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Isolation of Ru"-bda (17-electron specie) complex good indication of how the Ru"-OH, complex is
with an aqua ligand (2-electron donor) is challenging formed.

due to violation of the 18-electron rule. Although
considerable efforts have been dedicated to mecha-
nistic studies of water oxidation by the Ru-bda family,
the structure and initial formation of the Ru"-bda aqua
complex are still controversial. Herein, we challenge
this often overlooked step by designing a pocket-
shape Ru-based complex 1. The computational studies
showed that 1 possesses the crucial hydrophobicity at
the RuY(O) state as well as similar probability of ac-
cess of terminal O to solvent water molecules when -
compared with classic Ru-bda catalysts. Through o

characterization of single-crystal structures at the Ru" Natural catalyst Artificial catalyst
and Ru" states, a pseudo seven-coordinate “ready-to-
go” aqua ligand with Ru"---O distance of 3.62 A was
observed. This aqua ligand was also found to be part
of a formed hydrogen-bonding network, providing a

Water Coordination Around Catalytic Sites

Keywords: Ru-bda, water oxidation, pseudo
seven-coordinate, Ru"-OH, intermediate, water
preorganization
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Introduction

Splitting water into hydrogen and oxygen is a promising
strategy to store solar energy in the form of chemical
bonds."” However tempting this strategy is, its implemen-
tation is still limited by the sluggish kinetics of the four-
electron catalytic water oxidation process.®* Significant
advances in catalytic water oxidation have been achieved
since the first well-characterized Ru-based water oxida-
tion catalyst blue dimer was reported.* Blue dimer fea-
tures two Ru"-aqua centers being bridged by an oxo
group, as shown in Chart 1, where the aqua ligand provides
protons for the subsequent proton-coupled electron
transfer (PCET) steps to achieve redox-potential leveling.
A subsequent report has shown that a single catalytic site
complex with a bonded aqua ligand, Ru-tnp-OH,, is also
capable of catalyzing water oxidation, although the turn-
over frequency (TOF) was on the order of 1072 s7'° The
emergence of nonaqua ruthenium complex Ru-bda is a
milestone for the field, and its catalytic efficiency is com-
parable with that of photosystem 11.5% The superiority of
Ru-bda mainly originates from negatively charged back-
bone ligands and its variable coordination number at
different oxidation states.”™ In detail, six-coordinate
Ru-bda was proposed to form its agua adduct in the
presence of water, thanks to which Ru-agqua complex can
be oxidized to the reactive seven-coordinate Ru(O)

specie at a low overpotential (200 mV). Subsequently, a
great number of Ru-bda analogues such as Ru-tda, Ru-
bpaH,, and Ru-bds have been designed for efficient
CeV-driven/electrocatalytic water oxidation.?°* It is note-
worthy that Ru-tda and Ru-bds demonstrated impressive-
ly high activity for electrocatalytic water oxidation (TOF is
on the order of 10° s™), while the incomplete formation of
the catalytically active Ru-aqua species of Ru-tda due to
competitive carboxylate coordination was considered a
significant drawback of this catalyst?® In addition to
Ru-bda, other polypyridyl-based nonaqua ruthenium
complexes have also been reported to behave as water
oxidation catalysts.?®=° Overall, binding of the aqua
ligand and its oxidation to metal-oxo/oxyl are elementary
steps of water oxidation required for any kind of catalysts,
and are often overlooked.® Even for the state-of-the-art
Ru-bda family, there is still a long-standing question, that
is, the structure of Ru-aqua complex at low oxidation
state. In consequence, a thorough understanding of the
following PCET steps has been impeded. To allow rational
improvement of water oxidation catalysts, it is indispens-
able to detail how the aqua ligand is presented to the
active center.

Based on in-depth experimental and computational
studies, nonaqua ruthenium complexes such as Ru-bda
have served as invaluable platforms for advancing our
understanding of water coordination at the initial step.
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Chart 1| Chemical structures of landmark Ru-based water oxidation catalysts. tnp: 4-tert-butyl-2,6-di(1,8-naphthyr-
idin-2-yDpyridine; bda2-: 2,2 -bipyridine-6,6-dicarboxylate; tda2-: 2,2:6,2' -terpyridine-6,6 -dicarboxylate; bpaH22-:
2,2 -bipyridine-6,6-diylbis(hydrogen phosphonate); bds2-: 2,2-bipyridine-6,6 -disulfonate.
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Figure 1| Catalytic cycle of Ru-bda-based water oxidation catalysts. Axial ligands are omitted for clarity.

In this series, the coupling between two Ru"(O) species
or oxidizing Ru"Y(OH) to RuY(O) have been proposed as
the rate-determining step (RDS), as shown in Figure 1.5%2
The highest TOF values observed so far are on the order
of 10° s7', which means the catalysis operates on the
microsecond time scale.®® Accordingly the other steps in
the catalytic cycle such as water coordination should
theoretically be faster than the RDS. Thus, it is challeng-
ing to observe a water coordination step that occurs on
a short time scale experimentally. The structures of six-
coordinate Ru'-bda and seven-coordinate Ru"“V(OH)-
bda have been clearly characterized by X-ray diffraction
studies,® and the seven-coordinate RuY(0O)-bda has also
been detected recently by in situ X-ray absorption spec-
troscopy (XAS), as shown in Figure 1.3° As the only
missing part in the catalytic cycle, the coordination
sphere of Ru"(OH,) that provides access to the catalytic
cycle, has been previously assigned to six-coordinate, or
equilibrium between six- and seven-coordinate species
according to the electron paramagnetic resonance
(EPR) and XAS studies.®*8 However, solid evidence of
Ru"-bda bearing an aqua ligand (e.g., X-ray crystal
structures) has never been provided.

A well-established method to observe aqua ligand
transfer pathways is to capture the surrounding water
molecules®® by engineering the secondary coordination
sphere because the interactions with the local agueous
environmentare controlled by asubtleinterplay of weak
intermolecular contacts. Unfortunately, discovery of
preorganized water molecules in the second coordina-
tion sphere still relies heavily on serendipity. For exam-
ple, a network of water molecules was found at the
crystallattice of a Ruwater oxidation complex; however,
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therole of these water molecules was ambiguous due to
the long distance between Ru and 0.%° Introduction of a
pocket-type secondary coordination sphere is a
promising strategy to preorganize substrates within
confined spaces through noncovalent interactions
(NCls).®24%4 W(irthner et al.*? reported a macrocyclic
Ru complex which, according to computational studies,
facilitated preorganization of up to 10 water molecules
inside the formed pocket at the Ru' state. The follow-up
studies provided the crystal structure of this macro-
cycle at the Ru" state, but the initial catalytic state of
Ru"-agqua complexes has not yet been revealed.**?
Overall, insufficient understanding of the secondary
coordination sphere and the lack of suitable secondary
ligands have imposed a great challenge on the
observation of Ru-aqua structures in low oxidation
states.

Herein, a bio-inspired Ru-based catalyst 1 with a
hydrophilic pocket is synthesized (Chart 2), where the
pocket ligand provides a microenvironment to mimic
the secondary coordination sphere of the oxygen-
evolving complex (OEC) in photosystem Il. This catalyst
design was hypothesized to afford the necessary sta-
bilization of the preorganized seven-coordinate aqua
ligand to allow for its characterization. Spectroscopic,
structural, and electrochemical studies in concert with
computational results reveal that this pocket-type
water oxidation catalyst could hold a “ready-to-go”
aqua at the Ru" oxidation state as a pseudo seven-
coordination ligand with minimal structural rearrange-
ment, shedding light on details of the key water
coordination step.
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Chart 2 | Chemical structures of 1T and 2.

Experimental Methods
Synthesis and characterization

Complex 1and 2 were prepared following slightly mod-
ified literature procedures.®*** In short, the desired
catalyst was prepared by refluxing a degassed mixture
of Ru(bda)(DMSO), (DMSO = dimethyl sulfoxide) and
the axial ligand in methanol over 4 h under N,. The
catalyst was obtained through flash column chromatog-
raphy as reddish-brown powder and characterized by
NMR and high-resolution mass spectroscopy (HRMS;
Figure 2 and Supporting Information Figure S1-S4; for
details, see Supporting Information). The X-ray crystal-
lographic data (Supporting Information Table S1)

for the structures reported in this article have been
deposited at the Cambridge Crystallographic Data
Centre (CCDC) with the numbers of CCDC 1955358
and 1986038. These data can be obtained free of
charge from the CCDC via www.ccdc.cam.ac.uk/data_
request/cif

Results and Discussion
Characterization of Ru" complex

The retention of the symmetry of molecule 1is evident
from the '"H NMR spectra, exhibiting only three signals
for the bda backbone unit (H,, Hy,, and H.) and four
signals for the axial ligand (Hg, He, He and Hg). As
previously observed, this symmetry can be easily dis-
turbed by adding acetonitrile to the solution of 1
(Supporting Information Figure S5), splitting the pro-
tons from the bda unit into two separate peaks. This
indicates that the cyclic ligand does not prevent incom-
ing small molecules from coordinating with the Ru cen-
ter. In contrast, the obtained crystal structure of 1.H,O
shows an imperfect symmetrical structure with the axial
macrocyclic ligand rotated away from the vertical axis
by around 22.8° (Figure 3b), suggesting dynamic be-
havior of the axial ligand of 1 in solution.

Significant insights into the catalyst conformation can
be gained by comparing the 'H NMR spectra of 1 and
reference molecule 2 (Figure 2). Similar chemical shifts
in the aromatic region were observed except for Hy and
Hg, which are located at the ortho position of the axial
pyridine ligands. It is possible that the axial ligands
linked together by a triethylene glycol unit form a rigid
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Figure 2 | 'H NMR spectra of 1 (upper) and reference molecule 2 (lower) in CDzOD.
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Figure 3| Single-crystal structure of complex 1-H>0
[(a) side view and (b) top view] with thermal ellipsoids
at 50% probability. Hydrogen atoms are omitted for
clarity. Color code: Ru, pink; O, red, N, blue; C, grey.

hydrophilic cavity, allowing the axial ligand to rotate
only within a certain angle around the vertical axis at the
front face of 1. As a result, Hg is permanently located in
the ring current of the bda-ligand and is thus more
shielded, whereas Hy is located in the electronegative
pocket deshielding these protons in comparison to the
freely rotating ligand from 2. The meta and para posi-
tions (Hf and Ho) are more distant and are thus less
affected by the ring current of the bda unit. We hypoth-
esize that in solution the dynamic behavior of the mac-
rocyclic axial ligand of 1 is limited to left-to-right
switching in front of the catalyst active site, whereas
the axial ligand of 2 can rotate freely.

The single-crystal structures for 1:-H,0 are displayed in
Figure 3, showing the macrocyclic ligand locates in front
of the bda unit. Density functional theory (DFT) calcula-
tions (Supporting Information Figure S6) show that
there is an energy difference of 9.62 kcal/mol between
the front and back conformation, suggesting a 107 times
higher probability of the ethylene-glycol linker residing
in front of the active site. The crystal structure of 1-H,O
displays a typical distorted octahedral geometry around
the Ru center with the O-Ru-0 angle of 122.9°, which is
similar to the previously reported conformation of Ru
(bda)pic,.>* This large accessible site plays a critical role
by allowing coordination of substrate water to form
seven-coordinate Ru intermediates. Due to the relative-
ly small linker size, the axial pyridyl ligands are slightly
bent away, giving a minor difference for the N yis-Ru-
Naxial @angle of 169.0° for 1-H,O compared to 173.0° for
Ru(bda)pic,. A single water molecule is found to be
present in the crystal lattice, which is located between
the bda-carboxyl and ether linkages of macrocyclic
ligand. Notably, besides residual water from methanol,
no additional water was added during the synthesis and
crystal growth process. This suggests that the presence
of a rigid secondary coordination environment may
facilitate the preorganization of water molecules.
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Electrochemical characterization

The electrochemical properties were investigated by
cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV) to ensure that the existence of the pocket
ligand will not affect the redox process of 1 compared
with the reference molecule 2, so as to ensure that we
can reasonably use this model to stabilize the preorga-
nized seven-coordinate aqua ligand to allow for its
characterization. Three oxidation potentials around
0.71, 1.19, and 1.36 V versus normal hydrogen electrode
(NHE) were observed (Supporting Information Figure
S7), which were assigned to three consecutive one-
electron-transfer processes Ru'-Ru"-Ru“V—Ru". This
electron transfer process was also confirmed by the
Pourbaix diagram (Supporting Information Figure S8).
Once the RuY oxidation state is reached, a dramatic
current increase is observed, attributed to the water
oxidation process. Similar electrochemical behavior was
also recorded for reference 2. To investigate what hap-
pens to the macrocyclic ligand at higher oxidation
states, DFT calculations were performed. The optimized
structures of 1 at Ru" and Ru' states are depicted in
Supporting Information Figure S9. The results indicate
that the macrocyclic ligand rotates in the direction of
carboxylates at higher oxidation states, which is condu-
cive to the subsequent O-0O formation.

Characterization of Ru" aqua complex

As one agua ligand was clearly located in 1-H,O but not
near the Ru'" center, we proceeded with considerable
effort to isolate and crystallize the Ru" intermediate (1)
to see if and how water molecules interact with its cata-
lytic center. Complex 1 (Ru") could be oxidized to 1" (Ru")
in the presence of Ce"“, which is confirmed by HRMS
(Figure 4b and Supporting Information Figure S10; calcd
for CzoH26N4O0RU", 704.0701; found, 704.0710) and UV-
vis redox titration (Figure 4a). With the gradual addition
of Ce" to 1, the metal-to-ligand charge transfer absorp-
tions at 400 and 506 nm are bleached, and the absor-
bance at 290 nm increases simultaneously with an
isosbestic point at 348 nm. It is worth noting that no
absorption band around 690 nm is observed, which was
previously assigned to green Ru-dimer or -trimer forma-
tion, even when the solution was left under air for 1 day
(Supporting Information Figure S11).%¢44® Oligomeriza-
tion of the catalyst is considered to be one of the main
routes of catalyst decomposition, which is circumvented
by introduction of these macrocyclic ligands.

The addition of excess aqueous NH4PFg to the
solution of 1° resulted in slow formation of orange
needle-like crystals, and the crystal refinement is pre-
sented in Figures 5a and 5b. The obtained crystal of
1".3H,0.CHsCN-PFg is composed of one [Ru"bdal* cat-
ion, one [PFg]™ counterion, one CHzCN molecule, and
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Figure 4 | (a) UV-vis spectra of 1in the presence of increasing addition of Ce" (0-1equiv) in 1:10 CF3CH-OH/water (pH
1, trifluoromethane sulfonic acid),; (b) HRMS of T° (lower) and calculated mass spectrum (upper).

three adjacent water molecules in one unit cell. The
structural differences between 1 and 1" are the increase
of the O-Ru-0 angle from 122.9° to 126.2°, as well as the
inner Nayiai-RU-Naxia1 @angle from 169.0° to 170.5°. Those
larger angles facilitate accommodation of the incoming
seven-coordinate aqua ligand. To our delight, indeed a
trapped water molecule (W3) near the Ru center was
captured with a Ru---O(W3) distance of only 3.62 A (the
sum of van der Waals radii for Ru and O is about
3.60~4.08 A),*® which indicates there should be weak
interaction between them. To the best of our knowl-
edge, this is the shortest Ru"..-aqua distance found for
any analogue of the Ru-bda family. In addition, the
oxygen atom of Wz nearly bisects the O-Ru-0O angle,
which convinces us that W3 is effectively preorganized
for coordination with the Ru center. Taken together the
above data indicate that W3 is likely a “ready-to-go”
seven-coordinate ligand. In addition, the steric effect of
the macrocyclic ligand was checked by topographic
steric maps (Supporting Information Figure S$12).50-°2
Similar hindrances around catalytic sites were obtained
from 1" and Ru"(bda)pic,, suggesting that the existence
of the pocket ligand provided no further steric hin-
drance to substrate binding and reactions.

Theoretical investigation

The proposed pseudo seven-coordinate Ru" aqua com-

plex, denoted as Ru"..-OH,, was furthermore examined
by DFT calculations. Three water molecules were in-
volved in optimizing the conformation of Ru"...OH, due
to the same situation found in crystal structure. The
calculated distance of Ru~0O (3.53 A, the closest water)
is similar to that of the single crystal, as shown in
Supporting Information Figure S13a. Since the catalysis
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occurred in an agueous microenvironment, one more
water molecule was added to investigate the influence
of solvent. A minor change in the solvent environment
could alter the interaction between Ru and incoming
aqua ligand as indicated by the decreased Ru---O dis-
tance of 3.35 A (Supporting Information Figure S13b),
which suggests that the seven-coordinated Ru"-OH,
was likely present in the catalytic cycle. In addition, two
structures of Ru" complex with three water molecules
shown in Supporting Information Figures S18a and 18b
were optimized in approaching and bonding modes as
reported in our previous study.*” The atoms in molecules
(AIM) and NCI analyses on the bonding mode complex
(Supporting Information Figures S18b1 and S18b2) indi-
cate that the incoming water molecule has strong inter-
action and was bonded to the Ru center of the catalyst,
which shows a bonding mode Ru"-OH, complex. The
other structure in the approaching mode, which origi-
nated from the crystal, has weak van der Waals interac-
tion, but no bond between the incoming water and
Ru center (Supporting Information Figures S18al and
18a2). In addition, the water molecules can establish H-
bonds network inside the pocket, which might benefit
further catalytic reactions.** Graphical representations
(Supporting Information Figure S18) and more detail
about the interactions between the catalyst and water
molecules are provided in Supporting Information.
Molecular dynamics (MD) calculations were conducted
to further comprehend the influence of involving the
macrocyclic ligand into the classic Ru-bda type catalyst.
During the 100 ns MD calculations at the RuY(O) state, the
macrocyclic ligand can rotate flexibly in front of the bda
unit. The average H-bonds formed between the terminal
O of RuY(O) and the water solvent is 0.014, and
this hydrophobic nature is consistent with our previous
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Figure 5 | Single-crystal structure of complex 1"-3H>0O-
CH3zCN-PFs [(a) side view and (b) top view] with thermal
ellipsoids at 50% probability. Hydrogen, acetonitrile, and
PFs anion are omitted for clarity. Color code: Ru, pink; O,
red; N, blue; C, grey.

studies.®™ The radial distribution function of the terminal
O (Supporting Information Figure S14) showed that the
first solvation shells were at 3.2 and 3.0 A for RuY(O)
with and without macrocyclic ligand respectively,
indicating that the addition of the macrocyclic ligands
still maintained access to the water molecule to
RuY(O) and imposed little effect on water approaching
the RuY(O). Given the steric hindrance to coupling two
RuY(O) units caused by macrocyclic ligands, the cata-
lytic mechanism switched from interaction of two metal-
oxo entities (12M) to water nucleophilic attack (WNA)
(Supporting Information Figure S15 and Table S2); how-
ever, that is beyond the scope of this work. Detailed
catalytic water oxidation performance data can be found
in Supporting Information.

Determining hydrogen-bonding network
around catalytic site

Considering the split positions of Wi, and Wj,/, at
1".3H,0-CHzCN-PF¢~ and the similar positions among W,
of 1H,O0, W;, and W,; of 1-3H,0-CHzCN-PFg~, we

therefore suggest that Ws,,, through W5, 1, positions may
act as the watergate through which aqua ligands coordi-
nate to the catalyst active site during water oxidation.
Therefore, to further investigate how the water molecules
in the crystal interact with Ru-bda and each other, we
conducted Hirshfeld surface analyses.> Hirshfeld surface
analyses were employed to offer a global visualization
of the intermolecular interactions in the crystal structures
of 1H,O and T1-3H,0-CH3:CN-PFg~. W; of 1H,O was
fixed between a bda-carboxyl group and the macrocyclic
ligand by hydrogen-bonding interactions (Supporting
Information Figure S16, red spots), whereas W;,,, of
1-3H,0-CH3CN-PFg~ only strongly bonded to the neigh-
boring Wy, (Figure 6b). Wiam, Waam, and Wiz of
1.3H,0-CH3CN-PFg~ strongly hydrogen bonded to each
other, forming a hydrogen-bonding network (Figures 6b-
6d). Interestingly, the “ready-to-go” aqua ligand W3 also
showed strong affinities to Hy and O of the macrocyclic
ligand with hydrogen-bond distances in the range of
2.4-2.7 A (Figure 6a and Supporting Information Figure
S17), which means that the semifixed coordination envi-
ronment contributes considerably to capturing this aqua
ligand. Hydrogen-bonded water networks play important
roles in lowering the transition state (TS) energy in
artificial photosynthetic systems and facilitate proton/
electron transfer in natural photosynthesis.***** The water
channel observed here offers a structural model to under-
stand the mechanism of water coordination/transfer
pathways.

Conclusions

A new Ru-bda type water oxidation catalyst was tailor-
made and carefully studied as a model system to detail
the water coordination pathway, and four vital points
from this work are worth highlighting:

(M For the first time, a “ready-to-go” pseudo seven-
coordinate aqua ligand was captured at the Ru"
state, which means minimum structural change is

Figure 6 | Hirshfeld surface for (a) Ru"bda cation, (b) Wiam, (€) Woasm, and (d) Ws in T mapped with normalized
contact distance (dnorm) from red (distances shorter than sum of van der Waals radii) through white to blue (distances
longer than sum of van der Waals radii). Color code: Ru, pink; O, red; N, blue; C, grey; H, white.
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needed to shuttle substrate water molecules close
to the catalytic center.

(2) A formed hydrogen-bonding network near Ru was
observed. Although hydrogen-bonding networks
have been found earlier in the crystal structure of
many molecular water oxidation catalysts, here an
aqua ligand is located a viable distance from the
catalytic site.

(3) Theintroduction of macrocyclic ligands retain sim-
ilar fundamental hydrophobicity and solvent expo-
sure of RuY(0), from which we envisage its water
oxidation catalytic performance.

(4) Our approach constitutes a promising model sys-
tem for studying processes near the catalytic site,
which is also one of the motivations for this proj-
ect. By replacing different types of linker between
two axial ligands, this model can be further devel-
oped to study how the local hydrophobic/hydro-
philic environment influences water oxidation
activities and how the incorporation of redox-
active/inactive metal ions affects the catalytic
sites.

In summary, to close the catalytic cycle, a pocket-
shaped pseudo seven-coordinate Ru"-bda with a
“ready-to-go” aqua ligand was isolated and clearly char-
acterized by single-crystal X-ray diffraction. It is the first
time visualizing how the Ru-based water oxidation cat-
alyst captures substrate agua ligands from bulk water
through a hydrogen-bonding network. The strategies
presented may also serve to inspire investigation of
other types of Ru-based catalysis where the catalytic
center attains coordination number seven at certain
stages.

Supporting Information

Supporting Information is available and includes the
general information, experimental methods, computa-
tional details, xyz coordinates of optimized structures,
and copies of NMR and HRMS spectra.

Conflict of Interest

There is no conflict of interest to report.

Funding Information

We would like to thank Prof. Xiaoying Huang (Fujian
Institute of Research on the Structure of Matter) and
Dr. A. Ken Inge (Stockholm University) for assistance with
single crystal refinements; Assoc. Prof. Zoltdn Szabd
(KTH) for NMR analyses; Dinghua Zhou (DUT) for HRMS
measurements; Yi Yang (KTH) for ICP-OES measure-
ments; Assoc. Prof. Lele Duan (SUSTech) and
Prof. Fusheng Li (DUT) for comments on the manuscript.
Special thanks go to Dr. Yinjuan Chen and Dr. Xiaohuo Shi

DOI: 10.31635/ccschem.021.202101159
CCS Chem. 2021, 3, 2612-2621

(Instrumentation and Service Center for Molecular
Sciences at Westlake University) for supporting in HRMS
and NMR measurements.

Acknowledgments

This work was financially supported by the Swedish
Research Council (2017-00935), the Knut and Alice Wal-
lenberg Foundation (KAW 2016.0072), and the China
Scholarship Council (CSC). The authors would like to
thank Prof. Xiaoying Huang (Fujian Institute of Research
on the Structure of Matter) and Dr. A. Ken Inge (Stock-
holm University) for assistance with single-crystal refine-
ments; Dinghua Zhou (DUT) and Dr. Yinjuan Chen
(Westlake University) for HR-MS measurements; Yi Yang
(KTH) for ICP-OES measurements; and Assoc. Prof. Lele
Duan at SUSTech and Assoc. Prof. Fusheng Li at DUT for
comments on the manuscript.

References

1. Karkas, M. D.; Verho, O.; Johnston, E. V.; Akermark, B. R.
Artificial Photosynthesis: Molecular Systems for Catalytic
Water Oxidation. Chem. Rev. 2014, 114, 11863-12001.

2.  Zhang, B.; Sun, L. Artificial Photosynthesis: Opportu-
nities and Challenges of Molecular Catalysts. Chem. Soc. Rev.
2019, 48, 2216-2264.

3. Garrido-Barros, P.; Gimbert-Surifiach, C.; Matheu, R
Sala, X.; Llobet, A. How to Make an Efficient and Robust
Molecular Catalyst for Water Oxidation. Chem. Soc. Rev.
2017, 46, 6088-6098.

4. Gilbert, J. A,; Eggleston, D. S.; Murphy, W. R,; Geselowitz,
D. A.; Gersten, S. W.; Hodgson, D. J.; Meyer, T. J. Structure
and Redox Properties of the Water-Oxidation Catalyst
[(bpy)2(OH2)RUORU(OH)(bpy),14. J. Am. Chem. Soc. 1985,
107, 3855-3864.

5.  Zong,R,; Thummel, R. P. A New Family of Ru Complexes
for Water Oxidation. J. Am. Chem. Soc. 2005, 127, 12802-
12803.

6. Duan, L.; Bozoglian, F.; Mandal, S.; Stewart, B.; Privaloy,
T.; Llobet, A.; Sun, L. A Molecular Ruthenium Catalyst with
Water-Oxidation Activity Comparable to that of Photosys-
tem Il. Nat. Chem. 2012, 4, 418-423.

7. Zhan, S.; Zou, R.; Ahlquist, M. R. S. Dynamics
with Explicit Solvation Reveals Formation of the Prereac-
tive Dimer as Sole Determining Factor for the Efficiency
of Ru (bda) L, Catalysts. ACS Catal. 2018, 8, 8642-
8648.

8. Zhan, S.; Martensson, D.; Purg, M.; Kamerlin, S. C.; Ahl-
quist, M. S. Capturing the Role of Explicit Solvent in the
Dimerization of Ru¥(bda) Water Oxidation Catalysts. Angew.
Chem. Int. Ed. 2017, 56, 6962-6965.

9. Zhan,S.;Zhang, B.; Sun, L.; Ahlquist, M. S. Hydrophobic/
Hydrophilic Directionality Affects the Mechanism of Ru-Cat-
alyzed Water Oxidation Reaction. ACS Catal. 2020, 70,
13364-13370.


https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.021.202101159
https://doi.org/10.31635/ccschem.021.202101159

@CCS

RESEARCH ARTICLE

Chemistry

10. Zhan, S.; Ahlqguist, M. S. Dynamics and Reactions of
Molecular Ru Catalysts at Carbon Nanotube-Water Inter-
faces. J. Am. Chem. Soc. 2018, 140, 7498-7503.

1. Richmond, C. J.; Escayola, S. Poater, A. Axial
Ligand Effects of Ru-BDA Complexes in the O-O Bond
Formation via the I12M Bimolecular Mechanism in Water
Oxidation Catalysis. Eur. J. Inorg. Chem. 2019, 2019, 2101-
2108.

12. Richmond, C. J,; Matheu, R.; Poater, A.; Falivene, L,
Benet-Buchholz, J.; Sala, X.; Cavallo, L.; LIobet, A. Supramo-
lecular Water Oxidation with Ru-bda-Based Catalysts.
Chem. Eur. J. 2014, 20, 17282-17286.

13. Xie, Y.; Shaffer, D. W.; Concepcion, J. J. O-O Radical
Coupling: From Detailed Mechanistic Understanding to En-
hanced Water Oxidation Catalysis. /norg. Chem. 2018, 57,
10533-10542.

14. Fan, T; Zhan, S.; Ahlquist, M. S. Why Is There a Barrier in
the Coupling of Two Radicals in the Water Oxidation Reac-
tion? ACS Catal. 2016, 6, 8308-8312.

15. Shaffer, D. W,; Xie, Y.; Szalda, D. J.; Concepcion, J. J.
Manipulating the Rate-Limiting Step in Water Oxidation
Catalysis by Ruthenium Bipyridine-Dicarboxylate Com-
plexes. Inorg. Chem. 2016, 55, 12024-12035.

16. Matheu, R,; Garrido-Barros, P.; Gil-Sepulcre, M.; Ertem,
M. Z.; Sala, X.; Gimbert-Surifach, C.; LIobet, A. The Develop-
ment of Molecular Water Oxidation Catalysts. Nat. Rev.
Chem. 2019, 3, 331-341.

17. Zhang, B.; Sun, L. Ru-bda: Unique Molecular Water-
Oxidation Catalysts with Distortion Induced Open Site and
Negatively Charged Ligands. J. Am. Chem. Soc. 2019, 4],
5565-5580.

18. Duan, L.; Wang, L.; Li, F; Li, F; Sun, L. Highly Efficient
Bioinspired Molecular Ru Water Oxidation Catalysts with
Negatively Charged Backbone Ligands. Acc. Chem. Res.
2015, 48, 2084-2096.

19. Luque-Urrutia, J. A.; Kamdar, J. M.; Grotjahn, D. B.; Sola,
M.; Poater, A. Understanding the Performance of a Bispho-
sphonate Ru Water Oxidation Catalyst. Dalton Trans. 2020,
49, 14052-14060.

20. Xie, VY. Shaffer, D. W.; Lewandowska-Andralojc, A,
Szalda, D. J.; Concepcion, J. J. Water Oxidation by Rutheni-
um Complexes Incorporating Multifunctional Bipyridyl
Diphosphonate Ligands. Angew. Chem. Int. Ed. 2016, 55,
8067-8071.

21. Kamdar, J. M.; Marelius, D. C.; Moore, C. E.; Rheingold, A.
L.; Smith, D. K.; Grotjahn, D. B. Ruthenium Complexes of 2, 2-
Bipyridine-6,6-diphosphonate Ligands for Water Oxidation.
ChemCatChem 2016, 8, 3045-3049.

22. Shaffer, D. W,; Xie, VY.; Szalda, D. J.; Concepcion, J. J.
Lability and Basicity of Bipyridine-Carboxylate-Phospho-
nate Ligand Accelerate Single-Site Water Oxidation by Ru-
thenium-Based Molecular Catalysts. J. Am. Chem. Soc. 2017,
139, 15347-15355.

23. Matheu, R.; Ertem, M. Z,; Benet-Buchholz, J,;
Coronado, E.; Batista, V. S.; Sala, X.; Llobet, A. Intra-
molecular Proton Transfer Boosts Water Oxidation Cata-
lyzed by a Ru Complex. J. Am. Chem. Soc. 2015, 137,
10786-10795.

DOI: 10.31635/ccschem.021.202101159
CCS Chem. 2021, 3, 2612-2621

24. Yang, J.; Wang, L.; Zhan, S.; Zou, H.; Chen, H.; Ahlquist,
M. S. G.; Duan, L,; Sun, L. From Ru-bda to Ru-bds: A Step
Forward to Highly Efficient Molecular Water Oxidation Elec-
trocatalysts Under Acidic and Neutral Conditions. Nat. Com-
mun. 2021, 12, 373.

25. Shatskiy, A, Bardin, A. A.; Oschmann, M., Matheu,
R.; Benet-Buchholz, J.; Eriksson, L.; Karkas, M. D.; Johnston,
E. V.; Gimbert-Surifiach, C; Llobet, A.; Akermark, B. Electro-
chemically Driven Water Oxidation by a Highly Active Ruthe-
nium-Based Catalyst. ChemSusChem 2019, 12, 2251-2262.
26. Liu,VY,;Ng,S.-M,;Yiu, S.-M.; Lam, W. W.Y.; Wei, X.-G,; Lau,
K.-C.; Lau, T.-C. Catalytic Water Oxidation by Ruthenium(ll)
Quaterpyridine (gpy) Complexes: Evidence for Ruthenium
() gpy-N,N"-dioxide as the Real Catalysts. Angew. Chem.
Int. Ed. 2014, 53, 14468-14471.

27. Zong, R.; Thummel, R. P. 2,9-Di-(2’-pyridyl)-1,10-
phenanthroline: A Tetradentate Ligand for Ru(lD. J. Am.
Chem. Soc. 2004, 726, 10800-10801.

28. Muckerman, J. T.; Kowalczyk, M.; Badiei, Y. M.; Polyansky,
D. E.; Concepcion, J. J.; Zong, R.; Thummel, R. P.,; Fujita, E.
New Water Oxidation Chemistry of a Seven-Coordinate
Ruthenium Complex with a Tetradentate Polypyridyl Ligand.
Inorg. Chem. 2014, 53, 6904-6913.

29. Tseng, H.-W.; Zong, R.; Muckerman, J. T.; Thummel, R.
Mononuclear Ruthenium(ll) Complexes that Catalyze Water
Oxidation. /norg. Chem. 2008, 47, 11763-11773.

30. Zhang, G.; Zong, R.; Tseng, H.-W.; Thummel, R. P. Ru(ll)
Complexes of Tetradentate Ligands Related to 2,9-
Di(pyrid-2’-yl)-1,10-phenanthroline. /norg. Chem. 2008, 47,
990-998.

31. Shaffer, D. W.; Xie, Y.; Concepcion, J. J. O-O Bond
Formation in Ruthenium-Catalyzed Water Oxidation: Sin-
gle-Site Nucleophilic Attack vs. O-O Radical Coupling.
Chem. Soc. Rev. 2017, 46, 6170-6193.

32. Schulze, M.; Kunz, V.; Frischmann, P. D.; Wdrthner, F. A
Supramolecular Ruthenium Macrocycle with High Catalytic
Activity for Water Oxidation that Mechanistically Mimics
Photosystem Il. Nat. Chem. 2016, 8, 576.

33. Wang, L.; Duan, L; Wang, Y.; Ahlquist, M. S.; Sun, L.
Highly Efficient and Robust Molecular Water Oxidation Cat-
alysts Based on Ruthenium Complexes. Chem. Commun.
2014, 50, 12947-12950.

34. Duan, L., Fischer, A,; Xu, Y., Sun, L. Isolated Seven-
Coordinate Ru (IV) Dimer Complex with [HOHOH]™ Bridging
Ligand as an Intermediate for Catalytic Water Oxidation. J.
Am. Chem. Soc. 2009, 737, 10397-10399.

35. Lebedev, D.; Pineda-Galvan, VY.; Tokimaru, Y.; Fedorov,
A.; Kaeffer, N.; Copéret, C.; Pushkar, Y. The Key Ru'=0 Inter-
mediate of Site-Isolated Mononuclear Water Oxidation Cat-
alyst Detected by in Situ X-Ray Absorption Spectroscopy. J.
Am. Chem. Soc. 2018, 740, 451-458.

36. Concepcion, J.J.; Zhong, D. K.; Szalda, D. J.; Muckerman,
J. T.; Fujita, E. Mechanism of Water Oxidation by [Ru(bda)
(L)>]: The Return of the “Blue Dimer”. Chem. Commun. 2015,
51, 4105-4108.

37. Daniel, Q.;; Huang, P,; Fan, T.; Wang, Y.; Duan, L.; Wang,
L.; Li, F.; Rinkevicius, Z.; Mamedov, F.; Ahlquist, M. S. Rearran-
ging from 6- to 7-Coordination Initiates the Catalytic


https://doi.org/10.31635/ccschem.021.202101159

@CCS

RESEARCH ARTICLE

Chemistry

Activity: An EPR Study on a Ru-bda Water Oxidation Cata-
lyst. Coord. Chem. Rev. 2017, 346, 206-215.

38. Matheu, R.; Ghaderian, A.; Francas, L.; Chernev, P;
Ertem, M. Z.; Benet-Buchholz, J.; Batista, V. S.; Haumann,
M.; Gimbert-Surifach, C.; Sala, X. Behavior of Ru-bda Wa-
ter-Oxidation Catalysts in Low Oxidation States. Chem. Eur.
J. 2018, 24, 12838-12847.

39. Kern, J,; Chatterjee, R.; Young, |. D.; Fuller, F. D.; Las-
salle, L.; lbrahim, M.; Gul, S.; Fransson, T.; Brewster, A. S.;
Alonso-Mori, R. Structures of the Intermediates of Kok’s
Photosynthetic Water Oxidation Clock. Nature 2018, 563,
421-425.

40. Zhao, L,; Jing, X,; Li, X,; Guo, X.; Zeng, L.; He, C.; Duan, C.
Catalytic Properties of Chemical Transformation within the
Confined Pockets of Werner-Type Capsules. Coord. Chem.
Rev. 2019, 378, 151-187.

41. Kungz, V,; Lindner, J. O.; Schulze, M.,; Réhr, M. I.; Schmidt,
D.; Mitri¢, R.; Wurthner, F. Cooperative Water Oxidation
Catalysis in a Series of Trinuclear Metallosupramolecular
Ruthenium Macrocycles. Energy. Environ. Sci. 2017, 10,
2137-2153.

42. Meza-Chincha, A.-L.; Lindner, J. O.; Schindler, D.;
Schmidt, D.; Krause, A.-M.; Réhr, M. |. S.; Mitri¢, R.; Wirthner,
F. Impact of Substituents on Molecular Properties and Cata-
lytic Activities of Trinuclear Ru Macrocycles in Water Oxida-
tion. Chem. Sci. 2020, 71, 7654-7664.

43. Gao, Y,; Ding, X,; Liu, J.; Wang, L.; Lu, Z; Li, L.; Sun, L.
Visible Light Driven Water Splitting in a Molecular Device
with Unprecedentedly High Photocurrent Density. J Am.
Chem. Soc. 2013, 135, 4219-4222.

44. Zhang, B,; Li, F; Zhang, R.; Ma, C,; Chen, L.; Sun, L.
Characterization of a Trinuclear Ruthenium Species in Cata-
lytic Water Oxidation by Ru(bda)(pic), in Neutral Media.
Chem. Commun. 2016, 52, 8619-8622.

45. Yang, Q.-Q.; Jiang, X,; Yang, B.; Wang, Y.; Tung, C.-H,;
Wu, L.-Z. Amphiphilic Oxo-Bridged Ruthenium “Green
Dimer” for Water Oxidation. iScience 2020, 23, 100969.

DOI: 10.31635/ccschem.021.202101159
CCS Chem. 2021, 3, 2612-2621

46. Wang, D.; Sampaio, R. N.; Troian-Gautier, L.; Marquard,
S. L.; Farnum, B. H.; Sherman, B. D.; Sheridan, M. V,; Dares, C.
J.; Meyer, G. J.; Meyer, T. J. Molecular Photoelectrode for
Water Oxidation Inspired by Photosystem Il. J. Am. Chem.
Soc. 2019, 141, 7926-7933.

47. Yang, J.; An, J.;Tong, L,; Long, B,; Fan, T.; Duan, L. Sulfur
Coordination Effects on the Stability and Activity of a Ru-
thenium-Based Water Oxidation Catalyst. /norg. Chem.
2019, 58, 3137-3144.

48. Luqgue-Urrutia, J. A,; Sola, M,; Poater, A. The Influence of
the pH on the Reaction Mechanism of Water Oxidation by a
Ru(bda) Catalyst. Catal. Today 2020, 358, 278-283.

49. Batsanov, S. Van der Waals Radii of Elements. /norg.
Mater. 2001, 37, 871-885.

50. Falivene, L,; Cao, Z,; Petta, A,; Serra, L.; Poater, A; Oliva,
R.; Scarano, V.; Cavallo, L. Towards the Online Computer-
Aided Design of Catalytic Pockets. Nat. Chem. 2019, 71, 872-
879.

51. Poater, A.; Ragone, F.; Giudice, S.; Costabile, C,;
Dorta, R.; Nolan, S. P.; Cavallo, L. Thermodynamics of N-
Heterocyclic Carbene Dimerization: The Balance of
Sterics and Electronics. Organometallics 2008, 27, 2679-
2681.

52. Poater, A.; Ragone, F.; Mariz, R,; Dorta, R.; Cavallo, L.
Comparing the Enantioselective Power of Steric and Elec-
trostatic Effects in Transition-Metal-Catalyzed Asymmetric
Synthesis. Chem. Eur. J. 2010, 16, 14348-14353.

53. Spackman, M. A,; Jayatilaka, D. Hirshfeld Surface Anal-
ysis. CrystEngComm 20089, 71, 19-32.

54. Vigara, L.; Ertem, M. Z.; Planas, N.; Bozoglian, F.; Leidel,
N.; Dau, H.; Haumann, M.; Gagliardi, L.; Cramer, C. J.; LIobet, A.
Experimental and Quantum Chemical Characterization of
the Water Oxidation Cycle Catalyzed by [Rull(damp)(bpy)
(H>0)1*". Chem. Sci. 2012, 3, 2576-2586.

55. Umena, Y., Kawakami, K.; Shen, J.-R.; Kamiya, N. Crystal
Structure of Oxygen-Evolving Photosystem |l at a Resolu-
tion of 1.9 A. Nature 2011, 473, 55-60.


https://doi.org/10.31635/ccschem.021.202101159

	Isolation and Identification of Pseudo Seven-Coordinate Ru(III) Intermediate Completing the Catalytic Cycle of Ru-bda Type of Water Oxidation Catalysts
	Introduction
	Experimental Methods
	Synthesis and characterization

	Results and Discussion
	Characterization of RuII complex
	Electrochemical characterization
	Characterization of RuIII aqua complex
	Theoretical investigation
	Determining hydrogen-bonding network around catalytic site

	Conclusions
	Supporting Information
	Conflict of Interest
	Funding Information
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


