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ABSTRACT

In this work we report the synthesis and physicochemical characterization of new chloro
and aqua mononuclear Ru (ll) complexes of formula [Ru(LLL)(dpp)CI]PFs and
[Ru(LLL)(dpp)OH2](PFe)2 (with LLL= tpy =2,2:6’,2”-terpyridine; tptz=2,4,6-tris(2-pyridyl)-
1,3,5-triazine and dpp=2,3-bis(2-pyridil)pyrazine). For complex [Ru(tptz)(dpp)CI|PFs was
determined the complete structure by X-ray diffraction. Catalytic studies of aqua-
complexes revealed that they are active against the water oxidation reaction at pH=1
using cerium ammonium nitrate (CAN) as sacrificial oxidant. Also, we were able to
establish reaction mechanism and rate constants of each stage of the catalytic cycle,
turnover frequency (TOF) and turnover number (TON). The experimental TON value for
the aqua complexes was very close to theoretical value of 7.5, indicating a high degree
of recovery. DFT and TD-DFT calculations of complexes were consistent with
experimental results and allowed the complete assignment of its UV—Visible bands, and

redox states.
INTRODUCTION

Energy and environmental problems are the most important scientific challenges of 21st

century. Eighty percent of total energy consumed worldwide comes from fossil fuels,
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generating greenhouse gases that affect vital environment of living beings. Therefore, it
is necessary to develop new technologies capable of providing renewable, clean and
continuously available energy sources. [1] The most attractive alternative today is the
large-scale use of hydrogen, which is considered the "future fuel". Hydrogen production
by solar water splitting, has attracted particular scientific and industrial interest due to its
simple, effective and environmentally friendly characteristics.[2]-[4]

The global water splitting reaction into O, and Hz (eq. 1) is the result of two half-reactions,
the oxidation of water to oxygen (eq. 2) and the reduction of protons to hydrogen (eq.
3).[5]

2H,0 - 0, + 2H, AG = +237.178 k] mol ™1 (1)
2H,0 — 4H* + 4e~ + 0, E° = +1.23 vs NHE (2)
4H* + 4e~ > 2H, E° = 0V vs NHE (3)

The water oxidation reaction is the most challenging reaction due to its endothermicity
and the intrinsic molecular complexity generated by the four consecutive oxidation and
deprotonation reactions and by the synchronised rearrangement of multiple bonds to
form dioxygen.[6]-[10] Therefore, in order to use the water splitting reaction in an
economically competitive technology for energy generation, the development of a
catalyst that reduce the activation barrier of oxidative half-reaction is required. In the last
decades, several research groups have focused on the design of different type of water
oxidation catalysts (WOC) which can be used in photocatalytic devices, such as
transition-metal complexes, 2D layered double hydroxides (LDHSs), 2D layered metal
oxides, carbonitrides (MXenes), single-atom catalysts (SAC), metal-organic frameworks
(MOFs), and covalent-organic frameworks (COFs).[11-19]

Both heterogeneous and homogeneous catalysts have both major advantages and
disadvantages. In general, heterogeneous catalysts are more robust, can be easily
prepared in high quantities and are less expensive than their homogeneous
counterparts. However, they are typically slower per active site and less selective than
homogeneous catalysts. On the other hand, homogeneous catalysts exhibit higher rate
and selectivity and are also simpler to study. The ease of quantitative investigation of
homogeneous catalysts allow elucidating their geometric/electronic structure and the
mechanism of action.

In literature it is possible to find hundreds of homogeneous catalysts like transition metal

complexes, with ruthenium complexes being the dominant ones.[11], [20]-[27] However,
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at present, these catalysts do not satisfy the requirements of efficiency and stability. The
design of more efficient and robust catalysts requires the use of different experimental
techniques associated with computational calculations to understand the reaction
mechanisms, identify the intermediates of the catalytic cycle and determine the different
decomposition pathways.[7], [28], [37]-[40], [29]-[36]

Studies on systems based in coordination compounds suggest that water oxidation
reaction takes place in four steps: a) catalyst activation by proton-coupled electron
transfer reactions (PCET), b) oxygen-oxygen bond formation, promoted by the metal
centre, ¢) oxygen release and d) catalyst regeneration. Oxygen-oxygen bond formation
can occur by two mechanisms (Scheme 1):

¢ Nucleophilic attack of water to a high oxidation state metal-oxygen (M-O) group to
form a hydroperoxide intermediate.

e Intra- or intermolecular coupling of two metal-oxo units (12M) form a metal peroxo

intermediate.

WNA
s N
H
H H
\_ _H N
0,,,/ — ° J— M+ 0o—o0 +2H"*
”o_M O_M
. J
12M
Ve ™~
M—O,, M—oO
%, . \ - 2M + 0—0
o°o—m o—M
\ J

Scheme 1 — Oxygen-oxygen bond formation mechanisms promoted by transition-

metal complexes.

In this work, we present the synthesis and physicochemical characterization of ruthenium
() polypyridine complexes of molecular formula [Ru(tpy)(dpp)CI]PFe.3,5H.0 (1),
[Ru(tptz)(dpp)Cl]PFs.  4HO  (2), [Ru(tpy)(dpp)OH](PFe)..3,5H.O0  (3) and
[Ru(tptz)(dpp)OH2](PFs)2.4H.O (4) (with tpy=2,2"6'2"-terpyridine, tptz=2,4,6-tris(2-
pyridyl)-1,3,5-triazine and dpp=2,3-bis(2-pyridyl)pyrazine). For complexes (3) and (4)

kinetic and catalytic activity measurements were performed to determine mechanisms
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and reaction rates of catalytic cycle and efficiency with which they can catalyse water
oxidation reaction. The measurement were performed in agueous medium at pH=1 and

cerium (IV) ammonium nitrate (CAN) like sacrificial oxidant was used.

RESULTS AND DISCUSSION

SYNTHESES

The synthesis of precursors [Ru(tpy)Cls] and [Ru(tptz)]Cls and complexes (1)-(4),
Scheme 2, were carried out following protocols reported in literature for similar

complexes, scheme 3.[41]-[43]

| ~ /
=N,
/,,I"’ |\\\“N /

N \N'Ru-‘l
= . /\N
—

[[Ru(tpy)(dpp)*]™* [Ru(tptz)(dpp)*]™

X=CI' n=1 Complexes (1) and (2)
X=H,0 n=2 Complexes (3) and

Scheme 2 - Molecular structure of complexes (1) to (4)
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EtOH, @4 h

RuClyH,O  + or " e [Ru(LLL)CI,]
| R
Nz
ol
= N/ | S
| =N N. .~
Z N
|
X No C,HgOs @2h NH,PFg/H,0
[Ru(LLL)CI3] + | ] ————— [Ru(LLL)(2,3-dpp)CIICl — = s [Ru(LLL)2,3-dpp)CI]PFg
X N7 EtOH
' ~N Et,O

C4HgOMH,0, @ 2h
[Ru(LLL)(2,3-dpp)CIIPFs + AgPF, —> o 27" * ° [Ru(LLL)(2,3-dpp)H,0](PFe);

Scheme 3 - Synthesis for complexes (1) to (4)
X-RAY DIFFRACTION
Purple rod-shape crystals of complex (2) were obtained by slow evaporation at room
temperature from a concentrated solution of complex in acetone:methanol:toluene (1:1:4
viv). The ORTEP diagram is show in Figure 1 and crystalline refinement data and

relevant bond lengths and bond angles are summarized in Supplementary Tables T1

and T2, respectively.
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Figure 1 — ORTEP Diagram of (2) with thermal ellipsoids for 50% probability level,
with C atoms in black, N atoms in blue and Ru atoms in green. H atoms have been
omitted for clarity.

Asymmetric structure of complex (2) consists of a cation unit [Ru(tptz)(dpp)CI]*, a PFs
anion and four water molecules. The complex crystalizes in a monoclinic space group C
2/c system, where unit cell (a=23.7407 A, b=12.4009 A and ¢=25.4660 A) contains four
formula units of complex. Coordination surround corresponds to a distorted octahedral
due to the presence of chelated ligands, when coordinating to ruthenium by multiple sites
bonding, generates deviations from ideal angles corresponds to a regular octahedral.
Tptz ligand is located in the equatorial position, with bond angles N3-Ru-N4 of 78.4 (4)°
and N4-Ru-N5 of 79.3 (2)°. The dpp ligand occupied meridional position with bond angle
N1-Ru-N2 of 78.0 (1)°. The sixth coordinated position is occupied for chloro. The average
bond length Ru-N3 and Ru-N4 for tptz ligand is 2.0313(3) A. The Ru-N4 bond length is
relatively shorter, which could be due to donor effect of pyridine in position 4 of triazine,
which generates a more effective overlap between triazine and ruthenium orbitals. For
bidentate ligand, a shortening Ru-N1 bond distance with respect to Ru-N2 is observed
due to the presence of uncoordinated pyridyl group at position 3 of pyrazine. The Ru-Cl
bond distance is 2.392(1) A. These data agree with those reported for similar

complexes.[44]-[50]

IR SPECTROSCOPY

Supplementary Figure S1 presents FT-IR spectra of chloro-complexes (1) and (2) and

aqua-complexes (3) and (4). Between 3680-3250 cm? there is a broad band
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corresponding to symmetric and asymmetric stretching of vo.n bond. At approximately
1630 cm* a band due to deformation of 81.0.4 bond assigned to water ligand of (3) and
(4) and hydration water are present in all complexes. Between 2950-1320 cm stretching
band v-c.4 and their combinations are observed. While between 1600-1320 cm™ appear
vc=c and vc-n bond stretches and between 1320-900 cm™ 8-c.1 in-plane deformations
corresponding to polypyridine ligands. On the other hand, at 845 cm™ and 560 cm™ the
asymmetric stretching of ve.r bond and &r.r.r deformation, characteristic of the PFs™ are
shown. Uniformity in positions of these bands indicates that PFs™ anion is not coordinated

to metal center, but is part of the external coordination sphere.[51]

UV-VISIBLE SPECTROSCOPY

Table 1 shows data from electronic spectra of complexes (1) to (4) in methanol at room
temperature and their respectively assignations based on literature reported for similar
complexes. [43], [44], [52]-[58] Figure 2 presents absorption spectra of complexes (1) -
(4). All spectra consist of intense TT— 1* bands centred on the ligands (IL) in ultraviolet
region and metal-to-ligand charge transfer bands (MLCT) from d1r ruthenium orbitals to
1* polypyridine ligands orbitals in visible region, which were confirmed by TD-DFT
calculations.

The lower energy band at Amax=511 nm for (1) and Amax=492 nm for (3) is assigned to
d1r(Ru)—1*(dpp) transition with small contributions of MLCT dtr(Ru)—1*(tpy) transition,
while bands at Amax=514 nm and Anax=495 nm for complexes (2) and (4), are assigned
to dmm(Ru)—T1r*(tptz) transition with a small contribution of dr(Ru)—1*(dpp), respectively.
The introduction of a ligand with a more extended m-system leads to a bathochromic
effect in MLCT bands, whereas exchange of chloro ligand for aqua generates an

opposite effect.
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Table 1 — Amax and € values of absorption bands and their corresponding assignments
from (1) to (4) in methanol at room temperature.

MLTC dmtgy = Tigang IL - m"
COMPLEX A[nm] (ex10*) [I/mol.cm] A[nm] € x 10 [I/mol.cm]
(1) 5112 (0.74) | 473 (0.53) | 312 (2.74), 278 sh, 273 (1.89), 235 (1.94)
2) 514° (2.64) | 3587 (1.91) 289 (8.45), 245 (4.32)
3) 4922 (1.21) | 460° (0.91) 307 (1.13), 270 (3.05), 240 (2.27)
(4) 495¢ (0.50) | 353%(0.25) 286 (1.36), 244 (0.67)

AMLCT ditg, — T5,3_gpps " MLCT ditg, = Tpy, °MLCT ditg, = Ty

A
4 8.0 o /
i 2 3 ° <~ 60|
e E 2 i
El BN x
< o e ’l
£ 3, £
Q =y d
- F2 o 404
2 2 2
EER S 5
1 . \/\
o T T T T T 0 0.0 T T T T T P
200 300 400 500 600 700 a00 200 300 400 500 600 700 800
Wavelength (nm) Wavelength {nm)

Figure 2 — a) UV-visible spectra of complexes (1) C=5.0x10° M and (3) C=5.0x10° M
in methanol at room temperature. b) UV-visible spectra of complexes (2) C=3.0x10° M

and (4) C=5.0x10° M in methanol at room temperature.

By acid-base spectrophotometric titration of complexes (3) and (4), in Britton-Robinson
buffer (mixture 0.04 M of H3BOs, 0.04 M of HsPO,4 and 0.04 M of CH;COOH) at room
temperature, electronic spectra and deprotonation pKj's of different species in
equilibrium were determined. Table 2 shows the pKa. values and Supplementary
Figures S2 and S3 show UV-visible spectra at different pH and absorbance vs pH plots

with corresponding fits for both complexes.
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Table 2 — pKa’s values obtaining experimentally for acid-base spectrophotometric
titration in Britton-Robinson’s buffer at room temperature.

COMPLEX pKa1 (dppH.) pKa2 (dppH) pKas (tptzH) pK, (H20)
(3) 0.66 £0.03 1.80+£0.02 - 9.65+0.01
(4) 0.57 £0.01 1.72 £ 0.02 2.10+£0.03 8.62 £ 0.03

pKai: pyrazinic nitrogen from dpp, pKaz: pyridinic nitrogen from dpp, pKaz: pyridinic
nitrogen from tptz

Complex (3) has three deprotonation pKa, two corresponding to pyridinic and pyrazinic
nitrogen of dpp ligand and one to deprotonation of aqua ligand. Supplementary Figure
S2a shows that between pH= 0.06 and 0.70 the absorbance al Anm.x=305 nm decreases
while at Ax=490 nm it increases. Clear isosbestic points appear indicating that first acid-

base equilibrium has been reached, eq 4:

[Ru(trpy) (dppH,)OH,]** €22 [Ru(trpy) (dppH)OH, |3 + H* (4)

As pH increases to 4.26, two new bands appear at Anx=230 nm and An.=239 nm. An
hypsochromic shift of MLCT band occurs, due to deprotonation of pyridinic nitrogen of
dpp ligand, eq 5:

[Ru(trpy) (dppH)OH, 1+ =2 [Ru(trpy)(dpp)OH,]2* + H* ()

From the plot of absorbance Asso/As29 Versus pH in a range from 0.06 to 4 and by fitting
with three-species model, pKa: and pKaz values were obtained, Supplementary Figure
S2c.

At pH>9.00 the third acid-base equilibrium is reached due to deprotonation of aqua
ligand, which is evidenced by a red shift of MLCT and IL bands (Supplementary Figure
S2 b), as a consequence of higher donor capacity of hydroxo ligand with respect to aqua

ligand, eq 6.

[Ru(trpy) (dpp)OH, ]+ =% [Ru(trpy)(dpp)OH]* + H* (6)

From the plot of absorbance Asse/As20 Versus pH in a range from 6 to 14 and by fitting with

two-species model, a value of pKa =9.65 + 0.01 was obtained (Supplementary Figure
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S2 d).This value is similar to that obtained by Meyer et al. for [Ru(tpy)(bpm)OH2]?* [59]
and lower than that obtained for [Ru(tpy)(bpy)OH:]?* [60] in agreement with higher T1-
acceptor character of dpp which makes [Ru(tpy)(dpp)OH.]?* more acidic.

For complex (4), similar equilibria are observed in combination with deprotonation of
pyridinic nitrogen of tptz ligand. The presence of tptz ligand affects the acidity of aqua,
dppH2 and dppH ligands due to the higher 1r-acceptor capacity of tptz with respect to tpy,
which is evidenced by a decrease in deprotonation pKa, values. As can be seen in
Supplementary Figure S3 a, between pH 0 to 0.06, both IL and MLCT bands
absorbance decreases and a slight blue shift occurs, while a clear isosbestic point at
Anax=508 nm appears, indicating that the first acid-base equilibrium has been reached,

eq 7.
5+ PKar 4+ + (7)
[Ru(tptzH)(dppH,)OH,]>* &= [Ru(tptzH)(dppH)OH,]** + H
At 0.6 < pH < 2 pyridinic nitrogen deprotonation of dpp ligand occurs, eq. 8.

[Ru(tptzH) (dppH)OH, ]+ <=2 [Ru(tptzH)(dpp)OH,]** + H* (8

From the plot of absorbance at An.x=494 nm versus pH in a range from 0 to 2.0 and by
fitting with three-species model pKa and pKa values were obtained (Supplementary
Figure S3 c).

At pH > 2, MLCT band becomes more defined and blue-shifted due to deprotonation of
tptz ligand, in agreement with lower 1r-acceptor character of tptz with respect to tptzH,

eq. 9.

[Ru(tptzH) (dpp)OH,]3* LN [Ru(tptz)(dpp)OH,]?** + H* ©)

Aqua ligand deprotonation occurs at pH>8,50 (Supplementary Figure S3 b). A new
band appear at Amax=376 nm and a red-shift of MLCT band is observed. Between
Amax=330 nm and Amax=550 nm three isosbestic point are observed, indicating that a new
equilibrium is reached, eq 10. Fron the plot of absorbance at Anax=532 nm versus pH in
a range from 2.0 to 12.0 and by fitting with three-species model pKas and pKa values

were obtained (Supplementary Figure S3 d).
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[Ru(tptz)(dpp)OH, >+ <=2 [Ru(tptz)(dpp)OH]* + H* (10)

pKa values found are similar to those reported by Dominguez et al. for similar

complexes.[58]
ELECTROCHEMISTRY

Figure 3 shows cyclic voltammogram (CV) and differential pulse voltammogram (DPV)
of complexes (1) and (2). Both complexes show a quasi-reversible wave assigned to the
couple Ru"/Ru" with half-wave potential E1>=1.03 V and 1.16 V (vs Ag/AgCl in CHsCN,
0.1 M TBAH, v=100 mVs?) respectively, and three reduction waves centred on
polypyridine ligands.

For complex (1), first and second reduction waves were assigned to dpp®dpp™ and dpp-
/dpp? redox couple, while third reduction processes correspond to tpy®/tpy". For complex
(2), first and third reduction waves are localized in tptz ligand and second on dpp ligand,
which becomes difficult to reduce due to strong 1 back-donation to tptz. On the other
hand, (2) is more difficult to oxidise than (1) by approximately 130 mV, as a consequence
of higher 1 acceptor character of tptz ligand with respect to tpy ligand, which tends to

stabilise HOMO orbital as we discuss in section 2.9
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20 165 10 05 00 05 A0 A5 20 20 15 10 05 00 05 10 A5 20
120 11 . 1 . | 1 | 1 150 250 L | 1 1 1 1 | | 300
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Figure 3 — Cyclic Voltammogram (CV) (coloured line) and differential pulse
voltammogram (DPV) (black line) in CH3CN 0.1 M TBAH, v=100mV/s. a) Complex (1)
C=2.0x10° M. b) Complex (2) C=2.0x102 M.(In both cases dot line is the supporting
electrolyte in CHsCN 0.1M TBAH)
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While, for complexes (3) and (4) the oxidation wave is shifted towards more positive
potentials values due to presence of aqua ligands in sixth coordination position which
stabilized tg* orbitals, Supplementary Figure S4.

Table 3 shows the potential values found with corresponding assignations for complexes
(1) to (4) in organic environment. The assignments were done comparing with potentials
reported for Ru(LLL)2J?* , [Ru(LL)s]?* [61]-[64] and for similar complexes[44] and respect
to the free ligands.[62], [65]

Table 3 — Redox Potentials for complexes (1) to (4) obtained from CV. WE: C vitreous,
CE: platinum wire, RE: Ag/AgCI (3 M NaCl).

COMPLEX [V] ASSIGNMENTS

+1.03 (0.24)? Ru'/Ru"

(1) -0.88 (0.07)? dpp®/dpp-
-1.11 (0.20)2 dpp/dpp?*

-1.40 (0.24)2 tpy°/tpy”

+1.16 (0.13)2 RuU"/RU"

-0.81 (010)a t tZO/t tz-

(2) -1.24 (0.21)? ot
a dpp®/dpp
'154 (0,11) tptz-/tptZZ-

(3) +1.18 (0.08)° Ru'"/Ru"
(4) +1.32 (0.19)° Ru"/Ru"

*AE = Epq — Ep;
2 CHsCN 0.1 M TBAH,® CH2Cl20.1 M TBAH.

From electrochemical measurements of aqua-complexes (3) and (4) carried out in
Britton-Robinson buffer, corresponding Pourbaix diagrams were done. These diagrams
bring information about regions where different redox and acid-base species exist, which

were assigned by linear regression analysis using Nernst equation for PCET processes
(E = E°+0.059 % pH with m: protons transferred number and n: electrons transferred
number) [66] and data reported in literature for similar Ru (II) complexes. [27], [43], [58],
[59], [67], [68]

For the aqua-complex (3), Figures 4 show the Pourbaix diagram while Figure 5 the
cyclic and differential pulse voltammograms at pH=1.48, 5.25 and 10.10.

At 1 < pH <pKaz@ppry cOmplex suffer a quasi-reversible oxidation process (AE=110 mV),
Figure 5 a, assigned to redox pair [Ru'V = 0]?* /[Ru"! — OH,]3* while deprotonation of

dppH ligand bound to Ru(IV) occurs at pH<1, eq 11 and 12.

[(tpy)(dppH)Ru'Y = 0]3* + 2H* + 2e~ — [(tpy)(dppH)Ru"OH,]3* (11)
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[(tpy) (dpp)Ru” = OJ%* + H* - [(tpy) (dppH)Ru = O]** (12)

At 1.8<pH<pKaoHz) cyclic voltammogram show a reversible oxidation wave (AE=92 mV)

assigned to redox couple [Ru'Y = 0]?*/[Ru!! — OH,]?*, eq 13.
[Ru" (tpy)(dpp) = 0]** + 2H* + 2e~ - [Ru"'(tpy)(dpp)OH,]** (13)

Both processes are pH-dependent with slope value equal to 50 mV/pH corresponding to
an oxidation process, which involves 2H*/2e- PCET in agreement with expected
theoretical value of 59 mV/pH according to Nernst equation.

Finally, at pH > pKaoH2) a reversible oxidation wave (AE=80 mV) corresponding to redox
couple [Ru!V = 0]2*/[Ru!! — OH]* is observed. This process is pH-dependent with slope
value of 25 mV/pH which indicates 1H*/2e PCET, eq 14.

[(tpy)(dpp)Ru"Y = 0]** + H* + 2e~ — [(tpy)(dpp)Ru' (OH)]* (14)

At E=1.25V a strong decay in current intensity is observed, which coincides with second
oxidation wave present in differential pulse voltammograms. This pH-independent
process is assigned to redox pair [Ru¥ = 0]3*/[Ru!V = 0]2* and it attributed to onset of

catalytic water oxidation, equation 15.

[(tpy) (dpp)Ru’ = O]** + e~ — [(tpy)(dpp)Ru"" = 0]** (15)
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Figure 4 — Pourbaix diagram of complex (3) C=1.0x102 M in Britton-Robinson buffer.
The black dots correspond to potentials values extracts from cyclic voltammogram and

red lines correspond to lineal regression fit. Dash lines indicate pKa values obtained
by spectrophotometric acid-base titration.
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Figure 5 — Cyclic voltammogram (red line) and differential pulse voltammogram (black
line) of complex (3) C=1.0x102 M, v=100 mV/s, in Britton-Robinson buffer at different
pHs. Dot line correspond to the supporting electrolyte.

Complex (4) presents similar behaviour to (3). Supplementary Figure S5 presents the
corresponding Pourbaix diagram and Supplementary Figure S6 shows cyclic
voltammograms and differential pulse voltammograms at pH=1.31, 6.76 and 10.50.
Controlled-potential electrolysis measurements at pH=1.0 in 0.1 M HCIO,4 at E=0.95 V
and 1.30 V for complex (3) gave a value of two and three electrons transferred,
respectively. Same results were obtained for complex (4) when E=1.05 V and 1.30 V
were applied, Supplementary Figure S7.

Both aqua-complexes present a “missing" oxidation state. [Ru"-OH]?* intermediate is
unstable with respect to the disproportionation into [RuV=0]?" and [Ru"-OH.,]** because
the potentials for the Ru"vY/Ru" and Ru"/Ru" redox couples are very close, resulting in a
single pH-dependent oxidation wave as a consequence of the 2H*/2e- PCET,[59], [69],
[70] in agreement with charge value obtained by EPC. In contrast, in [Ru(tpy)(bpy)OH.]**
[43] and [Ru(Me2Ntpy)(bpy-OMe)(OH2)]*[25] ( with bpy= 2,2’-bipyridine y Me2Ntpy= 4'-
N,N-dimethylamino-2,2’:6’,2"-terpyridine y bpy-OMe= 4,4’-dimethoxy-2,2’-bipyridine).,
[Ru"-OHJ** specie appear as a stable intermediate because AEg m /g u is 190 mV and

430 mV, respectively.
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UV-VISIBLE SPECTROELECTROCHEMISTRY AND SPECTROPHOTOMETRIC
REDOX TITRATION

Pourbaix diagrams assignments at pH=1 of complexes (3) and (4), were confirmed by
UV-visible spectroelectrochemistry measurements and spectrophotometric redox
titration in HCIO4 0.1 M.

Figure 6 presents absorption spectra of complex (3) at pH=1, after control potential
electrolysis (CPE) at E=0.91 and 1.30V.

At E=0.91 V, IL (Amax = 271 nm and 309 nm) and MLCT (Anax=500 nm) bands
absorbances decrease and redshift due to metal centre oxidation. Between A,.,=350 and
600 nm an isosbestic point is evident suggesting the presence of two species in
equilibrium. This oxidation process results in a charge value of Q= 2.18.10° C/mol
consistent with 2 electron transfer, which is assigned to redox couple [Ru'V=0]?*/ [Ru'-
OH_J**.

At E=1.30 V, complete bleaching of MLCT band occurs as a consequence of oxidation
of the metal centre from Ru'" to Ru". On the other hand, the absorbance of IL band at
Amax=309 nm falls below the absorbance at Anax=270 nm. When a potential of E=0 V is
applied to the solution, initial spectrum is recovered by 80 % indicating that the oxidation

process is reversible.

0.5 0.7
E=0,91V E=1,30V

0.4 4 |
o

0.2
l 0.2 4

| /\ 1

0.0 v T - T - T T T T . . ; 2 .
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0.4 4

0.3 4

Absorbance
Absorbance

Figure 6 - Absorption spectra at different times (At=10 min) of complex (3) C = 2.3x10
4 M in HCIOa.

Spectrophotometric redox titration measurements gave results in agreement with those
observed by spectroelectrochemistry. Supplementary Figure S8 shows absorption
spectra of complex (3) in 0.1 M HCIO, after successive addition of aliquots of CAN until
a total of 3 Ce(lV) equivalents were counted. When 2 Ce(lV) equivalents are added,
absorbance of IL (Anax=271 nm and 306 nm) and TCML (Anax=494 nm) bands, due to

metal centre oxidation from Ru" to Ru'V. Band at Amax= 271 nm becomes more extended
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and isosbestic points appear at A=290, 322 and 410 nm. The resulting yellow spectrum
corresponds to [Ru'V=0]?" species. The addition of 1 more Ce (IV) equivalent results in
complete bleaching of MLCT band due to the oxidation from Ru" to Ru". Intensity of IL
band at Amax=306 nm decreases and redshifts and isosbestic points appear at A=266,
332 and 373 nm. The addition of 1 extra Ce (IV) equivalent does not produce any spectral
change. The resulting purple spectrum is assigned to [RuV=0]*" species.

Supplementary Figures S9 and S10 show results obtained by spectroelectrochemistry

and spectrophotometric redox titration in 0.1 M HCIO, for complex (4).

WATER OXIDATION CATALYSIS

Aqua-complexes (3) and (4) catalyse water oxidation reaction by a water nucleophilic
attack mechanism (WNA) to a metal-oxo species in agreement with that proposed for
similar complexes. [60], [71]

Scheme 4 presents the catalytic cycle proposed for both complexes. Table 4
summarises the potentials of the different redox couples, the rate constants of each step
of the catalytic cycle and the catalytic activity parameters (overpotential n, turnover

frequency TOF and turnover number TON) at pH=1.0, found for these complexes.

0
H,0 p :
\‘x /!
‘ ks I Il n+
Ru-00]" [Ru'-OHg]
- 20e*
Ce®"+ H'x ke
/‘. ) ~a20e¥ 4 2H"
3
Ce*—
[RUIV=O]n+
ke - ce*
[RUV=O]H+ Ceg+

Scheme 4 - Proposed catalytic cycle for mononuclear complexes (3) and (4) in 0.1 M
HCIO4 at T=25 °C.
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Table 4 — Redox potentials, rate constants of catalytic cycle and catalytic activity parameters of some mononuclear ruthenium aqua complexes.

Catalytic activity

COMPLEX Ei2 (V) vs Ag/Ag (3M NaCl) Rate constants parameters Ref.
f
i IR/ \Y; ke k” k¢  koo! Kkica® | NIV] g TON
this work
A3) 091 <091 125 025 00118 - 360 3.1 |0200 ©0z0 71
this work
4) 1.02  <1.02  1.27 039 00320 - 300 23 |0310 087 68
[Ru(tpy)(bpm)OH2J?* | 091  <0.91  1.44 0.024 0005 - 96 7.5 | 0480 ©29  ~7.5 | [11],[59], [71]
[Ru(tptz)(dmb)OH_]?* - - 0.20 1.0 - 26 21 - Uil 08 [24]
[Ru(tptz)(bpy)OHz]* | 095  <0.95  1.30 0.94 0280 - 15 17 | 0340 023 2.6 [24]
[Ru(tptz)(dcb)OH2?* - - - 2.90 - - 79 32 - 022 17 [24]
[R‘gRAAg(NggVZ))SEPV' 051 094 116 - - - - - | 0200 25 6.7 [25]
[Ru(tpy)(bpy)OH?* | 0.83  1.02  1.59 4.40 66 80 12 16 |o0e630 081 320 | M [[‘;%]]’ (671,
[Ru(tpy)(bpy- ) [11], [60], [67],
OMO)OH 070 097  1.42 17 46 37 033 100*|0460 130 100 72)
[Ru(tpy)(dch)OHz?* |  0.95 i 1.68 rapid 330 - 100 43 |0720 o020 460 | (M [[gg]]’ [671,

ax10* M1st, bx103Ms?t c Mlst dx10% s1ex10%st.fx103s?

*1.1M1st
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Figure 7 shows kinetic profiles at Anax=494 and 513 nm for complexes (3) and (4)

respectively, after adding 4 equivalents of Ce(lV) to a solution of complex in 0.1 M HCIO,

at room temperature.

0.150 Complex (3)
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Figure 7 - Absorbance vs time for complexes (3) and (4) C=3.10° M in 0.1 M HCIO4
after adding 4 equivalents of Ce (IV) at T =25°C.
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As seen in Supplementary Figure S11 the first step involves metal centre oxidation from
Ru" to Ru", eq. 16. k; was obtained by stopped-flow mixing of 2 equivalents of Ce(IV)
with [Ru"-OH;]™ and recording absorbance-time changes at Amax=494 nm and 513 nm

for complexes (3) and (4) respectively, Supplementary Figure S11 a.

k
[Ru"' — OH,]™* + 2Ce** — [Ru'V = 0]"* + 2Ce3* + nH* (16)

The second step consists in oxidation from Ru" to RuY, eq. 17. This process was
followed spectrophotometrically at Amax=494 nm for complex (3) and Amax=513 nm for (4)
after addition 1 equivalent of Ce(lV) to [RuV=0]?*. k. value was obtained by fitting for a
second order reaction (Supplementary Figure S11 b).

k 17)
[Ru'Y = 0]2* + Ce** —5 [RuY = 0]3+ + Ce3* (

Once formed, [Ru¥ = 0]3* species suffers nucleophilic attack by a water molecule of
solvent, resulting in oxygen-oxygen bond formation and hydroperoxo intermediate [Ru'V-
OOJ?+ (eq 18). koo rate constant was determined from absorbance-time plot by using
equation for a first order reaction, (Supplementary Figure S11 c).

Koo

[Ru’ = O]3* + H,0 —25 [Ru'l — OOH]** + H* (18)
Hydroperoxo intermediate produces peroxidic species [Ru'V-OO]?* via a fast PCET
reaction. ks could not be determined from stopped-flow kinetic measurements (eq 19).
Under stoichiometric conditions [Ru'V-OQO]J?* releases oxygen and regenerates catalyst
complex, eq 20. ks rate constant was determined by fitting with a first order velocity

eguation (Supplementary Figure S11 d).

k

[Ru' — O0H]?* + Ce** —> [Ru'Y — 00]>* + Ce3* + H* (19)
e st

[RulY — 00]%* + H,0 — [Ru'' — OH,]™* + 0, (20)

Under catalytic conditions (30 eq. of Ce(lV)), dominant species of the catalytic cycle is
[RuV-OO0J?". The kinetic of Ce(lV) consumptions is zero-order with respect to the oxidant,

and the rate constant kaca. Was obtained by concentration-time plot, Supplementary
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Figure S12. This reaction is rate-limiting step of catalytic cycle in agreement with that
observed by Meyer for [Ru(tpy)(bpm)OH2]?*.[73]

To determine the TOF, solutions of complexes (3) and (4) (ca. 6.0x10°® M - 6.5x10° M)
and Ce(IV) in 0.1 M HCIO4 were prepared. 30 eq. of Ce(lV) was added to each solution
and the reaction was monitored by using dissolved oxygen (DO) probe. TOF and order
reaction with respect to catalyst were determined following the technique reported by
Badiei et al.[74] Figure 8 shows OD vs time plot and logarithm of initial rate of oxygen
evolution (voz) against logarithm of initial concentration of catalyst ([cat]o) of complex (4).
Supplementary Figure S13 shows results obtained for complex (3).
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Figure 8 — a) Dissolved oxygen (mg/L) versus time for complex (4) in 0.1 M HCIO4
after addition of 30 equivalents of Ce (IV) at room temperature. b) log voz vs log [cat]o,

For both complexes, the amount of oxygen evolved increases almost linearly with time
and with catalyst concentration. Linear regression analysis showed that reaction follows
first order kinetic with respect to the catalyst with a value of TOF = 2,0.10~* s~ for
complex (3) and TOF = 8,7.10~* s~ for complex (4).

To determine the TON of complex (3) and (4), 30 equivalents of Ce (V) were added to
a solution of complex (final volume 6-8 mL) in 0.1 M HCIO, and DO (mg/L) was recorded
versus time until the reading remained constant. Supplementary Figure S14 shows the
OD vs time plots for complexes (3) and (4) with corresponding TON value found using
eq 21.

~ % .total reaction volume (21)

TON
mmol catalyst
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The TOF values calculated for complexes (4) is four time higher than that found for
Dominguez et al for similar complexes [24] and four times higher than that for complex
(3), while is in the same order of magnitude than those for the reported complex
[Ru(tpy)(bpy-OMe)(OH_2)]** and two time higher than that of [Ru(tpy)(bpy)(OH2)]?*. While
the overpotential of complexes (3) and (4) are ca 2 times lower than that found for
[Ru(tpy)(bpm)(OH2)]?*,[11,59,71] and [Ru(tpy)(bpy)(OH2)]?"[11,60,67,72] we have
envisaged a good efficiency for the catalysts. The experimental TON value was 7.1 and
6.8 for complexes (3) and (4) respectively, very close to theoretical value of 7.5,
indicating a high degree of recovery.

THEORICAL CALCULATIONS

Experimental data of complexes (1)-(4) were supported by theoretical DFT and TD-DFT
calculations. Supplementary Table T3 shows energy levels and contributions of each
group to selected molecular orbital (MOs) of the synthesised complexes in methanol and
Figure 9 shows the energy diagrams and Kohn-Sham boundary MOs for complexes (1)
and (2).
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Figure 9 — Molecular Orbitals diagrams and Kohn-Sham boundary molecular orbitals
calculated for complexes (1) and (2). Contributions of the different groups to the OM:
Ru (black), tpy and tptz (red), dpp (purple) and CI- (green).

HOMO orbitals of all complexes show a higher metallic character with slight contributions
from ligands, while LUMO orbitals are predominantly located in aromatic ligands. If we
compare complexes (1) and (2), it is observed that HOMOs and LUMOSs of complex (2)
are stabilize 0.18 V and 0.35V respectively, due to the higher n-acceptor capacity of tptz
with respect to tpy. Also, LUMOs of complex (1) is mainly centred on dpp ligand while
for complex (2) it is centred on tptz ligand. By exchanging chloro for aqua ligand at the
sixth position, a stabilisation of HOMO orbitals occurs due to lower donor character of
water.

Figure 10 presents the MOs diagrams and Kohn-Sham boundary OMs of the different
acid-base and redox species of complex (3) while Supplementary Tables T4 and T5
detail energies and percentage compositions of OMs from H-3 to L+3 of the acid-base
species of complexes (3) and (4). Supplementary Figure S15 presents the Kohn-Sham
boundary OMs for redox specie of complex (4) with their respective energies and

percentage compositions.
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Figure 10 — MOs diagrams and Kohn-Sham boundary MOs calculated for complex
(3). a) Acid-base species. b) Redox species. Contributions of the different groups to
the OM: Ru (black), tpy (red), dpp (purple) and OH./OH/0O%/O0H/0,% (green).
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HOMOs of the acid-base species of both aqua-complexes are mainly centred on
ruthenium atom while the LUMOs are aromatics. As polypyridine ligands deprotonate the
boundary OMs are destabilised due to a decrease in m-acceptor character of these
ligands, resulting in an increase in band gap energy. When aqua ligand is deprotonated,
HOMO energy increases markedly as a result of the higher electron density donation of
OH- with respect to H,O, decreasing the AEy...

Redox species of complexes (3) and (4) at pH=1 show a strong decrease in band gap
energy as metal centre is oxidised from Ru" to RuY and increases the percentage
contribution of ligands to HOMOs, while the opposite effect is observed in LUMOSs. In
[Ru"-OOH]?* and [Ru"v-OOJ?* intermediates the AEn. increases, the HOMOs are
predominantly metallic while in the LUMOs there is a strong contribution from the
hydroperoxo and peroxo ligands, respectively.

[RuV-O0]J?* intermediate can exist in two spatial conformations, an open one in which
the peroxo ligand binds to ruthenium via one oxygen atom (n?), or a closed one when
both oxygen atoms bind to it (n?. Computational calculations of both spatial
configurations, at singlet and triplet spin multiplicities, showed that the triplet species are
more stable, as expected, since it is necessary that [Ru'V-OO]?* intermediate has the
same spin multiplicity as the released oxygen. On the other hand, we assume that there
is an interconversion between two configurations due to the small energy difference
between them, Supplementary Figure S16. Also, it was observed that metal-oxygen
bond in triplet configuration is longer than in singlet configuration, which would favour
oxygen release, while O-O bond is shorter and close to a double bond, Supplementary
Table T6. These results agree with those reported by Meyer et al. for
[Ru(tpy)(bpm)OH,]?* [75] and by Dominguez for [Ru(tptzH)(bpy)OH:]**.[58]

Figure 11 shows the calculated and experimental electronic spectra in methanol, and
the electron density difference maps (EDDM) corresponding to the lowest energy
transitions of chloro complexes (1) and (2) and aqua complexes (3) and (4).
Supplementary Tables T7-T10 present the corresponding assignments. These
theoretical results are in good agreement with the experimental spectroscopic and

electrochemical data.
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Figure 11 — Experimental (coloured solid line) and calculated (black dashed line) UV-
visible spectra and EDDM for the lower energy transitions (in fuchsia areas of
decreasing electron density and in turquoise areas of increasing electron density).

CONCLUSIONS

In this work we present the synthesis and physicochemical characterization of four new
mononuclear ruthenium (II) complexes of molecular formula [Ru(LLL)(dpp)X]™ (with
LLL=tpy= 2,2":6’,2"-terpyridine; tptz=2,4,6-tris(2-pyridyl)-1,3,5-triazine, dpp=2,3-bis(2-
pyridil)pyrazine and X=CI', H.O; n=1, 2). From the kinetic studies of complexes (3) and
(4) at pH = 1, it was determined that the oxygen-oxygen bond formation takes place via
WNA mechanism which consists of multiple PCET processes with the formation of low
energy intermediates and that the rate-limiting step of the catalytic cycle is the release
of dioxygen from the [RuV-OO]*" intermediate. For both aqua-complexes a lower
overpotential is observed compared to similar complexes list in Table 4. Complex (4)
has a higher TOF than (3) and both complexes showed a yield above 90 %. These results
indicate that both aqua-complexes are stable and active against water oxidation reaction.
DFT and TD-DFT computational calculations showed good correlation with the

experimental data.
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EXPERIMENTAL SECTION

MATERIALS AND INSTRUMENTATION

All chemicals used in this work were analytical-reagent grade and used without further
purification. RuCl3.3H20, the ligands 2,2:6’,2"-terpyridine (tpy), 2,3-bis(2-
pyridyl)pyrazine (dpp) and 2,4,6-tris(2-pyridyl)-1,3,5-triazine (tptz) and salts of NH4PFe,
(NH4)2[Ce(NOs3)s] and tetrakis-N-butylammonium hexafluorophosphate (TBAH), were
purchased from Sigma-Aldrich Company. Elemental chemical analysis and X-ray
diffraction were performed at INQUIMAE (University of Buenos Aires, Argentina). Mass
spectra were obtained at CIBION-CONICET. Infrared spectra were recorded with a
Perkin EImer RX-1 FTIR spectrophotometer, using 1 cm quartz cells in KBr pellets. Cyclic
voltammetry (CV) and Differential Pulse Voltammetry (DPV) experiments were carried
out using a BAS EC Epsilon equipment, with vitreous C as a working electrode (WE),
platinum wire as auxiliary electrode and Ag/AgCl (3M NaCl) as reference electrode (RE).
Controlled potential electrolysis (CPE) and spectraelectrochemistry for complex (3) and
(4) were performed in 0.1 M CF;COOH using a HoneyComb Cell Spectro de Pine
Research with a mesh Au working electrode, Au bands as counter electrode and Ag/AgCI
(3 M NacCl) as the reference electrode. Kinetic experiments were performed on Applied
Photophysics equipment connected to a bath thermostated to 0.5 °C, attached to the
UV-vis spectrophotometer. Data collection was done using Kinetics and Scanning
Kinetics CaryWinUV software package.

Catalytic activity measurements were performed with a Hanna Instruments HI 9146N

dissolved oxygen sensor.

COMPUTATIONAL PROCEDURES

DFT calculations were carried out with Gaussian-03 program package.[76] All molecules
were optimized using Becke's three-parameter hybrid functional B3LYP.[77] LANL2DZ
basis[78] set was used for all atoms. No symmetry restrictions were placed on the
geometry optimizations and, depending on the spin multiplicity, restricted or unrestricted
Kohn—Sham approximations were considered. Tight convergence criteria were used for
geometry optimizations and ultrafine grid in all calculations. To include solvent
polarization effects, the calculations were done by using the conductor-like polarizable
continuum model (CPCM).[79] The contribution of different groups on the orbitals,
electron density difference maps (EDDM), calculated UV-vis spectra and transitions

related to them were obtained using the GaussSum Version 3.0 Program.[80] UV-vis
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profiles were obtained by considering a typical half-bandwidth of Avi, =3000 cm™ for all
electronic transitions. TD-DFT calculations were done by considering 100 states to

simulate all UV-vis spectra.

SYNTHESES

[Ru(tpy)(dpp)CI]PF6.3.5H,0 (1). 200 mg (0.454 mmol) of [Ru(tpy)Cl;] and 111.5 mg
(0.476 mmol) of dpp ligand were dissolved in 3 mL of ethylene glycol. Solution was
heated at reflux during 2 hours with vigorous stirring in an oil bath. Orange solution was
cooled to room temperature and 4 mL of absolute ethanol was added. It was filtered to
remove unreacted [Ru(tpy)Cl;]. Then 40 mL of diethyl ether was added and cooling in a
freezer overnight. Solid precipitated was filtered and washed with 8 mL of diethyl
ether:ethanol (2:1) and 24 mL diethyl ether. It was dried under vacuum over P,0,.
Recrystallisation: the solid was dissolved in a small volume of ethanol and filtered.
Precipitated with diethyl ether and stored in freezer. The solid was filtered and dried
under vacuum over P,01,

Yield: 206.7 mg (65.0%). Chemical Analysis. Calculated values for RuC,9H,gN;03 5Cl,
(702.5 g/mol): % C 49.6, % H 4.0, % N 14.0. Experimental values: % C 49.5, % H 4.1,
% N 14.0.

Finally, 206.7 mg of [Ru(tpy) (dpp)Cl]Cl. 3,5H,0 was dissolved in a small volume of water
and 415 mg of NH4PF¢ in 1 mL of water was added. It was cooled in freezer, filtered and
washed with a small volume of cold water. Dried under vacuum over P,04,. Yield: 230
mg (96%) of [Ru(tpy)(dpp)Cl]PF,.3.5H,0. ESI-MS (MeOH): m/z=604.1 ([M]*),
Supplementary Figure S17 a

[Ru(tptz) (dpp)Cl]PF4.4H,0 (2). 245 mg (0.471 mmol) of [Ru(tptz)Cl;] and 116 mg
(0.494mmol) of dpp ligand were dissolved in 3 mL of ethylene glycol. The solution was
heated at reflux during 2 hours with vigorous stirring in an oil bath. Brown solution was
cooled to room temperature and 4 mL of absolute ethanol was added. It was filtered to
remove unreacted [Ru(tptz)Cl;]. 40 mL diethyl ether was added and cooled in a freezer
overnight. The solid was filtered and washed with 8 mL of diethyl ether:ethanol (2:1) and
finally with 24 mL of diethyl ether. It was dried under vacuum over P,04,. The solid was
dissolved in water, 480 mg NH4PFg in 1 mL of water was added and cooled in refrigerator,
filtered and washed with a small volume of cold water. It was dried under vacuum over

P,040. The brown solid obtained was purified by column chromatography (stationary
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phase: activated alumina, mobile phase: toluene:methanol:acetone (4:1:1 v/v)). The first
eluted fraction, containing the desired product, was collected and concentrated by a
rotary evaporator and the solid was precipitated with ethyl ether, filtered and dried under
vacuum over P,04,.

Yield: 105.9 mg (25%). Chemical analysis. Calculated values for RuCz,H3;qN;70,4CIPFg
(900.1g/mol): %C 42.7, %H 3.4, %N 15.6. Experimental values: %C 43.7, %H 3.5, %N
14.6. ESI-MS (MeOH):m/z=828.0([M]PF¢), m/z= 683.1 ([M]*), Supplementary Figure
S17 b.

[Ru(tpy)(dpp) (OH;)](PFs),.3.5H,0 (3). 39.0 mg (0.048 mmol) of complex (1) and

13.4 mg (0.053mmol) of AgPF, were dissolved in 10 mL of an acetone: water (1.5:1 v/v)
mixture and heated at reflux in dark and under argon stream for 2 hours with vigorous
stirring. The reddish solution was cooled at room temperature, centrifuged for 5 to 10
minutes and filtered through filter paper to remove AgCl. The acetone was evaporated
and 100 mg NH,PF¢ in 0.5 mL of water was added and cooled in refrigerator. The solid
was filtered and washed with small portions of cold water. It was dried under vacuum
over P,0;0. Yield: 38.3 mg (85%). Chemical analysis. Calculated values for
RuC,9H3oN,035P,F; (939.5 g/mol): %C 37.1, %H 3.2, %N 10.5. Experimental values:
%C 36.2, %H 2.9, %N 10.5. ESI-MS (MeOH): m/z = 284.5 ([M-H20]?*), Supplementary
Figure S17 c.

[Ru(tptz)(dpp) (OH,)](PF),.4H,0 (4). 22.0 mg (0.024mmol) of complex (2) and 6.6

mg (0.026 mmol) of AgPF¢ were dissolved in 7.5 mL of an acetone: water mixture (1.5:1
v/v) mixture. Solution was heated at reflux in dark and under argon stream for 2 hours
with vigorous. The reddish solution was cooled at room temperature, centrifuged for 5 to
10 minutes and filtered through filter paper to remove AgCl. The acetone was evaporated
and 50 mg NH,PF, in 0.5 mL of water was added and cooled in the refrigerator. The solid
was filtered and washed with small portions of cold water. It was dried under vacuum
over P,0q0. Yield: 18.3 mg (74.1%). Chemistry analysis: calculated values for
RuCs,H3,N;005P,Fy, (1027.7 g/mol): %C 37.4, %H 3.1, %N 13.6. Experimental values:
%C 36.8, %H 2.9, %N 13.1. ESI-MS (MeOH): m/z = 333.0 ([M]*), Supplementary
Figure S17d

Appendix A. Supplementary data
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CCDC 2235216 contains the supplementary crystallographic data for complex (4).
Summary Data -Deposition Number 2235216. Compound Name:
[Ru(tptz)(dpp) (OH;)](PFs),.4H,0. Data Block Name: data_shelx.

Unit Cell Parameters: a 23.7407(10) b 12.4009(5) ¢ 25.4660(12) C2/c. These data can
be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from
the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax:

(+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. Supplementary data

associated with this article can be found, in the online version.
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