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ABSTRACT: The chemistry of enzymes presents a key to
understanding the catalysis in the world. In the pursuit of
controllable catalytic oxidation, researchers make extensive
efforts to discover and develop functional materials that exhibit
various properties intrinsic to enzymes. Here we describe a
bioinspired catalytic system using ordered-mesoporous-carbon
(OMC)-bonded cobalt tetraaminophthalocyanine (CoTAPc-
OMC) as a catalyst that could mimic the space environment
and reactive processes of metalloporphyrin-based heme
enzymes and employing linear dodecylbenzenesulfonate as
the fifth ligands to control the activation of H,O, toward the
peroxidase-like oxidation. The generation of nonselective free
hydroxyl radicals was obviously inhibited. In addition,

~

functional modification of OMC has been achieved by a moderate method, which can reduce excessive damage to the
structure of OMC. Because of its favorable and tunable pore texture, CoTAPc-OMC provides a suitable interface and
environment for the accessibility and oxidation of C.I. Acid Red 1, the model compound, and exhibits significantly enhanced
catalytic activity and sufficient stability for H,O, activation. The high-valent cobalt oxo intermediates with high oxidizing ability
have been predicted as the acceptable active species, which have been corroborated by the results from the semiempirical

quantum-chemical PM6 calculations.
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B INTRODUCTION

Oxidation reactions using hydrogen peroxide (H,0,) as an
oxidant are fundamentally important to industrial synthetic
chemistry, biomimetic chemistry, and environmental chem-
istry.' > As an environmentally friendly reagent, H,O, does not
give rise to any waste products and fulfills the requirement of
green chemistry.4 However, one disadvantage of H,O, is that it
can undergo radical-induced decomposition to H,O and '/,0,.
Therefore, the activation of H,0O, to oxidize the substrates
corresponding to enzymatic peroxidase-catalyzed reactions is
desired for the majority of oxidations. Typically, during the
activation of H,O, catalyzed by transition-metal complex
catalysts, homolytic cleavage and heterolytic cleavage of the
peroxidle O—O bond are in competition, leading to the
production of hydroxyl radicals (*OH) and metal-based
oxidants, respectively.” For oxidation reactions that employ
coordination complexes as catalysts, *OH is recognized to be a
poor selectivity species that can move freely to touch and
oxidize any organic matter in aqueous solution and even
autodecompose the complex catalysts." Hence, the controllable
activation of H,O, is important for catalytic systems with a
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coordination complex to minimize the generation of unselective
°OH, meaning that a more selective metal-based oxidant should
be obtained by promoting heterolytic cleavage of the O—O
bond. The catalytic processes of peroxide-activated enzymes
such as peroxidase can provide a source of inspiration for us, in
which the spatial environment and the fifth ligands are the two
key factors to control the reaction channels.”” Our main
interest here is to construct a bioinspired catalytic system with
environment and reaction channel-like enzymes by employing
metallophthalocyanines (MPcs) as the catalytic entity, which
are typical coordination complexes like metalloporphyrins
(MPs) and have been widely used in many catalytic reactions
because of their convenient synthesis and good stability.” Many
transition-metal catalysts have been designed and synthesized
to mimic the reaction of enzymes;'’”'* however, they do not
present the features of enzymes such as selectivity and steric
accessibility, which are mainly determined by the natural
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environment of enzymes.'> For the design of an enzyme-mimic
system, the closer analogies of the enzyme should require a
suitable cavity or cleft for accessibility of the substrates and the
introduction of functional groups that act as binding sites,
coenzyme analogues, or catalytic sites within the cavity.'*"
One must admit that the protein structure of enzymes is
difficult to imitate and protein is easily damaged. Thus, finding
materials that have stable structure and suitable pore sizes to
construct a three-dimensional (3D) environment is more
conducive to facilitating the peroxidase-like oxidation.

Owing to the remarkable properties including high surface
area, uniform pore size, and tunable pore texture, ordered
mesoporous carbon (OMC) shows advantages in energy
storage, energy conversion, catalysis, and adsorption of bulky
molecules.'®”” The porous interface structures of OMC
materials allow them to have great potential for improving
the reaction solution immersion and providing an effective
space for substrate diffusion.'” " With its continuously
expanded 3D structure and relatively larger pore size, OMC
is promising as a carrier of enzymes for the conversion of larger
molecular substrates and the reduction of mass-transfer
limitation.”® Moreover, our previous studies found that carbon
nanotubes (CNTs) with a special sp*hybridized surface and
excellent electrical properties could dramatically improve the
activity of cobalt phthalocyanine (CoPc) for H,0, activa-
tion,”"** and activated carbon fiber (ACF) could enhance the
catalytic performance of CoPc for the oxidation of phenols in
the presence of H,0,> but it seemed useless for larger
substrate molecules such as dye molecules because of the
microporous structure (pore size < 2 nm) of the ACF. Given its
larger and tunable pore texture, OMC is more appropriate for
the catalytic oxidation of larger substrates as a highly promising
candidate of the backbone surrounding the catalytic entity like
the protein structure in enzymes.

Herein, we report a bioinspired catalytic system based on
OMC-bonded cobalt tetraaminophthalocyanine (CoTAPc-
OMC), which imitates the peroxidase enzymes from their
structure and reactive process for controllable H,O, activation,
including the catalytic entity of cobalt tetraaminophthalocya-
nine (CoTAPc) and the backbone of OMC surrounding the
CoTAPc centers, and brings linear dodecylbenzenesulfonate
(LAS, which is widely used in household detergents as well as
in numerous industrial applications, thus causing LAS to be
widespread in most industrial and domestic wastewater) as the
fiftth ligand to bear on the channels of H,O, activation. A
relatively mild method has been conducted to functionally
modify the OMC. Control of the reaction channels for H,O,
activation has been investigated, and enhanced catalytic activity
has been evidenced by the oxidation experiments of the model
compound, C.I. Acid Red 1 (ARI1; Scheme S1 in the
Supporting Information, SI). We reveal the mechanism of
CoTAPc-OMC activating H,O, and explore the effect of the
pore structure and LAS ligands on the reaction channels. The
semiempirical quantum-chemical PM6 method has been
performed to support inference on the mechanisms of
CoTAPc-OMC activating H,O, with and without LAS.

B EXPERIMENTAL SECTION

Catalyst Preparation. CoTAPc and OMC were synthesized
according to the description in refs 24 and 25. OMC (0.1 g) was
dispersed in 400 mL of ultrapure water. After 4.5 g of potassium
persulfate (KPS) was added and the pH value was adjusted to 12, the
reaction solution was stirred and kept at 85 °C for 3 h. The cooled

5870

reaction solution was centrifuged and washed with ultrapure water
until the filtrate was neutral; carboxyl-containing OMC was obtained
after drying under vacuum. Carboxyl-containing OMC (0.1 g) and
CoTAPc (0.005 g) were ultrasonically dispersed in dimethyl sulfoxide,
N,N’-dimethylpyridin-4-amine and N,N’-dicyclohexylcarbodiimide
were added, and the reaction was stirred at room temperature for
24 h. The product was filtered and washed with N,N’-dimethylforma-
mide several times to remove ungrafted CoTAPc. The final product
was washed with methylene chloride, ultrapure water, and ethanol.
CoTAPc-OMC was obtained after drying (Scheme S2 in the SI).

H,0, Activation Experiment. The activity of CoTAPc-OMC
activating H,0O, in aqueous solution was investigated by the oxidation
of ARI, whose concentration is proportional to its absorbance in the
UV—vis spectrum. The catalytic oxidation of AR1 (50 M) was carried
out in the presence of CoTAPc-OMC (0.2 g L™') at a constant
temperature of S0 °C and pH 10 with or without the addition of LAS
(2.5 mM) as the fifth ligand. The oxidation was initiated when H,O,
(10 mM) was added into the solution. Continuous cycle experiments
were performed 11 times. For every run, a known concentration of the
AR1 was added into the reaction system to maintain the initial
concentration of S0 uM, and an equal volume of H,0, (one third of
the initial H,O, concentration in the first cycle) was added per cycle
starting from the next cycle. The reaction solution had been adjusted
to the desired pH value by HClIO, and NaOH.

Equipment. X-ray photoelectron spectroscopy (XPS) was
employed to investigate the chemical bonding of carboxyl-containing
OMC and CoTAPc-OMC on a Thermo Scientific K-Alpha
spectrometer (monochromatic Al Ka, 1486.6 eV). In addition, the
chemical structures of CoTAPc, OMC, carboxyl-containing OMC, and
CoTAPc-OMC were analyzed with Fourier transform infrared (FTIR)
spectra (Thermo Nicolet 5700). The UV—vis absorption spectra were
obtained on a Hitachi U-3010 spectrophotometer. The Brunauer—
Emmett—Teller (BET) surface areas and pore volumes were
determined by N, adsorption on a Micromeritics ASAP 2020
sorptometer at 77 K. The transmission electron microscopy (TEM)
image was acquired on a JEOL JEM-2010 microscope. The
morphology of OMC, carboxyl-containing OMC, and CoTAPc-
OMC was observed by field-emission scanning electron microscopy
(FESEM; ZEISS ULTRA 5S). The thermal stability was investigated
with a Mettler Toledo TGA/DSC 1 using under a nitrogen
atmosphere at a flow rate of 50 mL min~’, with a heating rate of 20
°C min~". The cobalt content in CoTAPc-OMC was measured using
microwave-assisted digestion—flame atomic absorption spectrometry,
allowing calculation of the content of CoTAPc in CoTAPc-OMC as
29.6 umol g, and about 5—6 CoTAPc units were anchored within
every pore of OMC by approximate calculation. The electron
paramagnetic resonance (EPR) signals were detected on a Bruker
A300 spectrometer at room temperature with settings as follows:
center field, 3517.5 G; sweep width, 80 G; microwave frequency, 9.88
GHz; modulation frequency, 100 kHz; power, 20 mW. §,5-Dimethyl-
1-pyrroline N-oxide (DMPO) was used as the spin trapper for the
probable radicals.

B RESULTS AND DISCUSSION

XPS data show the chemical bonding in OMC, carboxyl-
containing OMC, and CoTAPc-OMC. The XPS spectra from a
wide scan (Figure la) showed that the oxygen content
increased significantly after being oxidized (compared with
OMC), indicating a large number of oxygen-containing groups
existed on carboxyl-containing OMC. The immobilization of
CoTAPc on OMC can also be preliminarily proposed by the
new peaks of cobalt and nitrogen in the XPS spectrum of
CoTAPc-OMC. In order to investigate the bonding modes, the
high-resolution spectra of O 1s, C 1s, N 1s, and Co 2p were
deconvoluted into single peaks. Figure 1b shows the C 1s
spectrum of carboxyl-containing OMC; the main peak at
284.48 eV is assigned to C—C 1s, and the other peaks are
assigned to —C—OH (286.28 eV), —C=0 (287.78 V), and
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Figure 1. (a) XPS spectra of OMC, carboxyl-containing OMC, and
CoTAPc-OMC (the spectral region was 250—1150 eV). (b) XPS C 1s
spectra of carboxyl-containing OMC.

—COO— (28898 eV), suggesting that carboxyl-containing
OMC was obtained by KPS oxidizing OMC.*® Here, the
presence of —COOK can be evidenced by the addition of HCI
into the solution with carboxyl-containing OMC, where
obvious flocculation was observed when the pH value was
below 3. Moreover, it can be seen from the O 1s peaks in
Figure S1 in the SI that untreated OMC contains a small
amount of oxygen, which is attributed to the low concentration
of defects,”” and the increased oxygen contents in carboxyl-
containing OMC observed at 530.94 and 533.28 eV are
assigned to C=O and C—O-H.”> When CoTAPc was
immobilized on OMC, the portion of the C—O—H peak
(533.25 eV) was much smaller than that of C=0 (531.18 eV),
indicating that part of C—O—H was consumed by the
amidation reaction. Further, the N 1s and Co 1s peaks give
coincident information about the more detailed bonding

environment of CoTAPc-OMC. In Figure S2 in the SI, we
can observe that the N 1s peaks occurring at 398.65 and 399.89
eV are attributed to aza bridging, pyrrole nitrogen atoms, and
the external amino substituent of CoTAPc.”* The peak at
400.82 eV (Figure S2c in the SI) may be explained by the
nitrogen atom of the amide group (—NH—CO-) being used
for bonding between the carboxyl and substituted amino
groups. Also, similar results can be seen in their XPS Co 2p
spectra (Figure S3 in the SI). In addition, the weak absorption
peak at 550—750 nm in the UV—vis spectra of CoTAPc-OMC
(Figure S4 in the SI) and the slight absorption peak at 1000—
1200 cm™" in the FTIR spectrum (Figure S$ in the SI) can also
confirm that CoTAPc was immobilized on OMC.

To understand the morphologies of the as-prepared OMC
and CoTAPc-OMC, their FESEM images are shown in Figure
S6 in the SI. No obvious difference in the surface morphology
can be observed. The pore structure of OMC, carboxyl-
containing OMC, and CoTAPc-OMC were investigated using
TEM and N, adsorption. TEM images of OMC, carboxyl-
containing OMC, and CoTAPc-OMC displayed a well-ordered
mesoporous arrangement with the uniform size, and OMC
showed an almost imperceptible collapse or destruction region
after being oxidized by KPS (Figure 2). Corresponding to the
results from Figure 3, they exhibited the typical type IV
isotherm with hysteresis loops and a capillary condensation step
in partial pressures of 0.45—0.8, indicating that the mesopore
size was all quite uniform. It also can be confirmed that OMC,
carboxyl-containing OMC, and CoTAPc-OMC have a narrow
pore-size distribution in the mesopore range with a size of
around 6 nm. According to the calculated results from N,
adsorption—desorption isotherms, the BET surface area of
OMC is 636 m* g~" with a pore volume of 0.499 cm® g~', which
decreased to 337 m” g_1 and 0.354 cm?® g_1 after being oxidized;
this might be explained by the fact that oxygen—containin%
groups on the walls lead to a decrease in the pore volume.”
Here, OMC was partially oxidized to form carboxyl-containing
OMC, which can also be confirmed by their FTIR spectra. The
weak peak of C=0 at around 1720 cm™" (Figure SS in the SI)
has indeed been found. The TEM image of CoTAPc-OMC
displayed no obvious difference from those of OMC and
carboxyl-containing OMC (Figure 2), the surface area and pore
volume are 407 m* ¢! and 0.357 cm® g~', and the anchor of
CoTAPc showed minor effects on the pore size, pore volume,
and surface area, indicating that the method for functional
modification of OMC was moderate enough that almost no

Figure 2. TEM images of (a) OMC, (b) carboxyl-containing OMC, and (c) CoTAPc-OMC.
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Figure 3. (a) N, adsorption—desorption isotherms at 77 K. (b)
Corresponding pore-size distribution curves, estimated from the
adsorption branch of N, isotherms by the Barrett—Joyner—Halenda
method.

obvious destruction region was introduced to the structure of
OMC. Moreover, results of the thermal stability test are shown
in Figure S7 in the SL It can be seen that OMC has excellent
thermal stability in the range 50—800 °C, and it significantly
reduced after being oxidized because of the increased carboxyl
group. The thermal stability of CoTAPc-OMC is between
those of CoTAPc and carboxyl-containing OMC, presenting a
similar curve with carboxyl-containing OMC; this might be
caused by the unreacted carboxyl groups and the covalently
bonded CoTAPc with higher stability.

The catalytic activity of the bioinspired system based on
CoTAPc-OMC has been conducted using AR1 as the model.
As shown in Figure 4, almost no catalytic activity has been
exhibited by LAS in the absence of CoTAPc-OMC, as well as
other systems with CoTAPc or OMC (Figure S8 in the SI), and

1.0+ Lo
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Figure 4. Concentration changes of AR1 (5 X 107> M) under different
conditions ([CoTAPc-OMC] 02 g L' (containing 5.9 uM
CoTAPc), [LAS] = 2.5 mM, [H,0,] = 0.01 M, pH 10, 50 °C).
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weak catalytic activity has been presented in the system
containing CoTAPc-OMC and H,0,. However, in the
presence of CoTAPc-OMC, LAS, and H,0,, AR1 could be
oxidized quickly, and the reaction follows first-order kinetics.
Comparative experiments showed that LAS could give a slight
enhancement for CoTAPc-OMC adsorbing AR1 without H,0,
(Figure S) and the adsorption of ARI reached equilibrium

1.04—
B |
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’ n
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J \
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Figure 5. Concentration changes of AR1 (5 X 107° M) by the addition
of H,0, after adsorption for 30 min ([CoTAPc-OMC] = 02 g L™,
[LAS] = 2.5 mM, [H,0,] = 0.01 M, pH 10, 50 °C).

within a short time. However, the concentration of ARI
declined rapidly once H,0O, was added to the system, indicating
that LAS not only acts as a surfactant to promote the
adsorption of AR1 into CoTAPc-OMC but induces a crucial
effect on the reaction channel to achieve high catalytic
efficiency for ARl oxidation by CoTAPc-OMC activating
H,0.,.

In our previous studies, the activity for activating H,0, was
enhanced by introducing CNTs as the support, but the high
activity for substrate oxidation had been achieved at a higher
H,0, concentration because the reaction of H,O, was so fast
that most of H,O, had been consumed by the generation of
H,O and 0,.*” We have been trying to find a viable way to
control the reaction channel of H,O, activation to avoid the
catalase-like process, for example, to control oxidation toward
the peroxidase-like process by means of an interface reaction,*
but the catalase-like activity had not been inhibited because of
the unchanged reactive pathway. Interestingly, nearly no O,
evolution has been observed and utilization of H,O, has been
greatly improved in this catalytic system containing LAS,
implying that the reaction channels might be changed by the
introduction of LAS. Moreover, the compared experiments
were carried out in the presence of ACF-supported CoTAPc
(CoTAPc-ACF), which was prepared according to our previous
report”® and had microporous structure. The results showed
that there was no obvious oxidation of the model compound
AR1 in the CoTAPc-ACF/H,0, system with or without LAS
(Figure S8 in the SI). However, in the CoTAPc-OMC/H,0,
system, the rapid oxidation of AR1 can be achieved in the
presence of LAS. Because OMC has a continuously expanded
3D structure and a relatively larger pore texture, which is
important for the conversion of larger molecular substrates and
reduces mass-transfer limitation. Therefore, OMC played an
important role in speeding up the reaction by promoting dye
diffusion into the active sites.

Additionally, the relatively large pore size of OMC allows the
AR1 molecules to approach the active sites and be oxidized;
thus, the Lineweaver—Burk plot of the peroxidase-like activity
of CoTAPc-OMC with LAS has been obtained and shown in
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Figure 6 to provide evidence for the peroxidase-like activity.
The inverse of the initial reaction rate and substrate

0.45-
z
£ 0.30-
1S
©
x
= 0.15-
30 15 0 15 30 45 60 75 90 105

1/[S] (1/mM)

Figure 6. Lineweaver—Burke plot for the peroxidase-like activity of
CoTAPc-OMC activating H,O, with AR1 as the substrate.

concentration increases linearly, indicating that the binding
probability between active sites and substrates is increasing as
the substrate concentration increases, and H,O, activation
catalyzed by CoTAPc-OMC with LAS exhibits the typical
characters corresponding to the enzymatic reaction, which
cannot be presented by the catalytic reaction based on *OH
species. Also, the kinetic constants are represented in Table 1
according to the Michaelis—Menten mode.

Table 1. Kinetic Constants of CoTAPc-OMC Activating
H,0,
K,, (mM)
0.041

kcat/Km (S_l mM_l)
0.804

ke (5_1)
0.033

Vinae (WM s71)
0.195

Generally, the supported MPcs lose partial activity because
the barriers consisted of reaction intermediates, which would
prevent the substrates from approaching the active sites after a
long reaction time, finally resulting in the loss of activity. For
some peroxide-activating catalysts of metal complexes, a
primary importance is to avoid autocatalytic decomposition of
these complexes, which inevitably occurs during catalytic
oxidation dominated by highly reactive and nonselective
*OH, especially in aqueous solution. Thus, the stability of the
catalysts is very important for complex catalysts. Here the
repetitive cyclic oxidation of AR1 has been sustained 11 times
in this catalytic system involving CoTAPc-OMC, LAS, and
H,O,. It can be seen from the results in Figure 7 that this
catalytic system exhibited high peroxidase-like activity for
activating H,O, to oxidize ARl in each successive cycle,
indicating that CoTAPc-OMC has a strong influence on the
activity and stability. It is noteworthy that high activity has been
achieved by this catalytic system even without supplementary
LAS during cyclic oxidation because LAS might be adsorbed
into CoTAPc-OMC and coordinated with the cobalt ions and a
balance was maintained until the end of the reaction.

On the basis of the results above, LAS is absolutely critical
for H,O, activation catalyzed by CoTAPc-OMC. To the best of
our knowledge, hydroxyl radical oxidation®”*° and nonradical
oxidation (e.g, high-valent iron—oxo species)*"** seem to
dominate the catalytic mechanisms of MPs/MPcs activating
H,0, and other peroxides. Compared to the poor selective
*OH species, the metal—oxo species have a high oxidative
capacity for substrates with significant chemoselectivity,
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Figure 7. Cyclic catalytic oxidation of AR1 (5 X 107> M). Each cycle
typically lasts 20 min ([CoTAPc-OMC] = 0.2 g L™/, [LAS] = 2.5 mM,
[H,0,] = 0.01 M, pH 10, 50 °C).

regioselectivity, stereoselectivity and/or enantioselectivity.>>
Thus, how to minimize the generation of *OH is the key to
a good catalytic system when the catalytic entity is a
coordination complex. As shown in Figure 8, no DMPO—"OH
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Figure 8. DMPO spin-trapping EPR spectra in aqueous (a) and
ethanol (b) solution containing AR1 (5 X 107> M; [CoTAPc-OMC] =
0.2 g L™, [LAS] = 2.5 mM, [H,0,] = 0.01 M, [DMPO] = 0.02 M).

and DMPO—°"OOH signals have been observed in aqueous or
ethanol solution with LAS, suggesting that this system performs
a nonradical process. However, in a typical Fenton system
(Fe’*/H,0,), an obvious DMPO—'OH signal has been
observed in aqueous solution (Figure S9 in the SI).
Considering the lower dosage (one tenth) of H,0, by
comparison with a CoTAPc—CNTs system,” together with
the EPR results, a different nonradical reaction channel has
indeed been performed by the introduction of LAS.

In the reactions of the two major classes of peroxide-
activating enzymes, peroxidases can activate H,O, to oxidize
substrates and catalases promote the decomposition of H,O,
into O, and H,0."° Moreover, the fifth ligand could have a
great contribution to the reaction channels in MP-based

dx.doi.org/10.1021/am500766a | ACS Appl. Mater. Interfaces 2014, 6, 5869—5876



ACS Applied Materials & Interfaces

Research Article

enzymatic reactions;>**° for instance, horseradish peroxidase
presents peroxidase-like activity by the presence of the
imidazole ligand of histidine residue, while catalase presents
catalase-like activity by the presence of the phenolate ligand of
tyrosine residue.”” It can be confirmed that the desired reactive
intermediates are accessible by using the proper fifth ligands,
meaning that cleavage of the O—O bond could be controlled by
coordination of the fifth ligands.

As poor ligands, the SO;™ group of aryl sulfonates always
gives a weaker coordination ability with many transition-metal
(such as Co**, Cu®*, Ni**, etc.) complexes than that of water
molecules in aqueous solution.>”~*° However, the O atom from
SO;™ will coordinate with the divalent metal ions when these
divalent metals lie on an inversion center and are coordinated
by N atoms.”’ ™ In CoTAPc-OMC, there are two positions
axial to the ligands: one site is coordinated with the O atom
from SO;~ of aryl sulfonates, and the other site can be reserved
for H,O,. It has been reported that the fifth ligands with
electron donor capability could provide a “push” effect and help
heterolytically cleave the O—O bond of H,O,, leading to
reactive intermediates.*> We can confirm that the addition of
LAS, which acts as the fifth ligands to H,O, activation, induces
heterolytic cleavage of the O—O bond and results in a different
nonradical reaction channel. The mechanism has also been
studied using the semiempirical quantum-chemical PM6
method by modeling the graphite as a coronene-like planar
sheet due to the graphite crystals of OMC (see the model in
Scheme S3 in the SI).* It can be seen from Table S1 in the SI
that the Co—O bond distance (1.678 A) is shorter than that of
Co—0 (SO;7) (1.937 A) in the presence of LAS, thereby
facilitating heterolysis of the O—O bond. Furthermore, without
LAS, the frontier orbitals with relatively lower energy such as
SOMO-2, SOMO-3, and SOMO—4 orbitals (SOMO = singly
occupied molecular orbital) in the system with CoTAPc-OMC
and H,0, are clearly localized on the C atoms of the graphite
planar sheet (S = °/,; Figure 9a). Thus, the unpaired electrons
on the C atoms of OMC could attach H,O, and lead to
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Figure 9. Presentation of frontier orbitals for the energy-minimized
PM6 models of the formed cobalt—oxo intermediates in CoTAPc-
OMC without (a) or with (b) LAS.
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ineficient oxidation of the substrate (Figure 4) due to H,O,
decomposition into O, and H,O, corresponding to the
inference in the previous study.”® As a comparison, SOMO—
1 and SOMO-2 with a lower energy in the system with
CoTAPc-OMC, LAS, and H,0, are located principally nearby
the Co ions (S = 3/,; Figure 9b), suggesting that the matched
frontier orbitals on cobalt—oxo could participate in the
substrate oxidation.

Further, the nonhydroxyl radical oxidations catalyzed by MPs
and cytochrome P450 have been extensively studied, and their
active oxidizing species, high-valent transition metal—oxo
intermediates were identified and characterized.'"*’~* The
high oxidation states of the central transition-metal ions are
more inclined to be stabilized in MPs, while the phthalocyanine
ligand tends to stabilize the lower oxidation states of metal
compared to that of porphyrin, implying that the high oxidation
states of MPcs should have stronger oxidizing ability than those
of MPs.*® Sorokin and co-workers have focused on the
generation and characterization of high-valent iron—oxo
phthalocyanines, which were generally accepted to be the key
reactive intermediates in some oxidations catalyzed by iron
phthalocyanine with H,O, or other peroxides.""*"*"** There-
fore, we believe that high-valent cobalt—oxo species have been
formed during H,O, activation catalyzed by CoTAPc-OMC in
the presence of LAS, together with the spatial structure
constructed by OMC for accessibility of the substrates, and the
high peroxidase-like activity has been achieved.

B CONCLUSIONS

We have developed a bioinspired catalytic system based on
CoTAPc-OMC activating H,O,, in which CoTAPc acts as the
catalytic entity and OMC with a relatively large pore texture
gives a feasible environment for the accessibility of relatively
larger substrates to the active sites. A high peroxidase-like
activity has been achieved and the reaction channel of H,O,
activation has been controlled by the introduction of LAS,
which acts as the fifth ligand and helps cleave the O—O bond of
H,0, heterolytically, inhibiting the production of *OH. We
inferred that the high-valent cobalt—oxo intermediates are the
possible active species in this peroxidase-like system. This
inference has been also corroborated by the results of PM6
calculations. Moreover, this catalytic system is stable for reuse
and resistant to autodecomposition of the catalytic entity. This
study attempts to construct an enzyme—mimic system by
applying OMC as a backbone to support the catalytic entity,
and the introduction of the fifth ligands mimics the functions of
cofactors in a natural enzyme, providing a source of inspiration
to design catalysts of artificial enzymes for practical
applications. Furthermore, this study can offer a facile but
highly effective approach to improving the overall catalytic
performance of traditional catalysts and realizing catalytic
reactions that were not possible in the past.
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