Electronic Supplementary Material (ESI) for Dalton Transactions.
This journal is © The Royal Society of Chemistry 2024

Improvement of electrocatalytic water oxidation activity of novel copper complex

by modulating axial coordination of phosphate on metal center

Jieying Wang,f? Yezi Ping,{* Yanmei Chen,* Shanshan Liu,? Jinfeng Dong,® Zhijun Ruan,"®

Xiangming Liang,” Jungi Lin™

2 Hubei Key Laboratory of Processing and Application of Catalytic Materials, College of
Chemistry and Chemical Engineering, Huanggang Normal University, Huanggang 438000,
China.

E-mail: ruanzhijun@hgnu.edu.cn; linjunqi@hgnu.edu.cn

bSchool of Basic Medical Sciences, Ningxia Medical University, Yinchuan 750004, China.
E-mail: liangxm@nxmu.edu.cn

1 These authors contributed equally to this work.


mailto:ruanzhijun87@163.com

Synthesis of the bipyridine-based ligand 6,6’-bis(dimethylaminomethyl)-2,2'-bipyridine

(dmabpy) and 6,6’-bis(methylaminomethyl)-2,2’-bipyridine (mabpy)

6,6'-Bis(bromomethyl)-2,2'-bipyridine: A mixture of N-bromosuccinimide (NBS, 4.00 g,
22.4 mmol) and 6,6'-dimethyl-2,2"-bipyridine (2.00 g, 10.84 mmol) in CHCI; (60 ml) was
heated to 62 °C for half an hour. After the addition of catalytic benzoyl peroxide (800 mg, 3.30
mmol), the solution was refluxed at 62 °C for 16 h, cooled to room temperature and the solvent
was removed. The yellow residue was triturated with MeOH (5 x 15 ml) and the white solid
was recrystallized from chloroform to give the product as a white crystalline solid (0.385 g,

20.0 %).
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Scheme S1 The synthesis procedure of precursor 6,6'-Bis(bromomethyl)-2,2'-bipyridine.
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Fig. S1 FT-IR spectrum of precursor 6,6'-Bis(bromomethyl)-2,2'-bipyridine.
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Fig. S2 The 13C NMR (Bruker Avance II1 400 MHz, chloroform-d) of 6,6'-Bis(bromomethyl)-
2,2"-bipyridine: § 156.2 (C,y), 155.5 (C,y), 138.0 (C,y), 123.7 (C,y), 120.6 (C,y), 34.2 (CHp).
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Fig. S3 The '"H NMR (Bruker Avance I 400 MHz, chloroform-d) of 6,6'-Bis(bromomethyl)-
2,2"-bipyridine: 6 8.40 (dd, Juy = 7.8 Hz, Juy = 1.0 Hz, 2H, CH,,), 7.84 (t, Jun = 7.8 Hz, 2H,
CH,y), 7.47 (dd, 3Jyn = 7.8, Jun = 1.0 Hz, 2H, CH,), 4.64 (s, 4H, CH,).




dmabpy: 6,6'-bis(bromomethyl)-2,2'-bipyridyl (0.268 g, 0.784 mmol) was dissolved in ethanol
(10 mL). A 40% (w/w) aqueous solution of dimethylamine (4.0 ml, 8.0 mmol) was added
dropwise. The mixture was refluxed at 80 °C for 16 h and then cooled to room temperature, the
solvent was removed under reduced pressure. To deprotonate the compound, the white residue
was dissolved in aqueous solution of NaOH (3 M, 10 ml). The solution was extracted with
CH,Cl, (3 x 10 ml). The organic layers were combined, dried under anhydrous sodium sulfate
and the solvent was removed under reduced pressure. The residue was dried under high vacuum

and the dmabpy ligand was obtained as bright yellow solid (0.20 g, 94.3 %).

Scheme S2 The synthesis procedure of the ligand dmabpy.
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Fig. S4 FT-IR spectrum of the ligand dmabpy.



—157.07
—154.95
—138.49
— 12431
— 12137
63.69
43.95

T T T T T T T T T T T T T T T T T T T T T T T T 1
160 155 15 45 140 | 135 30 [125) 120 115 110 105 100 95 90 8 8\1\ 75 70 |65 |60 S5 50 45 40 3
&/ p)

Fig. S5 3C NMR (Bruker Avance III 400 MHz, deuterium oxide) of dmabpy: & 157.1 (C,y),
155.0 (Cpy), 138.5 (C,y), 124.3 (C,y), 121.4 (C,y), 63.7 (CH,), 44.0 (CHs).
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Fig. S6 The 'H NMR (Bruker Avance III 400 MHz, deuterium oxide) of dmabpy: & 7.76 (dd,
JHH = 79, JHH =33 HZ, 2H, Cpr), 7.60 (t, JHH =79 HZ, 2H, Cpr), 7.24 (dd, JHH = 7-99JHH =
3.3 Hz, 2H, CH,,), 3.43 (s, 4H, CH,), 2.05 (s, 12H, CHj3).



mabpy: The ligand mabpy was synthesized according to a similar preparation procedure as that
of ligand dmabpy except that aqueous solution of methylamine was used instead of aqueous

solution of dimethylamine. Ligand mabpy was formed as yellow oil (0.142 g, 75 %).
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Scheme S3 The synthesis procedure of the ligand mabpy.
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Fig. S7 FT-IR spectrum of the ligand mabpy.
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Fig. S8 1*C NMR (Bruker Avance 11T 400 MHz, chloroform-d) of mabpy: & 159.0 (C,y), 155.8
(Cpy), 137.1 (Cpy), 122.1 (C,y), 119.3 (Cpy), 57.2 (CHy), 36.2 (CH,).
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Fig. S9 The 'H NMR (Bruker Avance I1I 400 MHz, chloroform-d) of mabpy: & 8.31 (d, Jyu =
7.8 Hz, 2H, CH,,), 7.84 (t, Jun = 7.7 Hz, 2H, CH,y), 7.47 (m, 2H, CH,,), 3.94 (s, 4H, CH,),
2.53 (s, 6H, CH,), 2.01 (s, NH).



Table S1 Crystallographic data and processing parameters for complexes 1

Complex parameters Complex 1
Empirical formula C1H2CLN,CuOg
Formula weight 532.81
Temperature / K 192.0
Wavelength / A 0.71073
Crystal system Orthorhombic
Space group Pnma
alA 13.3806(4)
bl A 11.9359(4)
c/A 12.9332(5)
o/ deg 90
S/ deg 90
y/ deg 90
Volume / A3 2065.55(12)
Z 4
Calculated density / Mg m? 1.713
Absorption coefficient / mm-! 1.370
1092

F(000)
Crystal size / mm?

0 range / deg

Index ranges

Reflections collected
Independent reflections
Completeness to theta
Refinement method
Data / restraints / parameters
Goodness-of-fit on F?
Final R indices [[>2sigma(])]
R indices (all data)
Largest diff. peak and hole

0.210 % 0.190 % 0.180
2.190 to 26.388
-16<h<l16
-14<h<14
-16<h<16
43215
2218 [R(int) = 0.0793]
99.9 % (25.099°)
Full-matrix least-squares on F?
2218/7/153
1.039
R, =0.0287, wR, =0.0728
R, =0.0334, wR, =0.0761
1.673 and -1.747 e.A3

Ry = Z[|Fo| = |[FVEIF|, wRy = [E(1Fo = [F)E(Fo)]'"



Table S2 Selected bond lengths (A) and angles (deg) for complexes 1

Complex 1
Bond length (A)
Cul-N1 2.054(2)
Cul-N2 1.942(2)
Cul-N3 1.942(2)
Cul-N4 2.054(2)
Bond angles (deg)
NI1-Cul-N2 82.25(8)
N2—-Cul-N3 79.29(10)
N3—Cul-N4 82.25(8)
N1-Cul-N4 113.16(12)
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Fig. S10 FT-IR spectra of complex [Cu(dmabpy)](CIO,), (1), complex [Cu(mabpy)](ClOy),
(2) and [Cu(z-bmabpy)](CIOy), (3).



Fig. S11 The measured and simulated high resolution mass spectrum peak of the fragment of

mA AT

30407282

304.0749

Simulated

306.0731

305.0783
307.0765

RUIK]

Intenty

304.0728

T T 1
s 306 37 Jos

Measured
306.0713

305.0778
307.0751

T
302

050

[
i
=1
Lo oo Booo o Boo o bon by oo bog b baa b ol ool ool s aalayoul anoslonor oy aaloyoaleyig

T
304

40402985

T T T 1
05 306 07 308
m/z

000 y

[Cu(mabpy)-H*]* from complex 2 dissolved in water.

417.2079
417 p074
419.2061
419
418.2113
413f351 420.2095
: . . 4292041 422 1ﬁ?9 - | , . . :
4150 M75 4200 4225 4250 417 418 419 420
m/z

Fig. S12 The measured (left) and simulated (right) high resolution mass spectrum peak the

fragment of [Cu(#-bmabpy)]* from complex 3 dissolved in water.
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Fig. S13 UV-vis absorption of 1 mM of 1 and 2 in 0.1 M phosphate buffer solution at pH 9.0.
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Fig. S14 Concentration -dependent UV-vis absorption spectra of 1 (a and b), 2 (c and d) and 3

(e and f) in PBS at pH 9.0.



Table S3 The UV-vis absorption properties of complexes 1, 2 and 3.

Complex Amax / IM ¢/ M em!
1 627 227.5
2 611 150.6
3 704 238.0
0.5 0.5
(a) (b)
—— Pure water —01M
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Fig. S15 UV-vis absorption spectra of 1 mM of complex 1 (a and b), 2 (c and d) and 3 (e and
f) in pure water and 0.1 M different buffer solution at pH 9.0, and in PBS of various

concentration at pH 9.0.
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Fig. S16 Consecutive CV cyclic scan curves of 1 mM of complexes 1 and 2 in 0.1 M PBS at

pH 9.0, scan rate = 100 mV/s.
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Fig. S17 The Cu'/Cu" couple of complex 1 and 2 in 0.1 M PBS at pH 9.0, scan rate = 100 mV/s.
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Fig. S18 CV tests and rinse tests of | mM of complexes 1, 2, ligand dmabpy and mabpy in 0.1

M PBS at pH 9.0, scan rate = 100 mV s—1, GC electrode was used as the working electrode.
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Fig. S19 The UV-vis absorption spectra of the electrolyte containing complex 1 (a) and 2 (b) before

and after consecutive CV test.
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Fig. S20 The measured and simulated high resolution mass spectrum peak of the fragment of

[Cu(dmabpy)(OH)-CH3]" from complex 1 after consecutive CV test.
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Fig. S21 The measured and simulated high resolution mass spectrum peak of the fragment of

[Cu(mabpy)-H*]* from complex 2 after consecutive CV test.
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Fig. S22 DPV curves of 1 mM of complex 1 in 0.1 M PBS at various pH (a) and Pourbaix

diagram of complex 1 in 0.1 M PBS pH range of 7.5-9.5 (b).
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Fig. S23 DPV curves of 1 mM of complex 2 in 0.1 M PBS at various pH (a) and Pourbaix

diagram of complex 2 in 0.1 M PBS pH range of 7.5-9.5 (b).
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Fig. S24 CV of various concentration of 1 at pH 9.0 with scan rate of 100 mV s™! (a) and the

dependence of catalytic current density at 1.50 V vs. NHE on the concentration of 1 (b).
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Fig. S25 CV of various concentration of 2 at pH 9.0 with scan rate of 100 mV s™! (a) and the

dependence of catalytic current density at 1.50 V vs. NHE on the concentration of 2 (b).
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Fig. S26 Cyclic voltammograms of 1.0 mM of 1 with various concentration (a) and dependence

of reduction wave current density of the Cu'/Cu" couple of 1 on its concentration (b).
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Fig. S27 Cyclic voltammograms of 1.0 mM of 2 with various concentration (a) and dependence

of reduction wave current density of the Cu'/Cu" couple of 2 on its concentration (b).
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Fig. S30 CV of 1.0 mM of 1 in 0.1 M PBS with scan rate varying from 10 to 200 mV s7! (a)

and plots of the ratio of j, to j; of 1 versus the reciprocal of the square root of the scan rate (b).
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Fig. S31 CV of 1.0 mM of 2 in 0.1 M PBS with scan rate varying from 10 to 200 mV s7! (a)

and plots of the ratio of j, to j; of 2 versus the reciprocal of the square root of the scan rate (b).
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Fig. S32 Faradaic efficiency of O, evolution for 1 (a) and 2 (b) under 4 h of electrolysis at 1.50

V vs. NHE in 0.1 M PBS at pH 9.0.
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experiment of complex 1 (a) and 2 (b).
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Fig. S34 SEM images and EDX analysis result of the surface of ITO electrode before (a and b)

and after 4 h CPE experiments of 1 (c and d) and 2 (e and f) in 0.1 M PBS at pH 9.0.
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Fig. S35 Full scan of XPS spectra of ITO electrode before and after CPE test with complex 1 and 2

as catalyst (a). XPS spectra of Cu element on ITO electrode before and after CPE test with complex

1 and 2 (b).
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Fig. S37 Catalytic current obtained at the controlled potential electrolysis in the presence of 1

mM complex 1 and 2 using an FTO electrode (1 cm X 2 cm, 1 cm? immersed in electrolyte) in

PBS (various concentration, pH 9.0) at 1.50 V vs. NHE.

Fig. S38 The photograph of the H-shape electrolyte cell and the oxygen generated on the

surface of ITO electrode during the CPE test of complex 1.
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Fig. S39 CV complex 1 (a) and 2 (b) in H,O or D,O PBS at pH 9.0, scan rate of 100 mV s,
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Fig. S40 Relative free energy (AG) diagram of the oxidation process of complex 1. DFT calculations
were conducted through the Vienna ab initio Simulation Package (VASP) with the projector
augment wave method. Generalized gradient approximation of the Perdew-Burke-Ernzerhof (PBE)
functional was used as the exchange-correlation functional. The Brillouin zone was sampled with 2
x 2 x 1 K points for surface calculation. The cutoff energy was set as 500 eV, and structure
relaxation was performed until the convergence criteria of energy and force reached 1 x 107 eV
and 0.02 eV A-!, respectively. A vacuum layer of 15 A was constructed to eliminate interactions
between periodic structures of surface models. The van der Waals (vdW) interaction was amended
by the zero damping DFT-D3 method of Grimme The Gibbs free energy was calculated as AG =
AE + AEZPE —TAS, where the AE, AEZPE, and AS are electronic energy, zero-point energy, and
entropy difference between products and reactants. The zero-point energies of isolated and absorbed
intermediate products were calculated from the frequency analysis. The vibrational frequencies and

entropies of molecules in the gas phase were obtained from the National Institute of Standards and

Technology (NIST) database.
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Fig. S41 The CV curves of complex 1 and 2 in anhydrous acetonitrile (0.1 M of tetrabutyl

ammonium hexafluorophosphate is used as electrolyte) at 100 mV/s.
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Fig. S42 DPV curves (a) and Pourbaix diagram (b) of 1 mM of 3 in 0.1 M PBS at various pH.
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Fig. S43 CV of various concentration of 3 at pH 9.0 with scan rate of 100 mV s™! (a) and the

dependence of catalytic current density at 1.48 V vs. NHE on the concentration of 3 (b).
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Fig. S44 Cyclic voltammograms of 1.0 mM of 3 with various concentration (a) and dependence

of anodic wave current density of the Cu'/Cu™ couple of 3 on its concentration (b).
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Fig. S45 CV of 1.0 mM of 3 with various scan rate (a) and dependence of reduction wave

current density of the Cu'/Cu’ couple of 3 on the square root of scan rates (b).
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Fig. S46 CV of 1.0 mM of 3 in 0.1 M PBS with scan rate varying from 10 to 200 mV s™! (a)

and plots of the ratio of j . to j; of 3 versus the reciprocal of the square root of the scan rate (b).
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Table S4 Overpotential of homogeneous electrochemical water oxidation catalyzed by some

reported Cu-based water oxidation catalysts

Catalyst ¢ pH n/mV ? Ref.
(bpy)Cu(OH), 13.1 750 S7
[(Me, TMPA)(u-OH)Cul,** 12.5 636 S8
[Cu(L)]* 12.0 830 S9
[La-Cu),] 12.0 880 S10
[Lay-Cu)4] 12.0 880 S10
[(L4)Cu]* 11.6 754 S11
[Cu(N,Py3)]** 12.0 831 S12
[(opba)Cu]* 10.8 636 S13
[Cu(Meyoxpn)Cu(OH),] 10.4 636 S14
[L-Cu-CO;HJ 10.0 650 S15
[CuL,]** 9.20 602 S16
[Cuy(BPMAN)(u-OH)** 7.0 800 S17
CuMe,cyclam 7.0 880 S18
[Cu(I)(C2)]* 6.5 674 S19
Cu,(BEE), 9.35 470 S20
CuPcTS 9.5 570 S21
[(L1)Cu(OHy)* 9.0 730 S22
[(L2)Cu(OHy))** 9.0 330 S22
Complex 1 9.0 600 This work

¢ The structures of the catalysts listed in this table are given below. ? 7 = onset overpotential

obtained from CV test (vs. NHE).
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