Supplementary Information (SI) for Green Chemistry.
This journal is © The Royal Society of Chemistry 2025

Supporting Information

Mo,C-derived Molybdenum Oxycarbides Afford Controllable

Oxidation of Anilines to Azobenzenes and Azoxybenzenes

Zhe Wang,? Yimei Chen,? Zhouyang Long,*? Yunfei Wang,® Mingming Fan,? Pingbo Zhang,? and Yan Leng*=

aKey Laboratory of Synthetic and Biological Colloids, Ministry of Education, School of

Chemical and Material Engineering, Jiangnan University, Wuxi 214122 (China)

E-mail: yanleng@jiangnan.edu.cn

b Jiangsu Key Laboratory of Green Synthetic Chemistry for Functional Materials, School of

Chemistry & Materials Science, Jiangsu Normal University, Xuzhou 221116 (China)

E-mail: longzhouyangfat@163.com

S1


mailto:yanleng@jiangnan.edu.cn

Table of Content

Experimental Section

CRATACLETIZAtIONS. co.eevrvvrreerereerrresessssssssessssessssssssesssssssssssssessssassssssssessssesssssssssssssassssssssessssassssessssssssassssesssssssssssssasssssssns S3

DIFT CAICUIALIONS. ..o rverrreerieerienseesssiesssiessstssessssssssesssssssssssssessssssssssssssssssessssssssessssasssssssssssssasssssssssssssasssssssssssssssssasssnns S3

Classical molecular dynamics SIMUIATIONS. ........oovuvrremrrerrreensrinneinsisssssssssessssssssssssssssssssssssssssssssssssssssssssssssens S5

The reaction pathways Of aNiliNE OXIAALON. .........cvverreerrrerrreerrresreresssessssssesesssssssssssssssssssssssssssssssssssssssssssssssssssssssasess S6
C 1s XPS spectra 0f MOoC@C ...t sssssssssssssssssssssssssssssssssssssssssssens S7
N, adsorption-desorption isotherms and pore-size distribution of Mo,C@C................. S8
XRD pattern 0f WC@C...... sttt asesss st sasssssees S9
Recycle Test Of MOyCI@C ...ttt ssssassssssss s ssssssssssssssssssssssssssssssssens S10
FTIR spectra of recycled and fresh catalysts......c.coeeeererinenenisnsnceeseseeeeesseesesees S11
FTIR spectra of HyO,-treated MOsC@C.....omeeieeeeeeeeeeiesteeseeesisissassssssssssssssssssssnes S12
ATIMD SIMUIAtIONS TESULLS.....cuurverierieieeieriireireie ettt sss st sssssssssssssassaes S13
Molecular dynamics SIMUIALIONS........ccovuereerririrrirreririeissisessessissessesesssssssssssssssssssessessssenes S14
Contact angle test of catalyst MOCOy.......oucuiurimririiiesicisississsisesssssisesisenns S15
IGMH analysis for different solvent molecules on the surface of MoC,Oi.................. S16
The initial structure, transition state, and the final structure of aniline oxidation to Ph-
NHOH on Mo,C with H,0, in H,O/Cyclohexane solvent............cocoeorrererneineenseneneens S17
The initial structure, transition state, and the final structure of aniline oxidation to Ph-
NHOH on Mo,C with HyOy in ACOH SOIVENL......ooeieiieeeeeeeee e S18
EPR spectra of the M0oyC-HyO; SYSIEML.....c.vueierierierieieieieeeseiseisiseiesesesessssss s ssssssssssssssns S19
Oxidative coupling of aniline reported in previous literatures..........ccoeeeeeeererrrrrrrernnnnes S20

Investigations into the reaction mechanism involving the acetic acid and cyclohexane

S2



Experimental Section

Characterizations

The crystallinity and phase of the samples were characterized using XRD. The XRD spectra of the
catalysts were obtained using a Bruker AXS D8 X-advanced powder diffractometer with tube
current and voltage settings of 40 mA and 40 kV, respectively, equipped with a solid-state detector
and Cu Ka radiation, with a scanning range of 5-90° and a scanning rate of 5°/min. XPS was
performed on the surface chemical state of the samples at 12 kV, 12 mA Al Ka X-ray source (1486.6
eV) under the surface chemical state of the samples was tested under the conditions of a 12 kV, 12
mA Al Ka X-ray source (1486.6 eV). The binding energy was corrected using the C 1s peak (284.6
eV) as a reference to minimize the charge effect of the sample. The TEM was done on a FEI Talos
F200X G2 transmission electron microscope. The samples were dissolved in anhydrous ethanol and
the mixture was sonicated for 5 min. Energy—dispersive X-ray spectroscopy (EDS) mapping was
also combined for elemental analysis. Infrared spectra were performed using an FT-IR instrument
with a Nicolet iS50, and the wavelength range was chosen to be 4000-500 cm™'. The catalyst porous
structure parameters were determined by Brunauer-Emmett-Teller (BET) method by N, adsorption-
desorption isotherms using a Micromeritics ASAP 2460 at 77K. The pore volume and pore size of

the samples were calculated by Barrett-Joyner-Halenda (BJH) method.

DFT calculations

Slab models of Mo,C surface (002-Mo and 002-C, 3-layered, 3 % 5 supercell) were built according
to Ref.1. In order to avoid interactions between periodic images, a vacuum distance of 20 A was
imposed between different layers. Aiming to investigate whether molecular oxygen (O,) would
decompose on the Mo,C surface, the periodic Ab initio molecular dynamics (AIMD) simulations
were carried out with the CP2K package version-2022.1 using Gaussian Plane Wave (GPW) method
implemented in the QUICKSTEP module.? Norm-conserving Goedecker-Teter-Hutter (GTH)
pseudopotentials for core electrons were used> and the valence electron wavefunction was
expanded in a Double-zeta valence polarized (DZVP) sets. Plane wave and relative cut-offs were
set to 300 and 40 Ry, respectively. The generalized gradient approximation exchange-correlation

energy was calculated using the Perdew-Burke-Ernzerhof (PBE)’ functional with the DFT-D3
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damped dispersion corrections of Grimme et a/ .® The AIMD simulations were performed in the
canonical ensemble (NVT) at 298.15 K. The temperature of the AIMD-simulated system was
controlled using a CSVR thermostat.® Production runs were 2000 fs long with a time step of 0.5 fs.
All of the AIMD trajectory movies can be found in the Supporting Information.

The adsorption energy values were calculated using CP2K,'° using Gaussian Plane Wave (GPW)
method implemented in the QUICKSTEP module. Perdew-Burke-Ernzerhof (PBE) exchange-
correlation (XC) functional with Grimme-D?3 dispersion correction method was employed. Both the
double-zeta valence polarized (DZVP) sets and Goedecker-Teter-Hutter (GTH) pseudopotentials
were adopted. Plane wave and relative cut-offs were set to 400 and 55 Ry, respectively. The inner
and outer SCF convergence criteria were set to 2.0 x 10 Ha. In order to avoid interactions between
periodic images, a vacuum distance of 20 A was imposed between different layers. The geometrical
optimizations were implemented at the /" point for all surface structures. The bottom two layers of
atoms were frozen while the top two were allowed to relax. Root mean square and maximum force
convergence were set to 3.0 x 10 and 4.5 x 10 Ha-A-!, respectively.

The adsorption energies were calculated according to equation (1),

Eads = E(stab + adsorbate) = Esiab) - Eadsorbatey (1)

where Eiap + adsorbate)s Estab), aNd Eadsorbate) are the calculated electronic energy of species adsorbed
on the surface, the bare surface, and the gas-phase molecule, respectively.3-> 1. 12

DFT calculations for cluster models were performed using Gaussian 09 program (version
D.01).13-15 Geometry optimization was conducted at the B3LYP/def2-SVP level of theory, which
were dispersion corrected by D3BJ; the single point calculations for the optimized geometries were
performed to obtain accurate energies at the M062x/def2-TZVP level of theory, which were
dispersion corrected by D3.119 Vibrational frequency analysis was carried out to identify the nature
of each stationary points as a minimum or a transition state, and to acquire the Gibbs free energy
correction. The solvent effects were considered with one solvent molecule, H,O or AcOH,
combined with corresponding SMD solvation models. The Gibbs free energies were included in the
Gibbs energy correction of unscaled vibrational analysis at the B3LYP/def2-SVP (D3BJ) level of

theory.
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Classical molecular dynamics simulations

The mixtures of cyclohexane/H,O0,/H,O (5:1:4) and AcOH/H,0,/H,O (9:1:4) were simulated
through molecular dynamics (MD). The MD simulations were conducted using the GROMACS
package (version: 2020.6).2% 2! The amber99sb force field were used to parametrize all atoms, such
as the bond parameters, angle parameters and the dihedral angles, and so on. The RESP charges of
molecules were obtained by using Gaussian 09 and Multiwfn at the B3LYP/6-311+g (d,p) level.
TIP3P was used for the model of water molecule. The steepest descent method was applied to
minimize the initial energy for each system with a force tolerance of 1 kJ/(mol' nm™) and a
maximum step size of 0.002 ps before MD calculations. In all the three directions, periodic boundary
conditions were imposed. Leapfrog algorithm was used to integrate the Newtonian equation of
motion (time step=2.0 fs, bonds to hydrogen atoms were maintained with the LINCS algorithm).
The MD simulation was processed in an NVT ensemble and the simulation time is 20 ns at 353.15
K. The Particle-Mesh-Ewald (PME) with a fourth-order interpolation was used to evaluate the
electrostatic interactions and the grid spacing is 1.0 A, whereas a cutoff of 1.0 A was employed to
calculate the short-range van der Waals interactions. The simulation results were visualized and

analyzed with VMD.*
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Scheme S1. The reaction pathways of aniline oxidation. (a) aniline radical mechanism; (b)

the nitrosobenzene intermediate mechanism.
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Fig. S1 C 1s XPS spectra of Mo,C@C.
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Fig. S2 N, adsorption-desorption isotherms and pore-size distribution of Mo,C@C.
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Fig. S3 XRD pattern of WC@C.
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Fig. S4 Reusability of Mo,C@C-catalyzed oxidative coupling of anilines.
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Fig. S5 Comparison of FTIR spectra of recycled and fresh catalysts.
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Fig. S6 FTIR spectra of H,0O,-treated Mo,C@C.
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(b)

Fig. S7 AIMD simulations results of (a) H,O, and (b) O, decomposition on the
Mo,C@C surface. The complete decomposition process can be found in the attached

video.

S13



06 T T T 80 8 T T T T T T
RDF-H,0,-cyclohexane L7 RDF-H;0,-H,0
Leo o 6 ke o,
0.4 8 g
(o0 § g
- e
g wg §+ ‘5
wE Zz
02 e 3
20 g 24 L2 gk
10
00 0 0
0 2 10 0

6
rR)

g(r)

a(n

&
J3QUINN UONBUIPIOOD
°
@

I
JAQUINN UOHEUIPIOOD

RDF-H,0,-AcOH RDF-H,0,-H,0

00 . : : s 0 . - : .
0 2 4 8 8 10 o 2 4 8 8 L

R &)

Fig. S8 Molecular dynamics simulations of aqueous solutions of H,O, in (a) acetic acid
and (b) cyclohexane solvents, and the corresponding radial distribution function (RDF).
The green parts represent acetic acid and cyclohexane, respectively, and the red parts

represent H,O, and H,O.
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Fig. S9 Contact angle test of catalyst MoC,O,.
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a. MoC,0,-H,O (Cyclohexane as the solvent) system
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Fig. S11 The initial structure, transition state, and the final structure of aniline oxidation

to Ph-NHOH on Mo,C with H,0O, in H,O/Cyclohexane solvent.
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b. MoC,O,-AcOH (AcOH as the solvent) system
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Fig. S12 The initial structure, transition state, and the final structure of aniline oxidation

to Ph-NHOH on Mo,C with H,0O, in AcOH solvent.
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Fig. S13 EPR spectra of the Mo,C-H,0,; system.

S19

3560



Table S1. Oxidative coupling of aniline reported in previous literatures.

0
Catalyst Solvent T(ilr;;e (OTC) Oxidant %Zl)l Sl 00 Ref
AB AOB NSB
CuBr-pyridine Toluene 20 60 Air 97 yield of AB 22
A”‘E?;SBC' DMSO 12 60 0, 98 99 - - 23
Ag/C-KOH DMSO 24 60 Air 97 yield of AB 24
Au/CeO, Toluene 10 100 0, 100 93 - - 25
Ru0O,/Cu,0 CH;CN 16 85 Air 94 yield of AB 26
Ag6Nig4-KOH DMSO 24 60 Air 94 yield of AB 27
MnO, PhCl 24 160 0, 95 99 - - 28
NT-MnOOH Toluene 12 60 0, 99 AB>99.9 29
Ag/Fe,0; CH;CN 8 50 H,0, 92 - 94 - 30
Ag/WO; CH;CN 24 25 H,0, 99 - 99 - 31
TBANb Ethanol 5 30 H,0, 99 - 97 - 32
Nb,Os/FeEOOH Propanol 24 25 H,0, 99 16 80 3 33
CuCr,04 1,4-dioxane 10 70 H,0, 78 - 92 - 34
[N(C4Ho)s]:[Mo MeOH 24 60 H,0, 95 yield of AB 3
6019]-Na,5,05 MTBE 36 50  H,0, 90 yield of AOB
Methanol 2 rt H,0, 98 0 98 2
Zr(OH),4 AcOH 24 40 TBHP 96 94 3 1 36
Mesitylene 4 rt H,0, 96 0 12 88
Mo,C@C Acetic acid 6 80 H,0, >99 99 1 - This
Mo,C@C Cyclohexane 6 80  H,0, >99 5 95 work
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Table S2. Investigations into the reaction mechanism involving the acetic acid and

cyclohexane system.

Entry Substrate Catalyst quéglzm Solvent [;{:] T[I}III]] ¢ Con Szll; f i%%f Ijo:f;

1 Ph-NH,+ BHT! Mo,C@C 2 acetic acid 80 6 94 90 6 4
2 Ph-NH,+ BHT[! Mo,C@C 2 cyclohexane 80 6 61 1 72 27
3 Ph-NHOH!®! Mo,C@C 2 acetic acid rt 1 100 1 98 1
4 Ph-NHOH! Mo,C@C 0.5 acetic acid rt 1 100 1 97 2
5 Ph-NHOH! Mo,C@C 2 cyclohexane rt 1 100 1 94 5
6 PRNHOHT P - - accticacid 1t 6 100 1 99 0
7 PN - - cyclohexane 1t 1 98 0 100 0
8 BN - - acetic acid rt 6 100 98 2 0
9 Ph_ﬁgﬁl’h_ - - cyclohexane 80 6 - - -

[a] Reaction conditions: aniline (2 mmol), BHT (2.4 mmol), catalyst (20 mg), solvent (2 mL),
oxidant (H,0,, 30 wt%). [b] Reaction conditions: Ph-NHOH (2 mmol), catalyst (20 mg), solvent (2
mL), oxidant (H,O,, 30 wt%). [c] Reaction conditions: Ph-NHOH (1 mmol), Ph-NO (1 mmol),
solvent (2 mL), oxidant (H,O,, 30 wt%). [d] Reaction conditions: Ph-NH, (1 mmol), Ph-NO (1
mmol), solvent (2 mL), oxidant (H,O,, 30 wt%). Conversion and selectivity were determined by

GC analysis.
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