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ABSTRACT: A ligation of Ru(tpy)Cly (tpy = 2,2":6'2"- d-MLCT
terpyridine) with 2-(2-pyridyl)-1,8-naphthyridine) (pynp) in *”;// R
the presence of LiCl gave distal-[Ru(tpy)(pynp)Cl]* (d-1Cl) = o B
selectively, whereas the ligation gave proximal-[Ru(tpy)- <=
(pynp)OH,]*" (p-1H,O) selectively in the absence of halide (:S
ions. (The proximal/distal isomers were defined by the 110
structural configuration between the 1,8-naphthyridine moiety

and the aquo or chloro ligand.) An aquation reaction of d-1Cl
quantitatively afforded distal-[Ru(tpy)(pynp)OH,]** (d-1H,0) in water, and d-1H,O is quantitatively photoisomerized to p-
1H,0. The mechanism of the photoisomerization was investigated by transient absorption spectroscopy and quantum chemical
calculations. The temperature dependence of the transient absorption spectral change suggests existence of the thermally
activated process from the MLCT state with the activation energy (AE = 49 kJ mol™"), which is close to that (41.7 kJ mol™") of
the overall photoisomerization reaction. However, quantum chemical calculations suggest another activation process involving
the conformational change of the pentacoordinated distal structure to the proximal structure. Quantum chemical calculations
provide redox potentials and pK, values for proton-coupled electron transfer reactions from Ru"—OH, to Ru"Y=0 in good
agreement with experiments and provide an explanation for mechanistic differences between d-1H,0 and p-1H,O with respect
to water oxidation. The calculations show that water nucleophilic attack (WNA) on d-[Ru¥—0]3* (the ruthenyl oxo species
derived from d-1H,0, calculated AG¥ of 87.9 kJ/mol) is favored over p-[Ru¥—07]*" (calculated AG¥ of 104.6 kJ/mol) for O—O
bond formation. Examination of the lowest unoccupied molecular orbitals in d- and p-[Ru¥—O]** indicates that more orbital
amplitude is concentrated on the [Ru—O] unit in the case of d-[Ru¥—0]*" than in the case of p-[Ru’—0]3*, where some of the
amplitude is instead delocalized over the pynp ligand, making this isomer less electrophilic.

d-penta

H INTRODUCTION Scheme 1. Structures of Complexes®

The photochemical and photophysical properties of ruthenium-
(II) complexes with polypyridyl ligands have been extensively
studied due to unique phenomena including photolumines-
cence,' ™ photoredox,' ™ photosubstitution,*® and photo-

. i 710 . . . .
isomerization processes typically involving a photoexcited

triplet metal-to-ligand charge transfer (*MILCT) state. With distal-[Ru(tpy)(pynp)C1)”  distal-[Ru(tpy)(pynp)OH,I"  proximal-[Ru(ipy)(pynp)OH,]**
. S . . @-1Cl d-1H,0 p-1H;0

respect to the photoisomerization of polypyridyl ruthenium(II)

aquo complexes, the photoisomerization of cis-[Ru- “The d-/p-isomers were defined by the structural configuration
(bpy),(OH,),]** (bpy = 2,2"-bipyridine) to its trans form in between the 1,8-naphthyridine moiety and the aquo or chloro ligand.
water was first reported by Meyer” and later mechanistically

characterized by Planas et al.'' Recently, we reported the basis of previous reports,*”® that photodissociation of an aquo
stoichiometric and irreversible photoisomerization of d-[Ru- ligand on d-1H,O could occur via a triplet metal-center
(tpy) (pynp) OH,J** (tpy = 2,2/:6',2"-terpyridine and pynp = 2- transition (*MC) state thermally accessible from the SMLCT

(2-pyridyl)-1,8-naphthyridine) (d-1H,0) to p-[Ru(tpy)-
(pynp)OH,]** (p-1H,0) (Scheme 1).” As a possible Received: January 8, 2013
mechanism for the photoisomerization, we presumed, on the Published: May 20, 2013
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photoexcited state, thereby forming a five-coordinate [Ru(tpy)-
(pynp)]** intermediate. The p-1H,O isomer would then be
produced by recoordination of a water molecule to this
intermediate from the opposite side relative to the tpy plane.
However, information on the photoexcited state was limited
and the mechanism for the photoisomerization was not further
confirmed.

Polypyridyl ruthenium(II) aquo complexes are the subject of
much recent attention relative to proton-coupled electron
transfer'>'> and water oxidation catalysis.'* ' The stoichio-
metric character of the photoisomerization reaction of d-1H,0
enables efficient isolation of either the d- or p-1H,O isomer,
which makes it possible to compare the electron transfer
reactions and water oxidation catalysis of both isomers. In a
preliminary communication, we reported significant differences
in these phenomena as a function of isomer, in addition to X-
ray crystallographic structures for both isomers.” However, a
rational explanation of these differences has not yet been
advanced. Not long thereafter, Boyer et al. reported the
catalysis for water oxidation by the d- and p-1H,O isomer.
They pointed out that the low turnover number of the p-1H,0
isomer might be due to catalyst decomposition, which was
evident from carbon dioxide detected during catalysis run.*®
Clarifying those factors controlling redox properties and
catalytic activities should prove useful in the design of improved
molecular catalysts for water oxidation.

Quantum chemical calculations have proven to be useful in
characterizing the mechanistic details of homogeneous
transition-metal-based water oxidation catalysis,'®>**%3! 70
particularly with respect to quantifying the energy barriers
associated with alternative chemical steps potentially leading to
O—O0 bond formation as part of the generation of molecular
oxygen. Computation also offers microscopic insight into
individual pK, values, standard reduction potentials, and the
nature of intermediates whose short lifetimes make them
otherwise difficult to characterize. Especially when some
experimental data are available against which to validate
computational methodological choices, theory offers an
opportunity to develop a rational basis for catalytic behavior
and next-generation design efforts.

Herein we report theoretical investigations focusing on the
mechanism of the stoichiometric and irreversible photo-
isomerization of d-1H,0 to p-1H,0, as well as the redox and
water-oxidation catalysis reactions for both isomers. We further
report detailed experimental investigations including transient
absorption spectra recorded on the nanosecond time scale.
Data originally reported as Supporting Information for our
earlier communication will be partially included in this work to
facilitate our presentation.

B EXPERIMENTAL AND THEORETICAL METHODS

Materials. 2-(2-Pyridyl)-1,8-naphthyridine (pynp)*' and Ru(tpy)-
Cl;%* were prepared according to the literature. All other reagents were
purchased and used without purification unless otherwise specified.

Synthesis and Characterization of Ruthenium Complexes.
1. distal-[Ru(tpy)(pynp)CIICI (d-[1CIICl). distal-[Ru(tpy)(pynp)Cl]Cl
was prepared referring to the previous method,*® as follows. 101.8 mg
(0.229 mmol) of Ru(tpy)Cl; and 43.2 mg (0.208 mmol) of pynp were
refluxed for 4 h in 20 mL of 75 (v/v)% ethanol/water containing 52
mg (1.23 mmol) of LiCl and 1.45 mL (10.4 mmol) of triethylamine as
a reductant in the dark. The reaction mixture was filtered hot, and the
filtrate was concentrated to ~4 mL with a rotary evaporator. The
solution was then chilled in a refrigerator for 24 h. The solid was
collected on a frit and washed with chilled 3 M HCI, acetone, and
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ether, and then dried in vacuo at room temperature to give distal-
[Ru(tpy)(pynp)Cl]Cl (73.2 mg, 0.119 mmol, 57% vyield). It was
characterized by X-ray crystallographic analysis, ESI-MS, UV—visible,
and NMR spectroscopic measurements. The structural conformation
of d-1Cl was corroborated by '"H—'H COSY (correlation spectrosco-
py), '"H="C HMQC (heteronuclear multiple-quantum correlation
spectroscopy), and 'H—"*C HMBC (heteronuclear multiple-bond
correlation spectroscopy) measurements. UV—visible spectrum
(H,0): A, (¢) = 542 nm (8,600 M~' cm™). MS(ESI): m/z*
57721 (M). 'H NMR (JEOL, 270 MHz, acetone-dg): § 10.61 (d, |
= 49 Hz, 1H, Hy ), 9.15 (d, ] = 83 Hz, 1H, Hy ), 879 (d, ] =
8.7 Hz, 1H, HS,pmj, 8.69 (d, ] = 8.1 Hz, 2H, Hy,, ), 849 (d, ] = 82
Hz, 2H, H;,, ), 844 (dt, ] = 8.1, 1.2 Hz, 1H, Hy ,,,,,), 841 (d, ] = 8.7
Hz, 1H, H,,,,), 832 (d, ] = 8.1 Hz, 1H, Hy,, ), 8.26-8.17 (m, 2H,
H; pynp Hy ), 811 (dt, ] = 13.2 Hz, 1H, Hy .,,.), 7.86 (td, ] = 8.2, 1.4
Hz, 2H, H,, ), 7.71 (d, ] = 49 Hz, 2H, Hgy,,), 747 (dd, ] = 8.2 and
4.3 Hz, 1H, Hg,,,), and 7.25 (ddd, ] = 82, 5.5, 1.2 Hz, 2H, Hsy,,).
BC NMR (JEOL, 67.8 MHz, acetone-dg): 6 164.2 (C, ), 161.7
(Copy)y 1596 (Ciopynp)y 1594 (Cypy), 158.9 (Cypynp)y 154.5
(Corpymp)y 1540 (Crppmo)s 1534 (Corpy)s 1394 (Cypny), 1384
(Capynp)s 1382 (Cyppy)y 137.5 (Cypynp)s 1351 (Cyrppy), 1282
(Cyrpynp)y 1278 (Csppy)s 1272 (Cypynp)y 1252 (Copynp), 1248
(Copynp)s 124.0 (Cy,), 122.5 (Cyr ), 1212 (Cy )

2. distal-[Ru(tpy)(pynp)OH,](PFs), (d-[TH,O](PFy);). An aqueous
solution of d-1Cl was left over 24 h in the dark to form d-1H,O in
solution. It was characterized by ESI-MS, UV-—visible, and NMR
spectroscopic measurements. The saturated NH,PF aqueous solution
was added slowly to the solution, and then it was chilled in a
refrigerator to give dark-purple crystalline d-[1H,0](PF),. It was
characterized by X-ray crystallographic analysis and elemental analysis.
The structural conformation of d-1H,0 was corroborated by '"H—'H
COSY, 'H-'*C HMQC, and 'H-'*C HMBC measurements. Anal.
Caled for CygH,,F1,N(OP,Ru-2H,0: C, 37.98%; H, 2.96%; N, 9.49%.
Found: C, 38.27%; H, 2.69%; N, 9.56%. UV—visible spectrum (H,0):
Amax (€) = 527 nm (9,300 M~! cm™). MS(ESI): m/z* 559.11 (M —
H). 'H NMR (JEOL, 270 MHz, D,0): § 9.53 (d, ] = 5.2 Hz, 1H,
Hg pymp)y 876 (d, ] = 8.6 Hz, 1H, Hy,,.), 837 (d, J = 8.1 Hz, 2H,
Hy,,), 830 (d, ] = 8.6 Hz, 1H, H,,,,.), 822 (t, ] = 8.2 Hz, 1H,
Hypymp), 816 (d, ] = 82 Hz, 2H, Hyy,,), 807 (t, ] = 8.7 Hz, 1H,
Hy ), 802 (d, ] = 8.8 Hz, 1H, H,,,,), 7.98 (d, ] = 5.0 Hz, 1H,
H; ), 7.95 (d, 8.0 Hz, 1H, Hy ,,..), 7.90 (m, 1H, Hy. 1), 7.66 (t, ]
=82 Hz, 2H, H,,), 7.52 (d, ] = 5.4 Hz, 2H, H,,,), 7.13 (dd, ] = 8.0,
4.1 Hz, 1H, Hg,y,,), and 7.01 (t, J = 8.2 Hz, 2H, H,,, ). "C NMR
(Varian, 176.0 MHz, D,0): § 162.9 (C,,,,,), 1600 (C,,,), 1584
(Cortpy)s 157.9 (Cigpynp)s 157.1 (Cypynp)s 152.8 (Cr ), 152.6 (Co ),
150.3 (Cyrpyup)y 137.9 (Cs ), 137.6 (Cyp), 137.3 (Cyppp)y 136.5
(Cypynp)y 1352 (Cyry), 127.2 (Cyr ), 1267 (Cs ), 125.9 (Cyr ),
223.5 (Copynp)r 123.0 (Copmp), 1229 (Cyypy), 1216 (Cyrp), 1195

Cpymn)-

3" proximal-[Ru(tpy)(pynp)OH,J(PF ), (p-[TH,0J(PF,),). Visible
light (4 > 420 nm) was irradiated to the d-1H,O solution over 30
min from a filtered halogen lamp to form p-1H,O in solution. It was
characterized by ESI-MS, UV-visible, and NMR spectroscopic
measurements. The saturated NH,PF aqueous solution was added
slowly to the solution, and then it was chilled in a refrigerator to give
dark-purple crystalline p-[1H,0](PFg),. The crystals were charac-
terized by X-ray crystallographic analysis and elemental analysis. The
structural conformation of p-1H,0 was corroborated by 'H—'H
COSY, 'H-3C HMQC, and 'H-*C HMBC measurements. Anal.
Caled for CygH,,F),N,OP,Ru-0.5H,0: C, 39.17%; H, 2.70%; N,
9.84%. Found: C, 39.03%; H, 2.66%; N, 9.84%. UV—visible spectrum
(H,0): Ay (€) = 524 nm (9,300 M~ em™). MS(ESI): m/z* 559.31
(M — H). '"H NMR (JEOL, 270 MHz, D,0): 5 8.93 (dd, ] = 4.5, 1.8
Hz, 1H, Hy,,.,,), 8.82—8.67 (m, 3H, H; 0 Hypynpy Hypynp)s 844 (d, ]
= 8.2 Hz, 3H, Hy: ) Hyypy), 828 (d, ] = 8.0 Hz, 2H, Hsy,), 8.12 (1, ]
=82 Hz, 1H, H4,,tpy3, 7.85 (dd, J = 8.3, 4.7 Hz, 1H, Hg ), 7.75 (4, ]
= 82 Hz, 2H, Hyy,), 7.59 (t, ] = 82 Hz, 1H, H,,,.,), 7.46 (m, 3H,
Hg pyopr Hepy), 7.00 (t, ] = 6.5 Hz, 2H, Hy, ), and 6.89 (t, ] = 6.5 Hz,
1H, Hsrypynj. 13C NMR (Varian, 176.0 MHz, D,0): & 160.8 (Cypynp)s
1593 (Cypymp)y 159.1 (Cypp), 158.7 (Cyrpy), 158.5 (Cigpymp)y 154.0
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(Copynp)s 153.8 (Cypy), 1533, 153.1 (Cgpymp) 1412 (Cs ), 139.1
(Cipynp)s 1389, 138.7 (Cyypy)y 137.2 (Cyrypy), 136.1, 1359 (PC4,PYHP),
127.9 (Cs )y 127.2 (Cypynp)y 126.6, 126.4 (Cyy ), 126.1 (Coppny),
1254, 125.3 (Cgppmp)y 124.7, 1245 (Cyyp,), 1238, 123.5 (Cyypy oF
Capynp)s 1215 (Cy iy 01 Cs ).

Measurements. 'H NMR spectra were recorded with a 270 MHz
NMR spectrometer (JEOL) or a 700 MHz spectrometer (Varian) and
calibrated using the solvent residual peak. UV visible absorption
spectra were measured using a Shimadzu Multispec-1500 spectropho-
tometer. The ESI-MS spectra were collected on a mass spectrometer
(Waters/Micromass, ZQ_ 4000) under the conditions employed
(complex concentration, S ;M cone voltage, 20 V; capillary voltage,
3.5 kV). Nanosecond transient absorption spectra were acquired using
a time-resolved spectrometer (Unisoku TSP-2000). The laser source
was an optical parametric oscillator (OPO) (Continuum, Surelite)
pumped by third harmonic of a Nd:YAG laser (Surelite I-10, pulse
duration: 4 ns). The photodynamics was monitored by continuous
exposure to a xenon lamp (150 W) or a halogen lamp as a probe light
and a photomultiplier tube (Hamamatsu 2949) as a detector. Each
sample solution was purged with Ar for at least 20 min prior to the
measurement. Temperature of the solutions was controlled to 0.1 °C
with a circulating water bath. The cyclic voltammograms (CV) were
measured in 0.5 mM Ru complex solutions (pH = 0.5—13.0) using a
conventional single-compartment electrochemical cell equipped with a
glassy carbon disk (3 mm diameter, 0.071 cm?® effective area) or
platinum mesh (¢ = 0.07 cm, 0.8 X 1.0 cm) working electrode, a
saturated calomel reference electrode (SCE), and a Pt wire counter
electrode. The pHs of the electrolyte solutions were buffered at an
ionic strength of 0.1 M by HNO; (pH 0-2), Na,HPO, and KH,PO,
(pH 3-10), and NaOH (pH 11—14). The potential data (Egcg/V)
were converted to the potential (Exyp/V) versus a normal hydrogen
electrode (NHE) using Eyyg = Egcg + 0.238 V. All the electrochemical
experiments were implemented after bubbling argon gas for 20 min at
25 °C using an electrochemical analyzer (Hokuto Denko, HZ-3000).
For chemical water oxidation experiments, an excess of Ce-
(NH,),(NO;)¢ (0.5 mmol) as an oxidant was added quickly to a 20
UM p- or d-1H,0 aqueous solution (5.0 mL) in a gas-tight vessel
under argon atmosphere at 25 °C and pH = 1.0. The pH change
during the reaction for several hours was less than 0.1. The O, gas in
the head space of the vessel was analyzed on a gas chromatograph
(Shimadzu, GC-8A) equipped with a molecular sieve 5 A column
using argon carrier gas (flow rate = 40 cm® min™') at 50 °C and
thermal conductivity detector.

B COMPUTATIONAL METHODS

Density Functional Theory. All geometries were fully optimized
at the MO6-L level®*° of density functional theory using the Stuttgart
[8s7p6d2f | 6s5p3d2f] ECP28MWB contracted pseudopotential basis
set’” on Ru and the 6-31G(d) basis set’® on all other atoms.
Nonanalytical integral evaluations made use of a pruned grid having 99
radial shells and 590 angular points per shell, and an automatically
generated density-fitting basis set was used within the resolution-of-
the-identity approximation to speed the evaluation of Coulomb
integrals. The nature of all stationary points was verified by analytic
computation of vibrational frequencies, which were also used for the
computation of zero-point vibrational energies, molecular partition
functions (with all frequencies below 50 cm™ replaced by 50 cm™
when computing free energies), and for determining the reactants and
products associated with each transition-state structure (by following
the normal modes associated with imaginary frequencies). Partition
functions were used in the computation of 298 K thermal
contributions to free energy employing the usual ideal-gas, rigid-
rotator, harmonic oscillator approximation.®® Free energy contribu-
tions were added to single-point MO6-L electronic energies computed
with the SDD basis set on ruthenium and the 6-311+G(2df,p) basis set
on all other atoms to arrive at final, composite free energies for the
water oxidation mechanism and added to M06° or MO06-2X*
electronic energies computed with the SDD basis set on ruthenium
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and the 6-311+G(d) basis set on all other atoms to arrive at final,
composite free energies for the photoisomerization mechanism.

Solvation and Standard Reduction Potentials. Solvation
effects associated with water as solvent were accounted for using the
SMD continuum solvation model.®* A 1 M standard state was used for
all species in aqueous solution except for water itself, for which a 55.6
M standard state was employed. Thus, for all molecules but water, the
free energy in aqueous solution is computed as the 1 atm gas-phase
free energy, plus an adjustment for the 1 atm to 1 M standard-state
concentration change of RT In (24.5), or 1.9 kcal/mol, plus the 1 M to
1 M transfer (solvation) free energy computed from the SMD model.
In the case of water, the 1 atm gas-phase free energy is adjusted by the
sum of a 1 atm to 55.6 M standard-state concentration change, or 4.3
kcal/mol, and the experimental 1 M to 1 M solvation free energy, —6.3
kcal/mol. The 1 M to 1 M solvation free ener§y of the proton was
taken from experiment as —265.9 kcal/ mol.® ¢

Standard reduction potentials were calculated for various possible
redox couples to assess the energetic accessibility of different
intermediates at various oxidation states. For a redox reaction of the
form

Ofag) + 1) = R (1)
where O and R denote the oxidized and reduced states of the redox
couple, respectively, and 7 is the number of electrons involved in redox
reaction, the reduction potential Ep relative to NHE was computed
as

aq)

AG(O)IR - AGI(\)IHE

Edp = —
OIR uF

)
where AGQ is the free energy change associated with eq 1 (using
Boltzmann statistics for the electron), AGYy is the free energy change
associated with

1
H{, @ — —H
@)+ e 7 5 3)

which is —4.28 eV with Boltzmann statistics for the electron,®¢>

and F is the Faraday constant.

Non-Single-Determinantal State Energies. Several possible
intermediates in the water oxidation mechanism have electronic
structures that are not well described by a single determinant. In such
instances, standard Kohn—Sham DFT is not directly applicable,*”*" =%
and we adopt the Yamaguchi broken-spin-symmetry (BS) proce-

dure”®”! to compute the energy of the spin-purified low-spin (LS)
state as
LSE _ BSE(HS<SZ> _ LS(SZ>) _ HSE(BS<SZ> _ LS<SZ>)

s%) = 8% )
where HS refers to the single-determinantal high-spin coupled state
that is related to the low-spin state by spin flip(s) and (S?) is the
expectation value of the total spin operator applied to the appropriate
determinant. This broken-symmetry DFT approach has routinely
proven effective for the prediction of state-energy splittings in metal
coordination compounds.®®7>~7

Time-Dependent Density Functional Theory (TDDFT) Cal-
culations. TDDFT calculations were performed to predict the UV/
visible electronic excitations of postulated intermediates. The M06°°
and M06-2X>¢ density functionals, the Stuttgart [8s7p6d2f | 6sSp3d2f]
ECP28MWB contracted pseudopotential basis set’” on Ru, and the 6-
311+G(d)*® basis set on all other atoms were used for the TDDFT
calculations. Nonequilibrium solvation effects were included via linear
response approximation’® in combination with the SMD aqueous
continuum  solvation model.”” All calculations made use of the
Gaussian09 suite of electronic structure programs.78

B RESULTS AND DISCUSSION

Synthesis of d-1Cl. d-[1CI]Cl was synthesized by a
reaction of Ru(tpy)Cl; and pynp according to the procedure
provided by Thummel et al. Ru(tpy)Cl; and pynp were
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refluxed in ethanol/water (3:1) containing LiCl and triethyl-
amine for 4 h, and then the solvent was evaporated to dryness
to give a deep purple solid residue. The '"H NMR spectrum of
the solid residue dissolved in CDCl; (Figure S1 in the
Supporting Information) exhibited a doublet peak at 10.6 ppm
assigned to a proton of d-1Cl, and all of the other main peaks
were assigned to protons of d-1Cl, free tpy, and pynp. This
corroborates that d-1Cl is predominantly formed as a main
ruthenium species. Thummel et al. reported that the reaction of
Ru(tpy)Cl; and pynp gave d-[1CI](PF;) (23% yield) and p-
[1H,0](PFy), (24% yield) under nearly the same conditions.
For their synthesis, p-[1H,0](PF¢), can be formed by the
aquation reaction of d-1Cl to d-1H,O followed by photo-
isomerization of d-1H,O to p-1H,0 during the purification
process, both of which reactions will be discussed in below
sections. This is consistent with the yield (57%) of d-[1CI]Cl in
the present synthesis that is close to the total yield of d-
[1CI](PFy) (23% yield) and p-[1H,0](PF), (24% yield).

In order to confirm influence of chloride anions on ligation
of Ru(tpy)Cl; with pynp, the following synthetic experiment
was carried out using silver nitrate as a halide abstraction agent.
Ru(tpy)Cl,, silver nitrate (3 equiv), and triethylamine were
refluxed in EtOH/water for 2 h in the dark. To the resulting
solution were added pynp with additional 4 h reflux, and the
solvent was evaporated to dryness. The solid residue was
partially dissolved in CDCly, and the 'H NMR spectrum gave
the peaks assigned to unreacted pynp (Figure S2A in the
Supporting Information). The insoluble residue in CDCl; was
dissolved in D,O, and the 'H NMR spectrum showed
formation of p-1H,O in contrast to selective formation of d-
1Cl without a halide abstraction agent (Figure S2B in the
Supporting Information). This result indicates that p-1H,0O is
predominantly formed in the absence of chloride anions on the
ligation reaction of Ru(tpy)Cl; with pynp. d-1Cl (not proximal
isomer) could be selectively formed in the presence of chloride
anions due to repulsion between the chloro ligand and a lone
pair of the nitrogen atom of the naphthyridine moiety for the
proximal isomer.

Aquation of d-1Cl to d-1H,0. 'H NMR spectrum of d-
1Cl did not change for several days in the dark, showing that d-
1Cl is stable in acetone-ds. However, in the '"H NMR spectrum
of d-1Cl in D,O the intensity of the peak observed at 10.0 ppm
gradually decreased with time in the dark, concurrently with an
increase of the doublet peak at 9.6 ppm assigned to the
corresponding proton of d-1H,0 (Figure S3 in the Supporting
Information). The peak intensity decreased according to first
order kinetics with respect to the d-1Cl concentration.” This
spectral change completed for 24 h at room temperature. The
"H NMR data showed that d-1Cl stoichiometrically converts to
d-1H,0 by exchange of a chloro ligand with solvent water in
the dark.

In order to isolate d-1H,O from the solution, solvent water
was stripped to give a brown solid. The '"H NMR spectrum
(Figure S4 in the Supporting Information) of the solid
redissolved in D,O gave a peak at 10.0 ppm for d-1Cl, which
gradually decreased with time, as observed in Figure S3 in the
Supporting Information. This shows that an aquo ligand on d-
1H,0 is exchanged by a chloro ion to recover d-1Cl
stoichiometrically by stripping solvent. Nevertheless, d-1H,O
was successfully isolated by the addition of NH,PF, to the
solution of d-1H,0 and the crystals of d-[1H,0](PFy), salt
were characterized by X-ray crystallographic analysis.”
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The aquation reaction of d-1Cl was examined at various pH
conditions (from 3.5 to 11) by '"H NMR spectroscopy. The
first order rate constant of the aquation reaction (kaq/ s71) did
not change in this pH range (k,q = ~5.7 X 107 s") (Figure SS
in the Supporting Information). This result suggests that the
aquation reaction of d-1Cl takes place in a dissociative or a
dissociative interchange mechanism. Temperature dependence
of k,, was investigated; the k,, value increased by a factor of 4.0
with a temperature increase from 288 to 313 K. Eyring plot for
the aquation reaction gave a straight line (Figure S6 in the
Supporting Information), and the activation parameters at 298
K were afforded as AH¥ = 38.7 kJ mol™!, AS* = —195 J K™!
mol™, and AG* = 97.1 kJ mol™". These activation parameters
are close to those (AH¥ = 44.5 kJ mol™}, AS* = —142 J K!
mol™') reported for the aquation reaction of cis-
[RuCl,(cyclen)]* complex”® (cyclen = 1,4,7,10-tetraazacyclo-
dodecane).

Photoisomerization of d-1H,0 to p-1H,0.° When
visible light was irradiated to the aqueous solution of d-
1H,0, it was stoichiometrically photoisomerized to p-1H,O
(Figure S7 in the Supporting Information). The rate of the
photoisomerization reaction is first order with respect to the d-
1H,0 concentration. The internal quantum yield for photo-
isomerization is 1.5% (0.1 mM of d-1H,O concentration). The
rate constant (kpi) of photoisomerization is constant in a range
of pH 1-7 but decreases drastically at pH > 7, not occurring at
pH > 11 (Figure S8 in the Supporting Information). This is
corresponding to the absorbance change of the d-1H,O
solution in pH titration, showing that d-1H,O (aquo form) is
active for photoisomerization and that the deprotonation of an
aquo ligand of d-1H,O makes it inert for the photo-
isomerization. The photoisomerization is significantly temper-
ature-controlled to give 41.7 & 2.7 kJ/mol of activation energy
at pH = 5.6. The activation energy (41.7 kJ/mol) is close but
little smaller than the activation enthalpy (50.6—87.8 kJ/mol)
for water exchange on ruthenium aquo complexes.**~

Transient Absorption Spectroscopy of d-1H,0 and p-
T1H,0. The UV—visible absorption spectrum of d-1H,O gave a
SMLCT absorption band at 526 nm which is very close to that
of p-1H,0, as shown in Figure S9 in the Supporting
Information. This implies that the same photophysical and
photochemical processes based on *MLCT are expected
between these isomers when the visible light is irradiated to
the solution of these isomers. The corresponding hydroxo
complexes, distal- and proximal-[Ru(tpy)(pynp)OH]", are also
expected to undergo the same processes because significant
SMLCT absorption bands were given at 568 and 565 nm,
respectively, although they shift to a low energy to a small
extent. The MLCT photoexcited states of these complexes
were studied using a transient absorption spectroscopic
technique to explore the mechanism of the photoisomerization.
Transient absorption spectral change of the aqueous d-1H,O
solution after laser excitation (550 nm) at 275 K is shown in
Figure 1. The spectral change is very similar to that observed
for [Ru(bpy)3]2+.83_85 The increase of the difference in optical
density (AOD) at 390 nm and the bleach at 490 nm are
assigned to generation of a MLCT excited state and an
extinction of the ground state of d-1H,O, respectively. The
intense bleaching at 830 nm can be assigned to the emission
from the *MLCT state. The emission decay at 830 nm was
analyzed by a single exponential curve fitting to give the
observed first order rate constant, k,, = 1.1 X 10% s™' (9 ns as
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Figure 1. Transient absorption spectra of d-1H,0 (black) and p-
1H,0 (blue) at 10 ns after excitation at S50 nm in water at 275 K
under Ar atmosphere. Inset shows the emission decay (black) at 830
nm, simulated curve (red), and laser plus waveform (green).

lifetime of the MLCT state) at 275 K as shown in the inset of
Figure 1.

In contrast to the clearly observed spectral change for d-
1H,0, no spectral change was observed for p-1H,O under the
same conditions, though the *MLCT state of p-1H,O should
be generated by 550 nm excitation, as the case of most
polypyridyl ruthenium(II) complexes. This suggests that the
lifetime (less than 1 ns at 275 K) of the MLCT state of p-
1H,0 is much shorter than that of d-1H,0. For the distal-
hydroxo complex in an aqueous solution (pH = 11), no spectral
change could be observed in our experimental set up at 275 K,
suggesting that the lifetime of the photoexcited *MLCT state of
distal-hydroxo complex is shorter than 1 ns at 275 K

The transient absorption spectral measurement was carried
out in a temperature range from 271 to 303 K for d-1H,0. The
ks value increased from 1.1 X 10% s™" to 1.6 x 10® s™! with the
temperature increase, and the temperature dependence of k.
was analyzed by eq 5 considering thermal activated process:*

, AE
ks =ky+ k exp( RT) )
where kg/s™" is a first order rate constant for decay processes
from the *MLCT state directly to the ground state including
radiative (k,/s™') and nonradiative (k,,/s™") contributions (k4 =
k. + k), and k' exp(—AE/RT) is overall rate constants
considering the thermally activated population. k'/s™" is a pre-
exponential factor of the thermally activated process with the
activation energy (AE). The eq S was applied to the plots of
kops versus 1/T using a nonlinear fitting method, and the best
fitting was given at kg = 1.1 + 0.02 X 10°s™", k' = 3.6 + 7.6 X
10" 57!, and AE = 49 + 3 kJ/mol (4100 cm™), as shown in
Figure 2. The ky and k' values mean that 38% of the MLCT
states is quenched through the thermally activated process at
298 K. It is most likely that the transition from the *MLCT
state to the *MC state is responsible for the thermally activated
process, because the AE value is close to the activation energy
from the *MLCT state to the *MC state reported for a variety
of polypyridyl ruthenium complexes.®”~*°

Theoretical Investigation on Photoisomerization of d-
1H,0 to p-1H,0. Density functional theory (DFT)
calculations at the M06 and MO06-2X levels of theory were
carried out in order to elucidate the mechanism of photo-
isomerization of d-1H,0 (see Computational Methods for
details). Only MO06 results will be presented here as the two
levels of theory, which differ in the percentage of exact
Hartree—Fock exchange that they include, agree to within 10.0
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Figure 2. Temperature dependence of the observed rate constant
(kops/s™") for decay of the *MLCT state of d-1H,0. The k,, values
were calculated from the emission decay at 830 nm. The solid line is a
calculated line based on eq S by a least-squares fitting method.

kJ/mol for all calculated energy changes. A comparison of M06
and MO06-2X relative energies is available in the Supporting
Information.

The proposed mechanism for the photoisomerization
(Figure 3) starts with the photoexcitation of d-1H,O (closed
shell singlet, d-S;) to a first singlet excited state (d-S,).
Intersystem crossing to a d-T state that is 33.0 kJ/mol lower in
energy takes place next. Investigation of the molecular orbital
changes associated with the generation of the d-S; and d-T,
states from d-S, indicates that the respective excitations can be
characterized as metal to ligand charge transfer (*MLCT)
transitions (MOs in Figure 4, TD DFT data in Figure S10 in
the Supporting Information). In the Franck—Condon d-T,
state, the interaction between the ruthenium center and the
water molecule is found to be repulsive at all distances, so that
the water molecule dissociates to form a pentacoordinated d-
Tpenta Structure; the SOMOs of the d-Tp,, structure are
dominated by ruthenium d orbitals, indicating that, along the
water dissociation coordinate, there is an electronic state
crossing that takes place leading to the pentacoordinate *MC
state (Figure 4). In solution, a low thermal activation energy to
convert the vertical MLCT structure (d-T,) to the MC
structure (d—Tpem) is to be expected due to the solvent cage
effect for the release of a bound H,O molecule. An optimized
structure for distal-[Ru(tpy) (pynp)OH]" with triplet spin state
was also calculated, and it shows that the coordination of the
hydroxyl ligand is sustained in contrast to the aquo case where
the interaction between the ligand and ruthenium center is
repulsive. We note that the rapid intersystem crossing and
subsequent *MLCT — >MC state crossing outlined above is
consistent with photophysical studies of analogous ruthenium
complexes employing ultrafast X-ray spectroscopy.”"

Two competing pathways are possible following the release
of the water molecule from d-T, and the generation of d-T .-
One pathway starts with the decay of d-T,, to ground-state d-
Spentas followed by a rate determining d-Sj,c,, isomerization to
P-Spentw 20nd then coordination of a water molecule to p-S,.n, in
order to generate p-1H,O (p-S,). The free energy of activation
for the isomerization step (d-Spenta = P-Spenta) is calculated to
be 64.5 kJ/mol. An alternative pathway involves the
pentacoordinate isomerization taking place on the triplet
surface, i., d-Tpepra t0 p-Tpeney followed by decay to ground
state p-Senia and subsequent water coordination to generate
again p-1H,0 (p-S,). Extensive efforts failed to locate a true
transition-state structure for the isomerization step on the
triplet surface (d-Tpenea — p-Tpenta) ; however, constrained
optimizations varying N—Ru—N angles to convert one isomer
to another led to an approximate activation energy lower than

dx.doi.org/10.1021/ic400054k | Inorg. Chem. 2013, 52, 6354—6364



Inorganic Chemistry

(192.3)

d-S,
(159.3)
d-Ty
- NL(1019) TN
\ d-Tpenta
[(114.4),
¥ \
(49.9)
“r's]u'nl:n
(0.0) =4
= =
45, _M'“jg
T ,
jD d-penta
o
\
d-1Hz0

(154.6)
P-8
©88) XL 94.5)
P-Tpenta L (812 T, |
p-1H-(OH)
h v hv
\(30.1) -
."J"qprnl‘l
{- -254
=y s
‘d PS¢
p-penta "
"'aﬂ'“_ﬂl‘é.\f;_f
M
p-1H20

Figure 3. Energy diagram (MO06//M06-L) for the photoisomerization process. Red curve denotes the singlet spin surface, and blue curve denotes the
triplet spin surface. All energies are calculated on the basis of d-S, and reported in units of kJ/mol.

g,

d-Tpenta SOMO 1
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Figure 4. Molecular orbitals relevant to the isomerization mechanism
of d-1H,0 (d-S,). Carbon atoms are gray, nitrogen atoms blue, oxygen
atoms red, and Ru atoms cyan; hydrogen atoms are not shown for

clarity.

that computed for the singlet surface. In each spin state, the
proximal pentacoordinated structure is predicted to be lower in
energy than the distal isomer. The actual path followed
experimentally will depend on the relative rates of triplet decay
and triplet isomerization, which we do not attempt to quantify
here; indeed, it may be that isomerization proceeds
competitively on both surfaces.
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We have also investigated the possible photoisomerization of
p-1H,0 and find that the photoexcitation of p-1H,0 (closed
shell singlet, p-S,) can similarly access, through an intervening
S, state, a triplet excited-state structure having a bound H,O
molecule (named as p-T,). Interestingly, p-T) is in equilibrium
with the triplet excited-state of p-1H-(OH) which is 13.3 kJ/
mol more stable and features a proton transfer from the aqua
ligand to the pynp ligand so as to generate a structure having a
hydroxo coordinated ruthenium center. In contrast to the
triplet excited state of d-1H,0, the aquo and hydroxo ligands
stay bound to the ruthenium center in p-T; and p-1H-(OH),
respectively, as they are stabilized by hydrogen bonding
interactions. As a result, the photoexcited states decay directly
to the ground state and back-isomerization to the distal form is
predicted to be unfavorable.

Redox Reactions and Water Oxidation Catalysis of d-
1H,0 and p-1H,0. The cyclic voltammograms (CV) of d- and
p-1H,0 in an aqueous solution are shown in Figure 5. For d-
1H,0, two redox waves were given at 0.68 and 0.84 V at pH =
7.0, assigned to Ru™™ and Ru"™", respectively. These redox
waves depended on pH of the electrolyte solution (Figure S11
in the Supporting Information). The half-wave potential (E, ;,)
values d-1H,0 were pH-dependent in a wide range of pH =
1.5-10 (54 mV/pH for both the redox waves), being

3_
2]
<
= 14
5 o
24
.34
0.4 0.6 0.8 1.0 12
E/V vs NHE

Figure S. Cyclic voltammograms of 0.5 mM d-1H,O (red) and p-
1H,0 (blue) in 0.1 M phosphate buffer (pH 7). Scan rate: 50 mV s™".
A grassy carbon electrode was used as a working electrode.
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Table 1. Summary of E, ,, pK,, ko,, and AG? of d-1H,0 and p-1H,0“

E,j»/V vs NHE, pH 7.0

complexes exptl theor®
d-1H,0 0.68, 0.84 027 (0.67), 0.52 (0.93)
p-1H,0 0.81 0.52, 0.69

“Theory values at the M06-L level unless otherwise indicated. “M11-L theory values provided in parentheses.

9AG¥ values are MO6-L theoretical calculations.

pK,
exptl theor kop/107* 571 AG*d/kJ mol ™!
9.7 10.8 38 87.9
10.7 16.0 4.8 104.6

ko, values are experimental data.

consistent with the earlier reported Pourbaix diagram of d-
1H,0.” This indicates that the two-step reaction of the 1-
proton-coupled 1-electron reactions of Ru'—OH,/Ru'~OH
and Ru™—~OH/Ru"Y=0 redox couples occurs for d-1H,O in
the pH range. The electrochemical process is consistent with
the previous reports on proton-coupled electron transfer
(PCET) of ruthenium(II) aquo complexes.'””>”® The scan
rate dependency of CV was examined, and the second wave
became smaller and broader compared with the first one, as the
scan rate increased (Figure S12 in the Supporting Information).
This shows that the PCET in the second oxidation process is
relatively slower than that in the first one, while only a redox
wave was given at 0.81 V under the same conditions for p-
1H,0. The E, , value of p-1H,0O decreased with a pH increase
in the range of pH = 1.5—10 (59 mV/pH), indicating that the
one-step reaction of the 2-proton-coupled 2-electron reaction
of the Ru"—OH,/Ru"Y=0 redox couple for p-1H,0 at the pH
range. This is also consistent with the earlier reported Pourbaix
diagram of p-1H,0.” Since the redox wave at 0.81 V for p-
1H,0 is relatively close to the second redox wave at 0.84 V,
one may think the possibility that the isomerization of d-1H,O
to p-1H,0 is induced by the electrochemical oxidation. The
CV data measured after the bulk electrolysis at 0.74 V (to form
Ru™) and 095 V (to form Ru") and pH 7.0 were nearly
identical to the CV before the bulk electrolysis (Figure S13 in
the Supporting Information), excluding the possibility of the
electrochemical isomerization of d-1H,O.

For the CVs of d- and p-1H,0 extended to 1.74 V (Figure
S14 in the Supporting Information), the catalytic currents were
exhibited above 1.44 V for both d- and p-1H,0, assigned to
water oxidation by detection of O, evolved on gas chromato-
graph. However, the current density (15.6 pA) at 1.74 V for d-
1H,0 is 2.2 times higher than that (7.1 pA) for p-1H,O,
showing that d-1H,O acts more effectively as a homogeneous
catalyst for electrochemical water oxidation than p-1H,0.

In order to reveal the catalytic activities of d- and p-1H,0
isomers, chemical water oxidation experiments were conducted
in a homogeneous aqueous solution using a Ce' oxidant. O,
was evolved from the solution containing d- or p-1H,0 and
Ce", and the turnover numbers of d-1H,0 and p-1H,0 were
62 and 2.4 at 12 h, showing that both isomers work as a
catalyst. The initial O, evolution rates (vo,/mol s™') increased
linearly with the Ru amount (ng,/mol) for d- or p-1H,0. This
suggests that the O, evolutlon is a first order process with
respect to d- or p-1H,0.” The slope of the v, vs ng, plots for
d-1H,0 provides 3.8 X 107 s7' of the turnover frequency
(koa/s"), which is nearly the same as that (3.4 x 107 s71)” of
[Ru(tpy) (bpy) OH,]** with a similar structure under the same
conditions. Nevertheless, it is higher than that (4.8 X 107 s7")
for p-1H,0 by nearly an order of magnitude. The CV data
suggest that both the isomers are oxidized to RuV=0 by
reactions with Ce". The Ru'Y=0 species could be further
oxidized to Ru'=0 for water oxidation. WNA on Ru'=0
could be presumed to form an O—O bond during catalysis by
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both of the isomers. Boyer et al. reported the possibility of
Ru"'=0 species involved in water oxidation catalysis by the d-
and p-1H,0 isomers based on their electrochemical data.”®
However, it has to be pointed out that no spectroscopic
evidence of Ru"'=O formation was provided. The exper-
imental results from the current study are summarized in Table
1.

Theoretical Investigation on Proton-Coupled Electron
Transfer and Water Oxidation Catalysis. DFT calculations
at the MOG6-L level of theory using the SMD aqueous
continuum solvation model offer mechanistic details for water
oxidation proceeding via the d-1H,0 or p-1H,0 isomers (full
cycles in Schemes 2 and 3 respectively with potentials reported

Scheme 2. Schematic Illustration for Water Oxidation by d-
1H,0 Based on DFT Calculation®
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“All potentials are indicated versus NHE at pH = 0.

relative to NHE). Considering d-[Ru"—OH,]**, we found two
consecutive PCET steps combine to generate d-[Ru™V-0]*;
the calculated redox potentials at pH = 7.0 (experimental pH
conditions, which introduce a difference of 0.41 V with the
NHE values reported in Scheme 2) are 0.27 and 0.52 V vs
NHE, respectively, for the d-[Ru™—OH]**/d-[Ru"—OH,]*
and d-[Ru™v—0]*"/d-[Ru™—OH]** couples. The experimen-
tally observed values are 0.68 and 0.84 V vs NHE, respectively.
DFT calculations involving continuum solvation models have
been shown often to be accurate to within 100 mV for
reduction potentials, and we and others have had good success
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Scheme 3. Schematic Illustration for Water Oxidation by p-
1H,0 Based on DFT Calculation”
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in prior studies of transition metal containing sys-
tems.®>%%*71% The prediction of pK, values using continuum
solvation approaches has also been studied extensively,****~1%
and based on experience we estimate a conservative (i.e., worst
case) error for this process of about 300 mV (or about S pK
units). As PCET free energy changes implicitly include both
electron and proton transfer steps (the proton and electron
transfers involved in these PCET steps are expected to proceed
at diffusion controlled rates), a worst-case error estimate is on
the order of 400 mV. Our calculations in this study display
deviations from the experimental values on the order of this
error estimate, which prompted us to look more closely at the
likely source of the largest error. We further investigated the
first two PCET steps for d-1H,O and found that the calculated
potentials depend significantly on the choice of functional and
basis set. For example, the calculated potentials vs NHE at pH
7.0 with the more recently reported M11-L functional'® are
0.67 and 0.93 V, respectively, for the first two PCET steps for
d-1H,0, which is in near quantitative agreement with the
experimentally observed values (Table 1; it is a coincidence that
the difference between the M06-L and M11-L predictions is
almost exactly equal to the 0.41 V correction for adjusting the
NHE standard state potential from pH = 0 to pH = 7). Based
on these results, we have also examined other steps in the
proposed mechanisms with the M11-L functional and found
negligible differences (less than 4 kJ/mol in investigated steps)
in free energy changes and free energy of activation values. We
have also investigated the effect of inclusion of explicit first shell
water molecules, and found only marginal improvement in the
calculated redox potentials. These observations will merit
attention in future studies of metal-catalyzed water oxidation
reactions, but we will not explore the PCET details more
closely here, and we continue to discuss the mechanism in
terms of our original M06-L calculations.
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In terms of electronic structure, d-[Ru”—OH,]*" has a
closed-shell singlet ground state, d-[Ru™—OH]*" has a doublet
ground state, and d-[Ru'Y—0]*" has a triplet ground state. As a
formal Ru™V=0 species, the oxo group in d-[Ru"Y—0]** could
in principle be susceptible to nucleophilic attack by a water
molecule. However, our attempts to locate a transition-state
(TS) structure for this process were unsuccessful even in the
presence of additional explicit water molecules which might
assist in proton translocation from the nucleophilic water
molecule as part of O—O bond formation.

Following this observation, we considered possible additional
oxidation of d-[Ru’V—07%*" to d-[Ru’—0]*, which was found
to have a calculated oxidation potential of 1.47 V at the M06-L
level of theory. Water nucleophilic attack (WNA) on the d-
[RuV—O]*" structure, which has a doublet electronic ground
state, was found to proceed through a pentamolecular
transition-state structure (also having a doublet ground state),
which combines proton transfer from the attacking water to an
adjacent first shell water molecule with concomitant O—O
bond formation (Figure 6). The free energy of activation for
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Figure 6. MO6-L transition-state structures for O—O bond formation
O, liberation for d-1H,0 (top) and p-1H,0 (bottom) catalysts.
Carbon atoms are gray, nitrogen atoms blue, oxygen atoms red, and
Ru atoms cyan; ligand hydrogen atoms are not shown for clarity.

this step is predicted to be 87.9 kJ/mol (Scheme 2, Table 1),
and the resulting product is a doublet hydroperoxo
intermediate, d-[Ru™"—OOH]*". A following PCET, either
stepwise or concerted, leads to formation of open-shell singlet
d-[Ru"V—00]** which releases O, upon a water displacement
reaction at the ruthenium center thereby regenerating the initial
catalyst d-[Ru"—OH,]**. This final step is predicted to have a
free energy of activation of 56.3 kJ/mol (Scheme 2).
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An analogous water oxidation mechanism is also predicted
for p-1H,0 with two distinctions (Scheme 3). First, from the
experimental data p-[Ru"—OH,]*" exhibits only a single redox
wave at 0.81 V assigned to a two-electron p-[Ru™v—0]**/p-
[Ru"—-OH,]** couple. The average oxidation potential for
these two steps is calculated to be 0.61 V at the MO6-L level of
theory (the two individual potentials are predicted computa-
tionally to differ by 0.17 V) (Scheme 3, Table 1). Second, we
found the WNA transition state for p-[Ru’—0]3* to require a
hexamolecular structure and to proceed with a free energy of
activation of 104.6 kJ/mol (Scheme 3, Table 1). Our attempts
to locate a pentamolecular TS structure for WNA on p-[Ru’—
0] were unsuccessful. We were able to locate a similar
hexamolecular TS structure for d-[Ru¥—O]** as well, which
features a AG¥ of 92.7 kJ/mol (Figure 6) (see Supporting
Information). The decisive influence of first-solvent shell water
on computed WNA transition-state structures has been noted
previously, 3537404349

Significance. Mechanism of Photoisomerization of d-
TH,0 to p-1H,0. As for the mechanism of photoisomerization,
the thermally activated process from the *MLCT state to the
3MC state which was evident from nanosecond transient
absorption spectroscopic measurement might be a main
activation process because the activation energy (AE = 49 kJ
mol™) is close to that (41.7 k] mol™') of the overall
photoisomerization reaction. However, DFT calculations
suggested another activation process for the conformation
change of the pentacoordinated distal-structure to the proximal-
structure, the latter of which is lower in energy than the former
in the singlet and triplet spin states. We suggest that the triplet
excited state of p-1H,0 is lower in energy than that of d-1H,O
due to hydrogen bonding between an aquo ligand and a
naphthyridine moiety of the pynp ligand. This is consistent
with the shorter lifetime (less than 1 ns at 275 K) of the triplet
excited state of p-1H,O than that (9 ns at 275 K) of d-1H,0.
The DFT calculations also suggest that dissociation of the aquo
ligand is disfavored by the hydrogen bond. The shorter lifetime
of the triplet excited state of p-1H,O and the disfavored aquo
ligand dissociation could be responsible for the irreversible
photoisomerization. The key role of the hydrogen bond
interaction for photoisomerization will come to be more clear
if experimental and theoretical investigations on the photo-
isomerization reaction of ruthenium complex derivatives with a
2-(2-pyridyl)quinoline ligand instead of the pynp ligand are
conducted.

Mechanism of Water Oxidation Catalysis. The proposed
water oxidation mechanisms for both d-[Ru"—OH,]*" and p-
[Ru"—OH,]*" indicate that WNA on the [Ru’—O]** group is
the rate determining step in the presence of excess sacrificial
oxidant and WNA for d-[Ru¥—0]*" is favored over p-[Ru"—
OJ]**. Examination of the lowest unoccupied molecular orbitals
(LUMO) in these two formal oxo species indicates that more
orbital amplitude is concentrated on the [Ru—O] unit in the
case of d-[Ru’—0]*" than in the case of p-[Ru’—0]%*, where
some of the amplitude is instead delocalized over the pynp
ligand (Figure 7). Since these are the acceptor orbitals for the
WNA step, orbital amplitude concentrated on the [Ru—O] unit
improves overlap with the nucleophilic water lone pair orbital
and renders more favorable the formation of an O—O bond in
the WNA step than is the case when the orbital amplitude is
reduced on the [Ru—O] unit through delocalization over the
pynp ligand. This rationalizes the lower free energy of
activation for the [RuV—O]3" unit in the distal isomer
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Figure 7. Molecular orbitals of the lowest unoccupied molecular
orbitals (LUMO) of d-Ru'=0 (top) and p-Ru’=0 (bottom).
Carbon atoms are gray, nitrogen atoms blue, oxygen atoms red, and
Ru atoms cyan; hydrogen atoms are not shown for clarity.

compared to the proximal one. The LUMO amplitude localized
on the heterocycle is also consistent with the low turnover
number of the proximal isomer which was attributed to ligand
decomposition based on carbon dioxide detected during
catalysis, as reported in the earlier study.”® The oxidative
decomposition of p-1H,0 might be caused by the WNA to the
orbital amplitude delocalized over the pynp ligand on p-[Ru"—
OJ3* although the full mechanism of decomposition is still
unclear.
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