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Abstract

This work describes the preparation of a new thiosemicarbazone derivative, (Z)-

N-ethyl-2-(6-oxo-1,10-phenanthrolin-5(6H)-ylidene)hydrazinecarbothioamide 

(phet) and its respective Re(I) tricarbonyl chloro complex, fac-

[ReCl(CO)3(phet)]. The spectroscopic, photophysical and electrochemical 

properties of the new complex were fully investigated through steady state and 

time-resolved techniques along with computational calculations. In fac-

[ReCl(CO)3(phet)], the new ligand is coordinated to the metal center through the 

pyridyl rings of the phenanthroline moiety. The unbound electron pairs in the S 

atom of the bending thiosemicarbazone group induce new low energy lying 

electronic transitions. Consequently, enhanced visible light absorption up to 550 

nm is observed in acetonitrile due to the overlap between MLCTRephet and 

ILphet(n*) transitions. The absorption bands and emission quantum yields of 

fac-[ReCl(CO)3(phet)] are sensitive to proton concentration due to an acid-basic 

equilibrium in the N atoms of the thiosemicarbazone. Proton dissociation 

constants of 10.0 ± 0.1 and 11.4 ± 0.2 were determined respectively for the 

ground and excited states of the new complex. Spectral changes could also be 

observed in the presence of Zn2+ cations which can be further explored for 

sensing applications. The electrochemical behavior of the new complex was 

studied in detail, revealing up to four one electron reduction processes in the 

range from 0 to -2.4 V vs Fc+/Fc. With support of DFT calculations, the first 

three processes are ascribed to the reduction of the coordinated phet ligand 

followed by the ReI/0 reduction and consequent Cl- release. The new complex 

was able to act as electrocatalyst for CO2 reduction into CO (Eonset = -1.92 V vs 

Fc+/Fc), with a turnover frequency of 2.81 s-1 and turnover number of 24 ± 1 in 

anhydrous acetonitrile, being the first Re(I) tricarbonyl complex with a 

thiosemicarbazone derivative described for this goal. The detailed 

characterization carried out here can drive the development of new Re(I)-

thiosemicarbazone derivatives for different applications.

Keywords: CO2 reduction, Re(I) complexes, electrocatalysis, photophysics
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1. Introduction
The interest in Re(I) coordination compounds of general formula fac-

[ReL(CO)3(NN)], NN = diimine ligands, L = ancillary ligand, has increased since 

the early works by Whrighton and Morse in the 1970s 1–4. These complexes 

exhibit interesting photochemical and photophysical properties, which can be 

largely modulated by ligand selection. As a result, different applications have 

emerged, such as sensing 5–7, light-emitting devices 8–11, photoswitches 12–14 

catalysis 15 and as biomarkers 16,17. 

Particularly, Re(I) complexes have been recognized by their ability to 

reduce CO2, both photo- and electrochemically18. Their catalytic activity was 

first described by Sackesteder and Lehn 19 employing the fac-[ReCl(CO)3(bpy)] 

complex, bpy = 2,2’-bypiridyne and, since then, several research groups have 

investigated the mechanistic aspects of this reaction aiming at development of 

more efficient Re(I)-based CO2 reduction catalysts 12,20–25. Lehn’ system could 

efficiently and selectivity catalyze the electrochemical conversion of CO2 to CO. 

More recently, Ishitani’s group reported the preferential formation of formate in 

aqueous CO2 solutions also employing a Re(I) polypyridyl complex as catalyst 
26. By the selection of the ligands surrounding the metal center, one can not 

only control the product selectivity as well as improve the kinetics of the gas 

conversion. Typically, the addition of electron donor groups to the polypyridine 

ligand yields a higher nucleophilicity in the Re(I) center, leading to a better 

activity towards CO2 reduction 27,28.

Re(I) tricarbonyl complexes employing hydrazonic ligands are still 

poorly explored in the literature. These ligands are characterized by a [C=N-NH-

C=X] moiety, where X = S, Se or O and can also contain pyridyl rings, offering 

multiple coordination sites. These ligands have been explored as cytotoxic 

agents and their biological activity is strongly affected by metal coordination 29. 

Abram and Lopez, for example, reported air stable N,N,S-bounded 

thiosemicarbazone Re(I) complexes 30–32 which were later applied as estrogen 

receptors 33. 

In a different approach, Bakir et al have reported Re(I) complexes with 

di-2-pyridylketone semicarbazone 34 and di-2-pyridylketone thiosemicarbazone 
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35, in which the metal center is coordinated by the pyridyl rings in a N, N 

configuration. The complexes exhibit intense visible light absorption and the 

(thio)semicarbazone moiety offers sensitivity to the surrounding media with 

noticeable spectral changes in different solvents, proton concentrations and 

presence of other metallic cations. Both complexes also exhibit rich 

electrochemical behavior, although consecutive reductions lead to the 

irreversible loss of the hydrazonic moiety. 

In this work, a new ligand (Z)-N-ethyl-2-(6-oxo-1,10-phenanthrolin-

5(6H)-ylidene)hydrazinecarbothioamide (phet) based on the derivatization of 

1,10-phenanthroline-5,6-dione (phdo) by 4-ethyl-3-thiosemicarbazide was 

engineered, Scheme 1. As it will be shown in this manuscript, the ligand was 

designed to combine the sensitivity of the low energy absorption transitions on 

the surrounding medium with multiple (quasi)reversible reduction processes. 

While the first property can be conveniently explored on the development of 

optical molecular probes, the later can introduce beneficial effects in 

accelerating multi-electron transfer processes on photo(electro)catalytic 

systems. Herein, the new ligand was reacted with [ReCl(CO)5] to yield the novel 

tricarbonyl fac-[ReCl(CO)3(phet)] complex. The complex was fully characterized 

towards their spectroscopic, photophysical and electrochemical properties using 

steady-state and time-resolved techniques and further explored as CO2 

reduction electrocatalyst into CO, being the first Re(I) complex with a 

thiosemicarbazone derivative applied to this important reaction. The insights 

reported here can be further applied in the development of new derivatives for 

different applications in biology, sensing and catalysis.

Page 4 of 29Dalton Transactions



5

N

N

O

O

phdo

H2N

H
N

H
N

S

4-ethyl-3-thiosemicarbazide

N

N

O

N

H
N

HN

S

phet

fac-[ReCl(CO)3(phet)]

+ [ReCl(CO)5]

[ReCl(CO)5]

fac-[ReCl(CO)3(phdo)]

H2N

H
N

H
N

S

+Re
C

C
C

N

N

O

O

O

Cl

O

O

Re
C

C
C

N

N

O

O

O O

N

H
N S

HN

Cl

Scheme 1. Synthetic approaches for the preparation of fac-[ReCl(CO)3(phet)]

2. Experimental procedures
All employed solvents were HPCL grade. 4-ethyl-3-thiosemicarbazide, 

[ReCl(CO)5] and tetrabutylammonium hexafluorophosphate were acquired from 

Aldrich and were used without purification. 1,10-phenanthroline-5,6-dione 

(phdo) was synthetized as previously described 36–38.

2.1. Syntheses

The new ligand, (Z)-N-ethyl-2-(6-oxo-1,10-phenanthrolin-5(6H)-

ylidene)hydrazinecarbothioamide (phet), was prepared by refluxing a mixture of 

0.40 g (1.90 mmol) of phdo and 0.27 g (2.28 mmol) of 4-ethyl-3-

thiosemicarbazide in 25 mL of ethanol (Aldrich), and 1 mL of concentrated HCl 

(12 mol L-1). The crude product was collected by filtration and recrystallized 

from hot ethanol. Yield 95%. Anal. Calc. for C15H13N5OS.H2O: C, 54.70; H, 4.59; 

N, 21.26; S, 9.74. Found: C, 54.40; H, 4.37; N, 20.90; S, 9.34. 1H NMR 

((CD3)2SO, 400 MHz, d/ppm): 14,39 (s, 1H), 9,96 (t, 1H), 9,32 (dd, 1H), 9,23 

(dd, 1H), 8,90 (dd, 1H), 8,69 (dd, 1H), 7,86 (m, 1H), 7,84 (m, 1H), 3,72 (m, 2H), 

1,24 (t, 3H). FT-IR (ATR, cm-1): v(C=O) 1622; v(C=S) 1168-1078, 846-800, 775-

735; v(N-H) 3400-3330; v(N-N) 1045. 

As shown in Scheme 1, the new complex fac-[ReCl(CO)3(phet)] can be 

obtained by the reaction of phet with the precursor [ReCl(CO)5] or, alternatively, 

from the condensation reaction between the 4-ethyl-3-thiosemicarbazide and 

the already coordinated phdo. This later route exhibited higher yields. In a 
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typical procedure, fac-[ReCl(CO)3(phdo)] (0.42g; 0.81 mmol), synthesized as 

reported before 39 and an excess of 4-ethyl-3-thiosemicarbazide (0.12 g; 0.98 

mmol) were refluxed by 6h in 30 mL of ethanol (Aldrich) and 1 mL of 

concentrated HCl (12 mol L-1). The as obtained red solid was filtered and 

purified by recrystallization from DMSO by dropwise addition of water. Yield 

80%. Anal. Calc. for C18H13ClN5O4ReS: C, 35.04; H, 2.12; N, 11.35; S, 5.20. 

Found: C, 35.23; H, 2.15; N, 11.00; S, 4.95. 1H NMR ((CD3)2SO, 400 MHz, 

d/ppm): 14,36 (s, 1H), 10,01 (t, 1H), 9,39 (dd, 1H), 9,35 (dd, 1H), 9,13 (dd, 1H), 

8,92 (dd, 1H), 8,00 (m, 1H), 7,95 (m, 1H), 3,74 (m, 2H), 1,26 (t, 3H). HRMS-ESI 

analysis: theoretical [M-H]- 615.9862; found: 615.9826. FT-IR (ATR, cm-1): 

v(C≡O) 2026, 1921 and 1885; v(C=O) 1622; v(C=S) 1160-1078, 785-750; v(N-

H) 3350-3300; v(N-N) 1045; v(Re-Cl) 267.

2.2. Spectroscopic and electrochemical measurements

Electronic absorption spectra were recorded in a Shimadzu UV-Visible 

spectrophotometer UV-1650 PC. 1H NMR spectra were recorded in a Bruker 

Ascend 400 Mhz spectrometer. The residual peak from the solvent, (CD3)2SO, 

was used as internal standard. Electrospray ionization mass spectrometry was 

carried out in a Agilent 6520 B QTOF spectrometer. Samples were dissolved in 

4:1 methanol/water mixtures and submitted to nebulization at 20 psi at 200 ºC 

at a capillary flow of 8 L min-1 under 4.5 kV. Attenuated total reflectance Fourier 

transformed infrared (ATR-FTIR) spectra were recorded in a Perkin Elmer 

Frontier spectrometer equipped with a diamond crystal plate, using 16 scans at 

a resolution of 4 cm-1. Emission spectra were obtained in a Horiba Fluoromax-4 

fluorimeter at room temperature. Solutions were purged with argon or oxygen 

during five minutes before the measurements. Quantum yield determination 

was carried out as described before 40,41 employing [Ru(bpy)3]Cl2 as standard ( 

em = 0.062) 42. 

TRIR measurements were performed at Chemistry Department of the 

Brookhaven National Laboratory employing a setup described elsewhere 43, 

Briefly CW external-cavity quantum cascade laser (EC-QCL model 21049-MHF) 

was used as probe light source in the 2150–2005 cm–1 region. A Nd:YAG 

pulsed laser (SpectraPhysics, Quanta-Ray LAB-170-10, 8-10 ns FWHM) 
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coupled to an OPO (SpectraPhysics VersaScan) was used as the excitation 

light source at 450 nm. IR beam was split into reference and probe beams, with 

the latter passing through the IR cell. These beams were directed onto a 

matched pair of fast rise time IR detectors (Kolmar Technologies, Inc., KMPV9-

0.5- J2, DC-20 MHz). The analog signals were simultaneously digitized on an 

oscilloscope (Teledyne LeCroy HDO 4034, 12-bit, 350 MHz, 2.5 GS/s) and 

normalized to remove noise from laser intensity fluctuations.

Spectroscopic titrations based on UV-visible absorption and 

photoluminescence measurements were performed to determine the ground 

and excited state acid-basic behaviors of the complex in acetonitrile at room 

temperature. In a 1 mmol L-1 complex solution, aliquots of NaOH aqueous 

solutions (5 mmol L-1) were added and the apparent pH (pHapa) variation 

monitored. The absorption and emission data were fitted to the equations 1 and 

2 44–46 respectively, in which pβ and pβ* are the proton dissociation constant of 

the ground and excited states respectively; Amax is the maximum absorbance at 

the selected wavelength; Amin is the minimum absorbance and Ai is the 

observed absorbance at a certain proton concentration; Φmax is the maximum 

quantum emission yield for the deprotonated form; Φmin is the minimum 

quantum emission yield for the protonated and Φi is the emission quantum yield 

at a certain proton concentration.

                                (1)pH𝑎𝑝𝑝 = pβ + log
(A𝑖 ―  𝐴min)

(𝐴max ―  A𝑖)

                             (2)pH𝑎𝑝𝑝 = pβ ∗ +log
(Φ𝑖 ―  Φmin)

(Φmax ―  Φ𝑖)

Electrochemical measurements were obtained in a μAutolab 

PGSTAT204 potentiostat/galvanostat (Autolab) using a glassy carbon as 

working electrode, a platinum wire as counter electrode, and Ag/AgCl 3 mol L-1 

KCl as the reference electrode. All measurements were carried out in Ar or CO2 

deaerated anhydrous acetonitrile or propylene carbonate with 

tetrabutylammonium hexafluorophosphate (0.1 mol L-1) as supporting 

electrolyte. All potentials are presented versus Fc+/Fc (E0 = 0.400 V vs SHE). 

Controlled potential electrolyses at 298 K were carried out in a homemade gas 

tight H-cell (Figure S1). A graphite rod (6 mm diameter) was employed as 
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working electrode, Ag/AgCl 3 mol L-1 KCl as reference electrode and a Pt grid 

as counter electrode. The applied potential was fixed to be 300 mV more 

negative than the onset potential. At a given electrolysis time, an aliquot of the 

overhead volume over the catholyte was taken and analyzed by gas 

chromatography (PerkinElmer Clarus 580, equipped with a porapak N 2mm and 

a TCD detector).

Theoretical calculations based on the Density Functional Theory (DFT) 

were performed employing the GH-mGGA Minnesota 2006 (M06) functional to geometry 

optimization in the Gaussian09 software. Oscillator strength for the main electronic transitions were obtained 

by the time-dependent Density Functional Theory (TD-DFT). Re(I) center was 

described with the relativistic SARC-DKH basis set, while the remaining atoms 

were described by the Def2-TZVPP basis set. All calculations were performed using an IEFPCM 

continuum solvation model and considering a solvent with inherent properties of CH3CN 47.

3. Results and discussion 
3.1. Spectroscopic Characterization 

The new complex fac-[ReCl(CO)3(phet)] can be obtained in satisfactory 

yield by two different routes. By refluxing the [ReCl(CO)5] precursor with the 

previously synthesized phet ligand or by promoting the reaction between the 

thiosemicarbazide and fac-[ReCl(CO)3(phdo)] in ethanol. The condensation 

reaction is catalyzed by addition of HCl and no secondary products are formed. 

Due to steric/kinetic effects, the insertion of two thiosemicarbazide into phdo 

seems to be hindered, even when a large excess of thiosemicarbazide is used. 

The structure and purity of the ligand and the new complex were confirmed by 

elemental analysis, FT-IR (Figure S2, Supporting information), 1H NMR 

spectroscopy (Figure S3) and HRMS. In Table 1, a tentative attribution of the 

observed 1H NMR peaks is presented. These attributions are corroborated by 

H-H COSY spectra (Figure S4 of Supporting Information), as well as HMBC and 

HSQC spectra of the free ligand, Figures S5 and S6.
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Table 1. 1H NMR spectral data for phet and fac-[ReCl(CO)3(phet)]. (DMSO-d6; 
400 MHz)

free PHET fac-[ReCl(CO)3(phet)]
Proton  / ppm J / Hz  / ppm J / Hz

Hα 8.90 (dd, 1H) 1.6; 4.8 9.13 (dd, 1H) 1.2; 4.8
Hβ 7.84 (m, 1H) - 7.95 (m, 1H) -
Hγ 9.27 (d, 1H) 7.6 9.40 (d, 1H) 1.2; 8.1
Hα’ 9.14 (dd, 1H) 1.7; 4.7 9.35 (dd, 1H) 1.2; 4.8
Hβ’ 7.86 (m, 1H) - 8.00 (m, 1H) -
Hγ’ 8.69 (dd, 1H) 1.8; 8.0 8.93 (dd, 1H) 1.2; 7.8
Ha 14.39 (s, 1H) - 14.36 (s, 1H) ----
Hb 9.96 (t, 1H) 6.0 10.01 (t, 1H) 6.0 
Hc 3.72 (q, 2H) 7.0 3.74 (q, 2H) 7.0

N N

O N

HN

NH
S

Re

C C

CCl O

OO







'

'

'

a
b

c

d

Hd 1.24 (t, 3H) 7.2 1.26 (t, 3H) 7.2

In the phet, Hγ is deshielded in relation to Hα and Hβ, which can be 

attributed to the influence of the thiosemicarbazone moiety. The same trend is 

observed in fac-[ReCl(CO)3(phet)], in which the signals attributed to the protons 

of the pyridyl rings are deshielded in respect to the free phet ligand as the result 

of the coordination to the Re(I) center. The alquilic hydrogens in phet are not 

largely affected by coordination as well as those bound to the nitrogen atoms in 

the hydrazonic moiety. For the free and coordinated ligand, Ha has a deshielded 

nucleus (δ > 14 ppm). The observed chemical shift is higher than that observed 

for substituted thiosemicarbazones (δ = 8-11 ppm 48,49) and it is attributed to the 

chemical environment in phet, with possible intramolecular interactions with the 

neighbor oxygen atom. In the same way, Hb is strongly influenced by the thione 

group and exhibits large chemical shifts in relation to the aromatic hydrogens.

The electronic absorption spectra of the free ligands phdo, phet and 4-

ethyl-3-thiosemicarbazide and of fac-[ReCl(CO)3(NN)], NN = phdo and phet, in 

CH3CN are shown in Figure 1. The main peaks are listed at Table 2 along with 

those for the parental complex fac-[ReCl(CO)3(phen)], phen = 1,10-

phenathroline 50.
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Figure 1. Electronic absorption spectra of the new complex fac-
[ReCl(CO)3(phet)] (―), the free ligand phet (―) and the complex fac-

[ReCl(CO)3(phdo)] (―) in CH3CN. Inset: electronic absorption spectra of 4-
ethyl-3-thiosemicarbazide (―) and the free phdo (―).

Table 2. Spectral parameters of the Rhenium(I) complexes and for the free 
ligands in CH3CN.

The novel phet ligand exhibits new absorption bands in the visible region 

of the spectrum that were not observed in phdo and the 4-ethyl-3-

thiosemicarbazide themselves (Figure 2, inset). These low energy bands are 

associated with charge transitions between the thiosemicarbazone moiety and 

the phenanthroline rings. This assignment was confirmed by TD-DFT 

calculations, Table 3. Isosurface plots of selected molecular orbitals are 

available at Figure S7 of the supporting information. As expected, in the new 

ligand the electronic delocalization in the  orbitals are extended due the 

Compound max (nm) ( / 104 (L mol-1 cm-1)

4-ethyl-3-thiosemicarbazide 240 (1.82)

phen 230 (3.9), 263 (2.3)

fac-[ReCl(CO)3(phen)] 1 216 (4.4), 265 (2.6), 365 (0.34)

phdo 255 (4.20), 294 (0.50), 305 (0.35), 370 (0.07)

fac-[ReCl(CO)3(phdo)] 225 (1.90), 301 (0.60), 313 (0.62), 372 (0.24)

phet 251 (2.03), 301 (0.92), 343 (0.88), 443 (1.27)

fac-[ReCl(CO)3(phet)] 306 (2.47), 339 (1.82), 446 (2.38), 546 (0.24)
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introduction of the thiosemicarbazone group and, additionally the unbound 

electrons in the sulfur heteroatom strongly contribute to the stabilization of the 

frontier orbitals. As a result, the phet ligand exhibits absorption up to 500 nm. 

After the coordination to the Re(I) center to form the fac-

[ReCl(CO)3(phet)] complex, an absorption tail ranging from 550 to 750 nm is 

observed and the molar absorptivity of the low energy band centered at 443 nm 

is enhanced. At higher energies the highly allowed absorption bands are 

assigned to polypyridyl intraligand transitions, ILphet (*) 1,12,51. As no shifts 

are observed in the low energy band in relation to the free phet ligand, one can 

expect a high contribution of ILphet (n*) to the visible light absorption in fac-

[ReCl(CO)3(phet)]. Moreover, the increase in the molar absorptivity in this 

region indicates the overlap between MLCT and ILphet (n*) transitions. This 

overlap is clearly seem when the spectral data for fac-[ReCl(CO)3(phet)] are 

compared with those for fac-[ReCl(CO)3(phen)] or fac-[ReCl(CO)3(phdo)], 

Figure 1, Table 2. These complexes are well characterized in the literature 1,39,50 

and exhibit low energy symmetry forbidden MLCT transitions with molar 

absorptivities in the order of 103 L mol-1 cm-1. On the other hand, the molar 

absorptivity of the low energy bands in fac-[ReCl(CO)3(phet)] are in the order of 

104 L mol-1 cm-1, which is attributed to the overlap between ILphet (n*) and 

MLCT transitions.

TD-DFT calculations confirm the as-described assignments. The 

calculated main transitions for the new complex are listed at Table 3 and an 

energy diagram is presented at Figure 2 along with the respective molecular 

orbitals. A comparison between the theoretical and experimental electronic 

spectra is shown in Figure S8 of the Supporting Information.
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Table 3. Selected energy electronic transitions for phet and fac-
[ReCl(CO)3(phet)] with their respective oscillator strengths (ƒ) and associated 

energies.

Compound State
Molecular orbitals

(weights/%)a
ƒ

Energy /eV 
(nm)

Character

S1 H  L 0.0001 2.602 (476) ILnπ*

S2
H-1  L (46)

H-3  L (33)
0.1637 2.942 (421) ILnπ*/ IL π π*

S3
H-1  L (51)

H-5  L (33)
0.2005 2.947 (420) ILnπ*/ IL π π*phet

S4

H-2  L (68)

H-1  L (13)

H-4  L (12)

0.0665 3.299 (376) ILnπ*/ IL π π*

S1 H  L 0.0006 2.337 (530) MLCTd(Re)π*phet

S2 H-2  L 0.0001 2.409 (514) ILnπ*

S3 H-1  L 0.0280 2.413 (514)
MLCTd(Re)π*phet

LLCTn(Cl)π*phet

S4 H L+1 0.0029 2.783 (445)
MLCTd(Re)π*phet

LLCTn(Cl)π*phet

S5
H-6  L (20)

H-3  L (80)
0.0001 2.826 (439) ILnπ*/ IL π π*

fac-[ReCl(CO)3(phet)]

S6
H-4  L (65)

H-1  L+1 (35)
0.457 2.925 (424) MLCT d(Re)π*phet

aH: HOMO; L: LUMO.

Figure 2. Excited state diagram and the respective frontier orbitals of fac-
[ReCl(CO)3(phet)]
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The HOMO-LUMO transition in fac-[ReCl(CO)3(phet)] is MLCT in nature 

although it exhibits low oscillator strength. MLCT transitions with higher molar 

absorptivities are observed from the HOMO-1 and HOMO-4 molecular orbitals 

in which the electron density is located at d orbitals of the Re(I) center with 

some contribution of the unbound electrons in the Cl- ligand. TD-DFT 

calculations clearly shows the contribution of the internal ligand transition for the 

lowest lying absorption bands. The S2 state is ILnπ* in nature and nearly 

isoenergetic with the MLCT S3 state. As for the free ligand, the oscillator 

strength for the ILnπ* is considerably low, however the presence of this state 

should affect directly the excited state properties of the complex.

Both the free phet ligand and fac-[ReCl(CO)3(phet)] showed weak 

emission in acetonitrile at room temperature, Figure S9. They displayed a broad 

emission band in degassed CH3CN at room temperature with maxima at 525 

and 600 nm and luminescence quantum yields (Фem) of 10-4 and 10-5, 

respectively. The new complex has smaller Stokes shift when compared to the 

fac-[ReCl(CO)3(phen)], a typical 3MLCT emitter 52–54. Emission quenching was 

observed in the presence of O2 (Figure S10), which is an indicative of a spin 

forbidden radiative decay. Given the low emission quantum yield observed for 

the complex, it was not possible to measure its emission lifetime in fluid solution 

at 298 K. Thus time-resolved infrared (TRIR) spectroscopy was employed to 

unveil the excited state dynamics of the new complex. 

TRIR is recognized as powerful technique to investigate the excited state 

dynamics in metal carbonyl complexes 55,56. The CO ligands act as probes of 

the electron distribution in different excited states, due to the high oscillator 

strengths of (CO) stretching vibrations and the sensitivity of their energies and 

bandwidths to changes in the electronic structure. As stated by Schoonover and 

Strouse 57, excited-state processes associated with the metal center directly 

perturb (CO). An MLCT excited state that decreases the electron density at the 

metal center will shift the (CO) band to higher energy, while a ligand-to-metal 

charge-transfer state (LMCT) or other transition that increases the metal 

electron density will shift the (CO) band to lower energy. In the case of 

intraligand (ILn*, IL*) excited states, which neither transfers nor accepts 
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electron density from the metal center, the population of antibonding orbitals is 

slightly electron donating relative to the ground state and therefore will cause 

small shifts in (CO) to lower energy.

In Figure 3, it is shown the transient absorption data at different time-

slices following the 450 nm laser excitation. Signals were probed between 2040 

and 2005 cm-1 in order to monitor changes in the (CO) band centered at 2026 

cm-1, attributed to CO groups coordinated to the Re(I) center in facial 

arrangement (Ground state FTIR spectrum is shown Figure S1 of the 

Supporting Information).
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Figure 3. Transient IR spectra (a, b) of fac-[ReCl(CO)3(phet)] in argon 
degassed acetonitrile at 298 K (exc = 450 nm; 3 mJ per pulse).

The transient spectrum obtained at 100 ns after laser excitation, Figure 

3a, is characterized by a bleaching centered at 2024 cm-1, slightly red-shifted in 

relation to the ground state absorption peak, observed at 2026 cm-1. The 

bleaching of ground state (CO) absorption band overlaps with a new 

absorption band at higher energy that reaches its maximum 1 s after the laser 

pulse. Concomitantly to this new absorption feature at higher energy, an intense 

absorption peak appears centered at 2020 cm-1, i.e. lower in energy than the 

ground state absorption. This peak continues to grow up to 50 s after the laser 

pulse, when then slowly decays up to 500 s after excitation, Figure 3b. 

Monoexponential fits of the kinetic traces at 2020 cm-1 or at 2024 cm-1 (Figure 

S11, Supporting Information) results in very similar lifetimes (11.5 and 13 ms, 
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respectively). This slow excited state decay is ascribed to the spin-forbidden 
3IL1GS transition.

TRIR data indicate that following excitation, spin-orbit coupling leads to 

initial population of both a 3MLCT state, responsible for the high energy 

transient absorption at ~2029 cm-1 and an 3IL state, responsible for the 

observed low energy absorption at 2020 cm-1. These states thermally 

equilibrate within 1 s after excitation, which results in the interconversion from 

photons in the 3MLCT manifold to the lowest lying 3IL vibronic states. The ligand 

centered triplet state seems to dominate the excited state decay and is 

responsible for the low phosphorescence yield observed in fluid solutions at 

room temperature. The excited state dynamics of fac-[ReCl(CO)3(phet)] in 

CH3CN at room temperature is summarized in the Scheme 2.

Scheme 2. Triplet excited state decay dynamics in fac-[ReCl(CO)3(phet)]

3.2. Acid-Basic behavior 

Given the changes in the electron density of the coordinated phet ligand 

under excitation, one can expect changes in the acid-basic behavior from the 

ground to the excited state. Spectroscopic titrations employing UV-Vis and 

photoluminescence data could confirm such changes. 10-3 mol L-1 CH3CN 

solutions of fac-[ReCl(CO)3(phet)] has an apparent pH (pHapp) of 6.0. 

Acidification of the solution with HCl aqueous solutions does not lead to 

significant spectral changes. On the other hand, addition of NaOH aqueous 

solutions lead to shifts in the absorption peaks with the formation of four 

isosbestic points (284, 348, 370 and 455 nm) as well as to the enhancement of 

the emission intensity, Figure 4. As shown in the inset of Figure 4, the 
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absorption changes stop after addition of two equivalents of –OH, which 

indicates the existence of two acidic sites in the complex. 
1H NMR titrations studies, Figure S12, reveal that the signals at 14.36 

and 10.01 ppm, assigned respectively to the Ha and Hb protons (refer to Table 

1) are suppressed after addition of –OH, which is in accordance with the 

behavior previously observed for similar compounds 58–61. Therefore, the acid-

basic equilibrium in the fac-[ReCl(CO)3(phet)]  complex can be summarized as 

show in Scheme 3.

Figure 4. Visible absorption and photoluminescence spectra of fac-
[ReCl(CO)3(phet)] in acetonitrile over the indicated apparent pH range. Inset, 

the changes at 480 nm with 06 molar equivalents of OH-.
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Scheme 3. Acid-basic equilibrium for fac-[ReCl(CO)3(phet)]

Based on the spectroscopic data, the ground-state equilibrium constant 

pKβ was determined from inflection point observed in the spectrophotometric 

titration curves, Figure S13, as well as by employing the Equation 1. Despite the 

existence of two acidic protons, only one inflection point was observed, 

indicating that the dissociation constants of Ha and Hb are similar to each other. 

The determined value for p was 10.0  0.1. In fact, theoretical calculations 

reveal that both deprotonation reactions are spontaneous at 298 K, Table S1.
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Similar analysis based on pH dependent emission quantum yields 

according to Equation 2, provided a pkβ* value of 11.4  0.2 for the excited 

state 44, i.e. fac-[ReCl(CO)3(phet)] is a photobase 62–66. Such behavior is in 

accordance with the excited state dynamics unveiled by TRIR that indicates a 

triplet ligand centered state as the lowest lying occupied excited state even after 

MLCT excitation. The electron density enhancement in the * orbitals of phet 

increases its proton affinity.

The sensitivity of the spectral properties of the new fac-[ReCl(CO)3(phet)] 

complex on proton concentration reveals the ability of this specie to interact with 

Lewis acids through the thiosemicarbazone moiety, which can be futher 

explored in sensing applications. As a proof of concept, additional titration 

experiments employing Zn2+ ions were carried out also lead to absorption 

spectral changes, Figure S14. Experimental data indicate a 1:1 molar 

interaction between the complex and the metal cation (inset Figure S14). 

Further studies to evaluate the application of the complex as a molecular sensor 

for metallic cations are in progress. The selectivity could be achieved based on 

the Pearson acidity of the different cations.

3.3. Electrochemical Properties

Cyclic and differential pulse voltammograms of fac-[ReCl(CO)3(phet)] in 

CH3CN and propylene carbonate and for the free phet ligand in propylene 

carbonate are presented in Figure 5. 
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Figure 5. Cyclic and differential pulse voltammograms of argon-aerated 
solutions of fac-[ReCl(CO)3(phet)] in acetonitrile (___) or propylene carbonate in 

different scan ranges (___, ___) (A, B). In (C,D) data for the free phet ligand in 
propylene carbonate is shown. The concentration of both species is 4x10-3 mol 

L-1; scan rate =100mV/s with 0.1 M TBAPF6 as supporting electrolyte.

The anodic scan of fac-[ReCl(CO)3(phet)] solutions reveal two peaks at 

0.94 and 1.34 V, Figure 5B, attributed respectively to the irreversible one 

electron oxidation of the coordinated phet and the metal centers. Such 

attributions are based on the comparison with voltammetric data obtained for 

the free ligand, Figure 5C, and those for the parental complex fac-

[ReCl(CO)3(phdo)], Figure S15. The free phet ligand exhibits at least three 

irreversible oxidation peaks between 0.4 and 1.2 V, similar to other aromatic 

thiosemicarbazone derivatives 67,68 and that are partially inhibited after 

coordination. In fac-[ReCl(CO)3(phet)], the first oxidation process occurs in the 

thiosemicarbazone moiety, particularly in the non-bonding orbitals of the sulfur 

atom, as evidenced by TD-DFT calculations of the fac-[ReCl(CO)3(phet)]+ 

radical (Figure S16). The most stable SOMO in the 1 e- oxidized fac-

[ReCl(CO)3(phet)] are centered at the non-bonding p orbitals of S atom in the 

thiosemicarbazone group.
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At cathodic scans, both free phet and fac-[ReCl(CO)3(phet)] exhibit 

multiple reduction processes in the investigated electrochemical window. The 

free ligand exhibits a first one electron reduction wave at E1/2 = -1.05 V. The 

attribution of the number of electrons involved in the (quasi)reversible waves 

was determined based on the comparison with the experimental E values 

obtained for the standard ferrocene/ferrocenium redox couple (Figure S17a). 

Reversibility studies (Figures S17b) of this reduction process indicate the 

occurrence of a coupled chemical reaction following the electrochemical step, 

as the anodic peak current is not linear to the square root of the scan rate. The 

following cathodic peaks at -1.75 and -2.05 V correspond to one electron 

reduction processes which show the same dependence on the scan rate as 

observed for the first sweep. 

For the fac-[ReCl(CO)3(phet)] complex in acetonitrile, a first one 

electron reduction wave at -0.86 V is observed. Different from the free ligand, 

the first reduction of the complex does not trigger a chemical reaction in the 

investigated scan rate interval (Figure S17c, d). A second process is observed 

at -1.70 V which exhibits similar behavior of the free ligand. At more cathodic 

potentials, it can be observed two sequential one electron reduction processes 

at very close potentials that lead to chemical changes at the electroactive 

specie, as the anodic processes correspondent to the first reduction processes 

cannot be observed after scan up to -2.40 V, Figure 5A. 

DFT calculations, Figure 6, reveal that the three first reduction 

processes are ligand based, although it can be observed an electron 

delocalization on the [Re(CO)3] moiety in the most stable SOMO of the one 

electron-reduced radical specie. The bi-anion potentially formed after four 

electron reduction exhibits an HOMO in which electron density is spread all over 

the phet * orbitals and rhenium d orbitals. As a result, Re-Cl bond distance 

increases to 5.006 Å (twice the value observed for the neutral complex). Thus, 

multiple reduction of fac-[ReCl(CO)3(phet)] results in the labilization of the Cl- 

ligand and formation of a solvato complex in CH3CN. In prolypelene carbonate, 

a catalytic process is clearly triggered after -2.05 V, which led us to evaluate the 

potential application of fac-[ReCl(CO)3(phet)] as electrocatalyst for CO2 

reduction, an important reaction for green chemistry.
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Figure 6. Lowest lying full (HOMO) or singly (SOMO) occupied molecular 
orbitals in fac-[ReCl(CO)3(phet)] after consecutive one electron reduction.

Cyclic voltammograms of fac-[ReCl(CO)3(phet)]  in Ar and CO2-saturated 

acetonitrile are shown in Figure 7. In the presence of CO2, it can be observed a 

catalytic process with onset potential at -1.92 V. When compared to the Lhen’s 

catalyst fac-[ReCl(CO)3(bpy)]+, bpy = 2,2’-bypirydine, the onset potential is 270 

mV more negative. As observed for other Re(I) polypyridine complexes, 

addition of protic solvents (H2O) led to a decrease (up to 0.4 V) in the onset 

potential, Figure 10 inset. As water is added to medium, one can observe that 

the first reduction peak, initially at -0.86 V in net acetonitrile, is shifted to more 

negative potentials (-0.98 V). This behavior probably occurs with the second 

redox peak that is overlapped by the catalytic wave. The decrease on the onset 

potential suggests that the CO2 reduction by fac-[ReCl(CO)3(phet)] should 

follow a similar mechanism than that proposed for other Re(I) complexes 27,56,69. 

GC measurements have confirmed that CO is the main reduction product. CO is 

only detected in CO2-saturated solutions containing the Re(I) complex as 

evidenced by control experiments in the absence of either the electrocatalyst or 

the substrate.

The turnover number (TOF) for the electrocatalyst can be calculated by 

applying the equation 3 70, where icat and ip are respectively the catalytic and 

peak currents in the presence and absence of CO2, ncat=2 is the number of 

electrons involved in the catalytic, F is the Faraday constant, x=1 is the kinetic 

order of the reaction involving the substrate 71, k is the second order rate 

constant for the reaction and v is the scan rate. The CO2 concentration in the 

acetonitrile solution was assumed to be 0.28 mol L-1 72. Values of TOF and k 

are listed at Table 4 along with other reported Re-based CO2 reduction 

electrocatalysts. One can observe that the determined TOF for fac-

[ReCl(CO)3(phet)] lies on the same range than other Re(I) complexes with 
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polypyridine ligands with extended  conjugation, but below the best Re(I)-

catalyst, fac-[ReCl(CO)3(bipy-tBu)], bipy-tBu = 4,4′-di-tert-butyl-2,2′-dipyridyl, 

reported so far 27.

                (3)𝑇𝑂𝐹 = 𝑘[𝐶𝑂2]𝑋 =
𝐹𝜐
𝑅𝑇(0.4463

𝑛𝑐𝑎𝑡 )2(𝑖𝑐𝑎𝑡

𝑖𝑝 )2

Figure 7. CVs of fac-[ReCl(CO)3(phet)] in anhydrous acetonitrile saturated with 
Ar (____) or in CO2 (____). Blank experiments with Ar (____) or CO2 (----) saturated 

solutions at the absence of the Re(I) complex. Inset: CVs of fac-
[ReCl(CO)3(phet)] in CO2 saturated solutions with different water amounts. Scan 

rate of 0.1 V.s-1; 0.1 M TBAPF6 as supporting electrolyte.
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Table 4. second order rate constant at 298 K and TOF values for CO2 reduction 
employing different Re(I)-based electrocatalysts.
Complex k (mol -1 L s-1) TOF (s-1) Ref
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Controlled potential electrolysis (CPE) in a gas tight H-cell, followed by 

GC analysis of the headspace was carried out, Figure 8, allowing to obtain the 

faradaic efficiency (F) for CO production and the respective turnover number 

(TON). For fac-[ReCl(CO)3(phet)], a F of 84±5% and a TON of 241 were 

determined at an applied potential of -2.25 V. For reference, Lhen’s catalyst, 

fac-[ReCl(CO)3(bpy)], in the same experimental setup exhibited F = 92±5% 

and TON = 201 at an applied potential of -1.85 V.
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Figure 8. Turnover number obtained for CO production from CO2 saturated 
anhydrous CH3CN solution in the presence of fac-[ReCl(CO)3(phet)] under -2.25 

V vs Fc+/Fc () or fac-[ReCl(CO)3(bpy)] under -1.95 V vs Fc+/Fc (). Inset: 
Current vs. time profile for the electrolysis with fac-[ReCl(CO)3(phet)] in CO2 

(___) or Ar (---) saturated solutions.

The higher onset potential for CO2 reduction by fac-[ReCl(CO)3(phet)] 

in relation to that observed for fac-[ReCl(CO)3(bpy)] is in agreement with DFT 

calculations which show that Cl- release occurs only after four electrons are 

transferred to the fac-[ReCl(CO)3(phet)] complex. The formation of a 5 five 

coordinated [Re(NN)(CO)3] specie has been identified as a required step for 

CO2 reduction 27,79. As only the 2e- reduction product (CO) was identified, the 

additional electrons in centered at * orbitals of the coordinated phet ligand 

seems to not take part in the catalytic reaction, which also explains the relatively 
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low faradaic efficiency and the modest TON in relation to the state of art 

electrocatalysts. Such observations can drive future structural modifications in 

the phet ligand toward improving the catalytic performance. Additionally, the 

presence of the thiosemicarbazone moiety also allows the hybridization of the 

electrocatalyst in suitable substrates, which is recognized as an efficient 

strategy 80,81 to enhance the stability and performance of Re(I)-based CO2 

catalyst. 

4. Conclusions
The new complex, fac-[ReCl(CO)3(phet)], combines interesting properties 

of typical Re(I) polypyridine complexes such as fac-[ReCl(CO)3(phen)] or fac-

[ReCl(CO)3(bpy)] with those observed for species containing thiosemicarbazone 

groups. The low energy absorption bands lies on the visible region of the 

spectrum and exhibit high molar absorptivities (~104 L mol-1 cm-1) as a result of 

an overlap between MLCTRephet and ILphet(n*) transitions. The low lying ligand 

centered excited state plays a major role on the excited state dynamics as 

evidenced by TRIR measurements. In fluid solutions at room temperature, the 

typical MLCT emission observed for other Re(I) complexes is greatly inhibited 

and only ligand centered phosphorescence is observed with low quantum 

yields. The population of the 3ILphet(n*) excited state also leads to changes in 

the acid-basic behavior in relation to the ground state as a result of variations in 

the charge density in the N atoms of the thiosemicarbazone group. The 

coordination of phet to the Re(I) cation also leads to the observation of multiple 

quasi-reversible reduction processes. Three consecutive one electron reduction 

of the coordinated ligand is observed and after the fourth reduction, Cl- release 

occurs. The complex is able to act as an electrocatalysis for CO2 reduction into 

CO with performance comparable to that observed for Lhen’s catalyst, fac-

[ReCl(CO)3(bpy)]. The fundamental characterization studies carried out here 

opens new perspectives for future applications of Re(I) complexes containing 

thiosemicarbazone groups.
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