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Described here is the feasible modification of graphitic
carbon nitride polymer by Prato’s reaction with in situ
formed azomethine ylides. Those novel carbon nitrides with
designable organic functional groups, and tailorable surface
and structure properties illustrated excellent performance in
the selective oxidation of 3, 5, 5-trimethylcyclohex-3-en-1-one
with atmospheric oxygen.

Graphitic carbon nitrides (g-C3N,) are attracting global interest,
mainly due to their unique physical and chemical properties with
excellent performance in various fields, such as metal-free
oxidation, photocatalytic water splitting, fuel cell and
photoelectric conversion. * In comparison to two-dimensional
graphene with sp*-hybridized carbon atoms arranged in six-
membered rings, g-CsN, possesses a stacked layer architecture
yet with high N-substitution (~60 wt%), and most recent works
energetically favor its defect-rich, N-bridged “poly(tri-s-triazine)”
network. 2 The “nitrogen pots” with six nitrogen lone-pair
electrons on the surface could act as strong Lewis base sites for
coordinating to metal species or strengthening the interaction
with organic substrate. " ¢ Being different with the metal-like
conductor of graphene, electrochemical studies of g-CsN,
revealed its organic semiconductor property with medium band
gap of ~ 2.69 eV, corresponding to a blue light absorption up to
450 nm. ¢ All above-mentioned features argue the direct use of
g-C3N, in sustainable chemistry as heterogeneous catalyst. °
Indeed, Antonietti and co-workers recently illustrated the visible-
light promoted oxidation of alcohols, amines and sulfides by g-
C3N4, however, there is still large room for improvement,
respecting to the catalytic activity.

In the past five years, g-C3N, derivates with various
heteroatom dopants (e.g., B, F, S, P, O, I), have been prepared by
co-thermal condensation of suitable additives with the precursor
of g-CsN,. ° In comparison, post-functionalization of g-CsN, has
the extra advantage of introducing much more functional groups
or dopants into g-C3;N, after the lattice is formed at elevated
temperatures. However, the high chemical stability and bad
solubility in common solvents of g-CsN, constitute a vast barrier
to post-modify g-C3N, material. In this contribution, we present
the chemical functionalization of mesoporous g-CsN4 (mpg-CsNy)
with organic groups, via 1, 3-dipolar cycloaddition of azomethine
ylides (Prato’s reaction), in situ generated by thermal

condensation of the a-amino acid N-methylglycine and an
aldehyde containing R group (Scheme 1). Though the reactivity

so Of mpg-C3N, (-C=N-) differs from that of pure carbon material (-
C=C-, e.g., fullerenes, carbon nanotubes, graphenes and
mesoporous carbon), © the 1, 3-dipolar cycloaddition can undergo
efficiently and yield highly functionalized carbon nitrides with
diverse organic groups, including aryl, aryl acid, pyridine, ionic

ss liquids and ferrocene. The essence of our strategy was adjusting
the electronic structure of g-CsN,, at the same time introducing
organic functional group with specific task.
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Scheme 1. The 1, 3-dipolar cycloaddition reaction for carbon nitride
modification, and the industrial route for Vitamin E production via
60 Selective oxidation of B-isophorone to keto-isophorone.

The mpg-C3N, material used in this investigation was prepared
by thermal condensation of cyanamide in the presence of a silica
template, 12 nm SiO, nanoparticles. ' The template was
subsequently removed by 4 M NH4HF, aqueous solution to

es Obtain mpg-CsN, frameworks. The surface modifications of mpg-
C3N,4 were carried out with a-amino acid N-methylglycine (3
mmol), an aldehyde (2 mmol) and mpg-C3N, (300 mg) in toluene
at 120 °C for 21 h. After filtration and thoroughly washing,
functionalized products from yellow to dark brown were obtained,

70 labelled by C3N4-R1 etc., where the “R1” corresponded to the
group in the aldehyde.

The Fourier transform infrared (FT-IR) spectra of modified
mpg-CsN, materials show typical C-N heterocycle stretches in
the ~ 1200-1600 cm™ region together with the breathing mode of
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the triazine units at ~ 810 cm™, which are related to the poly(tri-s-
triazine) network (Figure S1). These results indicate that the
surface modifications do not alter the bulk structure or the basic
skeleton of mpg-CsN, in large degree and we infer that the
organic group density is relatively low.
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Figure 1. a) TGA plots of carbon nitride polymers in N, atmosphere; b)
N, sorption isotherms of carbon nitrides at 77 K; ¢) SEM image of mpg-
C3N, sample; d) SEM image of CsNs,-R1 sample; e) UV-Vis diffuse
reflectance spectra of carbon nitride polymers; f) Tauc plots of respective
samples.

The presence of different organic groups on the mpg-CsN,
material was further investigated by thermo gravimetric analysis
(TGA) under N, atmosphere. There is acceptable weight loss
during thermal treatment of mpg-C3N, to 550 °C, mostly induced
by the loss of chemically/physically adsorbed species, and the
decomposition of terminal amino groups and bridging nitrogen
atoms. With mpg-CsN, as a reference sample, TGA plots of
modified products show pronounced weight loss of 2.9%-7.4%
during 100-550 °C, and we attribute it to the decomposition of
organic groups attached on the carbon nitride surface by covalent
bonds (Figure 1a). The grafting densities of those products are
roughly estimated to ~ 3 - 9 functional groups in per 100 tri-s-
triazine units (0.16-0.47 mmol/g), which could be comparable
with those of modified mesoporous carbon material (Table S1). &

Carbon and nitrogen stoichiometry of the samples were then
determined by elemental analysis (Table S1). The as-made mpg-
C3N, sample holds a C/N molar ratio of 0.74 (A slightly defective
carbon nitride polymer), very close to the theoretical value of
0.75 for C3N,. Comparing with mpg-CsN,, these modified ones
afford higher C/N molar ratios (0.76-0.81), another proof for the

successful introduction of organic groups, as those linked organic
groups have much higher C/N molar ratios (4-13).

It was also found that the chemical functionalization process

changed not only the chemical composition of mpg-CsN,

3 polymers, but also the pore structure and its sorption
characteristics. N, sorption isotherms of all modified mpg-CsN,
samples show typical type IV curves with distinct hysteresis
loops, similar to the pristine mpg-CsN, sample, suggesting the
existence of abundant mesopores (Figure 1b). Further analysis of

40 sorption isotherm by BJH method suggests that the covalent
attachment of functional group into carbon nitrides do not alter
the pore size distribution in large degree (Figure S2). However,
the introduction of organic groups leads to a decrease in BET
surface area. It is reasonable as those organic groups are

a5 essentially nonporous (Table S1), and would block some pores in
mpg-C3N,.

High resolution SEM image shows the typical slate-like
texture of mpg-C3sN,4, where the chapped surface is smooth with
few small aggregations (Figure 1c). In sharp contrast, the picture

so Of the post-treated C3N4-R1 shows the rough surface covered by
coral-like wrinkle (Figure 1d). Due to the development of organic
group branch on mpg-C3N, texture, the characteristic sheet-like
surface might be broken up. In principle, the “surface villus”
structure would benefit the interaction between reactant

ss molecules and catalytic active sites, somewhat like the promotion
effect of intestinal villi on food digestion. In addition, the surface
chemistry of C3N4-R6 sample with ferrocene group was
characterized by elemental mapping technology, which clearly
visualized the homogeneous incorporation of Fe into the mpg-

s C3Ny4 (Figure S3).

As shown in the UV-Vis diffuse reflectance spectra, the
absorbance of the carbon nitride materials with linked organic
groups is significantly red shifted, in comparison with typical
mpg-C3N,4 (Figure 1e). The broader absorption band should be

es the consequence of linked organic aromatic rings, which enlarges
the p-electron delocalization in the conjugated system, and thus
changes the intrinsic optical/electronic properties of carbon
nitride polymers. It should be emphasized that C;3N,;-R6
containing ferrocene favorably moves the absorption edge to
70 >700 nm, covering most sunlight spectrum on the earth.
Moreover, the optical band gaps of modified samples are
significantly narrowed, for instance: Cs3N4-R4 with N-
butylpyridinium bromide group has a band gap of 2.20 eV
(Figure 1f). The current modification, leading to carbon nitrides
75 with narrowed band gap and extended visible light absorption
range, in principle would contribute to its photocatalytic activity.

The aerobic oxidation of p-isophorone (B-IP) to keto-
isophorone (KIP) is a selective allylic C-H oxidation, and in
particular KIP is a widely-used chemical and intermediate in

s preparing foodstuffs, vitamins and carotenoids. ” Here, the p-IP
oxidation using atmospheric oxygen was investigated with carbon
nitride polymers by light irradiation. Under visible light
illumination (>420 nm), the oxidation of B-IP occurred at room
temperature, while the main product located at 4-hydroxy-3, 5, 5-

ss trimethyl-2-cyclohexen-1-one (HIP), an intermediate for KIP, and
we attribute it to the insufficient oxidation by original mpg-C;N,
(Table 1). ™ When those modified carbon nitrides (C3N,-R4,
C3N4-R6) were used for this process, both higher B-IP conversion

2 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 2 of 4



Page 3 of 4

ChemComm

mpg-C3Ny
—_— + +
0,
p-1P a-1P OH o]

HIP KIP
Table 1. The selective oxidation of B-IP by carbon nitrides.

Catalyst Additives T (°C) Conv. Sel. (%)

D (%) “olP___HIP KIP

mpg-CsN, - 25 9 - 60 28
CsN4s-R4 - 25 24 - 4 92
C3N4-R6 - 25 30 2 6 84

[BPy]Br 25 <1 - - -

FE(C5H5)2[C] - 25 <1 - - -
C3N4-R6 - 60 96 10 4 82
C3N4-R6 AQ 25 10 - 57 27
C3N4-R6 IBA 25 56 1 10 82
C3N4-R6 NHPI 25 88 - 3 93

- NHPI 25 3 - - -

Fe(CsHs):  NHPI 25 <1 - - -

[a] Reaction condition: B-IP 0.5 mmol, n-decane 75 uL (internal standard),
catalyst 50 mg, pyridine 3 mL, O, 4 mL/min, visible light (A > 420 nm), 4
h. [b] AQ (anthraquinone): 20 mg, IBA (isobutylaldehyde): 20 mg, NHPI
(N-hydroxyphthalimide): 16 mg. [c] N-Butylpyridiniumbromide ([BPy]Br)
10 mg, Fe(CsHs), (Ferrocene) 10 mg.

and KIP selectivity were achieved. We noticed that a satisfying
KIP yield (Conv.: 96%; Sel.: 82%) was reached as the reaction
temperature increased to 60 °C. As a heterogeneous photocatalyst,
C3N4-R6 successfully drives aerobic oxidation of B-1P to KIP.

5 Previous works on mpg-CsN4-promoted photooxidations
revealed that light-irradiated electrons from the conduct band
(CB) of mpg-C3N, with large reduction potential could reduce O,
to the *O, radical, an active specie that has been captured by
electron spin resonance (ESR) measurement (Scheme 2a).

1 4340444 Tharehy it is reasonable to consider that the H-
abstraction in B-IP by the <O, radical with medium oxidation
ability could occur, because the C-H bond at 2 site of B-IP holds
a relatively low bond dissociation enthalpy (75.78 kcal mol™) and
the resulting B/a-IP« radicals are significantly stabilized by allylic

15 resonance (Scheme 2b, 2c). ™ Following a radical route, the O,
kinetic addition could then happen on the o-IPe radical, the one
with favourable dioxygen-binding affinity, and finally main
products (KIP and HIP) form via the decomposition of o-IP
peroxide (Scheme 2e). " Therefore, the generation of superoxide

20 radical anion - <O, is a vital step for the whole oxidation. In
comparison to mpg-CsNy4, an enhanced Lorentzian line (Centering
at g=2.0031) from C3N,-R6 was observed in ESR spectra,
revealing more unpaired electrons on conjugated C3N,-R6
aromatic rings, which would contribute to more <O, anions, and

25 this should be considered as the origin of higher catalytic activity
of C5N,-R6.

To complete this process at room temperature, several
organocatalysts including anthraquinone (AQ), isobutyraldehyde
(IBA) and N-hydroxyphthalimide (NHPI), have been coupled

30 with C3N,-R6 as an alternative strategy. As expected, radical
initiator IBA and N-oxyl radical precursor NHPI promoted this
process in large degree; for instance, the combination of NHPI
and C3N,-R6 afforded 88% B-1P conversion with 93% selectivity
for KIP at 25 °C. Control experiments with NHPI alone or NHPI-

35 ferrocene (R6 group) did not afford any detectable products.
Hence, the enhanced oxidation activity should be attributed to the
interaction between carbon nitride polymers and NHPI, that is the

oxidation of NHPI to active phthalimide N-oxyl (PINO) radical
by the O, radical, as suggested in pervious literature. *
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40 Scheme 2. A purposed mechanism for the oxidation of B-IP by carbon
nitride polymers.

Conclusions

In summary, the use of 1, 3-dipolar cycloaddition with
commercially available chemicals under a controlled environment
a5 allows for the simple, scalable and designable functionalization
of carbon nitrides and the grafting densities of organic groups
could reach 0.47 mmol/g. The current strategy distinctly adds a
number of wrinkles into the smooth surface, significantly
broadens the light sorption range, and at the same time narrows
so the band gap. Importantly, the derivative illustrated exceptional
performance in the activation of atmosphere oxygen for the
selective oxidation of B-1P to KIP. Further post-modifications of
carbon nitride polymers can be easily envisioned, such as:

introduction of photoexcitable donor-acceptor groups for
ss photoinduced charge-transfer studies in oxidation.
Financial support from the National Natural Science

Foundation of China (U1162124, 21376208), the Zhejiang
Provincial Natural Science Foundation for Distinguished Young
Scholars of China (LR13B030001), the Specialized Research

s0 Fund for the Doctoral Program of Higher Education (J20130060),
the Fundamental Research Funds for the Central Universities, the
Program for Zhejiang Leading Team of S&T Innovation, the
Partner Group Program of the Zhejiang University and the Max-
Planck Society are greatly appreciated.

s Notes and references

* ZJU-NHU United R&D Center, Center for Chemistry of High-

Performance and Novel Materials , Key Lab of Applied Chemistry of

Zhejiang Province, Department of Chemistry, Zhejiang University,

Hangzhou 310028, P. R. China. Fax: (+86)-571-8795-1895; Tel: (+86)-
70 571-8827-3551; E-mail: chemwy@zju.edu.cn.

T Electronic Supplementary Information (ESI) available: Experimental

details, Figure S1-S4 and Table S1. See DOI: 10.1039/b000000x/

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3



10

15

20

25

30

35

40

45

50

55

60

65

ChemComm

1

2

6

a) Y. Wang, X. Wang and M. Antonietti, Angew. Chem., Int. Ed.,

2012, 51, 68-90; b) A. Thomas, A. Fischer, F. Goettmann, M.
Antonietti, J. O. Mdler, R. Schlogl and J. M. Carlsson, J. Mater.
Chem., 2008, 18, 4893-4908; c) X. Wang, K. Maeda, A. Thomas, K.
Takanabe, G. Xin, J. Carlsson, K. Domen and M. Antonietti, Nat.
Mater., 2009, 8, 76-80; d) Y. Zheng, J. Liu, J. Liang, M. Jaroniec
and S. Z. Qiao, Energy Environ. Sci., 2012, 5, 6717-6731; e) Y. J.
Zhang, T. Mori and J. H. Ye, Sci. Adv. Mater., 2012, 4, 282-291; f)
Y. Wang, J. Yao, H. R. Li, D. S. Su and M. Antonietti, J. Am. Chem.
Soc., 2011, 133, 2362-2365; g) P. F. Zhang, Y. Gong, H. R. Li, Z.
Chen and Y. Wang, RSC Adv., 2013, 3, 5121-5126.

a) S. Y. Chong, J. T. A. Jones, Y. Z. Khimyak, A. I. Cooper, A.

Thomas, M. Antonietti and M. J. Bojdys, J. Mater. Chem. A, 2013,
1, 1102-1107; b) M. J. Bojdys, N. Severin, J. P. Rabe, A. |. Cooper,
A Thomas, M. Antonietti,
Macromol. Rapid Commun., 2013, 34, 850-854.
a) X. Jin, V. Balasubramanian, S. Selvan, D. Sawant, M. Chari, G.

Q. Lu, A. Vinu, Angew. Chem. Int. Ed., 2009, 48, 7884-7887; b) K.

K. R. Datta, B. V. Subba Reddy, K. Ariga and A. Vinu, Angew.

Chem. Int. Ed., 2010, 49, 5961-5965; c) S. C. Yan, Z. S. Li, Z. G.

Zou, Langmuir, 2009, 25, 10397-10401; d) X. -H. Li, X. Wang and

M. Antonietti, ACS Catal., 2012, 2, 2082-2086; €) L. Mdmann, M.

Baar, J. Rief,, M. Antonietti, X. Wang and S. Blechert, Adv. Synth.

Catal., 2012, 354, 1909-1913; f) W. H. Shin, S. H. Yang, Y. J. Choi,

H. M. Jung, C. O. Song and J. K. Kang, J. Mater. Chem., 2009, 19,

4505-4509; g) X. Bai, L. Wang, R. Zong and Y. F. Zhu, J. Phys.

Chem. C, 2013, 117, 9952-9961.

a) F. Z. Su, S. Mathew, G. Lipner, X. Z. Fu, M. Antonietti, S.

Blechert, X. C. Wang, J. Am. Chem. Soc., 2010, 132, 16299-16301;

b) F. Su, S. C. Mathew, L. M&Imann, M. Antonietti, X. Wang and

S. Blechert, Angew. Chem., Int. Ed., 2011, 50, 657-660; c) M. B.

Ansari, H. Jin and S. -E. Park, Catal. Sci. Technol., 2013, 3, 1261-

1266; d) P. F. Zhang Y. Wang, H. R. Li and M. Antonietti, Green

Chem., 2012, 14, 1904-1908; €) P. F. Zhang, Y. Wang, J. Yao, C. M.
Wang, C. Yan, M. Antonietti and H. R. Li, Adv. Synth. Catal., 2011,

353, 1447-1451; f) M. B. Ansari, B. -H. Min, Y. -H. Mo and S. -E.

Park, Green Chem., 2011, 13, 1416-1421; g) B. -H. Min, M. B.

Ansari, Y. -H. Mo, S. -E. Park, Catal. Today, 2013, 204, 156-163; h)
X. -H. Li, J. -S. Chen, X. Wang, J. Sun and M. Antonietti, J. Am.

Chem. Soc., 2011, 133, 8074-8077.

a) Y. Wang, J. Zhang, X. Wang, M. Antonietti, H. Li, Angew. Chem.
Int. Ed., 2010, 49, 3356-3359; b) Y. Wang, H. R. Li, J. Yao, X.

Wang and M. Antonietti, Chem. Sci., 2011, 2, 446-450; c) Y. Wang,

Y. Di, M. Antonietti, H. R. Li, X. Chen and X. Wang, Chem. Mater.,
2010, 22, 5119-5121; d) Y. Zhang, T. Mori, J. Ye and M. Antonietti,
J. Am. Chem. Soc., 2010, 132, 6294-6295; e) G. Liu, P. Niu, C. Sun,

S. C. Smith, Z. Chen, G. Q. Lu and H. -M. Cheng, J. Am. Chem.

Soc., 2010, 132, 11642-11648; f) S. C. Yan, Z. S. Li and Z. G. Zou,

Langmuir, 2010, 26, 3894-3901; g) J. Li, B. Shen, Z. Hong, B. Lin,

B. Gao and Y. L. Chen, Chem. Commun., 2012, 48, 12017-12019; h)
G. Zhang, M. Zhang, X. Qiu and X. Wang, Adv. Mater., 2013, DOI:

10.1002/adma.201303611.

a) Z. Li and S. Dai, Chem. Mater., 2005, 17, 1717-1721; b) X. Wang,

D. Jiang and S. Dai, Chem. Mater., 2008, 20, 4800-4802; c) A. Stein,
Z. Wang and M. A. Fierke, Adv. Mater., 2009, 21, 265-293; d) M.
Quintana, K. Spyrou, M. Grzelczak, W. R. Browne, P. Rudolf and
M. Prato, ACS Nano, 2010, 4, 3527-3533; e) A. Schaetz, M. Zeltner
and W. J. Stark, ACS Catal., 2012, 2, 1267-1284; f) Z. Li, W. Yan
and S. Dai, Langmuir, 2005, 21, 11999-12006; g) C. Liang, J.
Huang, Z. Li, H. Luo and S. Dai, Eur. J. Org. Chem., 2006, 586,
586-589; h) X. Zhang, L. Hou, A. Cnossen, A. C. Coleman, O.
Ivashenko, P. Rudolf, B. J. vanWees, W. R. Browne and B. L.
Feringa, Chem. Eur. J., 2011, 17, 8957-8964; i) E. D. Stenehjem, V.
R. Ziatdinov, T. D. Stack and C. E. D. Chidsey, J. Am. Chem.
Soc., 2013, 135, 1110-1116; j) B. Guo, Q. Liu, E. Chen, H. Zhu, L.
Fang, J. R. Gong, Nano Lett., 2010, 10, 4975-4980.

a) K. Chen, Y. Sun, C. Wang, J. Yao, Z. Chen and H. R. Li, Phys.
Chem. Chem. Phys., 2012, 14, 12141-12146; b) J. Mao, N. Li, H. R.

70

75

Li and X. Hu, J. Mol. Catal. A, 2006, 258, 178-184; c) X. Hu, J.
Mao, Y. Sun, H. Chen and H. R. Li, Catal. Commun., 2009, 10,
1908-1912; d) C. Wang, W. Guan, P. Xie, X. Yun, H. R. Li, X. Hu
and Y. Wang, Catal. Commun., 2009, 10, 725-727; e) W. Guan, C.
Wang, X. Yun, X. Hu, Y. Wang and H. R. Li, Catal. Commun.,
2008, 9, 1979-1981; f) J. Y. Mao, X. B. Hu, H. R. Li, Y. Sun, C. M.
Wang and Z. R. Chen, Green Chem., 2008, 10, 827-831; g) K. Chen,
P. F. Zhang, Y. Wang, H. R. Li, Green Chem., 2014, 16, 2344-2374.

4 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 4 of 4


http://pubs.acs.org/action/doSearch?action=search&author=Bai%2C+X&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Wang%2C+L&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Zong%2C+R&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Zhu%2C+Y&qsSearchArea=author

