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ABSTRACT

Direct hydroxylation via the functionalization of tertiary benzylic C(sp®)-H bond is of great
significance for obtaining tertiary alcohols which find wide applications in pharmaceuticals as
well as in fine chemical industries. However, current synthetic procedures use toxic reagents
and therefore, the development of a sustainable strategy for the synthesis of tertiary benzyl
alcohols is highly desirable. To solve this problem, herein, we report a metal-free
heterogeneous photocatalyst to synthesize the hydroxylated products using oxygen as the key
reagent. Various benzylic substrates were employed into our mild reaction conditions to afford
the desirable products in good to excellent yields. More importantly, gram-scale reaction was
achieved via harvesting direct solar energy and exhibited high quantity of the product. The high
stability of the catalyst was proved via recycling the catalyst and spectroscopic analyses.
Finally, a possible mechanism was proposed based on the EPR and other experimental
evidence.

INTRODUCTION

Oxygenation reactions are fundamentally important not only in nature but also in academia as
well as in industrial research. A large number of oxygen-containing drugs and natural products
have been used as antibiotics, anticoagulants, nutrients, cosmetics, etc., and play vital roles in
our daily life.’® Among the oxygenated products, tertiary alcohols are valuable compounds
which can be used as intermediates for various coupling reactions as well as pharmaceutical
drugs (Scheme 1a).%6 Therefore, introducing a hydroxy group directly via the functionalization
of C—H bond is one of the attractive research topics. Additionally, it is worth to mention that the
tertiary benzyl alcohols are always expensive compared to the corresponding staring materials.
For example, the price of 4-bromocumene is 8.6 €/g, but the price of the corresponding
hydroxylated product is ca 105.0 €/g (TCI Europe). This price comparison directly suggests the
strong importance for the hydroxylation reactions via the functionalization of tertiary C—H bond.

To date, tremendous efforts for the C(sp?)—-H hydroxylation reaction have been made to achieve
hydroxylated products using transition-metal catalysis, enzyme catalysis, electrocatalysis etc.”
9 In 2004, Lykakis and co-workers have reported photo-oxidation of the para-substituted
cumene in the presence of Oz and EtsSiH with W-based catalyst.'® With the addition of EtzSiH,
the cumyl peroxyl radical was trapped, thus, the possibilities for the decomposition to the
corresponding aryl ketone or the associated rearrangement to the corresponding cumyl radical
was suppressed. In 2017, the Chen group described a photocatalytic strategy for benzylic C-H
hydroxylation reaction using hypervalent iodine as an oxidant and a HAT reagent to facilitate
the generation of tertiary or benzylic radicals. Radicals were further oxidized by the
photocatalyst to form the radical cations, followed by the trapping of nucleophiles, provided the
desired products.!” Later, the Ritter group reported an alternative for the construction of
benzylic mesylates, which can easily be converted to benzylic alcohols.'® Notably, it showed a
good site selectivity at the benzylic C(sp®-H bond in the presence of other C(sp?)—H bonds,
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which was attributed to the generation of benzyl radical via a proton coupled electron transfer
(PCET) pathway. A new general trifluoromethylated dioxirane-mediated C(sp3)—-H oxidation
reaction through a continuous flow process has been reported recently. This method employed
inexpensive reagents and was applied to various substrates bearing a large range of
functionalities (Scheme 1b)."°
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Scheme 1. Overview of the hydroxylation of benzylic C(sp®)-H bond. a. Pharmaceutical drugs with benzylic tertiary
alcohol motifs; b. Previous reports of benzylic C(sp®)-H hydroxylation; c. This work.

To the best of our knowledge, the tertiary benzylic C(sp3®)—H hydroxylation utilizing metal-free
photocatalyst has never been reported. In general metal-free systems are highly attractive since
it avoids high-cost and toxic reagents, and significantly lowers the carbon-footprint of the whole
process.20-23 Additionally, it's a challenging direction in organic synthesis and an interesting
avenue for the pharmaceutical sector.?* More importantly, due to the industrial indispensability,
heterogeneous catalysts serve as a topic of great interest in both the experimental and
theoretical studies.?526 It should be noted that from the sustainability perspective, nitrogen-
substituted carbon and polymeric carbon nitrides (PCN) are potential green photocatalysts, due
to their design based on abundant elements.?”-28 Since the pioneering work of Antonietti et al.
on CsN4 catalysts in 2009, metal-free semiconductors have been emerged as powerful
photocatalysts for water splitting and expanded towards more complex chemical reactions.??-3!
Despite a safe and relatively easy synthesis, the elucidation of structure-property relationship



in PCN remains still challenging when it comes to understand the catalytic mechanisms on the
atomic level. For instance, nitrogen-deficiency has been considered to play a decisive role in
the photocatalytic performance.3? Given the difference in one electron between carbon and
nitrogen, structure determination via diffraction is limited. Nevertheless, solid state nuclear
magnetic resonance (NMR) spectroscopy is a powerful tool, but usually require expensive °N
labelling. We recently demonstrated that '*N solid state NMR spectroscopy is a powerful even
at natural >N abundance to determine the nitrogen positions in N-doped carbon materials.2433
Based on this research work, a metal-free polymeric photocatalyst in the form of
semiconducting carbon nitride (PCN)/N-Hydroxy tetrachlorophthalimide (CIsNHPI) catalytic
system has been presented which afforded highly-valuable hydroxylated products. In this case,
the PCN activated the molecular oxygen, which played a key role as the oxygen source and
reacted with ClsNHPI to afford CI4sPINO radical as a hydrogen atom transfer (HAT) reagent
(Scheme 1c). The stability of the catalyst was proved by recycling the photocatalyst at least
five times and by detailed spectroscopic analyses.

EXPERIMENTAL SECTION
Standard Reaction Procedures.

Hydroxylation reactions were carried out under water-free conditions and oxygen atmosphere
(balloon). For this purpose, the reaction flask and stirring bar were dried in an oven over four
hours to remove the moisture. Afterwards, to the dried two necked flask (with stirring bar), a
mixture of 0.3 mmol (1.0 equiv.) substrates, 10 mg of polymer carbon nitride (PCN), and
27 mg of Cl4NHPI (0.3 equiv.) was added subsequently. Then the flask was evacuated and
flushed with nitrogen (2 x) and oxygen (1 x) via Schlenk techniques. Dry acetonitrile (1.0 mL)
as a solvent was transferred with a nitrogen-flushed (3 x) syringe through a rubber septum into
the reaction flask. The reaction mixture was stirred at room temperature under the irradiation
of blue LED (16 W) for 16-48 h. The reactions were monitored by TLC and GC-MS. The
reactions were quenched with 10 mL of distilled water and 10 mL of ethyl acetate. The
combined organic layers were extracted with ethyl acetate and concentrated in vacuo, then
purified via flash column chromatography. GC-MS, 'H NMR, and '3C{'H} NMR were employed
to characterize the products.

General Procedure for the Hydroxylation using Sunlight

A 50-mL two-necked flask containing a stirring bar was charged with 1.0 g of substrate, 80 mg
of PCN and 30 mol% of ClsNHPI. After evacuating the flask three times and purging it two times
with nitrogen, oxygen atmosphere was incorporated through an Oz balloon. Finally, dry
acetonitrile (10.0 mL) was added. The resulting mixture was stirred under sunlight and the
progress was monitored via GC-MS. Then, the resulting mixture was subjected to an aqueous
workup (using distilled water; or brine in case of slurry phase separation) and was extracted
three times with ethyl acetate. The combined organic layers were dried over anhydrous
Na:=SO4, filtered and concentrated in vacuo. Products were purified via silica gel
chromatography with ethyl acetate and n-hexane as solvents. GC-MS, 'H NMR, and "3C{'H}
NMR were employed to characterize the products.

General Procedure for the spectroscopic measurement of the catalyst.

The morphology of the catalyst materials was investigated by scanning electron microscopy
(SEM). The catalyst powder was deposited on carbon tape, the SEM was operated at 15 kV
and secondary electrons were used for imaging. In order to evaluate the crystallinity of the
sample and its morphology in more detail, transmission electron microscopy (TEM) was
performed. The catalyst powder was crushed in ethanol and deposited on a TEM grid. The
catalyst materials were characterized by bright field TEM (BF-TEM) and high angle annular
dark field scanning transmission electron microscopy (HAADF-STEM) using a Tecnai Osiris
microscope (Thermo Fischer Scientific) operated at 200 kV. To determine the elemental
composition, energy dispersive X-ray spectroscopy (EDX) measurements were carried out



using a ChemiSTEM system (Super X detector) and analyzed using the Bruker ESPRIT
software.

Electron paramagnetic resonance (EPR) studies

Room temperature continuous wave (cw) X-band EPR measurements were carried out on a
Bruker Elexsys E680 spectrometer mounted with an optically accessible ER41040R resonator
working at ~ 9.44 GHz. The spectra were collected 1 mW microwave power, 0.05 mT
modulation amplitude and 100 kHz modulation frequency. A diode 447 nm laser operating at ~
100 mW was used for illumination experiments. The EPR spectra were simulated with
Matlab2018b using the EasySpin-6.0 module.

RESULTS AND DISCUSSION

At the outset, we have synthesized a polymeric carbon nitride (PCN) according to a literature
report.32 The optical bandgap of the PCN (2.39 eV) was determined by tauc plot (Figure S3),
the conduction band (CB) was measured by Mott-Schottky experiments and the ECB was
estimated to be ca. -0.91 V vs. RHE. Brunauer-Emmett—Teller specific surface area (SBET)
was determined from the low-temperature nitrogen adsorption/desorption isotherms and found
to be 37 m2-g! for the catalyst (Figure S4, S5). It was further applied for the investigations of
hydroxylation reaction of benzylic C(sp®-H bonds. We started to optimize the reaction
conditions using cumene (1a) as the model substrate. The results of the screening and
optimizations are shown in Table 1. A limited yield of the product was found using the
heterogeneous catalyst without any HAT reagents (Entry 1). Afterwards, a HAT reagent
(ClsNHPI) was added into reaction conditions, to our delight, the yield was improved to 65%. In
this case, ClaNHPI was proposed to give an oxyl radical which abstracted a hydrogen atom
from the substrate. Thereby, a benzylic radical was generated via HAT pathway. However,
adding higher amount of the catalyst could not further improve the yield (Entries 2-4).
Moreover, different solvents were investigated but could not further improve the yield of the
reaction (Entries 5-7). Notably, only the HAT reagent itself without the presence of the catalyst
also provided the product but in limited yield (Entry 8). It is supposed that the initiation of
ClsPINO (PINO = phthalimide N-oxyl) radical is the key step,3* without co-catalyst for ClaNHPI
activation, ClsPINO radicals was only generated slowly under the irradiation of blue-LED.
Cooperation with the catalyst, accelerated this step and generated enough CIl4PINO radical in
the reaction. The further control experiments clearly proved the indispensable role of the light
and oxygen in this reaction (Entries 9—10).

Table 1. Optimization studies for the synthesis of 2-phenyl-2-propanol (1b).[a-t!

(o)
» (balloon) OH
UCNF
HAT, solvent

Blue LED, r.t., 16h

1a 1b

Enty UCNF  CLNHPI  Solvents T (h) Light ‘I\;E;‘:: Yield (%)®
1 10 mg 0 eq. MeCN 16 on Oz 23
2 10 mg 0.3 eq. MeCN 16 on (07} 65
3 12 mg 0.3 eq. MeCN 16 on Oz 65
4 15 mg 0.3 eq. MeCN 16 on Oz 63
5 10 mg 0.3 eq. THF 16 on Oz 15
6 10 mg 0.3 eq. DMSO 16 on Oz 9



7 10mg  0.3eq. DMF 16 on Oz 24

8 0 mg 0.3 eq. MeCN 16 on 02 16
9 10 mg 0.3 eq. MeCN 16 off 02 0
10 10 mg 0.3 eq. MeCN 16 on N2 1

[a] General reaction conditions: oxygen, 12 W blue LED, 0.3 mmol 1a (1.0 eq.), 0.3 eq. of Cl4NHPI, 10 mg of
photocatalyst, 1 mL solvent, room temperature, 16 h. [b] Yields were determined by GC using dodecane as an internal
standard.
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Scheme 2. Substrate scope of photocatalytic hydroxylation. [a] Reaction conditions: O, (balloon), 12 W blue LED,
0.3 mmol substrate, 10 mg catalyst, 0.3 eq. CINHPI, 1 mL ACN, 16h—48 h. [b] The yield was determined by GC with
dodecane as an internal standard.

With the best reaction conditions in the hand, various substrates were employed to afford the
corresponding hydroxylated products. As shown in Scheme 2, the scope was firstly extended
to substituted isopropyl benzenes such as 4-iodoisopropylbenzene, 4-bromoisopropylbenzene
and 4-isopropylbiphenyl (2b—8b). To our delight, all of them exhibited good reactivity under the
standard conditions in good to excellent yields. Furthermore, we also applied these mild
reaction conditions to triphenylmethane which also formed the corresponding hydroxylated



product with medium isolated yield probably due to the steric hindrance of the triphenyl structure
(9b). It should be noted that those hydroxylated products, such as 5b (770 $/g, CAS No. 54549-
72-3, Ambeed), are highly expensive chemicals. The scope was further extended to other
substrates having benzylic C(sp®)-H bonds including phenylcyclohexane and 4'-
cyclohexylacetophenone (10b—12b) under these reaction conditions. Adamantane (13b) was
also employed in our reaction conditions, which showed limited reactivity under our system. To
extend the substrate scope, more isopropyl benzenes (14b—16b) were applied to the chosen
conditions to afford desirable hydroxylated products in good yields. Afterwards, we aimed to
replace the blue LEDs by harvesting direct sunlight and even for the gram scale reaction. To
our delight, 2-isopropyl naphthalene (6b) was highly compatible with an excellent isolated yield
of the desired product. Considering the high value of tertiary alcohols in chemical industries,
this metal-free semi-heterogeneous catalytic system will certainly provide a direct methodology
to construct tertiary alcohols.

O, balloon
UCNF OH
CI4,NHPI, ACN
Blue LED, rt., 16h
6a 6b

100
80
60
40
20
0
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Scheme 3. Reusability of PCN for hydroxylation of 2-isopropylnaphthalene.

To ensure the stability of the catalyst, experiments with a recycled catalyst were performed at
least 5 times under the same reaction conditions and to our delight, this catalyst was recycled
with stable reactivity (Scheme 3). The detailed procedure of recycling the catalyst is given in
the experimental section (See the Sl, section 4). To further investigate the stability of the
catalyst, freshly prepared and recycled catalysts were investigated by the electron microscopy.
The morphology was investigated by SEM and STEM imaging (Figure 1, a-b, d-e). Similar
structures were observed in the fresh and recycled catalysts. Moreover, HRTEM images and
the corresponding Fast Fourier Transform demonstrated the amorphous nature of both the
catalysts (Figure 1, 2). In addition, the elemental composition was investigated by EDX
measurements. For the freshly prepared catalyst, the Cliff-Lorimer quantification of the EDX
spectra showed the presence of on average C (55.1 £ 1.9) wi%, N (43.8 £ 1.5) wi% and O (1.2
* 0.1) wt% based on 6 measurements. For the recycled catalyst, the presence of on average
C (55.5 £1.9) wt%, N(43.6 £ 1.5) wt% and O (1.0 £ 0.1) wit% was also observed. This showed
that the elemental composition has not changed during catalysis and after recycling the catalyst
material.



Figure 1. SEM (a,d), HAADF-STEM (b,e) and HRTEM (c, f) images of the freshly prepared (a-c) and recycled (d-f)
catalyst. The inset in figures ¢ and f is the calculated Fast Fourier Transform of the region, showing the amorphous
nature of the catalyst materials.

Figure 2. EDX spectra of the (a) fresh and (b) recycled catalyst show the presence of C, N and O. Cu is present from
the supporting grid and holder.

To shed light on the details of the catalyst, the solid-state NMR spectra of the PCN was
presented together with the model structure of melem monomer unit (Figure 3). Proton
spectrum (panel a) revealed two main signals: that from NH linkers at 9.0 ppm and that from
NH2 terminal groups at 4.1 ppm. The high intensity of the signal from NH linkers compared to
that of NHz terminal groups (roughly ~6:1) indicated a highly condensed/polymerized network.
The two observed '3C resonances (panel b) originated from the “edge” (Ce; 165 ppm shift) and
the “internal” (Ci; 156 ppm) carbon sites, as marked on the structural model in panel d. The
signal of Ce was expected to have higher intensity than that from Ci as a consequence of closer
distances to protons of the NH and NH2 groups, which in turn allowed for more efficient cross-
polarization in the CPMAS experiment. No other carbon signals from aromatic or non-aromatic



species were observed in the 'H-'3C CPMAS spectrum. In the 'H-"N CPMAS spectrum all
nitrogen resonances expected for the PCN structure composed of melem monomer units were
discernible. Signals at -188 and -220 ppm were correspond to the nitrogen atoms situated at
the edge (Ne) and inside (Ni) of the monomer units, respectively. The Ne/Nisignal intensity ratio
was higher than the expected 6:1, because Ni sites experienced further distances to the closest
protons, which made cross-polarization less efficient for this nitrogen site. The intensities of
both these signals increased when the contact time in CPMAS experiment was increased from
2 to 4 ms, which corroborated signal assignments. Resonances at -243 and -264 ppm
originated from the linkers (NH) and terminal NHz groups, respectively. Note that the intensity
of the signal of the NH2 groups was overrepresented in the 'H-">SN CPMAS spectrum since
there were two available protons to cross-polarize from compared to the NH moiety. These
signal assignments were in pair with previous NMR study on '3C/'5N-isotope enriched PCN,35
and with theoretical predictions of 3C/"®N NMR shifts in PCN by DFT.36 It should be noted that
the 'H-3C (b), and 'H-N CPMAS (c) spectra of PCN resemble recently reported patterns of
polymeric carbon nitrides with aryl amino groups despite a significantly smaller surface area.?*
This result indicates that the structure of CaN4-derived polymeric units is relatively independent
of the corresponding surface area, i.e. the role of nitrogen defects may have been
overestimated in previous reports with respect to photocatalytic activity.
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Figure 3: '"H MAS NMR (a), 'H- '3C (b), and 'H- "®N CPMAS (c) spectra of PCN collected at 14.1 T. The 'H- '>N CPMAS
spectrum shown for two contact intervals: 2 and 4 ms; spinning sideband marked with an asterisk. Structural fragment
(d) displays the NMR signals assignments.

After achieving the characterization information, the '®80-labeling experiment was performed
with 1802 (Sigma Aldrich, 80 atom 99.7%), and was analyzed with ESI-HRMS and NMR which
showed the '80-labeled product with an isolated yield of 51%. The result showed that the origin
of the oxygen atom in the desired product was only from oxygen gas since no '®O-labeled
product was found. To investigate the reaction mechanism further, EPR measurements were
performed with illumination from a laser source. The room temperature X-band EPR spectrum
of PCN in ACN in air before illumination showed a broad singlet (R1) which grew upon
illumination and was assigned as the radical signal of the photocatalyst (Table 2, Figure 4 left).
lllumination in the presence of Cl4NHPI gave a second signal (R2), a triplet, which grew over
the course of 210 s and was assigned to the ClsPINO radical. When cumene was also added,
a strong R2 signal appeared immediately upon illumination which decayed over 210 s. In order
to detect shorter living radical species, DMPO was introduced as a spin-trap. lllumination of
PCN in ACN in air with DMPO gave a clear multiline signal (R3) with EPR parameters (Table
2, Figure 4 right) consistent with those of the protonated spin-trapped adduct of Oz~ (DMPO-
OOH). lllumination in the presence of CIsNHPI gave an additional intense signal (R4), which



appeared to be a nitroxide radical, but did not resemble any known DMPO spin-trapped adduct.
Since the R2 signal was not detected, we suspect that R4 is a byproduct of an unknown
interaction between the Cl4PINO radical and DMPO. Over 210 s of illumination, both R3 and
R4 decayed. When cumene was also added a weak multiline spectrum was already observed
before the illumination. Upon illumination strong signals for R3, R4 alone with a third species
(R5) could observed. However, like the case without cumene, the signals for R3 and R4
decayed over the course of 210 s, leaving only R5 which has EPR parameters very similar to
R3 suggesting that was also a DMPO-OOR adduct (Table 2).
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Figure 4. cw X-band (~9.44 GHz) EPR spectra of PCN catalyst (~ 1 mg) in ACN in air with (right) or without (left) DMPO
(10 vol%), with and without CI;NHPI (60 uM), cumene (200 mM) or illumination (447 nm, ~200 mW) recorded at room
temperature using 1 mW microwave power, 0.05 mT modulation amplitude and 100 kHz modulation frequency. The
simulation of each spectra is shown in red and the different components used fro the simulation is shown in blue. The
dash lines help guide the eye to the difference in line-spltting between R3 and R5.



Table 2: EPR simulation parameters of the radicals observed in this work in comparison to
reported parameters. Hyperfine coupling A are given in mT.

Radical solvent Aniso) Akiso) Jiso Ref.
R1 MeCN 2.0039 This work
R2 MeCN 0.52 - 2.0078 This work
1.02 (Hp),
R3 MeCN 1.29 2.0063 This work
0.13 (H,)
0.65 (Hg), .
R4 MeCN 1.19 0.21 (H,) 2.0064 This work
1.06 (Hpg),
R5 MeCN 1.35 2.0062 This work
0.13 (H,)
p-TFAB-C3Ns4 EtOH - - 2.0038 Ref. 24
g-C3Nas - - 2.0034 Ref. 37
MeCN,
ClsNOPI radical 1 M py, 50 0.441 - 2.0074 Ref. 38
mM
NBusPFs
1.061 (Hg), Ref. 39
DMPO-"OOH MeCN 1.326 2.0061
0.140 (H,)
DMPO- Ref. 40
OOG(CHa)2Ph Toluene 1.392 1.12 -
Water Ref. 41
1 450 1.075 (Hp),
pH 3 0.175 (H,)
DMPO- 0.888 (Hp), Ref. 40
1. -
OG(CHs)zPh Toluene 308 0.168(H,)

Based on the EPR results and our previous investigations of photocatalytic reactions*>4+ as
well as literature reports of the heterogeneous photocatalysis and HAT process,*>#¢ we
suggested the following mechanism (Scheme 4). In the first step, the catalyst is activated under
the irradiation of blue LED (or laser) and positive holes (h*) and electrons (e) are generated
on the surface of the catalyst. As demonstrated by the detection of the DMPO-OOH adduct, Oz
is reduced through SET by the conduction band of the catalyst forming the superoxide radical
anion (O2).4” The ClsPINO radical (directly detected by EPR) is subsequently generated
through HAT process with Oz, while Oz~ is reduced to HOO". Afterwards, HOO~ undergoes
oxidation by the VB of the photocatalyst and another hydrogen atom from a second HAT to
form hydrogen peroxide. Meanwhile, another Cl4PINO radical is activated through this process.
The buildup of the Cl4PINO radical signal (R2) over the illumination time in the absence of the
substrate are consisted with these proposed pathways. In the second step, the substrate was



activated by the Cl4PINO radical through another HAT process and to form the substrate radical
(1c) at the benzylic site. The decrease of the CI4PINO radical signal (R2) over the illumination
time in the presence of the substrate are consistent with this step. Subsequently, the substrate
radical reacted with oxygen and formed the intermediate 1d. The detection of a second possible
DMPO-OOR adduct (R5) which predominates at the end of the illumination period fits with this
proposal. Indeed, the EPR parameters for R5 are similar to those reported for DMPO trapped
1d in different solvents (Table 2). Finally, a H atom is abstracted from ClsaNHPI via HAT to form
1e, and product 1b is generated by eliminating O-.
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Scheme 4. Suggested mechanism of photocatalytic hydroxylation.

CONCLUSION

In summary, a semi-heterogeneous metal-free catalytic system based on PCN/CIsNHPI has
been developed for the selective hydroxylations at the tertiary benzylic C-H bonds using oxygen
as the oxidant as well as the oxygen source. Versatile benzylic substrates were employed under
these mild reaction conditions to afford desirable tertiary alcohols in moderate to excellent
isolated yields. More importantly, the g-scale reaction was achieved by using cleaner and
greener energy source, sunlight in this reaction. The stability of the catalyst was proved via
recycling the catalyst at least five-times and detailed spectroscopic analyses. The EPR
measurement was also carried out to provide the possible mechanism. Structure determination
based on solid state NMR spectroscopy, including '"H MAS NMR, 'H- 13C, and 'H- >N CPMAS
(c) spectra of PCN, allowed to derive an understanding of the photocatalytic activity at the
atomic level. In particular, both the linkers (NH) and terminal NH2 that built about the extended
CsNa network was confirmed at natural abundance without the application of expensive >N
labelling. The NMR results indicated that the structure of PCN was not characterized by a
significantly high number of defects originating from nitrogen-deficiency in the structure. This
indicated that the role of the defect concentration for CsNs-based materials could have been
previously overestimated when elucidating the reaction mechanism in photocatalytic reactions.
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