Supplementary Materials

Electrochemical Properties of a Rhodium(III)
Mono-Terpyridyl Complex and use as a Catalyst
for Light-Driven Hydrogen Evolution in Water

Fakourou Camara 2, Thomas Gavaggio !, Baptiste Dautreppe !, Jérome Chauvin !, Jacques Pécaut 2,
Dmitry Aldakov 2, Marie-Noélle Collomb * and Jérome Fortage 1*

1 DCM, CNRS, Université Grenoble Alpes, 38000 Grenoble, France

2 SyMMES, IRIG, CEA, CNRS, Université Grenoble Alpes, 38000 Grenoble, France

* Correspondence: marie-noelle.collomb@univ-grenoble-alpes.fr (M.-N.C.);
jerome.fortage@univ-grenoble-alpes.fr (J.F.)



Table of Contents

Materials and general experimental details.......................... 3
X-ray structure determination of [Rh(tpy)(CH3CN)CL|(CF3SO03) (Rh-tpy).................. 4
Table S1. Crystallographic refinement data for [Rh(tpy)(CH3CN)CLJ(CF3SO3)....oiviiiiiiniieiinnnn 4
Table S2. Bond lengths in A for [Rh(tpy)(CH3CN)CL](CF3803).......cuuiiuiiiieieeeeeeeieiee a5
Table S3. Bond Angles in © for [Rh(tpy)(CH3CN)CILJ(CF3S03).....iviiiniiniiiiiieieeceeseesieee 020
Table S4. Torsion Angles in ° for [Rh(tpy)(CH3CN)CL]J(CF3SO3) wvvvviviiiiiiieieiececieie e 2.0
Electrochemistry and UV-Visible absorption spectroscopy..................c.ooiiiiiiiinn 8
Table SS. Electrochemical potentials of Rh-tpy, Rh2, Ruand NaHA.....................ccoieviivieeeennnl8
General procedure for photocatalytic hydrogen generation..................................... 9
Table S6. Concentrations and corresponding masses for a 5 mL aqueous solution of H,A and NaHA at
Lo U030 0L o) = OO UP U IN
Table S7. Photocatalytic activities towards hydrogen evolution of all systems studied, in terms of
TONCat, TOFCat QN TH2: e+ e e teee ettt ettt esiesiesieeeesiesieenee e see e s e een 10
Stern-Volmer plot for the quenching of *“Ruby Rh-tpy............................. 10
Nanosecond transient absorption SpectroSCOPY............ooviiiiiiiiiiiiiii i, 10

Figure S1: Transient absorption spectra recorded at different times after laser excitation (A =
455 nm) of an aqueous solution containing Ru and NaHA/H,A atpH 4.5............cooeee... 11

Figure S2: Transient absorption trace on the nanosecond time scale recorded at 510 nm after laser
excitation at 455 nm of an aqueous solution containing Ru and NaHA/H,A atpH4.5.................... 11
Figure S3: Transient absorption trace on the microsecond time scale recorded at 510 nm after laser
excitation at 455 nm of an aqueous solution containing Ru and NaHA/H,A atpH4.5.................... 12

Figure S4: Transient absorption trace on the nanosecond time scale recorded at 510 nm after laser
excitation at 455 nm of a deaerated aqueous solution containing Ru (100 uM), NaHA/H,A (0.1 M) and

Rh-tpy (200 M) at PH 4.5, .o e e e e 12
Figure SS5: Transient absorption trace on the microsecond time scale recorded at 510 nm after laser
excitation at 455 nm of an aqueous solution containing Ru, NaHA/H»A and Rh-tpy atpH4.5.......... 13
Estimation of the electron transfer rate between Ru~ and HA®, and between Ru~ and Rh'!-
1 1) 2 14
Figure S6. '"H NMR spectrum (400 MHz) in D20 of [Rh(tpy)(CH;CN)CL](CF3SO3).....cvvvvnnannn.. 15
Figure S7. Positive ESI-MS spectrum of [Rh(tpy)(CH3CN)CL](CF3S03)...ccoviiiiiiiiiiiiee, 16

Figure S8. Experimental positive ESI-MS spectrum of [Rh(tpy)(CH3CN)CL:](CF3SO3) and simulation
of the main isotopic massif at m/z = 446.96 corresponding to [Rh(tpy)(CH;CN)Cl:]*

Scheme S1. Photosensitizers previously reported in three-component systems for light-driven H,
production using Rh catalysts in aqueous or hydro-organic solutions................ccovevviiiiiniennann. 19

Table S8. Summary of the experimental conditions and photocatalytic performances of the various
three-component systems (SD/PS/Cat) using Rh catalysts in hydro-organic solution.................. 20

Table S9. Summary of the experimental conditions and photocatalytic performances of various three-
component systems (SD/PS/Cat) using Rh catalysts in pure aqueous solution............................. 22

| A (3 {9 1 LY T 23



Materials and general experimental details. Acetonitrile (CH3CN, Fisher, HPLC grade),
ethanol (EtOH, Fisher, HPLC grade), diethyl ether (EtO, 98%, VWR), N,N-
dimethylformamide (DMF, Fisher, 99,9%, Carlo Erba), sodium trifluoromethanesulfonate
(NaCF3S0s, 98 %, Aldrich), silver trifluoromethanesulfonate (AgCF;SOs, > 99 %, Aldrich),
rhodium(III) chloride hydrate (RhCl3-nH>0, 38%w Rh, Acros), 2,2';6',2"-terpyridine (tpy, 98%,
Merck), dimethylsulfoxide-d® (SO(CDs)2, Euriso-top, 99.8%D), deuterium oxide-d> (DO,
Euriso-top, 99.97%D), [Ru(bpy):]CL> (Ru) (99%, Aldrich), L-ascorbic acid (H2A, 99%,
Fischer), sodium L-ascorbate (NaHA, 99%, Acros), sodium acetate (NaOAc, > 99%, Fischer),
acetic acid (AcOH, > 98%, VWR) and reference gas (1% and 5% H> in N, Air Liquide) were
purchased from commercial suppliers. All reagents and solvents were used as received.
Purification of water (15.0 MQ cm, 24°C) was performed with a milli-Q system (Purelab
option, Elga). '"H NMR spectra were recorded on a Bruker 400 MHz spectrometer. Chemical
shifts for '"H NMR spectra are referenced relative to residual protium in deuterated
dimethylsulfoxide (SO(CD3)2, & = 2.50 ppm) and deuterium oxide (D20, & = 4.80 ppm). 'H
NMR and mass spectrometry were performed within the ICMG Chemistry Nanobio Platform,
Grenoble. Electrospray ionisation mass spectrometry (ESI-MS) were performed on a Bruker
Esquire 3000 Plus ion trap spectrometer equipped with an electrospray ion source (ESI). The
samples were analysed in either positive or negative mode ionization mode as well as in MS?
by direct perfusion in the ESI-MS interface. The analyses were carried out in DMF for
[Rh(tpy)Cl3] and in a mixture of CH3;CN/DMF/H>0 for [Rh(tpy)(CH3CN)CI2](CF3SO3) (Rh-
tpy) at a complex concentration of approximately 1 umol L. The infrared (IR) spectra were
recorded on a Perkin-Elmer Spectrum GX FT-IR spectrometer on powder samples in KBr
pellets with a 2%w concentration.



X-ray structure determination of [Rh(tpy)(CH3CN)CL:](CF3S0O3), denoted
Rh-tpy. Single translucent light yellow prism-shaped crystals of
[Rh(tpy)(CH3CN)CL2](CF3SO3) were obtained by recrystallization via a slow diffusion of
diethyl ether into an acetonitrile solution of complex. A suitable crystal 0.16x0.15x0.07 mm?
was selected and mounted on a suitable support on an Xcalibur, Sapphire3 diffractometer. The
crystal was kept at a steady 7= 150(1) K during data collection. The structure was solved with
the ShelXS-97 (Sheldrick, 1990) structure solution program using the Intrinsic Phasing solution
method and by using Olex2 as the graphical interface [1]. The model was refined with version
of XL n/a (Sheldrick, 2008) using Least Squares minimization.

Table S1. Crystallographic refinement data for the structure of [Rh(tpy)(CH3CN)CIl,](CF3S03)
[Rh(tpy)(CH3CN)CL](CF3S03)

CDCD reference 2173038
Empirical formula CisH14CLF3N4O3RhS
Formula weight 597.20
Colour, shape Yellow, prism
Crystal size, mm 0.16 x 0.15 x 0.07
Crystal system Triclinic
Space group P1

a, A 8.6026(2)

b, A 8.9644(2)

c, A 14.5054(3)

a, deg. 106.371(2)

p, deg. 102.674(2)

7, deg. 93.505(2)

v, A3 1038.04(4)

Z 2

T,K 150(1)
Radiation type Mo K,
Wavelength, A 0.71073

o (calc), Mg/m?3 1.911
Smm! 1.238

0 range, deg. 2.39 t0 30.51
Refl. collected/unique (Rix) 25279/6335(0.0263)
Refl. observed with 1> 20(Io) 5731
Data/restraints/parameters 6335/0/345
GooF 1.063

R1 0.0250

wR2 0.0566




Table S2. Bond lengths in A for [Rh(tpy)(CH3CN)Cl,](CF;SOs)

Atom Atom Length
Rhl cl 2.3530(5)
Rh1 CI2 2.3067(4)
Rhl N1 2.0258(14)
Rhl N2 1.9386(14)
Rh1 N3 2.0417(14)
Rh1 N21 2.0220(14)
N1 Ci 1.336(2)
N1 (05 1.367(2)
N2 Cé6 1.343(2)
N2 C10 1.341(2)
N3 Cl1 1.361(2)
N3 C15 1.342(2)
N21 C21 1.133(2)
C1 C2 1.383(3)
C2 C3 1.375(3)
C3 C4 1.387(3)
C4 C5 1.383(2)
C5 Cé6 1.476(2)

Table S3. Bond Angles in ° for [Rh(tpy)(CH3CN)Cl,](CF3SOs)

Atom Atom Atom Angle/°
CI2 Rh1 Cl1 93.570(18)
NI Rh1 cl 99.28(4)
N1 Rh1 CI2 88.71(4)
N1 Rhl N3 162.03(6)
N2 Rh1 cl 177.84(4)
N2 Rh1 Cl2 88.56(4)
N2 Rhl N1 81.07(6)
N2 Rh1 N3 81.00(6)
N2 Rh1 N21 87.90(6)
N3 Rhl Cl1 98.68(4)
N3 Rhl CI2 89.80(4)
N21 Rh1 cl 89.97(4)
N21 Rh1 CI2 176.01(4)
N21 Rh1 N1 88.90(5)
N21 Rh1 N3 91.48(5)
C1 N1 Rh1 127.02(12)
Cl N1 C5 120.10(15)
C5 N1 Rh1 112.88(11)
C6 N2 Rh1 117.63(11)
C10 N2 Rhl 117.91(12)
C10 N2 C6 124.44(15)
Cll1 N3 Rh1 112.48(11)
Cl15 N3 Rhl 127.32(13)
Cl15 N3 Cl1 120.19(15)
C21 N21 Rh1 170.48(14)
N1 C1 C2 121.27(18)
C3 C2 Cl 119.06(18)
C2 C3 C4 120.05(17)
C5 Cc4 C3 118.67(18)
N1 C5 C4 120.60(16)
N1 C5 C6 114.54(14)

Atom Atom Length

Cé6 Cc7 1.388(2)

C7 C8 1.387(3)

C8 C9 1.380(3)

Cc9 C10 1.389(3)

C10 Cl1 1.475(3)

Cll1 C12 1.387(2)

Ci12 C13 1.388(3)

C13 Cl4 1.371(3)

Cl4 CI15 1.389(3)

C21 C22 1.453(3)

S1 01 1.4371(15)

S1 02 1.4380(15)

S1 03 1.4404(15)

S1 C1S 1.818(2)

F1 C1S 1.332(2)

F2 C1S 1.336(2)

F3 C1S 1.333(2)
Atom Atom Atom Angle/°
C4 C5 Cé6 124.83(16)
N2 C6 C5 113.34(14)
N2 Cé6 Cc7 118.71(16)
Cc7 Cé6 Cs5 127.93(16)
C8 Cc7 Cé6 118.16(18)
C9 C8 Cc7 121.63(18)
C8 C9 C10 118.47(18)
N2 C10 C9 118.52(17)
N2 C10 Cl11 113.22(15)
C9 C10 Cl1 128.24(16)
N3 Cl1 C10 115.32(14)
N3 Cl11 C12 120.55(18)
C12 Cl1 C10 124.11(17)
Cl1 C12 C13 119.16(19)
Cl4 C13 Cl12 119.59(17)
C13 Cl4 C15 119.51(19)
N3 C15 Cl4 120.96(19)
N21 C21 C22 178.53(18)
Ol S1 02 115.53(9)
01 S1 03 115.08(10)
01 S1 C1S 103.09(10)
02 S1 03 114.62(10)
02 S1 C1S 103.01(9)
03 S1 C1S 102.97(9)
F1 C1S S1 112.08(14)
F1 C1S F2 107.29(17)
F1 C1S F3 107.07(16)
F2 C1S S1 111.61(13)
F3 CIS S1 111.49(14)
F3 C1S F2 107.01(16)



Table S4. Torsion Angles in ° for [Rh(tpy)(CH3CN)CI;](CF5S03)

Atom Atom Atom Atom Angle/°
Rhl N1 Cl C2 -177.09(14)
Rhl N1 C5 C4 174.54(13)
Rh1 N1 (05 Cé6 -7.48(17)
Rh1 N2 Cé6 C5 1.89(18)
Rhl N2 Cé6 Cc7 -179.29(12)
Rh1 N2 C10 C9 -178.44(12)
Rh1 N2 C10 Cl1 3.01(18)
Rhl N3 Cl1 C10 -0.30(17)
Rhl N3 Cl1 C12 -179.15(13)
Rh1 N3 C15 Cl4 179.05(12)
Rhl N21 C21 C22 116(7)

cl Rhl N1 C1 8.79(15)
cl Rhl N1 C5 -171.21(10)
cl Rhl N2 Co6 94.7(12)
cl Rhl N2 C10 -84.2(12)
cl Rhl N3 Cl1 179.29(10)
cl Rhl N3 C15 -1.44(14)
cl Rh1 N21 C21 169.0(8)
Cl2 Rhl N1 C1 -84.61(15)
CI2 Rhl N1 C5 95.38(11)
CI2 Rhl N2 Cé6 -93.58(12)
Cl2 Rh1 N2 C10 87.50(12)
CI2 Rhl N3 Cl1 -87.13(11)
CI2 Rhl N3 C15 92.14(14)
Cl2 Rh1 N21 C21 16.4(13)
N1 Rh1 N2 Cé6 -4.66(12)
N1 Rhl N2 C10 176.42(12)
N1 Rh1 N3 Cl1 -1.9(2)

N1 Rh1 N3 C15 177.34(16)
N1 Rhl N21 C21 69.8(8)

N1 Cl C2 C3 1.6(3)

N1 Cs5 Cé6 N2 3.9(2)

N1 C5 Cé6 Cc7 -174.78(16)
N2 Rhl N1 Cl -173.36(15)
N2 Rhl N1 C5 6.63(11)
N2 Rhl N3 Cl1 1.45(11)
N2 Rhl N3 C15 -179.28(15)
N2 Rhl N21 C21 -11.3(8)
N2 Cé6 C7 C8 -1.5(2)

N2 C10 Cl1 N3 -1.7(2)

N2 C10 Cl1 C12 177.13(16)
N3 Rh1 N1 C1 -169.98(16)
N3 Rhl N1 Cs5 10.0(2)

N3 Rhl N2 Cé6 176.39(12)
N3 Rh1 N2 C10 -2.53(12)
N3 Rh1 N21 C21 -92.3(8)
N3 Cl1 Ci12 C13 -0.1(3)
N21 Rhl N1 C1 98.59(15)
N21 Rh1 N1 Cs5 -81.42(11)
N21 Rhl N2 Co6 84.56(12)
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C8
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Cl1
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C12
Cs
C7
C13
Cl4
Cl4
C15
N3
C10
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F1
F2
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Fl1
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-94.36(12)
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Electrochemistry and UV-Visible absorption spectroscopy. The -electrochemical
measurements were run under an argon atmosphere into a dry-glove box at room temperature. Cyclic
voltammetry and electrolysis experiments were performed using a Solartron Analytical Instrument
potentiostat (Modulab XM MTS) with XM-studio as software. A standard three-electrode
electrochemical cell was used and electrochemical experiments were carried out in DMF (7 mL) with
0.1 M [BusN]ClOy as electrolyte and 0.5 mM of Rh-tpy. The working electrode, polished with 2 pm
diamond paste (MecaprexPresi), was a carbon vitreous disk (3 mm in diameter) for cyclic voltammetry
(Epa, anodic peak potential; Ep., cathodic peak potential; E» = (Epa + Epc)/2; AEp = Epa - Epo).
Exhaustive electrolyses were carried out on a reticulated vitreous carbon electrode 60 PPI (the
electrosynthesis Co. Inc.) three-dimensional meshes (1.8 cm x 0.7 cm x 0.4 cm). The auxiliary electrode
was a Pt wire in DMF + 0.1 M [BusN]ClOs. Potentials were referred to an Ag/AgNO; 0.01 M reference
electrode in CH3CN + 0.1 M [BusN]C1O4. The potential of our reference electrode Ag™ (0.01 M AgNO:s,
0.1 M [BwN]ClOs, CH3CN)/Ag was carefully checked at the end of each experiment by adding
ferrocene. The potential of the ferrocenium/ferrocene (Fc™°) couple (reversible wave) appears at Ej» =
+100 mV. Potentials referred to our Ag/AgNO; can be thus converted to the Fc*° couple by subtracting
100 mV and converted to Saturated Calomel Electrode (SCE) by adding 298 mV. According to
Pavlishchuk et al. [2], the potential of Fc* couple is +87 mV versus a reference electrode Ag™ (0.01 M
AgNO:s, 0.1 M [Et4N]Cl1O4, CH3CN)/Ag. The UV-Vis spectra were recorded with a MCS 501 UV-NIR
(Carl Zeiss) spectrophotometer equipped with an automatic shutter. The light sources are halogen (CLH
500 20 W) and deuterium lamps (CLD 500) with optic fibers (041.002-UV SN 012105) in order to
perform the spectroelectrochemical experiments into the glove box with a 1 mm path-length probe.

Table S5. Electrochemical potentials of Rh-tpy, Rh2, Ru and NaHA. Potentials are referred versus
Ag/0.01 M AgNO;s in acetonitrile and versus Saturated Calomel Electrode (SCE) in water.

Compound Solvent Redox potentials/V (AE,/mV) vs Ag/0.01 M AgNO;
[Rh"(tpy)(CH;CN)CL](CF3SO3) DMF, 0.IM  Ep.~=-1.13V Eip=-195V
(Rh-tpy) s work [BuN]CIOs  Ep.=-0.72V (130)
(Rh"Rh") (tpy/tpy™)
[Rh"(dmbpy)>CL](BF4) CH;CN, Ep~=-128V Ep=-1.77V (70) Ei»=-2.01 V (60)
(Rh2)[3] 0.1M Ep=-0.72V (bpy/bpy™) (bpy/bpy™)
[BusN]CIOs  (Rh'"Rh')
[Ru(bpy);]Cl> (Ru)[4] CH3CN, Eip=+098V Eip=-1.64V (60) Ei»=-1.83(60) and
0.1M (80) (Ru'YRu~) -2.08 V (70)
[BusN]CIOs  (Ru™/Ru') (bpy/bpy™)
Compound Solvent Redox potentials/V (AE,/mV) vs SCE
[Rh™(dmbpy)>ClL](C1) H.0 Ep=-0.79 V
(Rh2)[3] (pH 8) Ep,=-025V
(RhIII/RhI)
[Ru(bpy);]Cl> (Ru)[5, 6] H>O Eip=+1.03V Eip=-150V
(pH 7) (Ru/Ru' (Ru/Ru")
*[Ru(bpy)s]CL: (*Ru)[5, 6] ° HO -1.07V +0.60 V
(pH 7) (Ru/*Ru' (*Ru'/Ru")
HA~[7] HO Ep,=+0.11V
(pH 3.58)

2 Oxidation and reduction potentials of the excited state of Ru (denoted *Ru) are estimated by using the
formula: E 1/2(Rum/ *Ru”) =F 1/2(RUIH/RL1H) - Eoo and E 1/2(*Ru”/Ru’) =F 1/2(RL1H/RU.7) + Eoo. Eop is the
energy level of the relaxed triplet excited state *MLCT) of Ru in water, which is equal to 2.1 eV.



General procedure for photocatalytic hydrogen generation. A 5 mL graduated flask was
charged with the [Ru'(bpy);](Cl). (Ru) photosensitizer weighted as a solid (1.98 mg), in order to obtain
a Ru concentration of 530 uM. Then 14, 71 and 143 pL of a rhodium catalyst solution
([Rh"(tpy)(MeCN)Cl,](CF3SOs) (Rh-tpy) or [Rh™(dmbpy)>C1,]Cl (Rh2) at 0.35 mM) in Milli-Q water
or an aqueous 1 M acetate buffer (at pH 4.0, 4.5 or 4.8) were added into the 5 mL flask containing Ru
in order to obtain a rhodium concentration of 1, 5 and 10 uM, respectively. After completing the volume
to 5 mL with Milli-Q or 1 M acetate buffer, the Ru concentration (530 uM) was checked by UV-Vis
using a cuvette of 1 mm optical pathlength (absorbance of 0.77 at 452 nm, & = 14 600 M cm™). The
solution was then transferred in a homemade glass tube with a diameter of 2 cm fused with a round
bottom flask (head space volume of 165 mL for experiments with Rh-tpy and 193 mL for experiments
with Rh2) containing a magnetic stirrer (volume < 0.1 mL),sodium ascorbate (NaHA) and ascorbic acid
(H2A), as solids and with the appropriate and respective concentrations in function of pH (4.0, 4.5 or
4.8) and the total NaHA/H,A concentration used (i.e. 1.1 M for aqueous solutions with only Milli-Q
water or 0.1 M for aqueous solutions of 1 M acetate buffer, see Table S6). The tube was sealed with a
rubber septum, protected from light with aluminum foil before irradiation experiments, and the solution
was degassed for 45 min by argon bubbling.

Aqueous solutions of 1 M acetate buffer at different pHs (4.0, 4.5 or 4.8) were prepared by mixing
AcOH (0.183 mL, 0.64 M) and NaOAc (0.148 g, 0.36 M) in Milli-Q water. Then the pH was adjusted
to desired value by adding suitable amounts of NaOH or HCI.

For photocatalysis, continuous irradiation was performed at 298 K under stirring with a xenon lamp
(150 W, Hamamatsu L8253, type LC8-03) equipped with a 400 — 700 nm large band filter which was
placed 4 cm from the sample (P = 100 mW.cm™ measured with a calibrated Avantes spectrometer
AvaSpec-ULS2048CL-EVORS-UA, with a slit of 20 uM, equipped with a fiber cable FC-UVIR400-1
and a Cosine corrector CC-UV/VIS/NIR-8MM). The amount of hydrogen evolved was quantified from
an analysis of the gas mixture in the headspace of the glass tube (sampling of 100 pL of gas) by gas
chromatography (Perkin Elmer Autosystem XL Gas Chromatograph equipped with a 5 A molecular
sieve column (oven temperature = 303 K) and a thermal conductivity detector (TCD)), which uses argon
as a carrier gas. Prior to each experiment, GC/TCD calibration was carried out by using two samples of
the reference gas (1.045 % and 4.967 % H, in N»).

The turnover number (TON) and turnover frequency (TOF) for H, production were determined as
previously described [3, 8].

Table S6. Concentrations and corresponding masses for a 5 mL aqueous solution of ascorbic acid (H»A)
and sodium ascorbate (NaHA) at different pH with total NaHA/H>A concentrations of 1.1* and 0.1 M
considering a pKa of 4.1 for the couple NaHA/H,A.

pH NaHA HA

4.0 0.487 M (482 mg) 0.613 M (540 mg)
4.0b 44.3 mM (44 mg) 55.7 mM (49 mg)
4.5° 71.5 mM (71 mg) 28.5 mM (25 mg)
4.8° 83.4 mM (83 mg) 16.6 mM (15 mg)




Table S7. Photocatalytic activities towards hydrogen evolution of all systems studied in this work, in
terms of TONca, TOFca,niz and VipExperiments were carried out at 25° C in an deaerated aqueous
solution (5 mL) buffered with 1.1 M NaHA/H>A? or with 1 M sodium acetate and 0.1 M NaHA/H»A°
containing the [Ru'(bpy):;](Cl). (Ru, 530 uM) photosensitizer (PS) and a catalyst (Cat),
[Rh"(tpy)(CH3CN)C1,](CF3SOs) (Rh-tpy), [Rh'™(dmbpy)>CL:]Cl (Rh2), or [Co™(CR14)CL:]Cl (Co)
previously reported {Gueret, 2018 #46} at various concentrations under visible-light (A =400 -700 nm)
irradiation.

PS Cat PS/Cat TONcy® Initial i (nm*)d vipf(vie®)¢  Irrad.
[uM] [uM] ratio (TONca*)  TOFcs®  pmol mL Time*
Ru (530) - 450 - ; ; 6.14 0.15 21.0h
Ru(530) Rh-tpy (10) 4.0° 531 220 95 11.0 027 207h
Ru(530) Rh-tpy (10) 4.0°  53/1 379 38 18.9 0.46 22h
Ru(530) Rh-tpy (10) 45° 531 423(300) 21 21.1(1496) 052(037) 21.5h
Ru (530) gg:;;{yg(m) 45> 531 433(309) 39 21.6 (15.46) ((())'.ZZ) 23.0h
Ru(530) Rh-tpy (10) 48  53/1 333 26 16.7 027 2.7h
Ru(530) Rh-tpy (1) 45°  530/1 2242(1012) 2000 112(5.06) 027(0.12) 223h
Ru(530) Rh-tpy(5) 45° 106/l 804(558) 293 20.1(13.96) 0.49(0.34) 25.0h
Ru(530) Rh2 (1) 450 530/1 2010(772) 6664 10.0(3.86)  0.24(0.09) 22.0h
Ru (530) Rh2(5) 4.5b 106/1 1023 (778) 1492 25.6(19.46) 0.62(0.48) 24.0h
Ru(530) Rh2(10)  45° 531 1261 (1139) 639 63.1(56.96) 1.55(1.40) 21.7h
Ru (500) - 45 - ; - 0.13 21 h
Ru (500) Co (5) 45 100/1 2034(1822) 2250 51.0(45.7)  125(1.12) 22h
Ru (500) Co (10) 45 50/1  1192(1086) 900 59.6(543)  1.46(1.33) 22h
Ru (500)  Co (50) 45 101 912(890) 240 ?2228229) 339646

“TONCca and TOF ¢4 are respectively the maximum turnover number and the initial turnover frequencies (TOFca=
TONc,ch™) per catalyst exhibited by the system, ny2 and Vi the total mole number and volume of H, produced by
the system until gas evolution stopped. “TONc,*,n2* and Vio* are the corrected values of TONcy, ny2 and vio,
respectively, obtained by subtracting the production of H, stemming from Ru without catalyst. “Irrad. time: time
of irradiation after which H» production stopped.

Stern-Volmer plot for the quenching of *Ru by Rh-tpy. The Stern-Volmer experiments were
carried out with several deaerated aqueous solutions (1 M acetate buffer at pH 4.5) containing Ru (10
uM) in presence of Rh-tpy at different concentrations (0; 0.06; 0.08; 0.1; 0.15; 0.2; 0.3 mM); the latter
solutions were prepared in a glove box under argon atmosphere within quartz cells (cell width =1 x 1
cm?). The emission decays (1) of the Ru excited state (¥*Ru) were recorded after excitation at 409 nm
with a Picosecond Pulsed Diode Laser (PDL 800D PicoQuant, Diode Laser: LDH-P-C-405) and using
a time correlated single photon counting detection (picoHarp 300). The lifetimes of *Ru () in presence
of Rh-tpy, estimated from the fitting of the decay of *Ru luminescence at 610 nm, were used to calculate
the to/t value to trace the Stern Volmer plot; 1o is the lifetime of *Ru alone (t, = 620 ns). The quenching
of *Ru by Rh-tpy was estimated to be 6.87 x 108 M! s”! (Figure 9).
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Nanosecond transient absorption spectroscopy. The photocatalytic mechanism was studied by
nanosecond laser flash photolysis experiments which were performed by exciting at 455 nm a deaerated
aqueous acetate (1 M) buffer solutions at pH 4.5 containing Ru (100 uM) and NaHA/H,A (0.1 M), in
presence or absence of Rh-tpy (200 uM). Samples were prepared in a glove box under an argon
atmosphere within a quartz cell (cell width = 10 x 10 mm?). Transient absorption spectra were acquired
using a LP 920K system from Edinburgh Instruments. Excitation at 455 nm was carried out from the
third-harmonic of a Brilliant-Quantel Nd:YAG Laser at 6 Hz, equipped with an OPO (Rainbow). A
Xe900 pulsed Xenon Lamp is used as probe source. The photons were dispersed using a
monochromator, transcripted by a R928 (Hamamatsu) photomultiplicator and recorded on a TDS3012C
(Tektronix) oscilloscope. Single wavelengths as well as global analyses of the transient absorption data
were performed using Igor Pro wavemetrics software.

Figure S1: Transient absorption spectra recorded at different times after laser excitation (A =
455 nm) of a deaerated aqueous solution of acetate buffer (1M) containing Ru (100 uM) and
NaHA/H>A (0.1 M) at pH 4.5 (pathlength = 1 cm). The signal growth at 510 nm occurs within
1.5 us after laser excitation (see Figure S2).
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Figure S2: Transient absorption trace on the nanosecond time scale recorded at 510 nm after laser
excitation at 455 nm of a deaerated aqueous solution of acetate buffer (1M) containing Ru (100 uM)
and NaHA/H>A (0.1 M) at pH 4.5. the growth of AA is fitted by a monoexponential function leading to
a time constant of 235 ns (i.e. k = 4.25 x 10° s™!). After 1.5 us, the signal starts to decay.

Figure S3: Transient absorption trace on the microsecond time scale recorded at 510 nm after laser
excitation at 455 nm of a deaerated aqueous solution of acetate buffer (1M) containing Ru (100 uM)
and NaHA/H»A (0.1 M) at pH 4.5. Inset: second order kinetics analysis of the decay. The slope gives
kper / (Ae L) = 0.62 x 10° 5!, Assuming Ae to 1.2 x 10* M™! cm™,[9] the kinetics rate constant for the
back electron transfer process is estimated to 7.4 x 10° M's..
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Figure S4: Transient absorption trace on the nanosecond time scale recorded at 510 nm after laser
excitation at 455 nm of a deaerated aqueous solution of acetate buffer (1M) containing Ru (100 pM),
NaHA/H:A (0.1 M) and Rh-tpy (200 uM) at pH 4.5. the growth of AA is fitted by a monoexponential
function leading to a time constant of 215 ns. After 1.5 us the signal starts to decay.

Figure S5: Transient absorption trace on the microsecond time scale recorded at 510 nm after laser
excitation at 455 nm of a deaerated aqueous solution of acetate buffer (1M) containing Ru (100 uM),
NaHA/H>A (0.1 M) and Rh-tpy (200 uM) at pH 4.5. Inset: pseudo first order kinetics analysis of the
decay. The slope gives a rate constant of 2.4 10* s,
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Estimation of the electron transfer rate between Ru~ and HA®, and between Ru~ and Rh'-
tpy. After the electron transfer from the sacrificial electron donor HA to the Ru excited state (*Ru')
to generate the reduced state Ru™ and HA", two processes of electron transfer are in competition (See
Scheme 4): the back electron transfer (BET) between Ru~ and HA" and the reduction of Rh'!-tpy by
Ru™ (ET). The rates (v) of these two redox reactions can be expressed as:

veer = keer[Ru"][HA'] €))
ver = ker[Ru-J[Rh"-tpy] @)

Where vger and ver are the rates of these two redox reactions (M s™!), kger and kgt are the rate constants
of these two redox reactions (respectively 7.4 x 10° and 1.2 x 108 M! s!), and [Ru], [HA"] and [Rh™'-
tpy] are the concentrations of the respective species. [Rh™-tpy] is equal to 200 uM.

Considering that the quantum yield of Ru~ formation via the reductive quenching of *Ru" by HA" is
25 % [10], the concentration [Ru~] can be estimated from the concentration [*Ru'], which can be
calculated from the variation of the absorption (AA4so = -0.01) recorded at 450 nm just after the laser
excitation (around 10 ns) in the transient absorption spectra of the solution Ru (100 uM)/H,A/HA™ (0.1
M) (of note, the AA value is similar for the solution Ru (100 uM)/Rh-tpy (200 uM)/H,A/HA (0.1 M)),
and the variation of the extinction coefficient at 450 nm of the solution (Agaso = €450%""- €458 = -11 000
M1 ecm™) [11]. So, following the Beer-Lambert law, the concentration [*Ru'] could be expressed as:

[*Ru'"] = AAuso / (Agaso x 1) 3)

Where 1 is the optical pathlength, 1 = 1 cm. Consequently, [*Ru'"] can be estimated at 9.1 x 107 M and
[Ru7]at2.27x 107 M.

In addition, just after the first electron transfer between HA™ and *Ru", we can consider that the
concentration of HA" is equal to Ru™ (i.e. [Ru~] = [HA"]).

Considering all these values, the values of vger and ver are estimated at 3.81 x 10 and 5.45 x 10?
M s, which corresponds to a ver/veer ratio of 14.3.
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Figure S6. 'H NMR spectrum (400 MHz) in D20 of [Rh(tpy)(CH3CN)CIL,](CF5SOs).
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Figure S7. Positive ESI-MS spectrum of [Rh(tpy)(CH3CN)CIl;]J(CF3SOs3) in a mixture of
CH;CN/DMF/H,0.
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Figure S8. Experimental positive ESI-MS spectrum of [Rh(tpy)(CH3;CN)CL](CF3SOs3) (A) and
simulation of the main isotopic massif at m/z = 446.96 corresponding to [Rh(tpy)(CH;CN)CL]" (B).
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[Ru(bpy)s]** [r(ppy)2(bpy)*  [Ir(ppy)2(m-dmbpy)]*

[Ir(ppy)(dtbbpy)]* (Ir2) (Ir3)
(Ir1)

(Ru)

[Ir(MeO-mppy)(bpy)]*
(Ird)

. [r(ppy)z(dmbpy)]*
[Ir(f-mppy)(dtbbpy)]* [Ir(ppy)2(dhpdbpy)] (Ir7)
(Ir5) (Ir6)

P ",
H,N N NH,

proflavine

[Cu'(Xantphos)(biq)]* [Cul(Nixantphos)(biq)]*
(Cu1) (Cu2)
Scheme S1. Photosensitizers previously reported in three-component systems for light-driven H,
production using Rh catalysts in aqueous or hydro-organic solutions.
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Table S8. Summary of the experimental conditions and photocatalytic performances of the various

three-component systems (SD/PS/Cat) using Rh catalysts in hydro-organic solution.

Irrad. Vi in
PS Cat PS/C.at SD Solvant Source TON mL VO]'.Of Author (Year)
conc. conc. Ratio  conc. Cat solution
(\) (hours)
[Ir(ppy): [Rh(bpy)s]**
(a-dmbpn)]" @r3) ®D) 1 | TEOA MeCN/H:0 Bluc LED o 172 o
100 10 100 1M 0.6 M (460 nm) (20)
[Ir(MeO-mppy), [Rh(dfbpy)s]**
o)l I RL%) 1 | TEOA MeCN/H:0 Bluc LED | o 147 0
200 M 100 0.6 M (460 nm) (20)
3+ Bernhard
Ir3 [Rh(dl(\ﬁ;?;’)py“ 1 | TEOA | MeCNH:0 BlueLED |, 098 o (2008)[12]
100 uM 100 1M 0.6 M 91 (460 nm) (20)
[Ir(f-mppy). [Rh(dtbbpy)s]**
(dtbbpy)[* (IrS) (Rh11) 11 TEOA I MeONALO | BUeLED |50 1 308 1o,
160 M 100 1M 0.6 M (460 nm) (20)
Ir5 Rh11 TEA | THFH:.0 = Blue LED 63.7
150 uM 50 uM YL o6m 8/2 @60mm) | °1%% | o) | 10mC
Rh(dhpdbpy); | tol/H,0/
[Ir(ppy): [ Oxalic
4 . Oct-OH/ | Blue LED 5.51 Bernhard
(ahpabpy)I" 116 CLI'(Rh14) | 16/1 7‘;“;‘3\4 Oct-NH, | (460nm) |~ 200 ' a7y 9mL 1 o017y (13
62.5 uM 3.8/4/0.2/1
[Rhz(n-OAc),
TEA THF/H.0 | Xe Lamp 9.45
(Hz(;)ﬂ I\(/{RhS) 10071 | o3c'ny | ewz | oasommy | 37 | (zy | 10mL
[ha(}l-CF3COz)4
TEA THF/H,0 | Xe Lamp 8.18
llr(Pl’(ﬁzz(;’PYW (Hzo)ﬂs(mls) 00T o3em 932 380nm) | 2% (1) 1™ Kataoka 2019)
14]
500 uM [Rhy(n-CCLCO,)4 [
(H,0).] (Rh16) | 10001 | LEA - THPALO 0 Xelamp gy 50 769y
5 M 036 M (>380 nm) (12)
Rh11 TEA THF/H,0 | Xe Lamp 5.79
10 uM SOL T 036M | 6832 | (>380nm) 2002 1y | 10mL
.
[lr(ppyzﬁc;')“bpy” Rh5 oy | TEA | THFH:O  XeLamp o0 <159 o
5uM 036M | 68532  (>380nm) (12)
500 uM Kataoka (2019)
+
Ir (ppyz;(r‘it)bbpy” Rh5 ooy | TEA | THFHO | XeLamp | gooc 242 0 (13]
500 WM 5uM 036M | 6832 | (>380nm) (12)
[Rhy(u-OAc); Artificial
(OAck]Rh17) | 11 | TEA | THFEO | o aso | 16 | 220 | jomL
0.6 M 8/2 (20)
50 uM nm)
[Rh;(bpy). .
Atrtificial
Irl (-OAQ(OACK] | |, | TEA THEEO | (10350 | 62 076 | oo Wang
50 uM (Rh8) 0.6 M ) (20) 2012) 116
50 uM
[Rh;(phen), o
Artificial
(1-OAc):(OAC);] TEA | THF/HLO 4.64
(Rh9) 11 0.6 M 8/ sunn(;)350 379 (20) 10 mL
50 uM
-
Rt | TEOA | MeCNHO  LED o <735 o
926 M 0.56 M 91 (450 nm) 3) :
0 +
[Rh(?lill’:lc;“)chl | TEOA  MeCNHO  LED o ~T84 o
926 M 0.56 M 91 (450 nm) 3) :
Rh19* TEOA | MeCN/H,O0 =~ LED 49.0
92%1\4 926 uM VI o s6m 91 @s0nm) 100 (55 216mL (2%(1’?)";12‘7]
. +
[Rh((3I-{11)112c())4)Clz] 1 | TEOA | MeCNH:0 = LED g | 882
926 M 0.56 M 91 (450 nm) 3) :
[Rh(4-pyCOOH);
(4-pyCOO)CLJ* TEOA | MeCNH:0 | LED | ~9.07
(Rh21) VI os6m 91 @50nm) 183 3  2lemL
926 uM
Ir2 [RhCI(H.0), TEOA | MeCN/H,O | LED ~7.35 Vasilchenko&
(py)s]” (Rh22) 1/1 o/l ~15 21.6 mL Kozlova
926 uM 526 M 0.56 M (450 nm) 1) 2018) 18]
[g)‘;())(]i“(tgi‘l‘l’? [Rh(d'(';;fzy))zcu 360/f  DMA | DMF/H.O | BlieLED =, 0017 & . White
T Y, M 1.57M | 96/4 | (447.5nm) (1) : (2018) [19]
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Rh2 DMA | DMF/H,O | Blue LED 0.044

5 uM 2N\ ysim | 964 | (4475nm)| 2 ap | oMk
Rh2 DMA | DME/H,0 | Blue LED 0.066
10 uM 36/ [s7M | 964 (4475nm) OO a | >imb
Rh2 DMA | DME/H,0 Blue LED 0.11
36 M WL y57Mm | 964 | (447.50m)| 22 @ |>!mb
+
[Rhg’{;l-‘yz);f” lof | DMA | DMFH.0 BleLED =, | 010 |
36 uM 157M | 96/4 | (447.5nm) 0 :
.
[Rh(d'(‘;f}'l’zp"y))zcu oy | DMA | DMFHO BlcLED . 019 .
ol 1.57M | 96/4 | (447.5nm) 1) :
Cul Rh2 DMA | DME/H;0 | Blue LED 1.18
360 uM 36 M WLy ssm | o964 @47.50m) 200 3 SImb White
[Cu(Nixantphos)
) Rh2 DMA  DMF/H,0 | Blue LED 0.81 (2019) [20]
(b'g%]g 5&“2) 36 uM W ssm oo @4750m) 130 g 3Imb
Rh2 DMA | DME/H,0 | Blue LED 0.69
Cul 36 uM W1 5 gm 96/4 | (447.5nm) ! @ | >imb White
360 uM Rh2 p-DMT | DMF/H,O = Blue LED 0.88 (2020) [21]
36 uM LYY, 96/4 | (447.5nm)| 17 e | oMmk

TONcat and TOFc, are respectively the maximum turnover number and the initial turnover frequencies (TOFca =
TONCca h') per catalyst exhibited by the system. Vp, is the total volume of H, produced after a given time of
irradiation. n.d. : non determined. bpy is 2,2’-bipyridine, dmbpy is 4,4’-dimethyl-2,2’-bipyridine, m-dmbpy is
5,5’-dimethyl-2,2’-bipyridine, dtbbpy is 4,4'-di-tertbutyl-2,2"-bipyridine, dfbpy is 5,5’-difluoro-2,2’-bipyridine,
dMeObpy is 5,5’-dimethoxy-2,2’-bipyridine, ppy is 2-phenylpyridine, MeO-mppy is 5-Methyl-2-(4-
methoxyphenyl)pyridine, f-mppy is S5-methyl-2-(4-fluorophenyl)pyridine, dhpdbpy is 4,4'-diheptadecyl-2,2'-
bipyridine, dmebpy is 2,2'-bipyridine-4,4’-dimethyl ester, py is pyridine, 4-pic is 4-picoline, 3-pic is 3-picoline, 4-
pyCOOH is pyridine-4-carboxylic acid, Xantphos is 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene,
Nixantphos is 4,6-bis-(diphenylphosphino)-10H-phenoxazine, biq is 2,2'-biquinoline, OAc is acetate, phen is
phenanthroline, tol is toluene, oct-OH is 1-octanol, Oct-NH; is 1-octylamine, THF is tetrahydrofuran, DMF is
N,N-diethylformamide, TEOA is triethanolamine, TEA is triethylamine, DMA is N,N-dimethylaniline, p-DMT is
N,N-dimethyl-p-toluidine.

2 Addition of 4-picoline (2 M).
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Table S9. Summary of the experimental conditions and photocatalytic performances of various three-
component systems (SD/PS/Cat) using Rh catalysts in pure aqueous solution.

PS Cat PS/Cat SD Irrad. Source TON Vi in Vol. of Author
conc conc Ratio  conc pH ) I mL solution (Year)
) ) ) o (hours)
3+
[Ru(bpy)s]*(Ru) [Rh(bpy)] ; EDTA halogen Lamp 1.6 Lehn &
440 uM (Rh1) 1/3.5 02 M 5.2 (>400 nm) 6 3) 7 mL Sauvage
1.56 mM : (1979) [22]
3 Projector o
19%11\4 [RhCl(?ggl :f\lfl DT OHIZ/K/I 30 Lamp 1000 (185'2) 4 mL (19%S)h[123]
) (>408 nm) )
halogen W-
Ru Rh4 H,A >24.5 Bauer
41 45 Lamp >2000 3mL
667 uM 167 uM 16.7 mM (5400 arm) @) (1994) [24]
[Rhz(p-OAc)s(H:0):] EDTA el 0178
. e Lamp .
(Rh3)" V25 30mm 3% 40-550mm) | Y0 e | 10ME
0.1 mM
[ham(_lgtlz()s;gﬂzmd ng | PRIA | g | it a5 | PO g
01 M 30 mM (240-550 nm) (©6)
[ha(}l-CF3COz)4 .
Ru (acetone);] (Rh7)® 12.5 fé) Tﬁ 5.0° 23‘(06_ SLS"‘(;“" 23 0 1604 10 mL Sakai
40 uM 0.1 mM m ( nm) (6) (2010) [25]
[Rhz(bpy).
(1-OAc),(OAc),] EDTA . XeLamp 0.086
(Rh8)® 125 | 30 mm | 3% | 40-550nm) | 12 (©) o
0.1 mM
[Rh;(u-BL),J**
EDTA Xe Lamp 0.004
(Rh10) 12.5 5.0¢ 0.09 10 mL
0.1 mM 30 mM (240-550 nm) (6)
" [Rhz(phen),
[Ir(ppyzi(r‘it)bbpy” (1-OAc)(OAC)] ” TEA . Aificialsun | 004 o Wang
50 (Rh9) 06M ™% (=350 nm) : (20) (2012) [16]
K 50 uM
%
Ru [Rh((g%))l(zlipy) 21 HA/H,A 36 Xe Lamp 100 49 2 mL Fukuzumi
2 .
2 mM (Rh3) | mM LIM (>430 nm) 3) (2011) [26]
[Rh(dmbpy),CL]* HA/H,A Xe Lamp . | 0.78¢
(Rh2) 10 uM SOT 1 iMm | 40| @00-700nm) | 4 | oy | °™F
Ru Rh2 HA/H,A Xe Lamp e 0.53¢
500 uM 5 uM 00T M 49 400-700nm) | 89%° 1 o) | OmE
Rh2 HA/H,A Xe Lamp 5 0.12¢
1 uM SO0 M | 40| 400-700 nmy | 1010 (®) > mL
Rh2 HA/H,A Xe Lamp 0.39 Collomb
10 uM WM 40 @o0700mm) | 320 (5 > mL (2813033]
Ru Rh4 HA/H,A Xe Lamp 0.07
100 uM 10 uM 0117 1M | 39 | @oo700mm) | 27 | 35 | ™
Rh3 HA/H,A Xe Lamp 0.13
10 uM WM 3 400700 nmy | 108 (7 5 mL
[TIr(ppy)2(bpy)]* i
(ir2) Rh2 10/1 HA/H,A 40 Xe Lamp 170 0.21 5 mL
100 M 10 uM L1M (400-700 nm) (12)
Rh2 HA/H,A d Xe Lamp o 1.40¢
10 uM S oam | A @00-700nm) | 1B @1y ML
Rh2 HA/H,A d Xe Lamp 3 0.48°
5uM 1061 g 1M 4| (400-700nm) | 778 (24) > mL
Rh2 HA/HA | , . XeLamp . | 009
Ru 1 uM BT oM 4 400-700nm) | 77 (22) > mL
This work
530uM [Rggtf*ygzchlthc)N) sy |HATHA |, o | XeLamp | 550, | 037" | 5 o
2 Py 01M | ™7 | (400-700 nm) (21.5)
10 uM
Rhtpy HA/HA d Xe Lamp 0.34¢
5 M 06150 im 4 400700 nm) | % 25 | OmE
Rhtpy HA/H,A d Xe Lamp . 0.12¢
1 uM B0 oM |4 | @00-700mm) | 1912 | 223) | S

TONCa is the corrected value of maximum turnover number per catalyst exhibited by the system. Vi is the total
volume of H, produced after a given time of irradiation. n.d. : non determined. bpy is 2,2’-bipyridine, dmbpy is
4,4’-dimethyl-2,2’-bipyridine, dtbbpy is 4,4'-di-tertbutyl-2,2’-bipyridine, ppy is 2-phenylpyridine, dpm is
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diphenylphosphinobenzen-m-sulphonate, Cp* is pentamethylcyclopentadiene, tpy is 2,2’:6°,2*’-terpyridine, OAc
is acetate, gly is glycolate, BL is 1,3-diisocyanopropane, phen is phenanthroline, TEOA is triethanolamine, EDTA
is , HA  and H»A are respectively ascorbate and ascordic acid.

@ Photocatalysis at 30°C ; ® addition of methylviologen nitrate (2 mM) ; © use of an acetate buffer (0.1 M) ; ¢ use of
an acetate buffer (1 M) ; € The values of TONca* and V2™ has been corrected by subtracting the production of Ha
stemming from Ru without catalyst.
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