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A compilation of the standard potentials for 1-dn**, 2-dn* and several
dinuclear and mononuclear complexes is collected in Table 1. The potentials
for 1-dn™ and 2-dn™ are quite similar (entry 1 vs. 2), although the electron
withdrawing fluorine atoms in the bpy ring of 2-dn*" increase slightly the
potentials (20-30 mV). The absence of the mixed valence state IlI,IV (it should
be considered that this distribution of formal oxidation states is a convenience,
since strong electronic coupling through the oxo bridge has been
demonstrated®***> for structurally related complexes. A more suitable
oxidation state description would be |III.5,11.5) in the -electrochemical
experiments suggests that E°(IILIV/IILIN > E°(IV,IV/INLIV), i. e. the oxidation
state Ill,IV is unstable with respect to disproportion. In sharp contrast, the
complex {[Ru(trpy)(bpy)]2(u-0)}** where the oxo terminal and the aquo ligands
have been replaced by a bpy shows only the IIL,IV/IILII couple in the anodic
region and at higher potential (entry 5 vs 1 or 2). The wave corresponding to
the IV,IV/IIILIV lies probably in a very high potential region where the surface of
the electrode is seriously damage. These dramatically different electrochemical
properties reveal that the two aquo ligands in the oxidation state Il Il of 1-
dn* or 2-dn* play a crucial role in lowering the potentials through proton
coupled electron transfer processes (PCET) which avoid the buildup of positive
charge after oxidation. Furthermore, the trans dioxo coordination in the

16,26

oxidation state IV,IV stabilizes this specie contributing to lower the

potentials.

The two electron reduction wave assigned to the IILIII/1L,Il couple in 1-

dn* and 2-dn*" indicates that E°(ILII/ILII) > E°(IIL,1NI/1L,111) so that the mixed
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valence state IlI,lll is unstable with respect to disproportion. This behavior in
water has already been observed for previous reported dinuclear oxo bridge

complexes™*

(entries 1 or 2 vs. 5). The pH-dependence of the potential for
this couple shows that a proton is added in the reduction (vide infra), probably
it protonates the oxo bridge group to form the corresponding hydroxo bridge
in the oxidation state Il,ll. Because the p-oxo group is strongly basic in that
species, the protonation stabilizes it and consequently increases the potential
for the non-observed IL,11I/I1,1l couple. The basicity of the lower oxidation states
of dinuclear oxo bridge complexes can be rationalize in terms of the MO
diagram presented in chapter VI. The reduction of the oxidation state lll,llI
causes a gradual rise of population into the n* levels and the added protons
stabilize the electron rich Ru-O-Ru moiety. The standard potentials for this
couple in 1-dn** and 2-dn* are pretty similar to the one in {[Ru(trpy)(bpy)],(u-
O)}* pointing out that the electrochemical process concerns mainly the Ru-O-
Ru core. On the other hand the well-known oxo bridge water oxidation catalyst
{[Ru(bpy),(H,0)],(u-0)}*", the blue dimer, differs from the previous discussed
structurally related complexes (entry 3 vs. 1, 2 or 5). It exhibits an one electron
irreversible reduction from the oxidation state Ill,11l to IlI,Ill where the latter is

unstable towards the oxo bridge cleavage.

The complex {[Ru(trpy)(H,0)1(u-bpp)}* illustrates that the exchange of
the oxo bridge by a rigid aromatic organic one has drastic consequences in
each standard potential. The comparison of {[Ru(trpy)(H,0)]»(u-bpp)¥* and 1-
dn* or alternatively 2-dn** (entry 4 vs. 1 or 2) shows that the standard
potentials for the IV,IV/IILII and HILII/ILI couples of the former are higher.
This trend can be explained by simple electrostatic arguments, since u-bpp

constitutes a monoanionic bridge ligand while u-O owns formally two negative
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charges. The difference is more noticeable for E°(IILII/ILI) than for
E°(IV,IV/IIL11); indeed, the low value of the potential for the couple I1L1I1/11,11
explains why oxo bridge dinuclear complexes are usually isolated in high

oxidation states, usually IIL,111.

The standard potentials for the IV,IV/IILII couple in 1-dn** and 2-dn®
are slightly lower than the potentials for the IV/IIl or IV/Il couples of the
related mononuclear complexes 1** and 2** respectively (entry 1 vs. 6 and
entry 2 vs 7). However, the onset potential for the electrocatalytic increase of

the current is quite similar.
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Table 1. Summary of reduction potentials (V vs. SSCE) for various dinuclear and

mononuclear complexes at pH = 1.

Dinuclears
EO

Entry Complex® NLIV/ILIE  IVIV/ILIE O/ Egnse”  Ref.
1 1-dn* 0.78° 0.18% 145  Tw.S
2 2-dn* 0.80° 0.21* 1.47 Tw.
3 {[Ru(bpy),(H,0)]2(u-0)}"" 0.79 >1.17' <0.06° 23
4 {[Ru(trpy)(H20)]x(u-bpp)}* 0.88 0.98" 0.62 130 27,28
5 {[Ru(trpy)(bpy)]l2(u-0)}** 1.08 0.21% c.vl

Mononuclears
EO

Entry Complex m/mn wv/m /i V/IV Eonset Ref.

6 1* 0.82 0.98 0.90 1.62 1.45 7,15
VII

7 2 0.87° 1.68 1.48 7
8 3* 0.47 0.87 0.67 >1.03' 16

? Ligand abbreviation: bpp = bis(2-pyridyl)-3,5-pyrazolate. ® potential refers the value where electrocatalysis
starts. © TW. means this work. ¢ Two electron process. ¢ Chemically irreversible process, the indicated
potential corresponds to E, . -0.015 V. fThe oxidation state IV, IV is unstable with respect to disproportion, so
this E° is estimated considering that EX(IV,IV/IIIV) > E%(V,V/III,IV) where the latter is 1.22 V. & The oxidation
state 11,11l suffers oxo bridge cleavage in the time scale of CV, however E°(III,III/II,II) cannot be lower than
E°(III,III/II,III). " The wave associated to the IV,IV/UILIV couple is electrochemically irreversible, so its E;j; was
estimated taking Ep,-0.03 V. " The oxidation state V is unstable with respect to disproportion, thus this E°

must be bigger than E°(VI/IV) = 1.03 V. C.VI means chapter VI.
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The potentials for the reductions of 1-dn** depend on the pH due to the

acid-base properties of the different oxidation states (eq. 2 and 3). This
dependency was studied over a broad pH range and is shown in the Pourbaix
diagram depicted in Figure 4. The figure contains the E;;-pH values obtained
from CV. The E,;, values are equal to the formal potentials of the couples in a

particular media under the assumption that Doy = Dgeg.

The straight line corresponding to the IV,IV/IILIII couple displays a
constant slope of 59 mV/pH unit in the whole studied pH range (0 - 9). This
value is consistent with a 2 electron reduction with the addition of 2 protons.
On the other hand, a slope of approximately 30 mV/pH unit is observed for the
couple IILII/1LI in agreement with a 2 electron reduction accompanied by the
inclusion of 1 proton. Because both couples exhibit a constant slope in the
whole pH range, spectrophotometric determinations of the pK, values for the
oxidation states IV,IV and Ill,IIl were carried out (Figures S2 and S3). The acid-
base titration of IV,IV showed clear isosbestic points at 363, 415, 481 and 707
nm and a pK,(IV,IV) = 4.4 was calculated. The same titration for Ill,lll, obtained
by coulometric reduction of the initial IV,IV form provided pK,(llLIIl) = 4.3. In
this case, the changes in the UV-vis spectra are smaller as it has been
previously observed in the oxidation state IIl,IIl of the blue dimer.”* The close
similarity between both pK, values explains why the slopes for the two couples
remain unmodified in the whole pH range. 1-dn*" is unstable above pH = 9.50
probably because dimerization reactions occur which preclude obtaining

reliable data from this pH.
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Figure 4. Pourbaix diagram for 1-dn*". The potential-pH regions where the various
oxidation states are the dominant forms are indicated. The vertical line represents the
narrow region where the pK,s values are found. E;/, values were obtained by CV using
an activated glassy carbon as working electrode, a Pt wire as counter electrode and a

SSCE or Hg/Hg,S0,, K,SO, (sat.) reference electrodes. Scan rate = 100 mV st

The pK, for the oxidation state IV,IV of 2-dn** was also
spectrophometrically determined in order to gain an insight of the influence of
the bpy ligand onto the acid-base properties of the dinuclear complexes
(Figure S4). The calculated pK, (4.0) is lower than the found in 1-dn*" as
expected from the electron-withdrawing effect of the F atoms substituents in

the bpy ligand. The same behavior has been reported’ for the mononuclear  [VII

complexes 1%* and 2*, however the effect size is smaller in the dinuclear
complexes because the nature of the bpy ligand has a weaker influence upon
the electronic structure of the complex as evidenced in the standard potentials

(Table 1) and in the UV-vis spectroscopic features (Figure S5 and table S1).

On the other hand, the pK, value associated to the oxidation state I,
must be similar to the one for IlIIl in order to account for the constant slope
for this couple. We could not determine it due to the previous discussed

instability of this oxidation state towards the oxo bridge cleavage. The release
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of the proton takes place in one of the aquo ligands, since deprotonation of

the hydroxo group has not been observed? in structurally related complexes.

The oxidation states IV,IV and lILIII of 1-dn** has been previously
characterized by UV-vis spectroscopy (see chapter V and table S1). Low energy
resonance Raman spectroscopy for both oxidation states was also carried out.
The spectrum of IV,IV presents a band at 800 cm™ of very high intensity as
main feature. It was assigned to a Ru=0yeminal Stretching mode on the basis that
was 0-sensitive and the obtained shift (40 cm™) (Figure 5). Resonance Raman
spectrum of IILIlIl could be acquired after the addition of 2 equivalents of
Mohr’s salt, (NH,),Fe(S0,),, to the IV,IV form. The spectrum lacks of the band
of high intensity at 800 cm™ what confirms the earlier assignment and the

absence of a Ru=0 group in this oxidation state (Figure 5).

0.8+
0,6

0.4+

Normalized Intensity
Normalized Intensity

0,24

0,04 0

600 700 800 900 1000 400 600 800 1000 1200 1400
RAMAN Shift/ cm™! RAMAN Shift / cm*1

Figure 5. Left; overlay of the RR spectra obtained for the formation of 2-dn** in0.1 M
HCIO, in H216O (black), H2180 (red) and 1:1 H2160/ H2180 (blue). Right; overlay of the RR
spectra of the oxidation state IV,IV (black) and 111l (red) of 1-dn*" in 0.1 M HOTf. The
1,1l form was generated after the addition of 2 equivalents of (NH,),Fe(SO,), to the

IV,IV form. A 514 nm laser was used.

Evolution of the mononuclear complexes. The conversion of the

mononuclear complexes 1** and 2% into the dinuclear ones 1-dn*" and 2-dn*'
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was unambiguously demonstrated previously by UV-vis
spectroelectrochemistry and rRAMAN spectroscopy using a 514 nm laser (see
chapter V). Further rRAMAN experiments using a 413 nm laser were carried
out in order to be able to observe species or stretching modes that do not

appear with the 514 nm laser.

It has been extensively accepted that the addition of 3 equivalents of
CAN to mononuclear complexes structurally related to 1** produces a
hydroperoxo intermediate®® (see Figure 1, left side). We decided to monitor
this reaction with 1** and 2** by rRAMAN spectroscopy using a 413 nm laser
(Figure 6 and S6). Additionally the addition of 2 equivalents of CAN to the
mononuclear compounds was also monitored. Interestingly any remarkable
difference could be observed in both experiments. This close similarity leads us
to think that the species formed under both conditions are the same unless
there are compounds non-observable by rRAMAN spectroscopy under one of
the conditions. However, the CV of a solution containing 3 equivalents of CAN
and 2** showed that the main product after 4 days of reaction was the Ru"=0
complex (see chapter IV, figure S20). These evidences point out that the

rRAMAN spectra correspond fundamentally to the Ru'Y=0 complex.

295
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Figure 6. RR monitoring of the reaction of 2 (red) or 3 (black) equivalents of CAN with a
1 mM solution of 1%* in 0.1 M HOTf immediately (left) or 20 hours after the addition of
CAN (right).

A band of small intensity appears at 800 cm™ which corresponds to the
formation of 1-dn* and 2-dn* in agreement with previous studies using a 514
nm laser (see chapter V). Labelling experiments with H,'®0 lead to a downshift
of this mode to 760 cm™ as expected. A new *®0-sensitive broad band was also
observed at 614 cm™ in H,'®0 which is shifted at 573 cm™ in H,*%0 (Av=41cm’
'). Spectra taken in 50 % '®0-labelled water exhibited only two bands in both
cases discarding that they are associated to some 0O-O stretching mode. The
big width and downshift of the band at 614 cm™ somehow remind the broad
band at 688 nm found***" by Hurst et. al in CAN oxidized solutions of blue
dimer in 0.1 M HNO; or HOTf. The band only appeared in solutions containing
ce" and NOj, thus it was proposed that the band proceeded from an
intermediate which is related to O, evolution by an oxidized form of the blue
dimer and a nitrate anion previously activated by ceric coordination. The
precise nature of the intermediate is currently unknown. Our experiments
could indicate that the same anomalous cerium reactivity can occur in
mononuclear catalysts as suggested in previous MS, UV-vis spectroscopic and

computational studies.>® However it is worth to mention that the rRAMAN
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spectra obtained® for the electrolysis in 10 mM sodium phosphate buffer of
the mononuclear complex [Ru(NMP)(4-Mepy),(H,0)]*" (where 4-Mepy is 4-
picoline and NMP is 4-t-butyl-2,6-di-(1’,8’-naphthyrid-2’-yl)-pyridine) displayed
a band at 547 cm™ which was shifted at 535 cm™(Av = 12 cm™) after labelling
with H,'®0. The band was assigned to the peroxo intermediate [Ru'-00]*.
Although the band arose in ce", NO; free-conditions, it is sharp and suffers a
low downshift in contrast to our findings. The clear difference precludes the
identification of both resonances with the same kind of compound. Further
rRAMAN experiments are required in order to check if the band at 614 cm™

also appears in the absence of nitrate anions.

04-

o
ha

e

614

W
760

573

o4
1Y

Normalized Intensity
o
o

s

. . . ‘ .
400 600 800 1000 1200 400 500 600 700 800 900 1000
RAMAN Shift / cm” RAMAN Shift/ em™!

Normalized Intensity Difference

o
[N

Figure 7. Left, overlay of RR spectra obtained in the first 5 minutes of the reaction of 2
equivalents of CAN with a 1 mM solution of 2*"in 0.1 M HOTf in H,'°0 (black), H,"0
(red) and H2160: H2180 (1:1) (blue). Right, differential spectrum of H2160 - Hzlso.

The catalytic water oxidation by 1** and 2** using CAN as sacrificial
oxidant was also studied by rRAMAN spectroscopy. The first spectrum taken
300 s after the addition of CAN exhibits a new band at 835 cm™ which
gradually increases its intensity (Figure 8). The band assigned to 1-dn** (800
cm™) is not so clearly discernible in the beginning of the catalysis, but it grows
faster than the previous one. The band at 835 cm™ corresponds to the

symmetric stretching mode of the [0=Ru"'=0] group of 3** and is the most
297
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prominent rRAMAN spectral feature of this compound in 0.1 M HOTf (Figure

8). Therefore, our experiments confirm unambiguously the formation of 3%

from the very beginning of the catalysis. The trans-dioxo complex plays the
role of a gate giving access to the catalytic cycle driven by the more robust
catalyst 1-dn**. When 2% is used as catalyst instead of 1** the rRAMAN spectra
follow the same trend but the changes are slower in agreement with the lower

catalytic activity of 2%* (Figure S7).

1.8+ 835
184
144
1.24
1.0+
0.8
0.6+
0.4

Normalized Intensity
Intensity

0.0+

600 700 800 %0 1000 500 700 300 a00 1000
RAMAN Shift / cm RAMAN Shift/ em-!

Figure 8. Left, spectroscopic rRAMAN monitoring of the reaction of 100 equivalents of
CAN with a 1 mM solution of 1** in 0.1 M HOTF. Right, rR spectrum of 3*" in 0.1 M
HOT{.

The generation of 3* and consequently the dinuclear complexes is
conceived as a general process in catalytic water oxidation by mononuclear
complexes, so it is of great interest to understand the reasons that drive this
transformation at the molecular level. The conversion of 1%* or 2** into 3** has
been proposed to occur due to bpy ligand loss from the single-site catalysts

potentially in the oxidation state V (see chapter V),

[(trpy)(bpy)Ru¥=0T" + Ce!V + 2 H,0 —— trans-[(trpy)Ru"{(0),(H,0)]** + bpyH*+ H" + Cell

The strong trans effect exerted by the Ru'=0 group weakens one of the

Ru-N bpy bonds that eventually leads to the loss of the bpy ligand. This
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1.2 and us*

phenomenon has already been pointed out by Berlinguette et a
based on DFT calculations. We could successfully get crystals suitable for X-ray
analysis of the oxidation state IV of 2%* which corroborate the calculated
predictions. The structure consists in an octahedrically distorted coordinated
ruthenium (IV) metal center which bears an oxo ligand in addition to the trpy
and bpy ligands (Figure 9). The Ru-O distance (1.85 A) falls in the longer range

3338 (see also chapter VI). A water

of values reported for Ru"“=0 groups
molecule crystallized with the complex is making an Hydrogen Bond to the
oxygen atom linked to the Ruthenium atom. However the most remarkable
feature is the elongation of the trans Ru-N bpy bond (2.14 A) with regard to
the same bond in the aquo complex in the oxidation state Il (2.02 A). The
striking difference (0.12 A) suggests that bpy decoordination is a feasible

scenario for the formation of 3%'.

Vil

Figure 9. ORTEP plot (ellipsoid drawn at 50% probability) of the X-ray structure of
complex 22" in the oxidation state IV. Color codes: Ru, cyan; O, Red; N, Blue; C, black; F,
green. H atoms are not shown except for a crystallized water molecule forming a H-

bond with the oxo group.

Two interconnected cycles. Complexes 1-dn** and 2-dn*" are rugged and

active electrocatalysts for the oxidation of water to dioxygen (see chapter V).
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The catalytic activity has also been evaluated using CAN as sacrificial oxidant
and compared to the one of its mononuclear counterparts 1** and 2*. The
oxygen production was monitored manometrically (Figure 10) and the nature
of the evolved gases was analyzed by mass spectrometry confirming that
dioxygen was the only generated gas (Figure S8). As can be observed in the
graph, the initial activity of the dinuclear complexes is practically the same as
the one of the mononuclear compounds, nonetheless the production of

oxygen by the dinuclears decays before and as a consequence the TON

achieves a lower value.

ON
3
TON

0 500 1000 1500 2000 2500 3000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time /s Time /s

Figure 10. Overlay of oxygen evolution profiles for 1 mM solutions of dinuclear (blue)
and mononuclears (red) complexes under 1:100 Cat/CAN ratios in 0.1 M HOTf (pH = 1).
Left, 1-dn** vs. 12+; right, 2-dn*" vs. 2%,

In order to know if decomposition pathways had destroyed the
dinuclear catalysts UV-vis spectroscopy was carried out upon catalytic
solutions when the oxygen evolution had ceased. The spectrum for the
reaction with 1-dn*" exhibits a slight decrease of the band at 455 nm (457 nm
for 2-dn™) accompanied by an enhancement of a band at 691 nm (687 nm for
2-dn*") (Figure 11 and figure $9). The latter feature could be attributed to the
formation of the known dimeric complex {[Ru(trpy)(bpy)l2(1-0)}** (1-dm™).

However, the loss of absorbance at 455 nm indicates that only a 5 % of the
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initial 1-dn** disappears. If this small amount would be fully transformed into
1-dm™*, this complex should have a extinction coefficient at 691 nm of 104000
M™ cm™ which is clearly larger than the observed value of 25600 M™ cm™

(Figure 11 and chapter VI).

20+ 100000 |
1.8
16+ « 80000
:
1.4 E
3 12 =~ 60000+
H] °
85 104 g
2
g 084 1 40000+
a -
< 064 @
0.4 20000
02|
0.04+— - - - - - \ 0 T T T T T 7 |
300 400 500 €00 700 800 900 200 300 400 500 600 700 80O 900
L/nm Alnm

Figure 11. Left; overlay of UV-visible spectra of a 1 mM solution of complex 1-dn* in
0.1 M HOTf before (black) and after oxygen evolution induced by the addition of 100
equivalents of CAN (red). The samples were previously 20 times diluted. Right, UV-vis
spectrum of 1-dm* in 0.1 M HOTf.

Therefore, the increase of the band at 691 nm must proceed from the
generation of another compound; probably the tetranuclear complex
{[(trpy)(bpy)Ru"(-0)Ru" (trpy)(H,0)1,(1-0)}*"  (1-tn®) whose acetonitrile
coordinated analogue was structurally characterized in chapter VI. 1-tn®
comprises two 1-dn*" halves linked by a central oxo bridge and is formally a
dimerization product from the condensation of two 1-dn* molecules (Figure
12). The large extinction coefficient attributed to 1-tn®* is consistent with a
common trend in structurally related oligomers stating that the higher the
nuclearity the larger the extinction coefficients in the visible region® of the
UV-vis spectrum; which means that the produced amount of tetranuclear
complex observed by UV-vis spectroscopy is considerably small. Hence, the

dinuclear catalysts survive the harsh oxidative conditions in catalytic water
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oxidation using CAN as sacrificial oxidant, only a small part is converted to
tetranuclear complexes that preserve the scaffold of the dinuclear compounds.
This ruggedness has already been found in electrocatalytic water oxidation™
where exposure of the dinuclear catalysts at 1.6 V vs. SSCE for 10 hours did not

show any evidence of decomposition (chapter V).

Figure 12. Structure of the tetranuclear complex 1-tn®.

The conversion of mononuclear complexes into dinuclears under
catalytic conditions establishes the coexistence of two cycles that lead to
dioxygen. The different intermediates could interact and speed up the
generation of dioxygen with regard to two completely independent cycles. The
activity of a 1:1 catalytic solution of 1-dn* and 1** was compared with the one
of each separated complex at the same concentration of catalyst and CAN. The
mixture of catalysts produced at bigger amount of O, in a faster rate with
regard to each separated component (Figure 13). This behavior points out
clearly the existence of a synergic effect between the two interconnected

catalytic cycles.
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0 500 1000 1500 2000 2500
Time /s

Figure 13. Overlay of oxygen evolution profiles resulting of the addition of a 100 mM
solution of CAN to a solution mixture of 1** and 1-dn*’, both at 0.5 mM concentration,

(blue), a 0.5 mM solution of only 1** (red) or only 1-dn* (green).

The formation of the trinuclear complex {[Ru"(trpy)(bpy)(u-
0)],Ru"(trpy)(H,0)}** which was structurally characterized in a previous report
(see chapter VI), could explain the increase of activity observed in the mixture
of catalysts if the new compound would be a high active WOC,

[RuV-O0-Ru™V(0)(H,0)]*" + [Ru"-OH,]* —— [Ru‘“-o-1|zu'V-o-Ru“‘]6+ + H,0

OH,
l_dn4+ 12+

However, the UV-vis spectroscopic monitoring of the reaction of a 1:1

mixture of 1-dn* and 1** showed spectral changes consistent with the slow  [VII

reduction of the oxidation state IV,IV of 1-dn* to the oxidation state IlI,IIl as

the uniquely occurring process, discarding the formation of a new species like

the trinuclear complex (Figure S10),

[RuIV-O-RuIV(O)(HZO)]4++ [RuII-OH2]4+—> [RuIII_O_RuIII(H20)2]4+ n [Rul\/:o]2+
l_dn4+ 12+

Therefore, the synergic effect observed in the catalysis must proceed

from the interaction of intermediates from different cycles. Additional
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mechanistic studies will be developed in order to clarify the nature of such

interactions.

7.4. Conclusions.

In a previous study we demonstrated that single-site WOCs structurally
related to 1** evolved to oxo-bridge dinuclear complexes which are rugger
catalysts (chapter V). The presented work constitutes a mandatory
continuation where the electrochemical and acid-base properties of the
dinuclear compounds 1-dn*" and 2-dn** have been thoroughly examined. 1-
dn*" shows two pH-dependent 2 electron waves in cyclic voltammetry. The
wave attributed to the IV,IV/IILIII is associated to double protonation of the
oxo terminal ligand of IV,IV according to the Pourbaix diagram. The conversion
of the oxo ligand into an aquo group in the oxidation state IllIll is consistent
with the rRAMAN spectrum of lll,1ll that lacks the Ru=0 stretching mode. The
second wave proceeds from the IILII/ILII couple and is associated to
protonation in the oxo bridge ligand according to its pH-dependency. The
electrochemical process is irreversible at pH < 4 because oxo-bridge cleavage
occurs in the oxidation state Il,1l. The pK,s of the aquo ligands in IV,IV and lIi,llI
were spectrophotometrically determined. Both values are quite similar
(pK4(IV,IV) = 4.4 and pK,(IIL111) = 4.3), what explains the constant slope for the
two couples in the Pourbaix diagram. Additionally, the pK, for the oxidation
state IV,IV of 2-dn™ was obtained. The value is slightly lower than the found
for 1-dn** (4.0 vs. 4.4) which is consistent with the electron withdrawing effect

exerted by the F atoms of the bpy ligand.

The conversion of 1** into 1-dn* was studied previously by rRAMAN
spectroscopy using a device equipped with a 514 nm laser (see chapter V).

Herein, we have carried out the same method using a rRAMAN
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spectrophotometer equipped with a 413 nm laser. We have observed that the
reaction of the mononuclear complexes with 2 or 3 equivalents of CAN
produces significantly the same features in the rRAMAN spectra, suggesting
that both processes generate the same compounds. Two *0-sentitive bands
could be observed: 1) a band at 800 cm™ which corresponds to the formation
of the dinuclear complexes and is 40 cm™ downshifted as expected, 2) a broad
band around 614 nm that is 41 cm™ downshifted. This band presents similar
characteristics to the band found at 688 nm by Hurst et. al.*” in the study of
catalytic water oxidation by high oxidation states of the blue dimer. It has been
attributed to an unknown intermediate that proceeds from nitrate activation
by Ce" and subsequent reaction with some oxidation state of the blue dimer.
Our observations could point out the existence of a similar route in single-site
WOCs. Catalytic water oxidation by 1** and 2** using 100 equivalents of CAN
was also followed by rRAMAN spectroscopy. The spectra showed
unambiguously the formation of the trans-dioxo compound 3* immediately
after the addition of the sacrificial oxidant and the gradual increase of the
band associated to the dinuclear complexes. These evidences support our first
proposal where the formation of 3%* plays the critical role of a gate giving
access to the formation of the dinuclear complexes (see chapter V and Figure

1).

1-dn™ and 2-dn*" are good WOCs using CAN as sacrificial oxidant. The
most remarkable property of these catalysts is its impressive robustness,
proved by UV-vis spectroscopy, under the hash oxidative environment
imposed by the huge excess of oxidant. The same ruggedness was observed
previously under electrocatalytic conditions (see chapter V). On the other

hand, the coexistence of two catalytic cycles suggests that intermediates from
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different cycles could interact and speed up the evolution of dioxygen. This
synergic effect was corroborated by manometric experiments. The formation
of the trinuclear complex {[Ru"(trpy)(bpy)(u-O)1,Ru" (trpy)(H,0)}*" from the
reaction of 1-dn** and 1** was discarded as responsible for the synergic effect,
since UV-vis monitoring of the aforementioned reaction only exhibited spectral
changes consistent with the reduction of the oxidation state IV,IV of 1-dn™ to

1,111

The rRAMAN spectra taken with the device equipped with a 413 nm laser
were carried out in the Max-Volmer-Laboratory (MVL) for Biophysical
Chemistry of the Technische Universitit Berlin by Anke Keidel under the

supervision of Dr. Uwe Kuhlmann and Prof. Peter Hildebrandt.
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Figure S 1. CVs of complex 1-dn™ at different pHs. 0.3 mM complex concentration.
Activated glassy carbon was used as working electrode, a Pt wire as counter electrode

and SSCE as reference electrode. Scan rate=100 mV s ™.
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Figure S 2. (Upper) Acid-base spectrophotometric titration of the oxidation state IV,IV
of 1-dn* after consecutive additions of 1-5 pL of 6.16 M NaOH to a 25 uM solution of
the complex in 0.1 M H3PO, / NaH,PO, buffer at pH = 2.15. pH changes: 2.32, 2.52,
2.78, 3.29, 3.41, 3.70, 4.04, 4.26, 4.60, 4.79, 5.03, 5.21, 5.44, 5.73 and 5.95. (Bottom)

Plot for the calculation of the pK, value.
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Figure S 3. (Upper) Acid-base spectrophotometric titration of the oxidation state IIl, 11l
of 1-dn™ after consecutive additions of 1-5 pL of 6.16 M NaOH to a 25 uM solution of
the complex in 0.1 M H3PO, / NaH,PO, buffer at pH = 2.15. pH changes: 2.94, 3.33,
3.52,3.78, 4.65 and 5.22. (Bottom) Plot for the calculation of the pK, value.
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Exploring the properties of rugged oxo-bridge dinuclear water
oxidation catalysts and its relationship with mononuclear catalysts

Figure S 4. (Upper) Acid-base spectrophotometric titration of the oxidation state IV,IV
of 2-dn* after consecutive additions of 1-5 pL of 6.16 M NaOH to a 25 uM solution of
the complex in 0.1 M H3PO, / NaH,PO, buffer at pH = 2.15. pH changes: 2.20, 2.27,
2.35, 2.44, 2.54, 2.66, 2.80, 3.01, 3.34, 3.49, 3.62, 3.80, 4.17, 4.66, 5.02, 5.24, 5.38 and

5.57. (Bottom) Plot for the calculation of the pK, value.
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Figure S 5. UV-vis spectra of 1-dn*" and 2-dn*"in 0.1 M HOTY.
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Table S 1. UV-vis spectroscopic signatures of dinuclear complexes in 0.1 M HOTf.

Complex Oxidation State A(e)/nm (Mt em™)

1-dn* IV, IV 274 (37000), 312
(32000), 378 (9000),

455 (15300), 515sh

(8000), 691 (2200)

TR 445 (5200), 638sh
(10400), 684 (13100)
2-dn* Iv,IV 268 (3800), 317

(29200), 379 (8300),
457 (16300), 511sh
(11500), 682 (2400)
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Exploring the properties of rugged oxo-bridge dinuclear water
oxidation catalysts and its relationship with mononuclear catalysts

Figure S 6. RR monitoring of the reaction of 2 (red) or 3 (black) equivalents of CAN with
a 1 mM solution of 2%* in 0.1 M HOTf immediately (upper) or 20 hours after the
addition of CAN (bottom).
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Figure S 7. Spectroscopic rRAMAN monitoring of the reaction of 100 equivalents of

CAN with a 1 mM solution of 2> in 0.1 M HOTY.
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Table S 2. Crystal data for the oxidation state IV of 2>,

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta =27.63 °
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

€25 H19 F14 N5 02 P2 Ru
850.46
100(2)K
0.71073 A
Triclinic
P-1
a= 8.5407(7) A o= 88.479(5) °.
b= 12.7401(9) A B = 79.089(4) °.
c= 13.6574(13) Ay = 79.697(5) °.
1435.6(2) A3
2
1.967 Mg/m3
0.786 mmL
840
0.20 x 0.10 x 0.01 mm3
1.62 t027.63".
-11 <=h<=11 ,-16 <=k<=16 ,-17 <=l<=17

15045

6622 [R(int) = 0.1054 ] VII

0.991 %

Empirical
0.9922 and 0.8586
Full-matrix least-squares on F2
6622 /3 /448
1.014
R1=0.0661, wR2 =0.1575
R1=0.0955, wR2 =0.1862

2.113 and -2.154 e A3
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Figure S 8. Online MS monitoring of the composition of the gas phase in the catalytic
reactions of 1 mM solutions of complex 1-dn™ (upper) and 2-dn*' (bottom) in 0.1 M

HOTf at RT.
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Figure S 9. Overlay of UV-visible spectra of a 1 mM solution of the dinuclear complex
2-dn*"in 0.1 M HOTf before (black) and after oxygen evolution induced by the addition

of 100 equivalents of CAN (red). The samples were previously 100 times diluted.
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Figure S 10. (Upper) UV-vis time-course of the 1:1 reaction of 0.5 mM solutions of 1-
dn* and 1** in 0.1 M HOTf at 25°C. The inset shows the UV-vis spectra for the
oxidation states IV,IV (black) and II,IIl (red) of 1-dn*" in the same solvent. (Bottom)
Absoption vs. time profile at 678 nm indicating the formation of the oxidation state

lILII. A2 mm path length quartz cuvette was used.
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Chapter 8. Summary and Conclusions.

Vil

“The absolute truth is never achieved, but you never are completely
away from it”.

Aristotle, Greek Philosopher.
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Summary and Conclusions

The contribution of this thesis to the field of single-site water oxidation

catalysts can be summarized as follows:

Chapter 3.

>

>

>

>

The tetradentate ligand 2,7-bipyridil-1,8-diazaanthracene (bipan) has
been successfully prepared by means of a six steps synthesis and
characterized by '"H-NMR and single crystal XRD.

The two new stereoisomeric chloro mononuclear Ru complexes
containing the bipan ligand in-[Ru(trpy)(bipan)Cl]* (1-in*) and out-
[Ru(trpy)(bipan)Cl]® (1-out’) have been synthesized and fully
characterized by the usual analytical, spectroscopic and
electrochemical techniques. Furthermore, the structure of the out-
isomer could be confirmed by single crystal XRD.

The difference in the Ru(lll/Il) standard potentials for the two isomers
is lower than in previous structurally related complexes. This feature is
due to the particular electronic distribution in the bipan ligand.

The in- isomer is a good catalyst for water oxidation whereas the out-
isomer exhibits a poor activity because it is insoluble under catalytic

conditions.

Chapter 4.

>

>

The two new aquo mononuclear Ru complexes [Ru"(trpy)(5,5'-F»-
bpy)(H,0)1** (5%*) and [Ru'(trpy)(6,6'-F,-bpy)(H,0)1** (6>*) have been
prepared and thoroughly characterized by the usual analytical,
spectroscopic and electrochemical techniques.

The electrochemical and acid/base properties of the new compounds

were compared with that from the parent compound [Ru'(trpy)

323
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>

O
(bpy)(H,0)]*" (2%*). The electron-withdrawing effect of the F atoms in

5% decreases the pK,, by 0.8 log units with regard to 2%, in contrast
the pK,, of 6 is increased 0.6 log units because hydrogen bonding of
the aquo ligand with the nearby F atom.

The complexes were evaluated as WOCs. The initial turn over
frequency (TOFi) decreases by a factor near to 4 when comparing 2%
and 5% (the purely electronic scenario), and by a factor bigger than 2
when comparing 5** and 6** (the purely hydrogen-bonding scenario).
Kinetic studies establish a rate determining step where the [Ru"-00]*
intermediate is oxidized to [Ru'-O0]** and is preceded by a fast

equilibrium step involving the oxidation of [Ru'=0]*" to [Ru'V-00]*".

Chapter 5.

>

>

>

324

The new dinuclear oxo bridge Ru complexes [(trpy)(5,5’-X,-bpy)Ru'" (u-
O)Ru"(trpy)(0)(H,0)1* (X = H for 1* and X = F for 2**) were prepared
and fully characterized by analytic, spectroscopic and electrochemical
tecniques as well as by single crystal XRD. The compounds contain an
oxo terminal ligand defined by the short Ru-O distance.

The new complexes are robust and active electrocatalysts for water
oxidation.

DFT calculations provide a complete catalytic cycle where the rds is the
0-0 bond formation step through water nucleophilic attack to the
intermediate [Ru"-O-Ru"(0)(OH)1*.

The mononuclear Ru complexes [Ru"(trpy) (bpy)(H,0)1** (4*) and
[Ru"(trpy)(5,5’-F,-bpy)(H,0)1** (5%*) are converted into its dinuclear
counterparts 1*" and 2* respectively, under catalytic conditions as

evidenced by rRAMAN spectroscopy and UV-vis
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Summary and Conclusions

spectroelectrochemistry. The transformation is mediated by previous
formation of [Ru"(trpy)(0),(H,0)]** (3%*). DFT calculations prove that

this conversion is feasible.

Chapter 6.

>

The single crystal XRD structure of [(trpy)(6,6’-X,-bpy)Ru"(u-
O)Ru"(trpy)(0)(H,0)1*" (3-dn**) has been successfully determined and
compared with those from the previous described structurally related
complexes.

The new dinuclear oxo bridge Ru complex {[Ru(trpy)(bpy)l(u-0)}** (1-
dm*) was synthesized and fully characterized by analytic,
spectroscopic and electrochemical techniques as well as by single
crystal XRD.

1-dm* is formed after catalytic water oxidation by the mononuclear
complex [Ru"(trpy)(bpy)(H,0)]** (1**) when the sacrificial oxidant is
depleted or the applied potential stopped. The conversion of 1%* into
1-dm* occurs via previous formation of [(trpy)(bpy)Ru"(u-
O)Ru"(trpy)(0)(H,0)]* (1-dn*") and coordination of free bipyridine
ligand.

1-dm* can act as a WOC because the complex is partly transformed
into 1-dn® under the oxidative catalytic conditions as found by
rRAMAN spectroscopy. However, the main product after the oxidation
is the one electron oxidized form 1-dm>*, which was characterized by
single crystal XRD.

Attempts of crystallization of 1-dn* and 3-dn™ in MeCN/Et,0 solvent

mixtures lead to the formation of the dinuclear complexes

[(trpy)(bpy)Ru" (u-O)Ru" (trpy)(CH3CN),1* (1-dncusen™) and [(trpy)(6,6'-

325
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F,-bpy)Ru" (u-O)Ru"(trpy)(CH3CN),]* (3-dncusen”’). These compounds
preserve the scaffold from 1-dn*" and 3-dn* respectively, although in
the oxidation state Il,lII.

Attempts of crystallization of 1-dn*, 2-dn*"and 3-dn*" in MeCN/Et,O
solvent mixtures also produced the tetranuclear oxo bridge Ru
complexes  {[(trpy)(bpy)Ru"(u-O0)Ru"(trpy)(CHsCN),(-0)}""  (1-tn®),
{[(trpy)(5,5'-Fo-bpy)Ru" (u-O)Ru"(trpy)(CH;CO0),(1-0)}" (2-tn*) and
{[(trpy)(6,6'-F>-bpy)Ru' (-O)RU"(trpy)(CH;:CN) L, (u-0)}*"  (3-tn™). A
structural comparative study suggests than the metal coupling through
the oxo bridge atoms is weak or negligible.

Two new Rutheniun Red-type of complexes were successfully
crystallized, {[Ru"(trpy)(bpy)(u-0)1,Ru" (pic),}** (a™) and
{[RU" (trpy)(bpy)(u-0O)],Ru" (trpy)(H,0)} (5%). As in the previous case,
the Ru-O bond distances indicate that the Ru centers coupling is weak

or negligible.

Chapter 7.

> The Pourbaix diagram of the dinuclear complex [(trpy)(bpy)Ru"(u-

O)Ru"(trpy)(0)(H,0)1* (1-dn*) was built. The compound presents two

2-electrons PCET processes.

» The pK, for the oxidation state IV,IV of 1-dn* is slightly bigger than

326

that from the complex [(trpy)(5,5’-F,-bpy)Ru"(u-O)Ru"(trpy)(0)(H,0)]**
(2-dn*) due to the electron-withdrawing effect exerted by the F atoms
on the bipyridine ligand (pK, = 4.4 for 1-dn*" and pK, = 4.0 for 2-dn*).

rRAMAN experiments prove that the reaction of 2 and 3 equivalents of
CAN with the mononuclear complexes [Ru'(trpy) (bpy)(H,0)]** (1**) or
[Ru"(trpy)(5,5'-F,-bpy)(H,0)]1*" (2**) generate the same spectroscopic
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Summary and Conclusions

features, in clear contrast to the current accepted mechanism for
single-site catalysts.

> rRAMAN monitoring of the reaction of 100 equivalents of CAN with 1**
or 2% shows a characteristic resonance associated to [Ru"(trpy)
(0),(H,0)]** (3*), confirming our mechanistic proposal about two
intimately interconnected catalytic cycles where 3%* plays the critical
role of a gate giving access to the formation of 1-dn** or 2-dn*".

> The XRD structure of the oxidation state [Ru'V=0] of 2%* exhibits an
elongation of the Ru-N bond trans to the oxo ligand, suggesting that
bpy decoordination is a viable scenario for the formation of 3**.

> 1-dn* and 2-dn™ are active and rugged WOCs. UV-vis spectroscopy
shows that the scaffold of the complexes is largely maintained after
the catalysis.

» A synergic effect that speeds up the oxygen production was found

between 1** and 1-dn**.

We have drawn a complete picture of dioxygen evolution from water by
single-site catalysts. Our findings represent a revolutionary advance in the field

in the sense that expands radically the current accepted mechanistic proposal.
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Introduction
The bi i ion of di from water during photosynthesis (eq 1) occurring through photosystem Il (PSll) is one of the mos“
important and 'undamental chemical processes in nature. In PS Il, this four-electron oxidation is catalyzed by the Oxygene Evolving Center
(OEC) a tetramer d with Ca?* and Cl ions.!
2H,0 — O, +4H" +4e (eq.1)
To mimic this natural active center, many have been sy ized. However, few of them are capable of catalytically oxidizing water

to molecular dioxygene?. Among these, dinuclear Ru polypyridyl complexes with different bridging ligands present the best performance. The
majority of these Ru complexes are based on the system Ru-OHleu-O 3 In the present work we describe a family of Rull complexes, active

toward water oxid ing on different i p

Ruthenium catalysts studied and their possible reaction mechanisms

in,in-[Ru;(H;0)(bpp)(trpy),]**

0 1000 2000 3000 4000 5000 6000

time (sec)
Figure2: Catalytical performance of inin-Ru(H,O);, out-Ru(H;0)
and trans-Ru;(H,0), under identical reaction conditions.

initial 0, formation
rate (mol.s")

Table:Relative theorical isotopic ratios of evolved O,
and experimental values
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attacl molecular
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oIt 0c wh YAk 1.90 261 255

ininRuMO), =P 186 9.0¢10°
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Figure1: Mass spectra obtained during the first Cat nmols nmols Ratio TON 102x10*
turnover and relative intensity of the ratio 20/%*0.¢ Ru Ce(lv)
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Introduction

The of from water during photosynthesis (eq 1) occurring through photosystem Il (PSll) is one of the most
|mportant and fundamental chemical processes in nature. In PS Il, this four-electron oxidation is catalyzed by the Oxygen Evolving Center (OEC)
iated with Ca?* and Cl- ions."

2 H,0 — O, +4H' + e’ (eq.1)
To mimic this natural active center, many complexes have been synthesized. However, few of them are capable of catalytically oxidizing water
to molecular dioxygene?.Most of them are and of and In the present work, we study

the catalytic activity of several complexes to gain insight into the relanonshlp between structure and activity.

e

Mononuclear Complexes

i
2 /szA 26954
bW
'l
X-Ray Structures 1
[Ru(trpy)(bpy)(HO)** ¢ [Ru(trpy)(Fopy)(H,0)** LO)R 00)]'
Oxygen Evolution * 17TONs J—
. -
- G Pt S i B No 0 Evolution No 0, Evolution
() ) omo ly O, Production tio 0,/CO; at 22 min. =12
ono oo & A & @

Polynuclear Complexes
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Introduction
The bi ion of di from water during photosynthesis (eq 1) occurring through photosystem Il (PSll) is one of the most
imponant and fundamental chemical processes in nature. In PS II, this four-electron oxidation is catalyzed by the Oxygen Evolving Center (OEC)
a tetramer i with Ca?* and CI ions.!
2 H,0 — 0, +4H" + e (eq.1)
To mimic this natural active center, many ¢ | have been synth d. Although several of them are capable of catalytically oxidizing

water to molecular dioxygen?, the catalytic mechanism is known only in some Ruthenium Complexes®. In the present work, we study the
catalytic activity of several complexes to gain insight into the relationship between structure and catalytic mechanism.

X-Ray Strutures

26824 2695A % 3
4 4 ’
o
¢ i . , p
[Ru(trpyXbpy)(H,0)* ¢ [Rultrpy)(6,6-F bpy)(H,0)] [Ru(trpy)(5.5-F;bpy)(H.0)* {[Ru(py).J,(u-bbp)(-OAc)}* {[Ru((Me);Npy), ] (-bbp)(-OAc)}*

Electrochemical Properties
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Figure 1, Poubaix Disgrams for complexes [Rutpy}66-Fbpy)HO) and Figure 2. Cyclic Voltammetry of | mM complex solutions in 0,1 M CF.SO,H , pH=1 (san g % % g g 1)
[RUGpYKS;S-F-bpyXHLO). Ey(V) taken from CV (/0,1 M, elassy carbon working Taie=100mVs", glassy carbon working clecirode). 2

electrode, scan rate=100 mVs 1), c-mon working clectrode)

6,6-F:BpyRu-OH; and 5,5-F:BpyRu-OH; present a two clectron wave for the Ru(IV)/Ru(IT)
in 6,6-F:BpyRu-OH,  couple at lower E; » than the RuIVYRu(ll) couple of BpyRu-OH; comples.
R However, the onset of the catalytic water oxidation (associated 10 the Ru(VYRu(IV) couple) is

Electron donating -N(Me); groups decrease . » for the

H-bond between the aquo ligand and the F atom of the bipyridi ULIVILA aod IAIVELIT mpkmspm ©

comples makes the dcpi otonation harder than in the case of 5.5-F.B
in BpyRu-OH; (pKa=9.7)’ lower in BpyRu-OH; (~ 1.31 V'vs. SSCE) than in 6,6-F:BpyRu-OH, (~ 1.37 V vs. SSCE) and
As BpyRu-OH, has a pKa value smaller than BpyRu-OH; because the  S.5-F:BpyRu-OH; (~ 135 V vs. SSCE)

clectrowithdrawing F atom.
Catalytic Water Oxidation?

The electrowithdrawing —F group slows down the catalytic water oxidation and also » =
decreases the activity. o

In addition, a F atom in 6,6-F:BpyRu-OH; hinders “water mucleopilic anack™® so
catalytic water oxidation is slower than unhindered isomer 5.5-F-BpyRu-OH

Unsublituted py dimer comples is faster and

electrowithdrawing group.

forcover, unsubstituted py dimer complex is
more active and fast that the best of the studied
‘monomnclear complexes

K ¢ ol
Figure 5. Catalytic w: 'ucr ‘oxidation for the Figure 6. Catalytic water oxidation for the dinuclear
mononuclear mm-ple\t) at 1 mM concentration in complexes at 1 mM concentration in 0,1 M
.1 M CF;SO;H at 25°C CF,SOH at 25°C
»Activity was quantified by f manometric measures: Complex (1 mM) was dissolved in 1.850mL of 0.1 M Triflic Acid (pHi=1) and a excess of ‘erium (V) ammonium 150 uL of Triflic Acid) was added. The
higher iSTO? analyzed by Mass-Spx In the case of dimuclear complexcs, the catalytic reaction was carried out in § %(v/v) of CH,CN in 0,1 M Triflic acid due to solubility
problems.
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