oxidation products in the utilization of
cyclohexane oxidation as a model reaction reached up to
3.18 mmol (2., * h™') with a selectivity of 99% towards cyclo-
hexyl hydroperoxide, which could be transformed to cyclo-
hexanol and cyclohexanone (KA oil) smoothly. Compared with
current literature, the main advantages of the oxidation method
developed in this work are high efficiency in insertion of oxygen
element into C-H bonds, high selectivity towards alkyl hydro-
peroxides and mild conditions. And as photocatalysis utilizing
visible light as the energy source, the strategy developed in this
work is also a low-energy consumption, low-emission and
sustainable route for C-H bond oxidation. Therefore, based on
the investigation into substrate scope and literature compar-
ison, this work not only was an efficient and sustainable
approach to insert oxygen element into C-H bonds under mild
conditions but also could be employed as a low-energy
consumption, low-emission and sustainable route to trans-
form and utilize abundant hydrocarbons in the chemical
industry.

3.3. Possible catalytic mechanism

To further understand the process of C-H bond oxidation with
O, under irradiation of visible light and in the presence of
tetrakis(4-carboxyphenyl)porphyrin (T(4-COOH)PP) as a photo-
catalyst, the oxidation mechanism in this work was investigated
in detail. To verify the reactive species in photocatalytic oxida-
tion of C-H bonds with O,, quenching experiments were carried
out utilizing cyclohexane as a model substrate and tetrakis(4-
carboxyphenyl)porphyrin (T(4-COOH)PP) as a photocatalyst. In
quenching experiments, ethylenediaminetetraacetic acid di-
sodium salt (EDTA-2Na) was utilized as a photogenerated hole
(h") scavenger,®*! potassium persulfate (K,S,05) as a photog-
enerated electron () scavenger,'®?%%2 (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) as a superoxide radical
ion ("O,") scavenger®**®* and isopropanol (IPA) as a hydroxyl
radical ("OH) scavenger.'>**** As demonstrated in Fig. 8(a), the
conversion decreased drastically from 3.18 mmol (gc.. " h™") to
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Table 4 Representative photocatalytic oxidation of cyclohexane irradiated under visible light at room temperature
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Entry

Reaction conditions

Conversion
(mmol (geoe. * h™Y)

Selectivity” (%)

References

1

10

11

12

13

14

Nitrogen-doped and carbon-
modified TiO, as a catalyst, 1
atm O,, 25 °C, 300 W Xe
lamp, and CCl, as a solvent
Nitrogen-doped mixed-
phase TiO, as a catalyst, 1
atm O,, 25 °C, 300 W Xe
lamp, and CCl, as a solvent
Nitrogen-doped TiO, as

a catalyst, 1 atm O,, 25 °C, A
=420 nm visible light, and
CCl, as a solvent
Thiophene-based covalent
triazine polymer as

a catalyst, 1 atm O,, 25 °C,
10 W blue LED lamp, and
2.0 M HCI aqueous solution
as a solvent
Mg;Al, 5Cry 504.5/N-doped
TiO, as a catalyst, 1 atm O,,
25 °C, A =400 nm visible
light, and acetonitrile as

a solvent

WO3/C;3N, as a catalyst, 1
atm O,, 15 °C, 300 W Xe
lamp, and H,O as a solvent
Ultrathin Bi,WOg/BiOCl
nanosheets as a catalyst, 1
atm air, 20 °C, 500 W Hg
lamp, and solvent-free
Defect-rich nitrogen-doped
Nb,Os as a catalyst, 1 atm O,,
25 °C, 300 W Xe lamp, and
solvent-free

Nb,Os nanoparticles on
BiOCl nanosheets as

a catalyst, 1 atm O,, 25 °C,
300 W Xe lamp, and solvent-
free

Cs;3Bi,Bry perovskite
nanocrystals on 2D Ti;C,T,
MXene as a catalyst, 1 atm
0,, 20 °C, 5 W blue LED
lamp, and solvent-free
Vacancy-ordered
methylammonium tin
bromide as ca atalyst, 1 atm
0,, 25 °C, simulated visible
light: 100 mW ¢cm 2, and
solvent-free

Hexagonal boron nitride/
TiO, as a catalyst, 1 atm O,,
25 °C, A >300 nm visible
light, and solvent-free
Hierarchical BiOCI as

a catalyst, 1 atm air, 20 °C,
500 W Hg lamp, and solvent-
free

T(4-COOH)PP as a catalyst, 1
atm O,, 25 °C, 100 W white
LED lamp, and solvent-free

0.72

0.45

0.83

7.05

0.14

1.05

0.24

0.31

0.49

0.026

0.076

0.99

>99

>99

>99

>99

>99

>99

>99

>99

>99

>99

>99

>99

“ Total selectivity to partial oxidation products such as cyclohexanol, cyclohexanone, and cyclohexyl hydroperoxide.
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25

32

27

64

68

29

35

31

20

69

30

70

28

This work
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Fig. 8 Quenching experiments (a) and EPR measurements (b) of
cyclohexane oxidation with O, irradiated under visible light utilizing
T(4-COOH)PP as the photocatalyst.

0.32 mmol (gee. " h™"), 0.33 mmol (g ' h™"), 0.03 mmol
(geae. * h™") and 0.03 mmol (g... * h™"), respectively, in the
utilization of EDTA-2Na, K,S,0g, TEMPO and IPA as reactive
species scavengers, respectively, in 5% of substrate moles,
implying that all the four reactive species existed in the model
reaction and played indispensable roles. The reactive species in
photocatalytic oxidation of C-H bonds in this work were also
investigated utilizing EPR measurements. From the EPR spectra
(Fig. 8(b)), it could be observed that in the model reaction of
cyclohexane oxidation, the main reactive species contained
cycloalkyl carbon centred free radicals (C¢Hj,), cycloalkyl
peroxide radicals (CcH,,00°) and hydroxyl radicals (HO®),
implying the free radical mechanism of this work. Therefore,
the reactive species involved in the photocatalytic oxidation of
C-H bonds in this work included photogenerated electrons (e™),
corresponding holes (h"), superoxide radical ions (‘O,"),
hydroxyl radicals ("OH), alkyl carbon centred free radicals
(CeHj,) and alkyl peroxide radicals (C¢H;,00°), which provided
a solid foundation for the following mechanism research.

As an insoluble and clustered solid photocatalyst, the band-
gap energy (Eg), valence band (VB) position and conduction
band (CB) position of T(4-COOH)PP were investigated in the
mechanism study as well. The E, value of T(4-COOH)PP was
obtained through derivatizing its UV-vis absorption spectrum
(Fig. 9(a)) and getting the extremum (X, k) in the first derivative
curve of UV-vis absorption (Fig. 9(b)). Then a line with a slope of
k was drawn at the extremum point (X, Y) of absorption curve.
The intersection of this line with the X-axis was the threshold of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 UV-vis absorption spectrum of T(4-COOH)PP (a) and its
derivatives (b and c), XPS valence band of T(4-COOH)PP (d), and Mott—
Schottky curves of T(4-COOH)PP (e).
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absorption wavelength (4,) (Fig. 9(c)), and E, was calculated
following the equation E, = 1240/A, = 1240/406.4 = 3.05 €V. The
valence band (VB) position was obtained through valence band
XPS of T(4-COOH)PP. As shown in Fig. 9(d), the valence-band
potential (Evg, xps) of T(4-COOH)PP relative to the Fermi
energy level was 2.05 eV. Thus, the valence-band potential (Eyg,
~ug) Of T(4-COOH)PP relative to the standard hydrogen elec-
trode could be calculated following Evg, nue = ¢ + Evg, xps —
4.44, where ¢ is an operating parameter of the XPS instru-
ment®>”* and 4.20 eV in this work. Consequently, the Eyg nug of
T(4-COOH)PP was obtained as 1.81 eV. As for the conduction
band (CB) position of T(4-COOH)PP, it was calculated through
the equation Ecg = Evg — E; = 1.81 — 3.05 = —1.24 eV. The
conduction band (CB) position was also verified through the
Mott-Schottky plots of T(4-COOH)PP at frequencies of 600, 800
and 1000 Hz, as shown in Fig. 9(e). The flat-band potential (Eg,)
of T(4-COOH)PP relative to the Ag/AgCl electrode was obtained
through determining the intersection of linear parts in Mott-
Schottky curves with the X-axis and acquired as —1.41 eV. Thus
the flat-band potential (Eq,) of T(4-COOH)PP relative to the
standard hydrogen electrode was calculated following the
equation Eq, wue = Em, agagal + 0.197 = —1.41 + 0.197 =
—1.213 eV.**"" As an n-type semiconductor, because the Eg, nug
is approximately 0.2 eV higher than its conduction band (CB)
position, the Ecp was calculated through Ecg = Eg, ngg — 0.2 =
—1.413 eV.”””*> The Ecg value obtained based on Mott-Schottky
plots (—1.413 eV) exhibited excellent consistency with the value
calculated through the equation Ecgy = Evg — E; (—1.24 eV),
implying the rationality and accuracy of the band gap energy
(Eg), valence band position (Eys) and conduction band position
(Ecp) obtained in this work.

Based on the exploratory research above and related refer-
ences,”>?**>7* the reaction mechanism in photocatalytic
oxidation of C-H bonds with O, under irradiation of visible
light utilizing tetrakis(4-carboxyphenyl)porphyrin (T(4-COOH)
PP) as a photocatalyst was speculated and demonstrated in
Fig. 10, in which cyclohexane was utilized as a model substrate.
At first, under irradiation of visible light, electrons in the VB
were excited and transferred to the CB, generating the photo-
generated electrons (e”) and holes (h"). Then, in the VB, cyclo-
hexane (C¢H;,) was oxidized by holes (h*) to the cyclohexyl

g &

I
g <]
8 <]
I Q
3 =
3 4

Fig. 10 Speculated reaction mechanism in photocatalytic oxidation of
C—H bonds utilizing cyclohexane as the model substrate.
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radical (C¢H;,) and hydrogen cation (H'), and the obtained
CeH;;, was transformed to the cycloalkyl peroxide radical
(C¢H1;,00°) through capturing molecular oxygen (O,). Oxidation
products cyclohexyl hydroperoxides were produced through
abstraction of a hydrogen atom from cyclohexane with the
generation of the cyclohexyl radical (C¢Hj,) (black arrow). From
the cycloalkyl peroxide radical (C¢H;;00°), cyclohexanone
could be generated too through intramolecular elimination of
hydroxyl groups (HO®) (blue arrow), which was the source of
trace cyclohexanone in the oxidation products. Meanwhile, in
the CB, the superoxide radical ion ("O,") was formed through
the reaction between O, and electrons (e ), which was then
transformed to H,O, in the presence of abundant C-H bonds
and H' (red arrow). The hydroxyl radical ("OH) generated from
decomposition of H,O, could abstract H atoms from C-H
bonds to form carbon centred radicals (CsHj, ), which would be
transformed to cyclohexyl hydroperoxide (C¢H;;OOH) and
cyclohexanone (C¢H;,0) through the same way in the VB.
Through mechanism research, the detailed process of photo-
catalytic oxidation of C-H bonds with O, under irradiation of
visible light utilizing T(4-COOH)PP as the photocatalyst, and the
sources of oxidation products had been clearly demonstrated,
which would provide a solid foundation for further designing
efficient and sustainable photocatalysts for C-H bond oxida-
tion. And in the conversion level of mmol (g * h™"), the
generated 'OH radicals reacted with the abundant sp® C-H
bonds around them first, which ensured the stable existence of
insoluble porphyrins and metalloporphyrins in this work.

4. Conclusions

An efficient, sustainable and practical strategy for photo-
catalytic oxidation of C-H bonds with O, was developed in this
work through learning from nature and utilizing the model
compounds of chlorophyll (porphyrins and metalloporphyrins)
as photocatalysts. All the representative cycloalkanes and alkyl
aromatics could be transformed to their oxygen-containing
products at a millimole level (mmol (g.,. ' h™")) under irradi-
ation of visible light at room temperature and solvent-free
conditions. For the optimized photocatalyst tetrakis(4-
carboxyphenyl)porphyrin ~ (T(4-COOH)PP), the substrate
conversion in the model reaction of cyclohexane oxidation
reached up to 3.18 mmol (g... ' h™") with the selectivity of
99.9% towards cyclohexyl hydroperoxide. Both of the substrate
conversion and selectivity towards oxygen-containing products
were higher than that reported in current literature. And the
excellent catalytic performance of T(4-COOH)PP was mainly
attributed to its higher visible-light absorption, charge separa-
tion, production of photo-generated electrons, and lower
impedance during charge migration under irradiation of visible
light. In this photocatalytic system developed for C-H bond
oxidation, not only satisfying substrate compatibility was ob-
tained in which the substrate conversion exhibited higher
correlation with the dissociation energy of C-H bonds but also
the optimized photocatalyst T(4-COOH)PP could be recycled
and reused five times without an obvious decrease in catalytic
performance. The main reactive species involved in the reaction

© 2025 The Author(s). Published by the Royal Society of Chemistry
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had also been determined as photogenerated electrons (e”),
holes (h"), superoxide radical ions ("O,”), hydroxyl radicals
(‘OH), alkyl carbon centred free radicals (C¢H;;) and alkyl
peroxide radicals (C¢H;;00°), based on which the mechanism
in this study was speculated. The insertion of an oxygen atom
into C-H bonds utilizing visible light as the energy source and
T(4-COOH)PP as the photocatalyst developed in this work
provided an efficient, sustainable, rational and practical
strategy for oxidation of C-H bonds and could act as an
important reference for the development of efficient, low-energy
consumption, low-carbon emission and sustainable catalytic
process, eventually promoting the realization of green chem-
istry, energy conservation & emission reduction and sustainable
development in the chemical industry.
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