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1. ESI Mass Spectrometry  

 

FIGURE S1. Experimental and simulated isotopic pattern from ESI-HRMS of main peak ReS+. 

 

2. NMR 

 

FIGURE S2. 1H-NMR in acetonitrile-d3 of ReS. 
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FIGURE S3. 13C-NMR in acetonitrile-d3 of ReS. 

 

 

FIGURE S4. 1H-NMR, 13C-NMR and 1H-13C-HSQC-HMBC in acetonitrile-d3 of ReS. 
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FIGURE S5. 1H-NMR in acetonitrile-d3 of ReSS. 

 

 

FIGURE S6. 13C-NMR in acetonitrile-d3 of ReSS. 
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FIGURE S7. 1H1H-COSY in acetonitrile-d3 of ReSS. 
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FIGURE S8. 1H1H-COSY, 1H13C-HSQC and 1H13C-HMBC in acetonitrile-d3 of ReSS. 

 

FIGURE S9. 1H-NMR in acetonitrile-d3 of complexes. 
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3. FTIR 
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FIGURE S10. FTIR spectra in KBr pellets (left) and MeCN solutions (right) of complexes. 

4. UV-Vis 

  

FIGURE S11. UV-Vis spectra of ReS (left) and ReSS (right) complexes in MeCN and DCM. 
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FIGURE S12. UV-vis spectra in acetonitrile of ReSS (grey) and ReS (red). Inset plot: Electron density 

difference map (EDDM) for lowest MLLCT transitions. Orange: decrease in electron density; Blue: 

increase in electron density. 
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5. Luminescence 
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FIGURE S13. Luminescence of ReS and ReSS in deareated acetonitrile. 

6. Electrochemistry  
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FIGURE S14. CV for first reduction and oxidation of complexes in deareated acetonitrile TBAH 0.1 

M vs SCE. 
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TABLE S1. Experimental and computed values for oxidation and reduction potentials (in V, vs. SCE). 

Complex 
E½ 

ReI/II 

E½ 

L0/-I / ReI/II 

E½ 

L0/-I / ReI/II 

 Experimental Computed 

[Re(bpy)(CO)3Cl] 1.38 

-1.35a 

-1.40/-1.80d 

-1.34/-1.73c 

-1.23/-1.76b 

[Re(S-bpy)(CO)3Cl] 1.39 -1.29/-1.73 -1.20/-1.95(-1.67e) 

[Re(SS-bpy)(CO)3Cl] 1.39 -0.85/-1.31 -0.52g/-2.07(-1.61e,-1.12f) 

a from Worl’s work1. b from Riplinger’s work2. c from Smieja’s work3. d from Clark’s work4. e including an H+. 

f including two H+. g two-electron process.  

 

7. Spectroelectrochemistry 

 

TABLE S2. Experimental and calculated CO frequencies (in cm-1) of both complexes and reduced 

species by spectroelectrochemistry. 

 

CO 

(Vacuum) 

(DFT)a 

CO 

(Acetonitrile) 

(DFT)b 

CO 

 (Acetonitrile) 

(Exp.) 

[Re(S-bpy)(CO)3Cl] 

2004 

1928 

1902 

2040 

1922 

1906 

2026 

1923 

1904 

[Re(S-bpy)(CO)3Cl]-1 

1972 

1880 

1862 

2019 

1893 

1879 

1998 

1886 

1860 

[Re(S-bpy)(CO)3Cl]-2 

1925 

1825 

1816 

1975 

1852 

1842 

1996-1986-1975 

1884-1874-1862-1856 

[Re(SS-bpy)(CO)3Cl] 

2001 

1927 

1904 

2036 

1923 

1907 

2025 

1923 

1904 

[Re(SS-bpy)(CO)3Cl]-2 

1977 

1888 

1873 

2030 

1909 

1894 

2014 

1902 

1884 

[Re(SS-bpy)(CO)3Cl]-3 

1956 

1853 

1848 

2025 

1900 

1886 

2008 (1996-1987) 

1875 

aFrequencies are scaled by 0.96. bFrequencies are scaled by 0.99. 
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FIGURE S15. UV-Vis spectroelectrochemistry of ReS in (Pt and Au)-OTTLE cell in a MeCN/0.1M 

TBAH mixture, at -1.4V and -1.85 V. 
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FIGURE S16. UV-Vis spectroelectrochemistry of ReSS in (Pt and Au)-OTTLE cell with acetonitrile 

TBAH 0.1 M, at -0.9V and -1.5 V. 
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FIGURE S17. FTIR spectroelectrochemistry of ReS in OTTLE cell in an MeCN/0.1 M TBAH 

mixture, at -1.3V (left) and -1.6 V (right) vs SCE. 
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8. Computational 

Infrared and UV/Vis spectra. Density functional theory (DFT) calculations were performed using 

the Gaussian 2016 software package, revision A.035. Geometry optimizations were performed using 

the (U)B3LYP functional6, 7 with the 6-31+G(2df,p) basis sets8, 9 on all non-metallic atoms and the 

def2TZVP effective core potential and basis sets10, 11 on the Re atom. Solvation effects were included 

by employing a solvation model based on density (SMD12) for acetonitrile. Vibrational frequency 

calculations were performed to characterize the stationary structures and compute the CO stretching 

frequencies (Table S2), employing scaling factors of 0.96 and 0.99 for vacuum and acetonitrile 

calculations (scaling factors were determined as average ratio between the neutral experimental and 

theoretical result). Optimized structures of both complexes in acetonitrile are shown in Figure S18 and 

selected bond distances and angles are summarized in Table S3. Frontier orbitals (Figure S19, Table 

S4) were visualized using GaussView. UV-Vis spectra was based on vacuum optimized structure and 

were computed by time-dependent DFT (TD-DFT) calculations employing 60 states and the 

(U)B3LYP functional, 6-311+G(2df,p) basis sets13-23 on all non-metallic atoms and the def2TZVP 

effective core potential and basis sets10, 11 on the Re atom with SMD of acetonitrile (Figure S21, Table 

S5). 

 

FIGURE S18. Optimized structures for ReS (left) and ReSS (right) complexes in acetonitrile.  

 

TABLE S3. Structural information for ReS and ReSS complexes.a 

 ReS ReS- ReS2- ReSS ReSS- Re-SS2- Re-SS3-   

Re-Cl (Å) 2.50 2.54 2.66 2.50 2.52 2.55 2.69 

Re-1CO (Å) 1.93 1.93 1.93 1.94 1.93 1.93 1.93 

Re-2CO (Å) 1.93 1.93 1.93 1.94 1.93 1.93 1.93 

Re-3CO (Å) 1.93 1.92 1.89 1.93 1.92 1.92 1.89 

Re-1N (Å) 2.28 2.26 2.22 2.23 2.22 2.22 2.19 

Re-2N (Å) 2.28 2.26 2.22 2.22 2.22 2.22 2.19 

1S-2S (Å) --- --- --- 2.07 2.49 3.36 3.50 

1S1C-2C2S (°) --- --- --- 26.8 34.4 55.4 56.3 

aSee Figure S18 for labeling. 
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FIGURE S19. Frontier MO’s for ReS (left) and ReSS (right) with percentage contribution from 

different groups in the molecule (– black line for Re, – red line for bipyridyl ligand, – blue line for Cl 

and carbonyls, and – green line for S). 

 

TABLE S4. Frontier MO’s for ReS and ReSS with percentage contribution from different groups in 

the molecule PDOS. 

MO Energy 

(eV) 

Re SSbpy Cl+CO SS  Re Sbpy Cl+CO S Energy 

(eV) 

MO 

L+4 -0.90 17 12 56 15  19 9 71 1 -0.78 L+4 

L+3 -0.96 5 6 14 75  21 1 59 19 -1.00 L+3 

L+2 -1.70 1 93 2 5  1 78 4 16 -1.31 L+2 

L+1 -2.03 1 64 4 32  0 96 2 1 -1.61 L+1 

LUMO -2.94 1 73 3 23  1 94 4 0 -2.53 LUMO 

             

HOMO -6.12 49 2 48 0  49 2 49 0 -6.13 HOMO 

H-1 -6.22 47 3 49 1  47 2 49 0 -6.21 H-1 

H-2 -6.52 2 31 2 66  62 2 36 0 -6.63 H-2 

H-3 -6.62 58 3 36 2  1 47 4 47 -7.03 H-3 

H-4 -7.55 3 34 29 34  0 96 3 1 -7.22 H-4 
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FIGURE S20. Simulated UV-Vis spectra and electron density difference map (EDDM) for lowest 

MLLCT transitions in ReS (top panel) and ReSS (bottom panel). Orange: decrease in electron density; 

blue: increase in electron density.  

 

TABLE S5. Lowest MLLCT transitions for ReS and ReSS with percentage contribution from different 

groups in the transitions. 

Complex 
lmax 

(nm) 

Osc. 

Sth. 
transition Re bpy Cl+CO’s S/SS 

ReS 414.29 0.0643 
H-1->LUMO 

(100%) 
47-->1 (-46) 2-->94 (92) 49-->4 (-45) 1-->0 (-1) 

ReSS 

471.57 0.0614 
H-1->LUMO 

(96%) 
46-->1 (-45) 3-->73 (70) 48-->3 (-45) 2-->23 (21) 

461.80 0.0122 
H-2->LUMO 

(92%) 
4-->1 (-3) 30-->72 (42) 3-->3 (0) 63-->23 (-40) 
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Reduction potentials. Reduction potentials were computed from the Gibbs free energy difference 

obtained at the DFT level. The calculations included geometry optimizations in gas phase using a 

medium-sized basis set. Thermochemical energy contributions were included by using the ideal gas, 

rigid rotor, and harmonic oscillator approximations at a temperature of 298.15 K. Electronic energies 

at the optimized geometries were computed using a larger basis sets. Different combinations of 

functional and basis sets were employed to assess the error in the reduction potential (Tables S6 and 

S7). In all calculations, the D3 Grimme’s empirical dispersion24 was used. Solvation energies (from 

geometries optimized in acetonitrile with the medium-sized basis sets) were computed at the larger 

basis sets by employing the polarizable continuum model (PCM25). All reported reduction potential 

values are referenced with respect to the SCE, taking the absolute potential of SCE in acetonitrile to 

be -4.422 V2. 

 

TABLE S6. Different basis sets used to compute the reduction potential of ReS and ReSS. 

 

TABLE S7. Computed one-electron reduction potentials (V vs. SCE) of ReS and ReSS, for different 

basis sets combinations.a 

aSee Table S6 for definition. bFor ReS- + H+ → ReS2- + H+ reduction. cFor ReSS2- + H+→ ReSS3- + H+ 

reduction. dReSS2- + 2H+→ ReSS3- + 2H+ reduction. 

 

 

 

 

 
Basis sets #1 Basis sets #2 Basis sets #3 Basis sets #4 

Functional (U)B3LYP (U)B3LYP (U)B3LYP (U)WB97XD 

Optimization/F

requency 

calculation 

6-31+G(2df,p): 

C N S H 

LANL2DZ: 

Re Cl 

6-31+G(2df,p):  

C N Cl S H 

Def2SVP: 

Re 

Def2SVP: 

C N Cl S H Re 

6-31+G(2df,p): 

C N S H 

LANL2DZ: 

Re Cl 

Single point 

calculation 

AUG-cc-pVTZ: 

C N S H 

LANL2DZ: 

Re Cl 

6-31+G(2df,p): 

C N Cl S H 

Def2SVP: 

Re 

Def2SVP: 

C N Cl S H Re 

AUG-cc-pVTZ: 

C N S H 

LANL2DZ: 

Re Cl 

Reduction Basis sets #1 Basis sets #2 Basis sets #3 Basis sets #4 

ReS → ReS- -1.20 -1.39 -1.38 -1.31 

ReS- → ReS2- -1.95 (-1.67b) -2.14 -2.40 -1.94 

     

ReSS → ReSS- -0.61 -0.90 -0.77 -0.92 

ReSS- → ReSS2- -0.42 -0.76 -0.91 -0.21 

ReSS2- → ReSS3- -2.07 (-1.61c/-1.12d) -2.28 -2.61 -2.15 
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TABLE S8. Gibbs Free Energy for [Re(S-bpy)(CO)3Cl]-n →  [Re(S-bpy)(CO)3Cl]-n+1 + Cl-  and 

[Re(SS-bpy)(CO)3Cl] →  [Re(SS-bpy)(CO)3Cl]-n+1 + Cl- reactions.a   

Molecule Charge (n) G (kcal/mol) 

[Re(S-bpy)(CO)3Cl] 

0 3.01 

1 -4.37b 

2 -20.00 

[Re(SS-bpy)(CO)3Cl] 

0 3.71 

1 0.25 

2 10.85 

3 -14.71 

a Calculation performed using the (U)B3LYP functional6, 7 with the 6-31+G(2df,p) basis ses8, 9 on all non-

metallic atoms and the def2TZVP effective core potential and basis set10, 11 on the Re atom, with SMD12 

acetonitrile solvent. b The energy barrier is 7.3 kcal/mol, estimated by doing a relaxed potential energy scan of 

Re-Cl distance. 

 

SFG Simulation. A model gold slab was obtained from periodic boundary conditions DFT 

calculations in a two-step procedure, using the Vienna ab initio Simulation Package (VASP26-29). First, 

a bulk lattice relaxation was performed using the Perdew, Burke, and Ernzerhof (PBE) generalized 

gradient exchange-correlation functional30, 31, the projector augmented plane wave (PAW) method32, 

33, and the D3 dispersion function with Becke Johnson damping 24, 34. An energy cutoff of 500 eV, 

energy convergence criterion per unit cell of 10−6 eV and a 12×12×12 Monkhorst−Pack k-point grid 

was used, along with a smear parameter of 0.1 eV and the method of Methfessel-Paxton of order 135. 

From the optimized bulk structure, a gold slab of 6×6×4 atoms is generated and optimized using a 

Monkhorst-Pack k-point grid of 1×1×1 and ~40 Å of vacuum. Only the top two layers of the gold slab 

are alloweds to relax in this calculation. The two uppermost gold layers are used as a model gold slab 

in the subsequent SFG calculations. 

 Simulations of SFG spectra for the ReSS complex on gold are computed using Gaussian 2016 

software package, following our previous work36-38. Briefly, a neutral ReSS molecule is optimized on 

the gold slab (kept frozen) using the PBE functional (Geometry A in Table S22) or PW91PW91 

functional39 (Geometry B, C, D and E in Table S22) and the 6-31G(d) basis sets13, 14, 40-47 for C, H, N, 

Cl, O, S elements and the LANL2DZ basis sets48-51 and pseudopotential for Re and Au atoms. 

Frequencies and hyperpolarizabilities are computed and used to calculate the SFG spectra as in 

previous work36-38. To better characterize the orientation of the complex on the surface, we utilized 

the Euler angles θ, ψ and φ to relate the molecular frame to the laboratory frame fixed on the surface 

(see Figure S23). Here, θ is the tilt angle of the bipyridine plane relative to the surface normal, φ is 

the azimuthal rotation of the molecule relative to the surface normal, and ψ is the twist rotation of the 

complex along the c axis. 
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FIGURE S21. Left: Structure of the Re catalyst with the molecular frame axes a (aligned with Au-Au 

bond), b (in the gold slab plane and perpendicular with a), and c (perpendicular with the gold slab 

plane) labelled. Right: Euler angle definitions. Color code for atoms: yellow = S, green = Cl, gray = C, 

blue = N, red = O, azure = Re, white = H, violet = Au. 

 

 

FIGURE S22. DFT-based calculated SFG spectra (black line) with different combination of Ψ and θ 

angles for the homodyne spectra of ReSS. 
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FIGURE S23. Different optimized geometries of ReSS on gold slab and corresponding SFG spectra. 

A) The standing up geometry. B) The Cl facing down geometry. C) The Cl facing up geometry.  

 

TABLE S9. Fitting parameters for the best-matched DFT-based SFG spectra shown in Figure 7.a 

Molecule Mode Χeff, q ωq(cm-1) Γq(cm-1) 

[Re(SS-bpy)(CO)3Cl] 

1 49.9 2022 4.0 

2 -1.02 1962 4.0 

3 -2.11 1946 8.0 
a For all calculations ANR is 3.0, phase is 140°.  
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