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Supplementary Notes

Supplementary Note 1. Electron interaction in EXAFS.
From a spectra experimental perspective, X-ray absorption spectra (XAS) can be
described as follows:

pZ*
YE
where u (or #(E)) is the absorption coefficient, Z is the atomic number, 4 is the atomic mass,
E is the energy of X-ray, and p refers to sample density. This indicates the atomic type-based
absorption feature.

On the other hand, modern quantum physics has given u(E) of a bare atom with Fermi’s
Golden Rule as below!:
u(E) = [(ilHIfo)|?

where (i| represents the initial state (i.e., an X-ray, a core electron, and no photoelectron), |f5)
refers to the final state (i.e., no X-ray, a core-hole, and a photoelectron) of a bare atom, and H

is the perturbation term.

The fine structure (¥(E)) in molecules can thus be written as':

E) — E .
x(E) = % X |(i|H|Af>|2 X jdr(s(r)elkr(pscatt(r) = @scare(k, 7 = 0)

where wo(E) is a smooth background function representing the absorption coefficient of an
isolated atom, and Au is the measured jump in the absorption u(E) at the threshold energy Eo,
and |Af) = |f) — |fo) is the effect of the neighboring atoms. This suggests that the EXAFS
x(E) is proportional to the wave function of the scattered photoelectrons.

Moreover, it is common to convert the X-ray energy to & (i.e., the wave number of the

photoelectron), which has dimensions of 1/distance and is defined as:



2m(E — E,)
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where Eois the edge energy (e.g., ~8979 eV for Cu-K edge), E is the X-ray energy, and m refers
to the electron mass. Thus, the k-space data y(k) is also proportional to the amplitude of the
scattered photoelectron at the absorbing atom.

Since the EXAFS signal majorly comes from the single scattering of photoelectrons
between the absorbing atom and a neighboring atom, the wave function of scattered
photoelectron can be roughly simplified as the probability of finding a scattered photoelectron
in a quantum field consisting of these two atoms. According to the definition of the wave
function, i.e., the probability of interaction at a certain time and position?, the interaction

information can be obtained from the EXAFS data.

Supplementary Note 2. Delocalization and HSAB theory.

Delocalization is a concept employed to describe the electron state. In solid materials, the
delocalized electron refers to the electron that is subject to a weak periodic potential, so that it
can move from one potential minimum to another under the influence of a small electric field,
thermal energy, or even the uncertainty principle®. Generally, electron density distribution can
be employed to describe the delocalization effect.

Based on the modern HSAB theory by Parr and Pearson® °, the electronegativity (x),
chemical hardness (), and electron energy (E.) are closely related, the relationship can be

described as follows:
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where N corresponds to the number of electrons, which can be obtained by the following

definition in DFT:
,0(7") = Nj- d3 7,.2 ...j- d3er1U*(r1’r21 vee rN)llU('rl’*rzl cee rN)

in which p(r) is the electron density distribution function, and ¥ is the wavefunction. As a

result, chemical hardness can further be defined as below based on a recent report®:
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Based on the formula above, chemical hardness, similar to the delocalization effect, is

also closely related to the electron density distribution. Previous studies have proposed a new
definition of the softness kernel based on the exchange-correlation density and shown the
relationship with the change of electron fluctuation upon external perturbation® 7. To make the
conclusion concise, it can be simply described as softer sites in molecules corresponding to a
delocalization state. Moreover, in the multi-electron system, the delocalization effect refers to
electron-density delocalization®, i.e., a drop of electron density near the atomic nucleus as well

as increased electron density away from the nucleus.

Supplementary Note 3. Additional details in computations and simulations.

Density functional theory (DFT) calculations were performed with the Vienna ab initio
simulation package (VASP), using the plane-wave basis with an energy cutoff of 450 eV’
projector augmented wave (PAW) potentials'®, and the generalized gradient approximation
(GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional'!. In most
situations, the Gaussian smearing method (with a width of 0.05) was used, while the
tetrahedron method with Bldchl corrections!? was applied for calculations on the density of
states.

VASPKIT code (version 1.2.5)!* was utilized for the establishment of the KPOINTS files
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and data post-processing. The as-obtained data were processed by an electronic structure plotter
module from Pymatgen package'* with several modified codes to exhibit the intrinsic
information of CuNCN and Cuz0O.

For solvation corrections, this work employs an implicit solvation model within a
linearized Poisson—Boltzmann approach based on VASPsol codes'> '®. According to previous

17.18 " a Debye screening length of 4.3 A is chosen (i.e.,

studies on Cu20 and metal surface
corresponding to a bulk electrolyte concentration of 0.5 M) and the non-electrostatic coefficient
is set to zero to avoid numerical instabilities in the electrolyte region!’.

For the transition state (TS) study, fully optimized slab models from Gibbs free energy
calculations were employed as final states and initial states for a rough screening through the
climbing image nudged elastic band (CI-NEB) method!® with a fast inertial relaxation engine, and
then the final structures of transition states were obtained by Dimer method with the
convergence criterion of 1077 eV, and the final residual force component was less than 0.02
eV-A,

Moreover, the radial distribution function was obtained from the default algorithm in VMD

)20, 21

software (version 1.9.3 . The calculated Infrared spectrum was obtained employing a

d22—24

density functional perturbation theory (DFPT) metho on a post-processing package

JaGeo/IR?.



Supplementary Figures

Supplementary Figure 1. Photograph of as-synthesized Cuz2NCN.

Supplementary Figure 2. Three-dimensional electron diffraction data. A monoclinic unit
cell of a = 11.064(9) A, b =6.305(2) A, c =4.109(2) A and = 100.31(5)° was identified. All
Cu, C and N atoms were located according to the combination of kinematical approximation
structure solution and the common geometries of NCN?~ with the centrosymmetric space group

P2/m.
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Supplementary Figure 3. Crystal packing factor (PF) of CuzNCN and Cuz0. The PF value,
which correlates to the structure openness, reveals the looser structure of CusNCN2°, The
packing factor?’” was calculated as PF = Z (xVa+ yVB +zVc)/Veen , where Z refers to the number
of formula unit in one unit cell of a semiconductor (AxByC,); Va, Vg, and V¢ correspond to ion
volumes calculated by assuming spherical ions with Shannon’s radius; Ve represents the cell

volume.
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Supplementary Figure 4. Schematic illustration of coordinated Cu—Cu sites.
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Supplementary Figure 5. The radial distribution function (g(r)) of Cu20 (upper panel)

and Cu (lower panel). Cu—Cu coordinates with a distance of < 3.5 A contribute 41 + 1%

among all the coordinate types in Cu or Cu,O.
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Supplementary Figure 6. High-resolution X-ray photoelectron spectroscopy (XPS) of

CuzNCN. Deconvoluted spectra of (a) Cu 2p, (b) N 1s, and (c) C 1s.
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Supplementary Figure 7. Auger electron spectrum of Cuz2NCN (differential spectrum).

The negative peak at 916.2 eV indicates the major Cu(I) phase on the CuzNCN surface.
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Supplementary Figure 8. Infrared and Raman spectra. (a) IR (blue curve, upper x-axis)

and Raman (black curve, bottom x-axis) spectra of CuzNCN. (b) IR spectrum of CuuNCN (blue

curve) and CuNCN (red curve). The vibration peaks confirm the major type of NCN?~ as [N—

C=N]* in CuuNCN?%,
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Supplementary Figure 9. Calculated IR spectrum of CuzNCN 3 x 3 x 1-super cell. The IR

spectrum was calculated by the density functional perturbation theory method??2>,
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Supplementary Figure 10. XANES spectra of CuzNCN (red curve), in comparison with

CuO, Cu20 and Cu references.
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Supplementary Figure 11. Wavelet-transformed EXAFS spectra of (a) CioNCN, (b) Cu, at

the first coordination shell.
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Supplementary Figure 12. Fourier-transformed EXAFS and corresponding fitting curves.
Fitting at the first coordination shell (k range of data: 3.0—11 A™!) for (a) Cu foil, (b) CuO and
(c) Cu20; multi-shell fitting (k range of data: 3.0-9.5 A™!) and the key Cu scattering paths for
(d) Cu20 and (e) CuuNCN.
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Supplementary Figure 13. Band structure (left) and density of states (DOS, right) of
Cu:NCN from DFT calculations. The effective electron mass at conduction band minimum

(CBM) was calculated to be 0.25 Hartree. The DOS around Fermi level was mainly contributed

by Cu orbitals.
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Supplementary Figure 14. Magnetic moment measurement. (a) Magnetic moment versus
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Supplementary Figure 15. Linear sweep voltammetry (LSV) curves. LSV of Cu20 in CO»-
saturated electrolyte (red curve), Cu2NCN in COs-saturated electrolyte (blue curve) and Ar-

saturated electrolyte (black curve).
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Supplementary Figure 16. In-situ electrochemical Raman spectra in CO;RR of CiuNCN

at an applied potential range from —0.5 to —1.5 V (vs. RHE).
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Supplementary Figure 17. The 2D in-situ electrochemical Raman spectra of CO2RR on

CuzNCN. The band of glassy carbon electrode (~ 1300 cm™) was removed.
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Supplementary Figure 18. Representative data on gas products and liquid products
distributions. (a) TCD channel and (b) FID channel data for gas products from H-type cells at
—0.67 V vs. RHE, and (c) liquid products analysis at the same conditions. (d) TCD channel and
(e) FID channel data for gas products in MEA-based electrolyzer test at a full-cell voltage of

3.4V, and (f) the liquid products analysis at the same conditions.
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Supplementary Figure 19. Faradaic efficiency distributions of CO:RR on Cu:NCN. (a)

Data collected in H-type cells; (b) Data collected in MEA-based electrolyzers. Data were

presented in average (N = 3 refers to the number of repeated experiments; error bars represent

standard deviations).
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Supplementary Figure 20. Partial current density of products on Cu2NCN in H-type cells.

The CH3OH partial current density of —=5.1 mA-cm™ was recorded at the potential of —0.80 V

vs. RHE.
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Supplementary Figure 21. Electrochemical CO reduction reaction (CORR) experiment.

(a) FE distribution on CuzNCN for CORR, (b) the in-situ Raman spectra in a CO-saturated 0.1

M KHCO3; solution, and (c) the in-situ Raman spectra in a CO»-saturated 0.1 M KHCO3

solution. FE data were presented in average (N = 3 refers to the number of repeated experiments;

error bars represent standard deviations).
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Supplementary Figure 22. CO2RR performance of CuNCN in MEA. (a) Partial current

density and (b) Faradaic efficiency distribution of different products on the CuNCN catalyst.

Data were presented in average (N = 3 refers to the number of repeated experiments; error bars

represent standard deviations).
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average (N = 3 refers to the number of repeated experiments; error bars represent standard
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Supplementary Figure 24. Assessments on the specific electrochemically active surface
areas. Cyclic voltammetry curve of (a) Cu2NCN, (b) Cu20, and (¢) Cu at different scan rates,

and (d) the fitted slopes of these three samples.
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Supplementary Figure 25. Structure and morphology of Cuz2NCN after the CO2RR

electrolysis. (a) XRD pattern and (b) SEM images of CuNCN before and after 10-hour
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Supplementary Figure 26. Spectroscopic characterization on the stability of CuzNCN. (a)

IR and (b) Raman spectra of CuzNCN before and after 10-hour electrolysis in a 5-cm?> MEA-

based electrolyzer with a total current of 400 mA.
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Supplementary Figure 27. PDOS of O 2p-orbitals for free OCH3 (dotted curve), adsorbed

*OCH3 on Cu20(100) (blue curve) and CuaNCN(100) (red curve).
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Supplementary Figure 28. Schematic illustration of possible CO2RR pathways on Cu

surface toward CHs and CH3OH. The *COH-pathway is confirmed unfavorable on Cu;NCN.
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Supplementary Tables

Supplementary Table 1. Crystallographic data and structure refinement for CuzNCN.

Stoichiometric formula Cu;NCN
Crystal system monoclinic
Space group P2/m
a,b,c, A 11.064(9), 6.305(2), 4.109(2)
b, ° 100.31(5)
VA 4
Radiation, A 0.0197
Temperature, K 293
Number of frames 102
Range of data collection, ° —55.5t0 50
Tilt step, ° 1
Precession angle, ° 1

h,k,1

—13<h<12,-7<k<7,-5<I<5

Cmax, OS¢ (matrix), S,"*(refine), Rsg

1.25,0.01,0.1,0.4

Measured reflections 1459
Observed reflections (/> 3o(I)) 747
Thickness (nm, refined) 492(4)

Robs, WRobs

0.0777, 0.0893

Ran, wRan

0.1488, 0.0928

Maximum / minimum residual

electrostatic potential, e/A

0.43,-0.4




Supplementary Table 2. Atomic coordinates and equivalent isotropic displacement

parameters in CuzNCN.

Atom Wyck. x/a /b e Ueg[A?]  Occu.

Cul 40  0.13323) 024905 0.0678(6) 0.0138(8) 1

cu2 If 0 1/2 1/2 0.0151(15) 1
cu3 e 1/2 1/2 1 0.0195(16) 1
cud g 12 0 1/2 0.0249(16) 1
Cus o 0 0 1/2 0.0085(14) 1
N1 2n  0.1497(19) 1/2 0.333(3)  0.020(3) 1
N2 2n  0.3457(17) 1/2 0.747(3)  0.022(3) 1
N3  2m  -0.1466(8) 0 0.1860(2)  0.028(3) 1
N4  2m  -0.3433(8) 0 0.385(3)  0.033(3) 1
Cl  2n  02567(18) 1/2 0.549(4)  0.025(2) 1
C2 2m  -0.2501(17) 0 0.280(3)  0.025(2) 1

Supplementary Table 3. The N—C bond lengths in Cu2NCN.

Bond Bond lengths / A
CI-NI 1353)
CI1-N2 1.16(3)
C2-N3 1.233)

C2-N4 1.17(3)
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Supplementary Table 4. EXAFS analyses. Fitting results (i.e., as-acquired values of

structural parameters) for the first coordination shell (1 —3 A) of Cu Atoms in Cuz2NCN, CuO,

CuO, and Cu foil samples from Cu K-edge EXAFS Data. (4Ey: energy shift; N: coordination

number; (R): interatomic distance; 6*: Debye-Waller factor).

Cu2NCN Cu20 CuO Cu foil
AE; (eV) 9.2(9) 4.7(0) 8.3(8) 1.0(3)
NeuN 1.8(6)
Newc 0.0(1)
Necwo 1.3(7) 2.0(8)
Neu-cu 0.0 8.2(6) 3.6(3) 10.1(8)
(R)cux (A) 1.892(7)
(R)cu—c (A) 2.589(9)
(R)cu-o (A) 1.858(1) 1.960(1)
(R)cu-cu (A) 2.994(3) 2.983(5) 2.529(0)
c’cun (A?) 0.0046(9)
o’cu-c (A?) 0.0106(6)
o’cu-0 (A?) 0.0019(0) 0.0042(4)
o%cu-cu (A?) 0.0195(5) 0.0168(5)  0.0083(6)
R-factor 0.0100(4) 0.0234(8) 0.0338(7)  0.0139(9)
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Supplementary Table 5. Effective mass (m *) calculation and corresponding experimental
value. 1 Hartree = me = 9.1095x10 73! Kg. Lower effective mass of electron at CBM reveals a
weaker interaction between the electrons and crystal field according to condensed matter

physics, suggesting more pronounced electron delocalization®.

Calculated m* at CBM Experimental value of m*
System
(Hartree) (Hartree)
Cu 0.85 0.90°°
Cu20 0.81 0.66°!
Cu:NCN 0.25 n. d.

n.d.: Not determined.

Supplementary Table 6. Bond dissociation enthalpies (AH) of Cu—*O-CH3. AHcuw0 and
AHo_c were calculated on Cu20 (100) and CupNCN (100), calculation details were described

in the methods.

Surface AHcu-o (kJ-mol ™) AHo-c (kJ-mol™)
Cu20 (100) 497.2 3134
Cu2NCN (100) 245.0 305.1
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Supplementary Table 7. Carbon-based product distributions for CO2RR in MEA-based

electrolyzers at a full-cell voltage of 3.4 V. Electrolysis was performed in 0.5 M KHCO3, with

a CO; flow speed of 30 mL-min ",

Product Selectivity (%)
CH;OH 70.0
CH4 0.3
CcO 13.1
HCOOH 4.2
CyH4 7.7
C,HsOH 4.1
CH3COOH 0.6
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Supplementary Table 8. Detailed crystal plane information of CuzNCN from XRD.

(hkl) 2-Theta (°) D (A) Intensity (a.u.) Note
(100) 8.116 10.8855 100 Strongest
(010) 14.034 6.3051 0
(200) 16.272 5.4427 15.2
(001) 21.971 4.0422 1.2
(-101) 22.026 4.0323 0.8
(300) 24.513 3.6285 10.7
(101) 24.81 3.5857 0.3
(-201) 24.957 3.565 0.1
(011) 26.165 3.403 4.8
-111) 26.212 3.397 4.5
(020) 28.285 3.1526 3.7
(111) 28.615 3.1169 13.3
(-211) 28.744 3.1033 12.9
(120) 29.473 3.0281 8.6
(201) 29.772 2.9984 10
(-301) 29.979 2.9782 9.5
(220) 32.803 2.728 9.8
(400) 32.884 2.7214 0.2
(211) 33.054 2.7078 1.7
(-311) 33.242 2.6929 1.6
(410) 35912 2.4986 0
(301) 36.072 2.4879 14.8

(021) 36.101 2.4859 28.8 3" strongest
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-121)
(-401)
(320)
(121)
(221)
(311)
(411)
(500)
(221)
(401)
(-501)
(420)
(-102)
(002)
(202)
(411)
(-511)
(321)
(421)
(102)
(212)
(-302)
(031)
-131)

(112)

36.136

36.316

37.771

37.973

38.073

38.883

39.112

41.441

41.53

43.237

43.507

43.915

44.045

44.806

44.922

45.68

45.938

46.459

46.657

47.143

47.296

47.367

48.797

48.825

49.434

2.4836

2.4717

2.3798

2.3676

2.3616

2.3142

2.3012

2.1771

2.1726

2.0907

2.0784

2.06

2.0543

2.0211

2.0161

1.9845

1.9739

1.953

1.9451

1.9262

1.9204

1.9176

1.8647

1.8637

1.8422

29

29.6 2™ strongest
14.3
6.4
3.5

3.2

1.3

1.2

53
54
20.9
3.3
6.3
6.7
1.9
1.6
0.6

0.7

0.9

0.6



(312)
(330)
(600)
(131)
(231)
(202)
(520)
(501)
(402)
(-601)
(421)
(-521)
(212)
(-122)
(231)
(511)
(331)
(412)
(-611)
(022)
(222)
(430)
(302)
(322)

(-502)

49.65

50.117

50.247

50.278

50.359

50.889

50.932

51.043

51.207

51.334

52.474

52.707

53.06

53.173

53.176

53.21

53.305

53.369

53.492

53.836

53.938

55.172

55.845

56.089

56.242

1.8347

1.8187

1.8142

1.8132

1.8105

1.7929

1.7914

1.7878

1.7825

1.7784

1.7424

1.7352

1.7245

1.7211

1.721

1.72

1.7172

1.7153

1.7116

1.7015

1.6985

1.6634

1.6449

1.6383

1.6343
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0.1

3.8

1.8

1.9

0.4

1.1

0.3

0.6

0.4

3.1

0.4

0.6

0.4

0.5

0.1



(331)
(431)
(312)
(-512)
(040)
(620)
(140)
(222)
(521)
(700)
(601)
(422)
(621)
(-701)
(240)
(611)
(-711)
(402)
(602)
(431)
(-531)
(041)
(-141)
(412)

(322)

57.342

57.513

57.887

58.275

58.507

58.663

59.177

59.241

59.38

59.384

59.408

59.528

59.643

59.718

61.161

61.375

61.68

61.834

62.3

62.621

62.83

63.271

63.294

63.757

63.766

1.6055

1.6011

1.5917

1.582

1.5763

1.5725

1.56

1.5585

1.5551

1.5551

1.5545

1.5516

1.5489

1.5471

1.5141

1.5093

1.5026

1.4992

1.4891

1.4822

1.4778

1.4686

1.4681

1.4585

1.4583
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0.3

0.3

6.5

1.7

1.2

8.8

0.3

0.9

8.5

0.4

0.9

0.7

0.6

0.1

0.2

0.5

0.5

0.2

0.1

0.1



(-522)
(-612)
(340)
(132)
(332)
(241)
(720)
(621)
(341)
(-721)
(701)
(-103)
(203)
(-801)
(502)
(440)
(531)
(800)
(432)
(631)
(-702)
(422)
(622)
(-303)

(711)

64.133

64.215

64.388

65.699

65.88

67.02

67.053

67.075

67.132

67.366

68.341

68.572

68.638

68.673

68.741

68.767

68.895

68.957

69.031

69.137

69.27

69.352

69.791

69.931

70.17

1.4509

1.4492

1.4457

1.42

1.4166

1.3952

1.3946

1.3942

1.3932

1.3889

1.3714

1.3674

1.3662

1.3656

1.3644

1.364

1.3618

1.3607

1.3594

1.3576

1.3553

1.3539

1.3464

1.3441

1.3401
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2.1

0.9

1.4

1.5

1.3

1.6

0.2

0.1

0.1

0.2

0.2

2.6

0.2

2.9

2.7

0.2



(-113)
(213)
(-811)
(341)
(441)
(013)
(313)
(103)
(403)
(332)
(113)
(413)
(540)
(441)
(721)
(203)
(-541)
(-123)
(223)
(-821)
(522)
(-142)
(-503)
(631)

(820)

70.398

70.464

70.498

70.69

70.843

71.547

71.742

72.098

72.422

72.975

73.886

74.207

74.214

75.468

75.542

75.618

75.659

75.763

75.827

75.86

75.925

76.043

76.064

76.097

76.133

1.3363

1.3352

1.3347

1.3315

1.329

1.3177

1.3146

1.3089

1.3039

1.2954

1.2816

1.2769

1.2768

1.2586

1.2576

1.2565

1.2559

1.2545

1.2536

1.2531

1.2522

1.2505

1.2503

1.2498

1.2493

33

0.2

0.1

0.4

2.8

2.7

0.3

0.2

0.6

0.6

0.1

0.2

0.3

1.4

1.9

0.9

1.5

1.8

1.8

1.7

0.3



(-731)
(-722)
(602)
(042)
(242)
(023)
(323)
(-802)
(213)
(-513)
(432)
(612)
(-342)
(632)
(-812)
(900)
(123)
(051)
(-151)

(811)

76.373

76.434

76.52

76.591

76.675

76.881

77.071

77.111

71.377

77.819

78.265

78.272

78.48

78.686

78.86

79.116

79.164

79.565

79.585

79.668

1.246

1.2451

1.2439

1.243

1.2418

1.239

1.2364

1.2359

1.2323

1.2264

1.2205

1.2204

1.2177

1.215

1.2128

1.2095

1.2089

1.2038

1.2035

1.2025

0.3

0.1

1.1

1.8

0.5

0.5

0.4

0.3

0.1

0.1

0.1

0.1
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Supplementary Table 9. Adsorption features for CO: at the different sites on CuzNCN
(100). Generally, (100) surface has three kinds of sites: top, bridge and hollow sites. And the
adsorption energy (Eaq), the nearest Cu—C distance (Dcu-c) and the angle degree of O—C—O

in CO2 (Bo-c-0) were employed for comparison.

Adsorption
Top Bridge Hollow
Site

Top view

Side view

Eaa (eV) —-0.90 —0.06 —0.86
Dcu-c (A) 3.81 3.83 3.96
0o-c-o (°) 179.4 179.9 179.8
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Supplementary Table 10. Assessments of three possible intermediates obtained after 2—3

process in Figure Sc.

Intermediates AG (eV)
*CHO (C, O-binding) 0.02
*CHO (C-binding) 0.64
*COH 0.83

Supplementary Table 11. Assessments of three possible intermediates obtained after 3—4

process in Figure Sc.

Intermediates AG (eV)
*OCH2 1.10
*CHOH 1.13
*C(=O)H2 1.61

Supplementary Table 12. Transition state (TS) studies on the hydrogenation of *OCH3 on
Cu2NCN (100). Energy barrier was calculated by Grts—Gis, and relative free energy was

calculated by Grs—Gis.

Pathway Energy barrier (eV) Relative free energy (eV)
TS-1
*OCHs + [H] — * + CH30H 2.26 0.89
TS-2
*OCH; + [H] — *O + CHy 3.58 2.05
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Supplementary Table 13. Frequency analysis for TS-1. Frequency calculations were

performed in a stricter condition with the maximum force to be less than 0.01 eV-A™!.

No. Frequency (cm™)
1 3072.2
2 380.1
3 369.1
4 176.1
5 175.2
6 172.7
7 140.0
8 137.9
9 129.0
10 1154
11 70.4
12 41.5
13 36.4
14 22.5
15 12.7
16 10.3
17 5.8

18 (imaginary frequency) 158.01
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Supplementary Table 14. Frequency analysis for TS-2. Frequency calculations were

performed in a stricter condition with the maximum force to be less than 0.01 eV-A"!.

No. Frequency (cm™)
1 3206.3
2 3205.2
3 3039.2
4 1337.9
5 1334.1
6 1136.4
7 1040.7
8 1034.1
9 594.0
10 524.2
11 500.4
12 367.7
13 350.8
14 164.7
15 92.5
16 73.3
17 51.4

18 (imaginary frequency) 927.81
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