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ABSTRACT: The development of new solar-to-fuel scenarios is of
great importance, but the construction of molecular systems that
convert sunlight into chemical energy represents a challenge. One
specific issue is that the molecular systems have to be able to
accumulate redox equivalents to mediate the photodriven trans-
formation of relevant small molecules, which mostly involves the
orchestrated transfer of multiple electrons and protons. Disulfide/
dithiol interconversions are prominent 2e”/2H" couples and can
play an important role for redox control and charge storage. With
this background in mind, a new photosensitizer [Ru(*~*bpy)-
(bpy),]** (1**) equipped with a disulfide functionalized bpy ligand
(5*bpy, bpy = 2,2'-bipyridine) was synthesized and has been
comprehensively studied, including structural characterization by
X-ray diffraction. In-depth electrochemical studies show that the ~bpy ligand in 1** can be reduced twice at moderate potentials
(around —1.1 V vs Fc*/?), and simulation of the cyclic voltammetry (CV) traces revealed potential inversion (E, > E;) and allowed
to derive kinetic parameters for the sequential electron-transfer processes. However, reduction at room temperature also triggers the
ejection of one sulfur atom from 1?*, leading to the formation of [Ru(*bpy) (bpy),]**(2**). This chemical reaction can be suppressed
by decreasing the temperature from 298 to 248 K. Compared to the archetypical photosensitizer [Ru(bpy),]**, 1** features an
additional low energy optical excitation in the MLCT region, originating from charge transfer from the metal center to the ~*bpy
ligand (aka MSCT) according to time-dependent density functional theory (TD-DFT) calculations. Analysis of the excited states of
1°* on the basis of ground-state Wigner sampling and using charge-transfer descriptors has shown that bpy modification with a
peripheral disulfide moiety leads to an energy splitting between charge-transfer excitations to the *~>bpy and the bpy ligands, offering
the possibility of selective charge transfer from the metal to either type of ligands. Compound 1** is photostable and shows an
emission from a *MLCT state in deoxygenated acetonitrile with a lifetime of 109 ns. This work demonstrates a rationally designed
system that enables future studies of photoinduced multielectron, multiproton PCET chemistry.

potential
inversion

-1.6 -1.2 -0.8 -0.4
Evs. Fc™® 1V

B INTRODUCTION photoinduced multielectron transfer and the light-driven
charge accumulation.” Despite the major efforts relying on
the usage of sacrificial reagents, currently few examples of fully
integrated systems capable of photoinduced multielectron
transfer have been introduced.* Among them, ruthenium (II)
polypyridine-type complexes are often chosen as building
blocks for the construction of covalently linked donor—
photosensitizer—acceptor systems, because they exhibit favor-
able excited-state and redox properties. While synthetically the
assembly of such metal-containing building blocks with
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covalently linked ligands is feasible, the preparation of
multimetallic complexes is particularly tedious. For simplicity,
an alternative approach is the design of new polypridyl
chelating ligands capable of storing multiple charges.
Previously, we reported a bipyridine analogue ligand
equipped with a peripheral disulfide moiety (*~*bpy, bpy =
2,2" bipyridine, Figure 1), which exhibits two chemically

coordination site ,N = disulfide
LM ; redox-active unit
SNZNS  PCET reactivity

$-Sppy (bpy = 2,2"-bipyridine)

Figure 1. Dual-functionality of the S~Sbpy ligand.

reversible reduction processes.” In-depth electrochemical
studies in combination with density functional theory (DFT)
computations were conducted to unravel the sequence of
redox events. In the presence of water, the protonation of free
5~Sbpy facilitates the second reduction, which then occurs at a
slightly lower potential than the first one; hence, protonation
triggers potential inversion and switches the mechanism from
EEC to ECEC (E = electrochemical step, C = chemical step).
This is reminiscent of related aromatic disulfide molecules such
as dibenzo[1,2]dithiins that are capable of promoting the
uptake of multiple electrons through redox potential
inversion.**® The dual functionality of the S~ bpy ligand, i.e.,
the combination with its N,N’-chelate site and the backside
disulfide/dithiol 2H*/2e™ switch, offers interesting prospects
when decorating common 4d° and S5d°® transition metal
photoabsorbers with this new sulfurated bpy derivative. Inter
alia, such molecular design could potentially benefit the storage
of redox equivalents and enable photoinduced multielectron/
proton-transfer reactions, which are of essential importance for
solar fuel production.

Herein, we present first results in this direction, viz., the
preparation and comprehensive characterization of a novel Ru"
complex equipped with one *~bpy ligand; a related complex
with a modified bpy ligand featuring a single S atom (°bpy) is
also studied. Both complexes have been structurally
authenticated and well characterized by electrochemistry,
providing detailed understanding of their ground-state nature.
The photophysical properties have also been investigated and
interpreted with the help of time-dependent density functional
theory (TD-DFT) calculations that allow for assignment of the
optical transitions.

B EXPERIMENTAL SECTION

General Considerations and Materials. All manipulations of
air- and moisture-sensitive materials were carried out under an
anaerobic and anhydrous atmosphere of dry argon using standard
Schlenk techniques or in a N,-filled MBraun glovebox. [Ru-
(bpy),CL],” [Hdmf](OTf) (dmf is dimethylformamide; OTf™ =
CF;8057),® Sbpy,” and Sbpy’ were prepared according to the
reported literature procedures. All used chemicals were reagent grade.
CH;CN was freshly distilled for electrochemical measurements.
Tetrakis(n-butyl)ammonium hexafluorophosphate ("Bu,NPF,) was
dried and stored in the glovebox.

Instrumentation. IR spectra were measured with KBr pellets
using a Digilab Excalibur Series FTS 3000 or Bruker Vertex 70
spectrometer. UV—vis spectra of solutions in quartz cuvettes were
recorded with an Agilent Cary 60 spectrometer. Steady-state
absorption and luminescence spectra were recorded using a Cary

5000 spectrophotometer from Varian and a Fluorolog-3-22 instru-
ment from Horiba Jobin-Yvon, respectively. Transient absorption and
emission studies were carried out with a LP920-KS apparatus from
Edinburgh Instruments. Excitation at 430 and 450 nm was achieved
by a Quantel Brilliant Nd:YAG laser equipped with an OPO from
Opotek. Excitation at 532 nm was achieved by a frequency doubled
Nd:YAG laser (Quantel Brilliant, pulse width ca. 10 ns). For detection
of transient absorption spectra, an iCCD camera from Andor was
used, whereas kinetic traces at a single wavelength were recorded
using a photomultiplier tube. Cyclic voltammetry (CV) experiments
were measured under an argon atmosphere with a Gamry Interface
Reference 600 potentiostat equipped with a three electrode setup
consisting of a 3 mm glassy carbon working electrode (WE), a
platinum wire counter electrode (CE), and a Ag wire as
pseudoreference electrode (RE). "Bu,NPF, (0.2 M) in deoxygenated
dry CH;CN was used as the supporting electrolyte and was prepared
in the glovebox. Ferrocene was used as an internal standard, and the
data were referenced to the Fc/® redox couple at the respective
temperature. Corrections for the temperature-dependent potential
shift of Fc are explained in the Supporting Information. iR
compensation was applied by the positive feedback method, which
is implemented in the Gamry software package. Controlled-potential
coulometry (CPC) was performed in a glovebox under a nitrogen
atmosphere with a Gamry Interface 1000B, using a Pt mesh (WE), a
Pt wire (CE), and a Ag wire (RE) in a glass-fritted compartment cell.
Data were analyzed by Gamry Framework software. (Spectro)-
electrochemistry experiments were performed in a glovebox under a
nitrogen atmosphere with an Interface 1000B potentiostat,
Deuterium/Tungsten light source (BWTEK), Exemplar LS spec-
trometer (BWTEK), and quartz cuvettes. A platinum mesh was used
as the working electrode, a platinum wire was used as the auxiliary
electrode, and a Ag wire was used as the reference electrode.
"Bu,NPF, (0.2 M) in MeCN was used as supporting electrolyte. The
potential was controlled by Gamry Framework software, and the data
was analyzed by BWSpec software. NMR spectra were recorded on
Avance DRX 500 (Bruker), Avance 500 Ultrashield (Bruker), Avance
300 (Bruker), and Avance III 300 (Bruker) instruments in CDCl; or
CD;CN, with residual protons as internal references. Mass
spectrometry was performed with a Finnigan MAT 8200 (EI-MS)
or a Bruker HTC Ultra (ESI-MS). Combustion analyses were
performed by the Analytic Service at the Department of Chemistry of
the University of Gottingen. X-ray diffraction data were collected on a
STOE IPDS II with graphite monochromated Mo Ka radiation (4 =
0.71073 A) by use of w scans at —140 °C. Details of the X-ray
crystallographic structure determinations are provided in the
Supporting Information. CCDC 1979158 and 1979159 contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via http://www.ccdc.cam.ac.uk/data_request/cif.

Synthesis. [Ru(~°bpy)(bpy),l(PFy), (1(PFy),). S°bpy (218 mg,
1.00 mmol, 1.00 equiv) and [Ru(bpy),CL,] (520 mg, 1.00 mmol, 1.00
equiv) in MeOH (20 mL) were placed in a 50 mL round-bottom
Schlenk flask. The mixture was degassed and heated at 60 °C in the
dark overnight. After cooling to room temperature (RT), the dark
violet suspension was filtered, and to the resulting deep red solution,
300 mg of KPF4 was added and the mixture was stirred for 30 min.
The solvent was removed under reduced pressure, and the solid was
extracted with CH,Cl, (100 mL). The crude product was further
purified by column chromatography (Alox, with CH;CN/ethyl
acetate: 1/10 as eluent). The amount of solvent was reduced to
around 10 mL, and hexane was added to the solution to precipitate
the final product as red powder. This powder was subsequently
washed with diethyl ether and dried under a vacuum (437 mg, 47%).
Deep red crystals suitable for X-ray diffraction were obtained by the
slow diffusion of diethyl ether into a solution of 1(PF), in CH;CN/
acetone. Anal. calc for C;4H;,NgF,P,O,RuS,: % C 39.09, % H 2.41,
% N 9.12, % S 6.96. Found: % C 39.32, % H 2.34, % N 9.04, % S 6.94.
IR (KBr pellets): v 3117 (w), 3084 (w), 1602 (m), 1559 (w), 1467
(m), 1446 (m), 1420 (m), 1409 (m), 1313 (w), 1292 (w), 1271 (w),
1243 (w), 1215 (w), 1203 (w), 1163 (w), 1124 (w), 1112 (w), 1068
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(w), 1036 (w), 875 (m), 833 (s), 800 (s), 760 (s), 731 (s), 719 (s),
706 (m), 660 (m) cm™'. 'H NMR spectrum (500 MHz, CD,CN): §
8.50 (7bpy’ ddd) 2H, ]7bpy—8bpy =8.2Hz, ]7bpy—9bpy =1.4Hz, ]7bpy—10bpy =

0.8 Hz), 8.49 (4%, ddd, 2H, {%Py_%w = 8.2 Hz, Jypy—atpy = 1.4 Hz,
Javpy—1bpy = 0.8 Hz), 8.10 (sbPY, 2 X dd, 2H, Jgpy-7bpy = 82 Hz,
gbpy—sbpy = 1.4 Hz), 8.05 (3°%, 2 X dd, 2H, Jypy—apy = 8.2 Hz,

]sbp,gszy = 1.4 Hz),7.89 (3,dd, 2H J;_, = 8.1 Hz, J,_, = 1.3 Hz), 7.83
(10 PY} ddd; ZH; JlObpy—pry =357 HZ! ]10bpy—8bpy =15 HZ! ]10bpy—7bpy =
0.8 Hz), 7.65 (1°7, ddd, 2H, Jippy-sbpy = 57 Hz, Jippy—30py = 1.5 Hz,
Jiopy—abpy = 0.8 Hz), 7.62 (1, dd, 2H, ], , = 5.6 Hz, J,_3 = 1.3 Hz),
747 (9°7, 2 X dd, 2H, Joppy—10bpy = 5.7 Hz, Joppy—sopy = 1.4 Hz), 7.39
(2%, 2 X dd, 2H, Joppy—1bpy = 5-7 Hz, Joupy—svpy = 1.4 Hz), 7.30 (2, dd,
2H, J, 5 = 8.1 Hz, |, = 5.6 Hz). PC{/H} NMR (500 MHz,
CD;CN): § 157.80 (6°7), 157.76 (5*?), 155.58 (4), 152.95 (10°),
152.66 (1°®), 151.96 (1), 139.14 (8°7), 139.10 (3%¥), 137.52 (3),
13575 (5), 129.11 (2), 128.72 (9°™), 128.68 (2°™), 12537
(7°77,4%%). ESI(+)-MS (CH,CN, m/z): [M]*" 316.0 (100%), [M +
PF¢]* 777.0 (50%). UV—vis (CH;CN): A, (nm, & [L mol™ cm™]):
244 (26400), 286 (73900), 318 (19600), 398 (8000), 435 (11300),
492 (8500).

[Ru(®bpy)(bpy),l(PF), (2(PFy),). Sbpy (93 mg, 0.50 mmol, 1.0
equiv) and [Ru(bpy),Cl,] (260 mg, 0.500 mmol, 1.00 equiv) in
MeOH (15 mL) were placed in a SO mL round-bottom Schlenk flask.
The mixture was degassed and heated to 70 °C in the dark overnight.
After cooling to RT, the dark violet suspension was filtered, and to the
resulting deep orange solution, 300 mg of KPF¢ was added and the
mixture was stirred for 30 min. The solvent was removed under
reduced pressure, and the solid was extracted with CH,Cl, (40 mL).
The crude product was purified by column chromatography (Alox,
with CH;CN/ethyl acetate: 1/10 as eluent) to give the target
compound (302 mg, 68%). Orange-red crystals suitable for X-ray
diffraction were obtained by slow diffusion of diethyl ether into a
solution of 2(PFg), in CH;CN. Anal. calc for C;,H,,N¢F;,P,RuS-
H,0: % C 39.70, % H 2.66, % N 9.26, % S 3.53. Found: % C 39.56, %
H 2.73,% N 9.57, % S 3.10. IR (KBr pellets): v 3115 (w), 3084 (w),
1604 (w), 1464 (m), 1448 (m), 1425 (m), 1405 (m), 1312 (w), 1271
(w), 1243 (w), 1226 (w), 1203 (w), 1161 (w), 1125 (w), 1108 (w),
1064 (w), 890 (m), 874 (m), 831 (s), 786 (s), 754 (s), 728 (s), 715
(s), 611 (m) cm™". 'H NMR spectrum (500 MHz, CD;CN): § 8.54
(3,dd, 2H, J5_, = 8.4 Hz, J;_, = 0.8 Hz), 8.50 (7°7, ddd, 2H, J;1,p,—sbpy
= 8.1 Hz, 51y —gbpy = 1.4 Hz, [ 100py = 0.8 Hz), 8.49 (4™, ddd, 2H,
]4bpy73bpy =8.1 HZ) ]4bpy72bpy =14 HZ) ]4bpyflbpy =038 HZ), 8.10 (pry)
2 X dd, 2H, Jyppy 7bpy = 8:2 H, Jappy onpy = 1.4 Hz), 8.05 (37,2 X dd,
2H, Jsppy—sbpy = 82 Hz, Jyppy sy = 14 Hz), 7.83 (10, ddd, 2H,
]10bpy—9bpy =357 HZ} ]10bpy—8bpy =15 HZ} ]lObpy—7bpy: 0.8 HZ)! 7.65
(1°7, ddd, 2H, J 1bpy—2bpy = 57 HZ, Jibpy—3bpy = 1.5 Hz, Jippy_sppy = 0-8
Hz), 7.72 (1, dd, 2H J,_, = 5.3 Hz, J,_3 = 0.9 Hz), 7.57 (2, dd, 2H
Jo3 = 84 Hz, J,_; = 5.3 Hz), 7.47 (9*¥, 2 X dd, 2H, Joppy—100py = 57
Hz, Joppy—shpy = 14 Hz), 7.39 (2°, 2 X dd, 2H, Jyyp,—11py = 5.7 Hz,
Jabpy—3bpy = 1.4 Hz). BC{'H} NMR (500 MHz, CD3CN§: 5 158.95
(%), 158.19 (5*®), 154.34 (5), 153.72 (10°®), 153.65 (1*¥),
150.25 (1), 138.82 (3""), 138.80 (8"), 135.16 (4), 134.14 (3),
128.63 (9°), 128.23 (27), 126.60 (2), 125.07 (4°¥), 125.03 (7°7").
ESI(+)-MS (MeOH, m/z): [M]** 300.0 (100%), [M + PF]* 745.1
(1%). UV—vis (CH,CN): 4, (nm, & [L mol™' cm™]): 234 (43400),
256 (30600), 286 (71000), 424 (12300), 448 (14800).

Density Functional Theory (DFT) Calculations. [Ru(*"bpy)-
(bpy),]** (1**) and [Ru(®bpy)(bpy),]** (2**) were optimized in
CH;CN using the B3LYP” hybrid functional combined with the 6-
311G(d) basis set for nonmetal atoms and the LANL2DZ' effective
core potential for the ruthenium center (B3LPY/6-311G(d)-
LANL2DZ). Long-range interactions are taken into account with
the Grimme'' D3 dispersion correction. Scalar relativistic effects are
included through the use of the second-order Douglas—Kroll—Hess12
integrals. Solvent effects were accounted implicitly with the integral
equation formalism polarized continuum model"® (& = 35.688). The
electronic excited-state calculations were done employing linear
response time-dependent DFT (TD-DFT)'* at the B3LYP/6-
311G(d)-LANL2DZ level of theory on the lowest-lying 20 electronic
singlet states. The character of the most important (brightest)

electronic excited states at the equilibrium geometry is illustrated
using leading natural transition orbital'® (NTO) pairs. All calculations
have been carried out using the Gaussian09'® suite of programs.

The calculation of the absorption spectra is done by convoluting
pairs of excitation energies and oscillator strengths of a set of 200
geometries obtained from a ground-state Wigner sampling'” to take
into account nuclear motion. Gaussian functions with a fwhm of 0.1
€V were used in the convolution. The 4000 (20 X 200) resulting
excited states were analyzed using charge-transfer descriptors'® as
implemented in the TheoDORE'® program package. For this analysis,
the complexes were divided into four fragments: the S~Sbpy or Sbpy
ligand, respectively (referred to as S), the Ru metal center (M), and
each of the two bpy ligands (L). Accordingly, the excited states are
classified according to the most important charge-transfer contribu-
tion from the “hole” (the fragment from which the electron is excited)
to the “electron” (the fragment to which the electron is excited). If the
hole and electron fragment is the same, it is a local excitation, denoted
by MC or LC/SC if this fragment is the M or the L/S ligand. If the
hole and electron fragments differ, it is a charge-transfer excitation and
will be written as, e.g., MLCT/MSCT when the hole fragment is M
and the electron fragment is one of the L or S ligands, etc. Within the
considered four fragment scheme, there are ten different types of
excitations (MC, LC, MLCT, LMCT, LLCT, SC, MSCT, SMCT,
LSCT, and SLCT).

Bl RESULTS AND DISCUSSION

Synthesis and Characterization of Ru' Complexes.
The ligand [1,2]dithiino[4,3-b:5,6-b' ]bipyridine (*"*bpy) was
prepared via the previously reported multistep protocol,
starting from 2-bromo-3-pyridinol.” The monosulfurated
bipyridine, viz., the thiophene derivative $bpy,”” is formed in
substantial amounts as a side-product during the synthesis of
$=Sbpy.” Both bpy derivatives can be readily coordinated to
Ru' (Scheme 1). The mononuclear complex [Ru(*~“bpy)-
(bpy),](PFy), (1(PFy),) was synthesized by heating a solution
of [Ru(bpy),CL] and *~*bpy in MeOH to reflux overnight.
Anion exchange gave the PF4~ salt, which shows high solubility
in polar organic solvents. After column chromatography, pure
[Ru(*"Sbpy) (bpy),](PFs), (1(PFg),) was obtained in 47%
yield. Using *bpy and applying the same synthetic procedure
gave [Ru(®bpy)(bpy),](PFs), (2(PFs),) in 68% yield.

Scheme 1. Synthetic Routes for Mounting the S~ Sbpy and
Sbpy Ligands on the {Ru(bpy),**} Fragment

[Ru(Sbpy)(bpy)2l** (2°)

[Ru(SSbpy)(bpy)oI** (12%)
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Figure 2. Molecular structures of the cations of 1** (left) and 2?* (right) shown

molecules, and PF¢~ counterions are omitted for clarity.

as 50% probability thermal ellipsoids. Hydrogens, solvent

Table 1. Selected Bond Lengths and Angles for 1%* and 2**°

[Ru(*~*bpy) (bpy),](PEy), (1)

[Ru(*bpy) (bpy),](PEy), (2*)

ligand bond distance (A) ligand bond distance (A)
5Sbpy Ru—N(1) 2.057(2)/2.097 Sbpy Ru—N(1) 2.109(2)/2.154
Ru—N(2) 2.058(2)/2.097 Ru—N(2) 2.115(2)/2.152
S(1)-S(2) 2.048(1)/2.106
bpy-1 Ru-N(3) 2.061(2)/2.097 bpy-1 Ru—N(3) 2.049(2)/2.097
Ru—N(4) 2.074(2)/2.103 Ru—N(4) 2.068(2)/2.083
bpy-2 Ru—N(5) 2.045(2)/2.096 bpy-2 Ru—N(5) 2.045(2)/2.083
Ru—N(6) 2.066(2)/2.101 Ru—N(6) 2.054(2)/2.096
atoms angle (deg) atoms angle (deg)
$Sbpy N(1)—Ru—N(2) 78.79(9)/78.14 Sbpy N(1)—Ru—N(2) 81.87(7)/81.07
bpy-1 N(3)—Ru—N(4) 78.68(9)/78.07 bpy-1 N(3)—Ru—N(4) 78.80(7)/78.37
bpy-2 N(5)—Ru—N(6) 78.73(9)/78.11 bpy-2 N(5)—Ru—N(6) 78.72(7)/78.36
planes dihedral angle (deg) planes dihedral angle (deg)
$=Sbpy N(1)-C—C-N(2) 12.28/11.42 Sbpy N(1)-C—C-N(2) 0.37/0.71
Cc-S(1)-S(2)-C 56.71/54.11
“Parameters for B3LYP optimized geometries are given in italics.
ESI(+)-MS spectra of CH;CN solutions of the complexes ligated 1>*. Ru—N distances are in the typical range,”' namely,

show major peaks for ions [Ru(*~*bpy)(bpy),]** and
[Ru(®"*bpy)(bpy),(PF¢)]* in case of 1(PFg), or for [Ru-
(°bpy) (bpy),]** and [Ru(*bpy)(bpy),(PFe)]" in case of
2(PFy),, respectively, with the expected isotopic distribution
patterns (Figures S1 and S2). 'H and *C NMR spectra of
both complexes reflect C, symmetry in solution with eight
proton signals for the bpy ligands and three proton signals for
the ~Sbpy and bpy ligand moieties, respectively. NMR
spectra and full spectral assignments are provided in Figures
S$3-S10.

Single crystals of 1(PF), and 2(PF(), were obtained by
slow diffusion of diethyl ether into CH;CN/acetone or
CH;CN solutions of the complexes, respectively. Molecular
structures of the cations are depicted in Figure 2, and selected
atom distances and bond angles are listed in Table 1. Both
complexes exhibit a distorted octahedral geometry, which is a
typical feature for Ru'' complexes ligated by three ligands that
form S-membered chelate rings. In 1%, bidentate N,N’
coordination of ~Sbpy results in N1-C—C—N2 and C—S1—
S2—C torsion angles of 12.28° and 56.71°, respectively, as well
as a S—S bond length of 2.048 A. For 2** with a single S atom
bridge, the two pyridine rings of the Sbpy moiety are essentially
coplanar, as evidenced by a very small N1-C—C—N2 angle of
0.37°. Furthermore, the overall ligand planarity induced by the
planar thiophene fragment slightly opens the N,N' bite angle,
which is reflected by a N1—Ru—N2 angle of 81.87° in 2**, in
comparison with the N1—Ru—N2 angle of 78.9° in S~Sbpy

2.055-2.070 A for 1** and 2.045-2.074 A for 2°*.

UV-vis Absorption, Luminescence, and Transient
Absorption Spectroscopy. The UV—vis absorption spec-
trum of 2** in CH,CN solution displays the characteristic
bands reminiscent of those of [Ru(bpy);]*",”* comprising an
intense ligand n—7z* absorption at 287 nm alongside with
broad and less intense MLCT bands at 424 and 448 nm,
(Figure 3a and Table 2). In contrast, the MLCT absorption
signature of 17" is distinctly different and shows three maxima
instead of two, with all these absorptions having smaller
extinction coeflicients. The first two maxima located at 398
and 435 nm are slightly hypsochromically shifted by
approximately 20 nm compared to 2>*, but a distinct low-
energy band is observed at around 500 nm. These findings are
suggestive of a separated, low-lying MLCT state due to the
introduction of the ~*bpy ligand. The assignment of these
charge-transfer absorptions will be discussed in detail in the
computational part (vide infra).

Solutions of 1** or 2*" in deaerated CH;CN are emissive
when excited at 430 or 400 nm, respectively, as shown in
Figure 3a. For 1?*, varying the excitation wavelength from 400
to 532 nm results in the same broad, featureless emission band
with maximum intensity at 730 nm (Figure S12), indicative of
a typical Kasha behavior. Time-resolved luminescence decay
curves recorded at 730 nm in deaerated CH;CN after
excitation of 12* at 430 and 532 nm result in identical traces,
with a lifetime of 109 ns (Figure 3b,c). A measurement in

https://dx.doi.org/10.1021/acs.inorgchem.0c00220
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00220/suppl_file/ic0c00220_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00220/suppl_file/ic0c00220_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00220/suppl_file/ic0c00220_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00220/suppl_file/ic0c00220_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00220?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00220?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00220?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00220?fig=fig2&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c00220?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

(@) 80 1.0
701

P4
lo.s &
601 3
- [N
501 N
g 06 &
L 401 =
o @
S 301 r0.4 é
= \ <
w 4 4 ~
20 \ lo.2 >
101 = 1

0 0.0

200 300 400 500 600 700 800
Wavelength / nm

Rexe =430 Nm, Ly = 730 NM

Deaerated
— Aerated

0 200 400 600 800 1000
Time/ns

hexe = 532 NM, Ly = 730 NM

0.0 r T T T
0 200 400 600 800 1000

Time/ns

Figure 3. (a) Room temperature absorption and emission spectra of
10~ M solutions of 1** and 2** in CH;CN. (b) Luminescence decay
curves of the solution of 1> recorded at 730 nm after excitation at
430 nm with laser pulses of ~10 ns duration. Measurements were
performed in both deaerated and aerated CH;CN. (c) Luminescence
decay curve of the solution of 12* recorded at 730 nm after excitation
at 532 nm.

Table 2. Spectroscopic Properties of the Complexes in
CH,CN at 293 K

Agpo/nm (€/107° M~} cm™) //1531 nTs/ B /%

1> 286 (74) 730 109 0.5
398 (82)
435 (11)
492 (8.5)

2% 286 (71) 630 871  0.062
424 (12)
448 (15)

[Ru(bpy),]*** 286 (80) 620 831 95
424 (10)
450 (12)

“In deaerated CH,CN. “From ref 23.

aerated CH;CN shows a shorter lifetime of 7 = 84 ns due to
quenching by O,, suggesting that the emission originates from
a *MLCT state. The luminescence quantum yields are ¢ =
0.55% and 0.36% for excitation at 430 and 500 nm,
respectively; both values are lower than for [Ru(bpy),]** by
an order of magnitude (Table 2). This finding might be
associated with the remarkable red shift of the emission band.
UV—vis spectra of the solutions of 1** recorded after the
kinetic measurements are identical to the original ones,
indicating that 1** is photostable (Figure S13). In contrast,

2>* shows only a very weak emission with a maximum around
630 nm (Figure 3a). A biexponential decay was observed for its
luminescence (Figure S14), indicating that the luminescence
may originate from two different excited states or from two
different compounds or conformers. The first component is
instrumentally limited (<10 ns), while the second component
is associated with a lifetime of ca. 800 ns. To test the
photostability of 2?*, irradiation experiments were conducted
and both UV—vis spectra and luminescence decay curves were
recorded at different times after illumination of a CH;CN
solution of 2** with a 455 nm LED (Figure S15). In the UV—
vis spectra, a clear change with increasing irradiation time is
obvious. Interestingly, after 10 min irradiation, the resulting
MLCT bands look very similar to those of known [Ru-
(bpy),(CH;CN),]*;** an overlay of the UV-—vis spectra
(Figure S16) confirms that [Ru(bpy),(CH;CN),]*" and free
Sbpy (identified by an intense absorption at 230 nm) are
formed. These findings strongly suggest “bpy ligand dissoci-
ation from the metal center after excitation of 2°*. To further
corroborate the photoinduced ligand dissociation, two
solutions containing 2** in CD;CN were treated with heat
or light, respectively, and 'H NMR spectra were recorded
(Figure S17). No change was found after heating of 2** at
70 °C overnight, indicating that 2** is thermostable. In
contrast, irradiation with a 440 nm LED over a period of 1 h
leads to the appearance of 'H NMR signals of [Ru-
(bpy),(CH;CN),]** and free Sbpy. We attribute this to the
bite angle enlargement of the {N,N’'}-bidentate metal
coordination site and, hence, to the reduced ligand field
strength of *bpy in which the two pyridines are linked via a
single S atom. This facilitates the thermally activated
SMLCT—’LF (LF = ligand field state) conversion and prompts
the photoreaction (photosolvation).” In the luminescence
decay curves, the long-lived (ca. 800 ns) component, which is
attributed to the luminescence of 2%, disappears over time
(Figure S1Sb and Table S1). Consequently, the instrumentally
limited signal is attributed to the degradation product
[Ru(bpy),(CH,CN),]**. The quantum yield of 2** is
extremely low (0.062%).

To explore the decay characteristics of the emissive excited
states of 12" and to confirm their MLCT nature, transient UV—
vis absorption spectroscopy was carried out. Figure 4 shows
the transient absorption spectra averaged over a period of 200
ns immediately after excitation at 430 and 532 nm,
respectively, with laser pulses of ca. 10 ns duration. A
ground-state bleach is observed at 400 to 500 nm, in
accordance with the lowest-energy '"MLCT absorption bands
in Figure 3a. In addition, excited-state absorption bands at 310
and 370 nm are observed, similar to the absorption bands
observed for *MLCT-excited [Ru(bpy);]**. These signals arise
from the z—x* transitions on the transiently reduced bpy
ligand.”® Switching the excitation wavelength from 532 to 430
nm gives an identical transient absorption spectrum. The
MLCT bleach at 500 nm and the transient absorption signal at
370 nm both exhibit the same decay as the MLCT
luminescence at 730 nm, confirming that signals from the
same excited states are monitored by emission and transient
absorption spectroscopy. The MLCT lifetime (7) extractable
from the transient absorption data is analogous to that
obtained from emission data, and the absorption is also
quenched by O,, as shown in the bottom of Figure 4, in line
with the findings in Figure 3b for emission. In the case of 2%,
because of its photoinstability only low quality transient
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Figure 4. Top: transient absorption spectra measured after excitation
of 10~ M solutions of 1> in deaerated CH;CN at 430 (black) and
532 nm (green) with laser pulses of ~10 ns duration. The signals were
time integrated over 200 ns immediately after excitation. Bottom:
transient absorption decays recorded from deaerated and aerated
CH,CN solutions of 1** at 370 nm and recoveries of the MLCT
bleaches at 500 nm.

absorption spectra could be obtained (Figure S18); never-
theless, the bleach at 450 nm and a new signal at 390 nm are
still observed.

Electrochemistry. To evaluate how the peripheral
sulfuration of one bpy ligand impacts the electronic properties
of the Ru" complexes, detailed electrochemical studies on 1**
and 2** were performed. A glassy carbon working electrode
was used, and all data were referenced versus the internal
standard Fc™/%. The cyclic voltammetry (CV) data of 1?* and
2** were recorded at 298 K in dry CH;CN containing 0.2 M
"Bu,NPF. Both complexes show a reversible redox couple at
EY? = +0.96 (1**) and +0.93 V (2**), which is assigned to the
Ru""™ oxidation (Table 3 and Figure $20) and is very similar
to the value for parent [Ru(bpy),]*",”' indicating that the
peripheral sulfuration exerts only a marginal effect on the
central metal ion.

The CV data of 2** show reversible redox couples at E'/* =
—1.70, — 1.89, and —2.13 V (Figure S and Table 3). The peak
potentials do not shift with increasing scan rate, and the peak-
to-peak separation is close to the Nernstian value for a
reversible redox process (Figure S21 shows scan rate
dependent data). The potentials are almost identical to those
of [Ru(bpy);]*, indicative of consecutive ligand centered
reductions.”’ This suggests that *bpy serves as a one electron
acceptor, and the introduction of one sulfur atom does not
significantly alter the electronic nature of the bpy ligand.

T T T

-2.5 -2.0 -1.5 -1.0 -0.5 0.0
Evs.Fc®/V

Figure 5. Top: CV data of 1°* and 2°* at RT. Bottom: temperature-
dependent CV data of 1**; CH;CN, 0.2 M "Bu,NPF, v = 0.1 V57",

In stark contrast, the first reduction peak for 1** shows a
remarkable anodic shift to E,. = —1.16 V (v=01Vsh,
whereas the formal potentials of the second and third
reduction events are very similar to the corresponding ones
in 2** and parent [Ru(bpy);]**. This suggests a *bpy-
centered reduction in the first process and bipyridine-centered
reductions in the latter ones. The large current of the first
reduction wave in the forward scan indicates that the process is
actually a 2e” event, as was also observed for the free S~ bpy
ligand.5 Indeed, estimation of the number of transferred
electrons according to the Randles—Sevcik equation leads to
~1.6 electrons for the first reduction process (Figure S22).
This indicates that reduction of 1** yields 1 in which two
adjacent thiolates are present. The peak potentials of the
cathodic and anodic events for 1** around —1.1 V largely shift
with increasing scan rate, and the large peak separation of the
anodic and cathodic waves indicate that it is not a Nernstian
2e” event (Figure S23, Table S2). Similar ruthenium and
osmium complexes with RO™ functionalities instead of RS~
ie, [2,2'-bipyridine]-3,3'-bis(olate) instead of [2,2’-bipyr-
idine]-3,3'-bis(thiolate), have been shown to be prone for
protonation,27 and thus, we investigated whether the 2e”
reduction is coupled to proton transfer, e.g., due to traces of
water. UV—vis-spectroelectrochemical (UV—vis-SEC) reduc-
tion of 1** at —35 °C leads to a new species with a pronounced
absorption at 350 nm and visible bands at 440 and 500 nm
(Figure S31). The redox process is fully reversible as the
original UV—vis spectra are recovered after reoxidation. The
same experiment at —35 °C in the presence of 1 equiv of
[Hdmf](OTf) leads to a reduced species with distinctly
different absorption properties, namely, the species exhibits
two bands at 440 and 470 nm and lacks the band at 350 nm
(Figure S32). The process is also fully reversible as reoxidation
establishes 1**. This suggests that reduction in the former
experiment is not coupled to a proton transfer, as protonation
is typically associated with a blue shift of the MLCT bands in
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Table 3. Half Peak Potentials (E'/?) and Peak Potentials (E,) at 0.1 Vs~ for 1**, 2%, and [Ru(bpy);]*" in Acetonitrile at 298

K
ligand reduction and Ru oxidation
Epc,l Epa,l EII/Z Ezl/z E31/2 E41/2
1% 505 ¢ -1.16 -1.10 —1.87 (74) —2.11 (80) +0.96 (76)
2% 08k —1.70 (69) —1.89 (71) —2.13 (73) +0.93 (73)
[Ru(bpy);]**” —1.66 —-1.86 —2.11 +0.94

“Values in V vs Fc*/%. Peak separation in mV is given in parentheses.

bFrom ref 21.

the visible region and of the IL (intra ligand) band at 350 nm
in 1 since bpy(SH)(S™) is a weaker CT acceptor than
bpy(S™),.>* Chemical reduction with 2 equiv of cobaltocene™
leads to the same species as electrochemical reduction, and the
addition of two equivalents of the strong base 1,8-
diazabicyclo[5.4.0]undec-7-en (pK, = 24.34 in CH,CN)™
does not lead to any changes in the UV—vis spectra, whereas
addition of 1 equiv of [Hdmf](OTf) results in the same
species as in the electrochemical experiment in the presence of
protons (Figure S19). These experiments suggest that
reduction in anhydrous CH;CN in the absence of added
proton source is not coupled to proton transfer and that a
neutral species 1 with a dianionic bpy(S™), ligand is obtained
after two-electron reduction in CH;CN (Scheme 2).

Scheme 2. 2e” Reduction of Disulfide Complex 1** to Give
22+a

Dithiolate Complex 1 and Subsequent Conversion to

e

D¢

“The DFT optimized structure of 1 is shown in the lower right (red,
Ru; blue, N; yellow, S; grey, C; see SI for details).

In the CV trace of 1*%, after initial reduction, a small
oxidation peak appears in the reverse scan at —1.70 V at slow
scan rates, e.g., < 0.1 Vs™'. The peak potential matches the one
for the anodic feature in the reverse scan after the first
reduction of 2**, which suggests that 1** transforms into 2**
under reductive conditions (Scheme 2). Indeed, coulometry at
an applied potential of —1.25 V leads to full conversion of 1>
into 2** (Figure S24). Such facile elimination of one sulfur
atom from a disulfide moiety was previously observed for
diaromatic disulfide compounds, where the decomposition of
the disulfide bridge is triggered by heating.éb Our previous
study of free S~Sbpy revealed that S—S bond breaking and

rotation around the central C—C bond of the bipyridine unit
occurs after the second reduction step.5 However, as the
~Sbpy ligand coordinates to the metal ion, rotation of the two
pyridine units upon injecting the electrons is restricted in 1**.
Thus, the accumulation of negative charges in close proximity
in combination with the nucleophilic character of thiolates
might induce the elimination of a sulfide ion. The CV feature
attributed to 2** vanishes upon increasing the scan rates (v >
0.5 Vs™', see Figure $23), indicating that the chemical reaction
rate constant for sulfide extrusion is on the order of 0.05 s™".

In order to slow down the transformation of the ~*bpy into
the bpy ligand upon reduction of 1%, CV data were recorded
at lower temperatures (Figure $26). Below 273 K, no
decomposition was observed on the time scale of the
experiment at 0.1 V s~'. However, the oxidative features of
the initial 2e” reduction process change significantly with
decreasing temperature, most strikingly in the reverse scan. As
temperature decreases, the cathodic peak potential shifts to
more negative potentials, while the anodic peak broadens and
shifts to higher potentials; thus, the peak-to-peak separation
increases (Figure S, bottom). These findings can be attributed
to slower electron-transfer rates at lower temperatures.
Therefore, simulation of the CV data was pursued to extract
thermodynamic and kinetic information.

The four reduction processes of 1** were simulated utilizing
CV data over a large scan rate range from 0.1 to 10 V s7},
applying a Butler—Volmer model.”' Representative exper-
imental data and fits are presented in Figure 6. Further figures
showing the other scan rates at various temperatures can be
found in the Supporting Information (Figure S28).

Good simulations were achieved using reasonable values for
the various parameters over the full sweep rate range (Table
4). The large cathodic current and the rather broad reverse
peak of the first feature, reflected by the i, over iy, ratio,
indicates an « value above 0.5; a for E; and E, were set to 0.7.
The steep slope of the first process indicates potential
inversion, meaning that the initial reduction facilitates the
subsequent reduction process.”” Indeed, on the basis of the
simulations, the potential of the second reduction process is
always less negative than the potential of the first process,
irrespective of the temperature (Table 4). In free S“bpy, the
second reduction appeared at lower potentials than the first
one (cf. E; = —1.20 V and E, = —1.38 V).” Given that >bpy is
bound to a positively charged metal ion in 1**, the formal
potential of the initial redox process is slightly higher than in
free S_pry. However, the geometric constraints after reduction
of 1** are much larger in comparison to free *bpy as the two
pyridine units cannot rotate freely around the central C—C
axis. Nevertheless, such a redox-triggered structural variation
could facilitate the potential compression, as was reported for
some N-aryl expanded pyridinium electrophores.”

Redox potentials may change with varying temperatures.”
Since AG equals —n-F-E, the change in the redox potential can
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Figure 6. Experimental (black lines) and simulated (red dashed lines)
CV data of 1** in CH;CN at various temperatures, representative scan
rate of 1 Vs7), [1**] = 0.98 mM, 0.2 M "Bu,NPF; parameters: see
Table 4.

be related to change in entropy and enthalpy (n = number of
electrons, F = Faraday constant). These changes can be
calculated from the slope 0 E/0 T as AS equals —(d G/0 T),
and AH equals nF(T(d E/0 T), — E).*> However, since we
determined E’° versus the formal redox couple of ferrocene at
the respective temperature, the experimentally observed
potential shifts include the temperature dependence of the
Fc*/® couple, too. Thus, we corrected the potentials
accordingly from temperature-dependent CV measurements
of ferrocene (see the Supporting Information).*® A decrease of
temperature has virtually no influence on the redox potential of
the reversible reduction processes E; and E, of 1?*. The
potentials E, remain constant within a standard deviation of
+3 mV and the ones of E; within about +7 mV standard

deviation. The same is observed for E; and E,, although the
standard deviation is slightly larger for E;, namely, +10 mV,
and +6 mV for E,. However, none of the potentials follows a
clear trend, which indicates that the changes in entropy and
enthalpy upon reduction are likely small (Figure S29).
Subsequently, we had a closer look at the kinetics of the
reductive electron-transfer processes. Electron-transfer rates for
the first and the second reduction process, E; and E,, strongly
depend on the temperature. At 248 K, the processes are both
quasi-reversible, ie, k,, = 4 X 107" cm s™" and k,, = 1.5 X
107 cm s7', whereas at 298 K both processes are reversible,
ie, k;; = 0.02 cm s™' and k,, = 0.07 cm s~' (Table 4). From
the Arrhenius plot of E, and E,, ie., In(k,) vs 1/T, the
activation energy and the pre-exponential factor A are
estimated (Figure 7).>” The plot reveals very similar activation

E, y=-5.7(5)010% + 15(2), R2 = 0.973
E,y=-5.9(7)10% + 17(3), R2 = 0.947

-2

-3

-5

In (ks)

-6 4

-7 4

-8

3.75 400

T-1/10% K

3.25 3.50

Figure 7. Arrhenius plot for the four sequential electron-transfer rates
of 1** in the temperature range from —25 to +25 °C. The red lines
represent the linear fits.

Table 4. Thermodynamic and Kinetic Parameters Obtained from the Simulations of the CV Data for 1>* at Various

Temperatures.”
T (K) E,

248 E° vs B¢ ¢ (V) —1.120
E vs Ec*/%; (V) —1.140
k, (cm s71) 4x107*
a 0.7

258 E"% ys Fc*/%q ¢ (V) —1.140
E"® vs Fc*/%p (V) —1.160
k, (cm s71) 0.0015
a 0.7

268 E"® vs Fc*/% ¢ (V) —1.145
E'"® vs Fc*/%; (V) —1.160
k, (cm s71) 0.0025
a 0.7

273 E” vs Fc*’%y ¢ (V) —1.155
E"® vs Ec*'%q (V) —1.165
k, (cm s71) 0.00$
a 0.7

298 E"® vs Fc*/%94 ¢ (V) —1.145
k, (cm s71) 0.02
a 0.7

“E vs. Fc"/% denotes the formal redox potential versus the potential of Fc
of Fc*/® at 298 K. The values of E were set with an accuracy of +5 mV.

H

E, E; E,
—1.065 —1.865 —2.080
—1.085 —1.885 —2.100

1.5 x 1073 0.04 0.07
0.7 0.5 0.5
—1.080 —1.865 —2.085
—1.100 —1.885 —2.105
0.002 0.045 0.08
0.7 0.5 0.5
—1.075 —1.870 —2.095
—1.090 —1.885 —2.110
0.005 0.05 0.08
0.7 0.5 0.5
—1.080 —1.870 —2.095
—1.090 —1.880 —2.105
0.007 0.06 0.08
0.7 0.5 0.5
—1.100 —1.865 —2.105
0.07 0.06 0.08
0.7 0.5 0.5

/0 at the respective temperature X, and E vs. Fc*/% versus the potential
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energies for both reduction processes, namely, 47 and 49 kcal
mol™ for E, and E,, respectively (Table S5). The pre-

Table 5. Activation Energies and Pre-exponential Factors
for the Electron-Transfer Processes of 1>* According to the
Arrhenius Equation.*®

E,/K] mol™! A/cm st
E, 47 (4) 3.9 (0.3) x 10°
E, 49 (6) 1.9 (0.3) x 107

exponential factors A for 1?* are about 2 orders of magnitude
larger than expected for outer sphere adiabatic electron-
transfer reactions according to Marcus—Hush theory.”® This
suggests a contribution of the inner sphere reorganization
energy to A; that is, tilting of the ligand as well as elongation of
the S—S bond and finally bond rupture, since a bond rupture
coupled to the electron-transfer processes leads to higher
frequency factors. Indeed, the DFT optimized structure of 1
(Scheme 2) reveals an increase of the C—S1—S2—C torsion
angle from 56.71° to 79.62° upon two-electron reduction of
1%*, concomitant with lengthening of the S---S distance to 3.56
A (2.05 A in 1?*). The pre-exponential factors are similar,
which points to a rather smooth tilting of the ligand and S---S
bond elongation over the two reduction processes. The
electron-transfer rate of the third reduction process, E,,
indicates a reversible process over the entire temperature
range; though, it depends slightly on the temperature (Figure
S30). However, these small changes are within the error
margins, and linearization of the data leads to low correlation
and large errors for the slope and the intercept. The electron-
transfer rate of the fourth reduction process, E, which is
related to one of the bipyridine ligands, is essentially
independent of temperature. The transfer rate of 0.08 cm s~'
is characteristic for a reversible process.

DFT Calculations of Electronic Excitations. The optical
absorption properties of 1** and 2** have been further
characterized with the help of DFT/TD-DFT computations.
As a validation of the computational method, we rely on the
reasonably good agreement (RMSD = 0.263 A) of the
optimized geometries of both complexes with respect to X-
ray diffraction data (see relevant geometrical parameters in
Table 1). Note however, a slight but systematic elongation of
the Ru—N bonds by 0.03—0.05 A in the calculated structures
of both complexes. Additionally, the optimized geometries
reveal that the two pyridine rings of the parent bpy ligands are
perfectly coplanar, whereas they are slightly tilted toward each
other in the crystallographically determined structures.
Notably, the calculated disulfide S—S bond length in 1** is
2.106 A, about 0.05 A longer than that in the crystal structure,
while the calculated torsion angle C—S1-S2—C is well
reproduced. The Cartesian coordinates of the DFT optimized
structures of 1°* and 2°' are given in the Supporting
Information.

The electronic excited states calculated at the optimized
geometries of 1>* and 2** are listed in Table 6. For 1**, there
are two states with large oscillator strengths, S; and S, at 2.64
eV (470 nm) and 3.04 eV (408 nm), respectively.
Interestingly, these excited states are representative of two
blocks of excitations localized at different ligands; while S; is
primarily an excitation from the Ru center toward the ~*bpy
ligand (MSCT), S, is composed of two MLCT contributions
originating from charge transfer from the Ru center to both

Table 6. Calculated Excited States of 12 and 2**

12+
AE (eV) fose, (au.) character
S, 2.31 0.001 MSCT
S, 2.50 0.002 MSCT
S, 2.64 0.103 MSCT
S, 2.64 0.011 scC
S 2.72 0.004 MLCT
Sg 2.72 0.001 MLCT
S, 2.93 0.008 MLCT
Sg 297 0.005 MLCT
Sy 3.04 0.125 MLCT
So 320 0.033 MLCT
22+
AE (V) fose. () character

S 2.69 0.000 MSCT

S, 2.72 0.002 MLCT

S3 2.73 0.001 MLCT

Ss 2.88 0.003 MLCT

Ss 2.89 0.035 MLCT

Se 2.90 0.006 MLCT/MSCT

S, 298 0.104 MSCT/MLCT

Sg 3.03 0.134 MLCT

Sy 322 0.002 MLCT

St 3.54 0.001 MC

bpy ligands (shown as NTOs in Figure 8). Such electronic
structure offers an interesting opportunity for steering the
direction of electron transfer at low or high excitation energies,
either to the disulfide bridged ~Sbpy or toward one (or both)
of the unsubstituted bpy ligands, respectively. Charge transfer
from any of the ligands toward the metal is found to be
unlikely.

A more realistic description of the lowest-energy band of
both absorption spectra is obtained by including nuclear
vibrational motion via a harmonic Wigner ensemble of 200
geometries. As shown in Figure 9a,b, the calculated spectra are
in excellent agreement with the experimental ones. Both
spectra have been decomposed into contributions from the
different types of excitations. The experimental absorption
spectrum of 1** shows a peak at 435 nm with a low-energy
shoulder below 500 nm. The decomposition of the spectrum
reveals that the high-energy peak is dominated by charge-
transfer processes toward the bpy ligands (MLCT), while the
low-energy shoulder mainly originates from charge transfer
toward the S~Sbpy (denoted MSCT), with only minor
contributions from MLCT processes. These results reinforce
the interpretation based on the optimized geometry that the
ability to stabilize the electron at the S~“bpy ligand results in a
red shift of the corresponding states, leading to the observed
shoulder in the experimental absorption spectrum. The
energetic separation of excitations toward the *~bpy or bpy
ligands (MSCT and MLCT) holds upon including vibrational
sampling. When comparing the position of the calculated
absorption maxima with the excitation energies of the two
states with large oscillator strengths at the optimized geometry,
a red shift of about 20 nm is observed. In passing, we note that
the low-energy MSCT shoulder at 500 nm is only present due
to the solvent, as calculations in the gas phase (not shown)
place the contribution of the MSCT states blue-shifted to 460
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12+

Figure 8. NTOs of the two states with large oscillator strengths Sy and Sy of 1> and S; and Sy of 2**. The contribution of the transition to the

excited state is given below the corresponding arrow.
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Figure 9. Calculated absorption spectra of 1** (a) and 2** (b) based on a harmonic Wigner ensemble. The spectra are decomposed into the
different contributions to the absorbing states. Panels (c) and (d) show bar histograms of the different character contribution of each electronic
singlet state at the optimized geometry based on charge-transfer numbers (see also Table 6). Gray boxes indicate states with large oscillator
strengths. Panels (e) and (f) show the averaged charge-transfer character obtained from the Wigner ensemble. Color codes for the different types of

excitations are given in the top part of the figure.

nm, strongly overlapping with the MLCT band, which is
unshifted.

The experimental spectrum of 2** exhibits two maxima in
close proximity within the MLCT region. The calculated
absorption maximum is slightly blue-shifted with respect to the
experimental absorption peak. Decomposition of the spectrum
indicates that excitations from the Ru center toward all three

ligands contribute equally to the absorption. Similar to 1**, a

red shift of the absorption maxima with respect to the
excitation energies of the bright states is observed.

The character of the first low-lying ten excited states of
(panels ¢ and e) and 2** (panels d and f) at the optimized
geometry and within the average ensemble including nuclear
motion, respectively, is shown in Figure 9. The separation
between the low-lying excitations located at the ~Sbpy ligand
from the other MLCT states that follow at higher energies is
evident at the optimized geometry of 1** (panel c), while no

12+
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clear separation is visible for 2* (panel d). The inclusion of
nuclear motion (panels e and f) entails mixing of MSCT and
MLCT characters, highlighting the importance of the vibra-
tional zero-point energy. However, one can appreciate a
dominance of the MSCT band at lower energies and MLCT at
high energies in 1** (panel e), while MSCT and MLCT
completely overlap in 2** (panel f).

B CONCLUSION

In summary, we have presented here a new [Ru(bpy);]**-type
photosensitizer 1** equipped with a disulfide bridge at the
backside of one bipyridine ligand. An important feature is that
the S bpy ligand can serve as a two-electron acceptor
associated with the disulfide/ditholate redox pair. From
thorough electrochemical characterization of 1** in combina-
tion with simulation of the CV traces, it can be concluded that
the S~bpy ligand is reduced first and at much less negative
potentials than the parent bpy ligands, and that it undergoes a
two-electron reduction with potential inversion; the electron
transfer is kinetically controlled. The activation energies for
both reduction processes are almost identical, indicating a
smooth transition for the uptake of two electrons.
Furthermore, the reduction of S~Sbpy at room temperature
triggers ligand decomposition by S-extrusion, resulting in the
rapid formation of 2**. This transformation can be suppressed
on the CV time scale by lowering the temperature. Comparing
the UV—vis spectra of 1>, 2**, and [Ru(bpy);]** reveals that
1°* features an additional low-energy absorption in the MLCT
region at around 500 nm. TD-DFT calculations show that the
presence of the disulfide substituent in 1** leads to a
stabilization of charge-transfer excitations toward the S~*bpy
ligand (MSCT). The splitting in energy between the
absorption maxima of excitations toward the *bpy and the
bpy ligands is about 2700 cm™', offering the possibility of
selectively exciting charge transfer into either of the two types
of ligands. This could trigger different excited-state dynamics
and opens up the road for targeted electron transfer. Such
energy splitting between the different excitations is absent in
2** where excitations toward the *bpy and bpy ligands are
almost iso-energetic. While this distinct behavior starts to be
apparent from the NTOs of the specific states of 1°* and 2**
calculated at the optimized geometry, the inclusion of
vibrational nuclear motion clearly pinpoints the onset and
end of the respective MSCT and MLCT bands, which in 1**
are energetically separated and in 2** overlap. The MLCT
luminescence of 1?* is phosphorescent in nature, with a
lifetime of 109 ns. In contrast, 2** is not photostable and
irradiation of 2** leads to dissociation of the *bpy ligand.

It should be noted here that the design principle of 1** offers
interesting prospects. First, this new [Ru(bpy);]** derivative
17" is able to accommodate two electrons on the sulfurated
bpy-type chelate ligand of the photosensitizer. After photo-
excitation, this complex could potentially mediate two-electron
two-proton conversions involving the peripheral disulfide/
dithiol switch, which might enable novel excited-state PCET
chemistry and light-driven multielectron transformations.
Second, the peripheral disulfide/dithiol functionality of
5Sbpy can be exploited for anchoring the [Ru(bpy),]**
photosensitizers onto, e.g., gold surfaces, or for directly
attaching it to catalytically active metal complexes. Work in
both directions is ongoing in our laboratories.
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