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Abstract

Reduction of the complex [Ru"(k-N’0%*bda)(NO)(N-N,),]**, 2%, (N-N, is 4-(pyridin-4-yl)
benzenediazonium) in acetone allows grafting it onto graphite electrodes (GC). Multiple cycling
voltammetric experiments on the same electrode generates a new hybrid material GC-4 with the
Ru-aqua complex anchored on the graphite surface. GC-4. While the complex anchored on the
graphite surface is an active water oxidation catalyst, as characterized at pH = 7.0 via
electrochemical techniques and XAS, it has worse performance than in the homogeneous phase
and decomposes to form RuO, at the electrode surface. However, we find that the resulting metal
oxide attached to the GC electrode, GC-RuO,, is a very fast and rugged heterogeneous water
oxidation catalyst with TOFs of 300 s* and TONs >45000. The observed performance is
comparable to the best electrocatalysts reported, so far, at neutral pH.
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TOC

The performance of new hybrid materials based on molecular Ru-bda type of complexes anchored
on graphitic surfaces as water oxidation catalysts, is described. The nature of the active species is
uncovered based on electrochemical techniques and XAS spectroscopy.
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1. Introduction

Catalytic water oxidation to molecular dioxygen is one of the key processes in photocatalytic cells
that generate solar fuels by solar water-splitting." In addition, the underlying four-electron/four-
proton water oxidation is of biological interest since such reaction takes place at the oxygen-
evolving Mn,Ca complex of photosystem Il in green plants and algae.’

Significant developments in the field of water oxidation catalysis have emerged over the last few

>&7 \Water oxidation

years, including both molecular systems®* and for metal-oxide catalysts.
catalysts (WOCs) benefit from molecular toolkit that exploit electronic and steric effects,and can
be efficiently combined to generate extremely fast, oxidatively rugged catalysts.®*10111213.141516
For such purpose, the effects of ligand perturbations on catalyst performance need to be fully
understood, including for example changes in ligand coordination modes, hydrogen-bonding,
coordination numbers, inductive effects and site isolation. Finally, molecular WOCs also benefit
from an arsenal of spectroscopic techniques that can be applied to molecules and allow to derive
detailed information on molecular and electronic structures.” In addition, anchoring WOCs on
electrode surfaces is a very attractive strategy for generation of hybrid materials for
heterogeneous water oxidation, 8192021222324

Hybrid materials are very attractive since they can provide a large degree of flexibility to build
photoelectrochemical cells for water splitting.>**?” On the other hand, recent contributions have
shown that metal oxides obtained from transition metal complexes exhibit highly active water
oxidation catalysis. The nature of the transition metal complex as well as the oxide formation
protocol strongly influence catalytic performance.?®%2%%

RuO, has long been known to be an effective electrocatalytic material for water oxidation to
molecular dioxygen.**** Recent work has focused on the relationship of particle size and shape
with catalytic water oxidation performance, at different pHs, including catalysts immobilized on
333435 3% Here, we complement earlier studies by exploring the
catalytic activation of graphite carbon electrodes by using the molecular Ru-aqua complex GC-4
(See Figure 1), obtained by reduction of the corresponding diazonium salt. Furthermore, we
analyze the catalytic performance of these new hybrid materials with regard to water oxidation to
molecular dioxygen, and the fate of the Ru-complex precursor after catalytic performance.

different electrode surfaces.



2. Results

Reduction of the Ru-bda diazonium salt complex 2** on a glassy carbon electrode in acetone
generates the hybrid material GC-4X (where X refers to a Ru vacant site where a acetone, or an
aqua ligand cancoordinate). This material in turn generates the Ru-aqua complex on the surface of
the electrode, GC-4, upon several CV cycling experiments in a neat pH 7 phosphate buffer solution,
as described in the first part of this paper (Figure 1).* Different graphite electrodes were used to
anchor the Ru-bda catalysts, with different shapes and surface area (Figure 2). The amount of
mass deposited on the electrode can be controlled by changing the applied potential, the time
period for which this potential is applied, or the concentration of the initial diazonium salt 2**.
Changing only initial concentration of the diazonium salt, while keeping the same protocol just
described, provides an exquisite control of the mass deposited on the electrode surface (See
supporting information for further details).

2.1 The Nature and Activity of the GC-4 Hybrid Materials at Low Potentials.

The electrochemical properties of GC-4 have been investigated by multiple scanning CV in water at
pH 7.0, as displayed in Figure 3. The upper part of Figure 3 depicts the electrochemical
performance of of GC-4 up to 0.90 V vs. SSCE (all redox potentials reported in this work are versus
the SSCE reference electrode unless explicitly mentioned) where the ll1/Il couple at 0.40 V is clearly
seen as well as the electrocatalytic wave associated with the V/IV couple that starts increasing its
intensity at approx. 0.75 V. The IV/Ill couple that is located at 0.60 V is very weak as in the
homogeneous phase. The CV of GC-4 nicely parallels that of [Ru(bda)(4-Me-py),]"® in the
homogeneous phase at the same pH=7 and thus corroborates the integrity of the molecular
structure even when the complex is anchored on the surface.

Multiple scans, from -0.40 to 0.90, were carried out to evaluate the electrocatalytic performance
of GC-4 and its structural integrity. As can be observed in Figure 3 (top), for increasing number of
cycles, the intensity of the catalytic wave decreases as well as the charge under the I1l/Il wave. This
observation suggests the presence of a deactivation pathway that slowly reduces the performance
of the GC-4 material. Indeed, after 20 cycles, the charge below the IlI/1l couple is reduced by 15 %
while the intensity of the electrocatalytic wave decreases by 20% of its initial value (the second
cycle is always taken into consideration for these measurements). These experiments were also
performed at 1.00, 1.10 and 1.20 V, as reported in Figure 3 (bottom) and Figures S2 and S3 (Sl).

Chronoamperometric measurements were carried out at E,,, = 0.87 V, allowing to calculate an
indicative TOF of 0.27 s™ assuming a 100% faradaic efficiency (see Figure S4). The approximate
TOF; compares well with that of a previously reported Ru-bda complex anchored on GC, following
a related immobilization strategy.”

The multiple cycling performed at 1.10 V shows how the intensity of the IllI/Il wave rapidly
decreases after 20 cycles to approximately 35% of its original charge whereas, in sharp contrast



now, the intensity at 1.10 V initially decreases but then rapidly increases by 25 %. These
phenomena are due to the depletion of the Ru-OH, active species from the surface of the
electrode, concomitant with the generation of new species that are much more active than the
Ru-OH, but shows a foot of the electrocatalytic wave that is anodically shifted to approximately
1.10 V. These new highly active species are due to the formation of RuO, on the surface of the GC
electrode, as will be demonstrated in the next section, and will be labeled GC-RuO, from now on
throughout this manuscript. Interestingly, as is the case for most oxides,”®’ the CV of the GC-RuO,
is featureless except for the electrocatalytic wave.

2.2 Nature and Activity of the GC-4 Hybrid Materials at High Potentials.

We have anchored the Ru-aqua complex on large surface glassy carbon thin plates GCp (180 um x
15 mm x 25 mm) to characterize the nature of the species on the electrode surface during catalytic
turnover, following the evolution of reactive species by both electrochemistry and XAS. A similar
protocol, as in the case of the GC electrodes, was employed here to generate the corresponding
GCp hybrid materials.

Figure 4 shows the electrochemical activity of a GCp-4X material when exposed to 50 consecutive
scans, from 0.00 to 1.20 V. The first scan mainly transforms GCp-4X into GCp-4. The increase of the
anodic limit to 1.20 V increases the speed of the transformation of both GCp-4X into GCp-4 and
GCp-4 into GCp-RuO,. This observation is consistent with the featureless response of GCp-RuO,
except for the large electrocatalytic wave. Thus, the materials generated by electrooxidation
involve a mixture of GCp-4 and GCp-RuO, with a relative composition that depends on the number
of cycles. Furthermore, the absence of any other wave in the CV reveals the lack of intermediate
species in this conversion, indicating a very fast and progressive transformation from 4 to RuO, at
the electrode surface. Figure 4 (top left) shows that the intensity under the llI/Il wave has
decreased by about 50 % after 25 cycles, suggesting that about half of the initial amount of 4 has
been transformed into RuO,.

Modified glassy carbon plates obtained at different voltammetric cycles, labeled GCp-4, (n =0, 5,
10, 25) where “n” indicates the number of cycles (Figure 4), were analyzed by XAS. The XAS results
obtained for these four samples are summarized in Figure 5 and in the SI. After grafting of [4-k-
NO?(H,0).] onto GCp electrodes, both the K-edge and EXAFS spectra of GCp-4, indicated that the
overall structure around the Ru center was preserved, although a slight increase of the Ru-N/O
bond lengths was observed in GCp-4, (Table S1). Further EXAFS spectroscopic analysis was carried
out by combining the spectral data of GCp-4s, GCp-4,¢ and GCp-4,5, labeled as GCp-4,,, obtaining
the following distances (in A) and coordination numbers (N), in parenthesis: 2.03 (3), 2.51 (1), 2.16
(2) and 3.57 (0.8). These data again is very similar to the data obtained for [4-k-NO*(H,0),]" except
for the 3.57 A distance that manifests the presence of RuO,.



For increasing numbers of CV scans, an increase of the K-edge energy was observed (Figure 5B)
and for GCp-4,; the increase was about ~0.5 eV larger than for GCp-4,. Assuming a K-edge shift of
~1.7 eV per Ru oxidation step,’” our results suggests that ~30 % of the initial Ru(lll) was oxidized to
Ru(IV)0,. Further, EXAFS analysis revealed a slight decrease of the shorter Ru-N/O bond lengths in
GCp-4, for increasing CV scan numbers and an increase of the Fourier-Transform (FT) peaks
around 3 A. The ~3 A FT features and the corresponding EXAFS oscillations in the k-range of about
9-12 A were similar to the spectral features of a RuO, sample. Accordingly, EXAFS simulations
yielded a new Ru-Ru distance of ~3.57 A in GCp-4,, which is similar to the Ru-Ru distance in RuO,.
Such distance becomes more prominent for increasing numbers of CV scans (Figure 5D). The value
of Ngure Of ~1.3 suggests that ~20 % of the ruthenium in GCp-4,5 is present in the form of RuO,.
The value obtained here for the transformation of 4 to RuO, on the GCp-4,5 electrode is
substantially lower than the one obtained by CV probably due to the fact that not all the
generated RuO, remains tightly attached to the electrode surface and is partially washed off
during the rinsing protocol used for the XAS sample preparation.

2.3 Quantitative Analysis of Performance of Hybrid Materials for Catalytic Water Oxidation.

The catalytic performance of RuO,, electrodeposited on graphite electrodes by over-oxidation of
the molecular precursor 4, was evaluated by CV and chronoamperometric methodologies. For
such purpose, electrodeposition was performed on standard GC disk electrodes achieving surface
concentrations close to a monolayer. GC rods of 5 and 7 mm diameter were also used to increase
the surface area and to drastically decrease the amount of Ru complex anchored on the surface.

Initially, complex 2** was anchored on the GC or GCr, (x = 5 or 7) electrodes, following the
protocols as previously described. An adequate concentration of the complex was chosen to
control the amount of deposited material. Then, the electrode surface was sonicated and rinsed
with acetone and cleaned with a phosphate buffer solution at pH 7. Subsequently, the new
material was scanned 3 times from -0.4 V to 0.6 V in an aqueous solution at pH 7. The amount of
the complex on the electrode surface was quantified by integrating the charge below the oxidative
waves at 0.52 V and 0.15 V. Finally, a potential of 1.20 V was applied for 6 minutes to ensure
complete conversion from GCr;-4X to GCr;-RuO,.

The catalytic activity of the new materials was analyzed by CV and chronoamperometry at pH 7.0.
Figure 6 (left) shows the CV of GCr,-RuO, with a surface concentration of 25 pmols/cm?, exhibiting
a huge electrocatalytic wave starting at 1.10 V that reaches impressive current densities above 1.5
mA/cm?. Chronoamperometric experiments at Eapp=1.275V (n =0.70 V vs. the 4e” oxidation of
water to dioxygen, for 360 seconds) were used to calculate TOF;. A plot of TOF; vs. the RuO,
superficial concentration at the electrode is offered in Figure 6 (right) and a respective Tafel plot in
Figure S5. As it can be observed in Figure 6 (right) it is impressive to see the large increase of TOF;
as the /'decreases. In the particular case of GCr,-RuO, with /"= 1.0 pmol the TOF; reaches a value



close to 300 cycles per second which is among the highest reported in heterogeneous
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phase, reaching values very similar to the best ones obtained so far in homogeneous

phase.™

In order to able to compare the performance of our electrode material with previous works
reported in the literature for RuO, and other oxides deposited at the surface of electrodes, we
analyzed the roughness factor (RF) and the water oxidation catalytic activity following the

.8 A glassy carbon electrode disk (r = 0.20 cm) was used to

benchmark proposed by Jaramillo et a
analyze the double layer capacitance in the absence of faradaic processes to determine the
electrochemically active surface area (ECSA) and RF, see figure S6. Our experiments yielded an RF
= 1-2 (See sup inf) which indicates a surface coverage of RuO, close or slightly above to one
monolayer which is reasonable coming from a very small loading of the initial diazonium salt, 2*".
The estimation of the RF enabled us to obtain the specific current density, js, defined as the
geometrical current density divided by RF. This parameter allows thus a fair comparison with other
electrocatalytic materials since it takes into account the real surface area of the electrode. With
regard to catalyst activity we carried out the test recommended by Jaramillo et al.*® that consist on
evaluating current densities (both j and j;) as function of potential using a rotating disk electrode
(RDE) at 1600 rpm under 1 atmosphere of O, under steady state conditions using the same GC
electrode, see Figure S7. Here our experiments show that to reach a j; = 1 mA/cm” at pH = 7.0 an
overpotential (77) of 0.65 V is needed. Under the same conditions CoPi ***° needs 77=1.2 V at pH =
0 and 77=0.45V at pH = 14. Under static conditions at pH = 7 CoPi needs 7= 0.58 V to reach a j; =
0.2 mA/cm?, ** whereas GC-RuO, need only 0.50 V (see the supporting information section for
additional details). The latter manifests that the GC-RuO, electrode prepared in this work is among

the best electrocatalytic materials reported so far.

Finally bulk electrolysis experiments were also carried out using high surface area reticulated
carbon sponge electrodes GCs (20 ppi; volume = 1 cm?). Following a similar protocol as for the
carbon rod electrodes we generated GCs-4 and GCs-RuO,. The latter was used to carry out a bulk
electrolysis experiment in a two compartment cell with an E,,, = 1.15 V (1 = 0.6 V) for two hours
containing a Clark electrode to measure the molecular oxygen generated in the gas phase. A plot
of current intensity and [O,] vs. time is presented in Figure S8. It is impressive to see again that
during the first 30 minutes TONs higher than 25000 are achieved with basically 100 % Faradaic
efficiency. After 100 minutes the TON reaches a value of 45000 although now the Faradaic
efficiency drops, most likely due the oxidation of the carbon sponge electrode as has been
observed before.”



3. Discussion
3.1 Anchored WOCs and the Nature of Ru-bda on Graphitic Surfaces

Anchoring molecular WOCs on solid surfaces is an attractive strategy to generate hybrid solid-state
materials that can be used to carry out heterogeneous water oxidation catalysis. Depending on the
nature of the materials, water oxidation anodes or photoanodes can be built. #1%2021222343,44
Anchored catalysts are very useful for building photoelectrochemical cells for water splitting since
they provide a flexible engineering platform. However, one of the most challenging aspects is the

proper characterization of the surface-immobilized species before, during, and after catalysis.

A number of WOCs have already been covalently anchored to metal-oxide surfaces, using

18,19,20

carboxylate or phosphonate functionalities. In addition, a few of them have been anchored

on graphite surfaces.?*****

The graphitic surfaces provide high conductivity, low-cost materials and
are readily available in a myriad of conformations. In addition, invariably, every molecular water
oxidation catalyst necessarily needs to cycle through a labile Ru-OH,, or Ru-OH type of
intermediate species. The oxide surfaces can potentially compete for this bond and thus generate
Ru-O,ace bONds that in turn deactivate the molecular catalyst. Such deactivation process does not
occur on graphitic surfaces. Therefore, from the functional perspective, GC surfaces might have
advantages as solid supports when compared to metal-oxides. As a drawback, they are susceptible
to oxidation under high applied potentials, so the graphitic surface can be oxidized and the C-C
bond between the surface and the molecular catalyst can be broken. However, under ‘reasonable’
potentials the oxidation of the surface is negligible. In addition, new carbon-based materials such

as the BDD* or nanolTO-RVC* are incredibly stable even at very high potentials.

Our strategy was to use diazonium salts attached to the axial ligands that basically maintain the
intrinsic electronic properties of the metal center in the original complex. Upon controlled
reduction, they readily attach to the surface of the electrode generating hybrid materials. CV and
especially XAS spectroscopy allows thorough characterization of the nature of the anchored
species, allowing for characterization of the fresh catalyst before turnover and for monitoring the
fate of the catalyst under normal operating conditions. It is satisfying to see that both CV and XAS
measurements show that the WOC 4 in homogeneous phase is identical to that anchored on the
graphitic surface GC-4.

3.2 Catalytic Performance of the Anchored Catalysts

At low potentials, up to the electrocatalytic wave, the GC-4 behaves in a relatively discrete manner
achieving TOF; of 0.27 s™ at 0.87 V. After a few cycles, the catalyst slowly deactivates. This is in
sharp contrast with the spectacular performance and stability of the catalyst in the homogeneous
phase, where a TOF; close to 1000 cycles per second with an oxidative efficiency close to 100 % is
observed under optimized conditions using Ce(IV) as a primary oxidant.”
behavior of the supported catalyst, when compared to the complex in solution, might be due to

dimerization of the complex in the homogeneous phase upon reaching the high oxidation state

The radically different

Ru(V) to generate the RuOORu species via an I12M mechanism and subsequently dioxygen



evolution.'® The low translational mobility of the anchored Ru complex, due to the covalent C-C
bond with the graphitic surface, precludes the dimer formation and favors the water nucleophilic
attack type of mechanism. Such process has higher activation energy and significant deactivation
pathways, as judged by the loss of activity after a few catalytic cycles.

At higher potentials, the electrocatalytic wave shifts anodically by approx. 200 mV, indicating that
a new material is formed while the original catalyst is depleted. Surprisingly, the newly generated
material is extraordinarily active towards water oxidation. Such material is unambiguously
characterized as a form of electrodeposited RuO,. The transformation occurs without forming any
noticeable reaction intermediates, implying that it is rapidly completed through ligand
degradation possibly all the way to CO,.””*® The decomposition might happen in conjunction with
ligand loss to the solution. Thus, the anchored molecular catalyst, for instance GCr;-4, acts as a
precursor for the generation of RuO, electrodeposited on the electrode surface, forming GCr,-
RuO,, with TOF; close to 300 s™ and TONs >45000.

At this point, it is of interest to compare the activity of our materials to those that have already
been reported in the literature. This is a very difficult task, due the different conditions under
which the catalysts are described. To objectively evaluate the performance of the electrocatalytic
materials, Jaramillo et al. have described benchmark tests that consists in calculating electroactive
surface areas (ECSA), roughness factors (RF) and measurements of current densities (j and js) as a
function of overpotential values.® Following this benchmark tests, a range of oxides including
those of Co, Ni and Ir have been evaluated at t pH = 0.0 and 14.0. These extreme conditions are
needed to come up with the best performance for these oxides. Both at pH = 0 and pH=14, IrOx
turns out to be the best catalyst whereas CoPi performs relatively well at pH =14. Our catalyst
exhibits high performance even at pH = 7.0, thus we compare our electrocatalytic materials with
those of CoPi at pH = 7.0, for which the needed information is available.”* The fact that our
systems are comparable, or slightly better, in terms of specific current densities than those of CoPi
manifests the excellent performance for oxygen evolution of our hybrid electrocatalyst materials.
In addition, while GC-RuO, works in a neat pH = 7.0 electrolyte solution, the CoPi the systems
need a 0.5 mM solution of Co(lll) so that a significant amount of CoOx remains at the electrode.

Another interesting aspect of our system is the inverse correlation of the electrocatalytic activity
versus surface concentration. This phenomenon has already been described for metal oxide
nanoparticles (NP) and in particular for gold oxides NP,* and has been ascribed to a combination
of factors including electronic and geometrical effects.**”*>! From an electronic perspective, the
smaller the particle (or nanoparticle) the higher the number of Ru atoms with low coordination
sites. An additional influence to the performance can also be due to a synergistic interaction of the
electrode surface and the catalyst NP as well as the superficial charge of the NP. From a
geometrical perspective, different crystal facets can have different reactivity and the decrease of
particle size can also generate an increase of these active facets with regard to the non-active
ones. In addition, NP can also have a certain degree of fluxionality that might influence

performance. At present, we do not know which one of these factors and at to what extend might



be responsible for the inverse correlation. Further analysis of this aspect will be reported in the
future.

Conclusions

We have synthesized Ru-bda complexes with axial pyridyl ligands, functionalized with diazonium
salts that serve to attach the complexes to graphitic surfaces under reductive treatment. The
resulting surface functionalization generates a solid-state material with modest catalytic activity.
However, under performance conditions, it readily decomposes to form a highly dispersed RuO,
thin-film exhibiting outstanding electrocatalytic performance for electrocatalytic dioxygen
evolution by water-splitting.

ASSOCIATED CONTENT

Supporting Information. Synthetic procedures and additional experimental, spectroscopic, and
electrochemical data. This material is available free of charge via the Internet at
http://pubs.acs.org.

AUTHOR INFORMATION
Corresponding Author

victor.batista@yale.edu; xavier.sala@uab.cat; allobet@icig.es.

ACKNOWLEDGMENTS

A.L. thanks MINECO (CTQ-2013-49075-R, SEV-2013-0319) and “La Caixa” foundation for financial
support. R.M. thanks “La Caixa” foundation for a PhD grant.

M.H. thanks the Deutsche Forschungsgemeinschaft for financial support (grant Ha3265/6-1) and
for a Heisenberg Fellowship and the German Bundesministerium fir Bildung und Forschung for
funding within the Réntgen-Angstrom Cluster (grant 05K14KE1). We thank S. Reschke and M.
Gorlin for help in XAS data collection and M. Nachtegaal at SuperXAS of SLS for excellent technical
support

M.Z.E. was funded by a Computational Materials and Chemical Sciences project at Brookhaven
National Laboratory under contract DE-AC02-98CH10886 with the U.S. DOE.



V.S.B. acknowledges supercomputer time from NERSC and financial support as part of the
Argonne-Northwestern Solar Energy Research (ANSER) Center, an Energy Frontier Research Center
funded by the U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences under
Award Number DE-SC0001059.

X.S. thanks MINECO (CTQ2011-26440) for financial support.



References

1 Molecular Water Oxidation Catalysis: A Key Topic for New Sustainable Energy Conversion Schemes.
Edited by A. Llobet. 2014 John Wiley and Sons Ltd. ISBN: 9781118413371.

z Rappaport, F.; Guergova-Kuras, M.; Nixon, P. |.; Diner, B. A; Lavergne, J. Biochemistry 2002, 41, 8518-
8527..

3 Singh, A.; Spiccia, L. Coord. Chem. Rev. 2013, 257, 2607-2622.

4Sala, X,; Maji, S.; Bofill, R.; Garcia-Anton, ].; Escriche, L.; Llobet, A. Acc. Chem. Res. 2014, 47, 504-516.

5 Trotochaud, L.; Ranney, J. K;; Williams, K. N.; Boettcher, S. W. J. Am. Chem. Soc. 2012, 134, 17253-
17261.

6 Smith, R. D. L.; Prévot, M. S,; Fagan, R. D.; Zhang, Z.; Sedach, P. A;; Siu, M. K. |; Trudel, S.; Berlinguette, C.
P. Science 2013, 340, 60-63.

7 Suntivich, |.; Gasteiger, H. A., Nat. Chem. 2011, 3, 546-550.

8 Concepcion, |. J.; Tsai, M. K;; Muckerman, ]. T.; Meyer, T.]. J. Am. Chem. Soc. 2010, 132, 1545-1557.
9Yin, Q.; Tan, J. M.; Besson, C.; Geletii, Y. V.; Musaev, D. G.; Kuznetsov, A. E.; Luo, Z.; Hardcastle, K. I; Hill,
C. L. Science 2010, 328, 342-345.

10 Duan, L.; Bozoglian, F.; Mandal, S.; Stewart, B.; Privalov, T.; Llobet, A.; Sun, L. Nat. Chem. 2012, 4, 418-
423.

11 Karlsson, E. A,; Lee, B.-L.; Akermark, T.; Johnston, E. V.; Karkis, M. D.; Sun, |.; Hansson, O.; Backvall, J.-
E.; Akermark, B. Angew. Chem,, Int. Ed. 2011, 50,11715-11718.

12 Zhang, M.-T.; Chen, Z.; Kang, P.; Meyer, T.]. J. Am. Chem. Soc. 2013, 135, 2048-2051.

13 Lopez, L; Ertem, M. Z.; Maji, S.; Benet-Buchholz, ].; Keidel, A.; Kuhlmann, U.; Hildebrandt, P.; Cramer, C.
].; Batista, V. S.; Llobet, A. Angew. Chem., Int. Ed. 2014, 53, 205-209.

14 Neudeck, S.; Maji, S.; Lopez, I.; Meyer, S.; Meyer, F.; Llobet, A. J. Am. Chem. Soc. 2014, 136, 24-27.

15 Richmond, C. ]J.; Matheu, R.; Poater, A.; Falivene, L.; Benet-Buchholz, ].; Sala, X.; Cavallo, L.; Llobet, A.
Chem. Eur. ]. 2014, 20, 17282-17286.

16 Wang, L.; Duan, L.; Wang, Y.; Ahlquist, M. S. G.; Sun, L. Chem. Commun. 2014, 50, 12947-12950.

17 See for instance: a) Moonshiram, D.; Jurss, J. W.; Concepcion, ]. ].; Zakharova, T; Alperovich, I.; Meyer,
T.].; Pushkar, Y. J. Am. Chem. Soc., 2012, 134,4625-4636. . b) Alperovich, I.; Moonshiram, D.;
Concepcion, J. J.; Pushkar, Y. J. Phys. Chem. C. 2013, 117, 18994-19001. c) Stull, J. A,; Stich, T. A.; Hurst, J.
K.; Britt, R. D. Inorg. Chem. 2013, 52, 4578-4586.

18 Chen, Z.; Concepcion, |. J.; Jurss, ]. W.; Meyer, T. ]. J. Am. Chem. Soc. 2009, 131, 15580-15581.

19 Ashford, D. L.; Lapides, A. M.; Vannucci, A. K.; Hanson, K; Torelli, D. A;; Harrison, D. P.; Templeton, . L.;
Meyer, T.].J. Am. Chem. Soc. 2014, 136, 6578-6581.

20 Toma, F. M.; Sartorel, A.; lurlo, M.; Carraro, M.; Parisse, P.; Maccato, C.; Rapino, S.; Gonzalez, B.R;
Amenitsch, H.; Da Ros, T.; Casalis, L.; Goldoni, A.; Marcaccio, M.; Scorrano, G.; Scoles, G.; Paolucci, F.;
Prato, M.; Bonchio, M. Nat. Chem. 2010, 2, 826-831.

21 Tong, L.; Gothelid, M.; Sun, L. Chem. Commun. 2012, 48, 10025-10027.

221, F; Zhang, B.; Li, X; Jiang, Y.; Chen, L.; Li, Y.; Sun, L. Angew. Chem., Int. Ed. 2011, 50, 12276-12279.
23 Mola, ].; Mas-Marza, E.; Sala, X.; Romero, I.; Rodriguez, M.; Vifias, C.; Parella, T.; Llobet, A. Angew.
Chem., Int. Ed. 2008, 47, 5830-5832.

24 deKrafft, K. E.; Wang, C,; Xie, Z.; Su, X.; Hinds, B. ].; Lin, W. ACS Appl. Mater. Interfaces 2012, 4, 608-
613.

25 Hambourger, M.; Gervaldo, M.; Svedruzic, D.; King, P. W.; Gust, D.; Ghirardi, M.; Moore, A. L.; Moore, T.
A.J. Am. Chem. Soc., 2008, 130, 2015-2022.

26 Youngblood, W.].; Lee, S.-Y. A;; Kobayashi, Y.; Hernandez-Pagan, E. A; Hoertz, P. G.; Moore, T. A,;
Moore, A. L.; Gust, D.; Mallouk, T. E. J. Am. Chem. Soc., 2009, 131,926-927.

27Li, L.; Duan, L,; Xu, Y.; Gorlov, M.; Hagfeldt, AS.; Sun, L. Chem. Commun., 2010, 46, 7307-7309.

28 Wang, D.; Ghirlanda, G.; Allen, J. P. J. Am. Chem. Soc. 2014, 136,10198-10201

29 Hong, D.; Jung, |.; Park, ].; Yamada, Y.; Suenobu, T.; Lee, Y.-M.; Nam, W.; Fukuzumi, S. Energy Environ.
Sci.,, 2012, 5, 7606-7616.

30 Chen, G.; Chen, L.; Ng, S.-M,; Lau, T.-C. ChemSusChem, 2014, 7, 127-134.



"'€9Z2-SSZ ‘082 ‘T10T “[p3p) [ “H ‘Bangsifes | ‘sonodoueydals-1uezif] <7 Noyx ;g

"0S9T-L¥9T ‘I8Z ‘866 T 22Ua1dS "M "d ‘UBWIPOOY X ‘TeT “JA ‘USPIBA ¢g

"ZLTT-292T ‘95 ‘€102 pIv) doj N zodoT “d ‘B{syuoid 'S ‘uipodod

N JOoYD[8N-BIDIED Y ‘SB[an]-BIOJEN) ] ‘BSOde[[og ) .Nmaoq-m_:\,om N ‘soLuIeg-elow|y «'n TuIydIe) g
'T€S6-2CS6

‘76 ‘€T0Z 'Way) ‘buouj ' Tnznyng -y 99qo[T M WeN CN-'A 997 X ‘epeuie] S Tepuepy <( ‘uoy 8
‘18L2-1L2Z0S

TT0Z ‘way) ‘buou] 'y 42qo[] 1 ‘@Uo1IdsH [ Z[oyyong-1auayg 'q ‘Uepy-01apnasy X ‘e[es '] ‘Seouely .
"$S8T-0S8T ‘€ ‘€T0Z 100D SOV °[ "L “IAs [ [ ‘uorddeduo) T ‘19eqeqIly Y ‘W ‘ZOPUIN oy

"£892-9%9Z ‘801 ‘800 19y "Wway) ] "y ‘AI9IDIN

"TTTH-6TTF ‘SET ‘€T0OT 20S 'Way) “wy *[ ] ‘ung ‘I Z N 7 ‘Guepp [ I X ‘Suiq A ‘0eD 4y
'22602-8160Z 0L ‘€T0T 'V 'S 11 125 'PDIY JIDN 204d

("L “I9ASIN “N 'D ‘suosded g .:m%:m_mx “[*[ ‘uorpdaouoy q " ‘089s07T T ‘ToeqeqIy <Y 'V T0ONUUEBA ¢;
"205-86% ¥ ‘TT0T "way) N ‘W [ ‘dehey ] Y ‘B19qploD I 'S ‘NauIey 44

"'SL0OT-ZLOT ‘IZE ‘800T 22uUd10S ™) " ‘BIION "M ' ‘UBURY 14

"8€ 'Joy ul paqLIosap se g=Hd

1e A €0 Jo [enuajodaaao ue yim g=Hd 3e SOPIX0 JaY30 Uey} 1a11aq paseyaq pajonledoueu apIxo Q] o4
'8gJed ur 0 = Hd e A Z'T pue A 8'0 Usamiaq pue $T = Hd 1B A G0 pue A

€' U9aMla(q [ennualodiaAo ue JuImoys XQIN ‘X09,40) ‘XQ0) :b°a Al1e[IWIS paAeYd(q SOPIXO [eIdWl 1930 o
"L869T-LL69T ‘SET ‘€T0T 20S ‘way) ‘wy °[ "] "L ‘o[[iurere( =) °[ ‘s1039( =S ‘Gun[ =7 ) ) ‘A10IDII g¢
Jaded s1yy Jo T 3red ¢

'66€ ‘€ ‘TT0T WITWIY) SAYd *[*X ‘WI0-0eyS H "H ‘A11ad [ 3 ‘Aepy ![ ‘Ydo1anung X ‘997 o¢

"80L ‘07 ‘0T0T 123D 30U "ApY "y ‘BPIYSOX Y ‘IYS0LdQ ge

‘S00TT ‘8% ‘TTOT ‘Unwwio) ‘wayy'J, ‘usy A ‘Sueyz ,¢

"YLYZ € ‘€T0T [pID) SOV "L ‘UY “d ‘IS Y " U[INOI D T ‘sun{pn[ <X ‘Sueyz ¢

9GEE ‘ZIT ‘TTOT 19y "wday) "H “IdAQ ¢¢

‘S6LC

‘¥8 ‘886 T "Sun.i] Abpp.p, “20§ ‘Way) [ 'y 'd ‘UasualsLIy) <IN [ ‘sewoyy], [ '] ‘Suriaydld Y ‘UeWILLIBY 1¢




X aponossla-OoH

L= _—| 2N

c - o i ON
L} >N : .
o . Z/N_.\\H\/\ ) O ,/ ....... o
| NG O (o™ H_/lN_._o 0= |z,\=~_/@I\ 0
= _ N
= _ S
G
T
sposnos|e-On sponos|e-OH +NZ

'HO 10 H =X '¥-0D jo
aunpns W3y *, 2, [4(°N-N)(ON)(epg-,0,N-31),ny] 40 24n3oniis umelp Ya7 4aded sy} ul passnasip saxa|dwod paioyosue pue Jejnds[oA ‘T nsi4



s09 doo 109 09

"pasn sem (,wd GZT'0 = S) Wd

"0 = ¢ JO JisIp uogJed Asse|3 e ‘9pou3da|a ¥sip ullelos 8y} Jo4°(1dd OZ ‘,wd OT =S ‘,Wd T)“I9 ‘@3uods uogJed paweu AJUOWWOD UOCIEI SNOBILIA
Je|naiaJ pue (ww GT X ww Gz X wri 0gT) dJo saie|d uogJed Asse|3 ‘(Ajaazoadsal £1)9 pue Si)H pajage| pue Yi8ua| wd g X ww / 4o G = d) X1Dp
‘spoJ uoqJed Asse|3 ‘(,wd £0°0 = S ‘WD €°0 = $) IO YSIp UOgJed ASSE|D JJOM SIY} Ul PISN S9P0JII3d UogJed Asse|3 Suiriom jo Suimesq ‘g ainsi4



(s)2 (A3

009 (010,74 00¢ 0 1 80 0 0 v'0-
e 00T e g0
L o .\W, 0o =
3 3
SN SN
3 /Y 3
nnY/m
r00c = w"Y/nnY - 00C <=
X nnY/AnY |
%S¢C + =1V
%SE - =0V - 00v L oo
(s)2 (n) 3
009 00v 00¢ 0 80 0 0 v'0-
L N 1 N 1 N 00T- N M N 1 N 1 N 08-
= Oml
I ~. ~.
-0 E =
> 5
I e Z
o [2)
o g |
%0¢C- =IV - 00T n P uny/uny L 0
%ST- =0V 3 ! unY/nnY I
- 0ST ANY/ANY

- 0CT

"(,nd/,,nY pue | ny/, nd ‘, NY/, NY) $-29 J0 $3|dN0d XOP3J B3 3eIIPUI SMOIJE Payseq "Wo3l0q Y3 Joj A OT'T

1e pue sjuswadxa dol ayl 4o} A 06°0 e 9AeM 213A|e18204109]9 d1poue 3yl Jo Alsualul Jo a3ueyd ay3 03 S19jaJ |V "9]IAd 1se| ay3 01 1S41) 9y} Wouy

A 0S°0 18 @AM 21pOUE 3y} Japun 33Jeyd Jo adueyd ay3 01 SJ94aJ DV "S92A2 Y3 4o 1534 3yl paldidap aJe Aeud u| "auo 1se| ay3 01 spuodsauiod aul)|
oe|q Y3 seauaym 3[9A2 35414 3Y3 03 spuodsaluod sul| paysep 3yl "9]9Ad 15414 aY1 Jo |ernualod Suiniels syl S1ed1pul smodde pljos ‘(wopoq) A 0T 03}
dn pue (do3) A 06°0 03 dn sueds aA3adas gz uodn '/ = Hd 1e §-)D JO SduewJoad 213A|e1e204309|3 33 JO SISAjeue Alxawiwie)|oA 2119A) *€ 94nSi4



s3]dA) INVE|

ot 0¢ 0 T S0 0
btk kil 7°()- L & L A 0
;:::_ i ,:;_‘ i A - -~ " —

__ ___ [ :_ . —_— L oy
- W I 3
i 20 ~ - 90 N
) I )
i 3 3
s N B N
. — —
- 7’1 [
. - 7’1
sapA)y saphy )
og 0¢ OT O = 0£ 0Z OT O
o ®
(=) %0
00T & %07 X
¢ 007 ~ %0y mo
*e 3 %09 =
00€ %08 &
oop 3 %00T —

‘(awil) s912A2 Jo Jaquwinu *sA A S6°0 e Alsuap ua4und o 1o|d ‘314 do] "SulpAd uodn A G0 1B DABM dlpoue Y3 Japun adieyd
9y} jo 10|d ‘449 do] *s3|2A2 Jo uoIdUNy B se uoleuasaldal 3 *sa [ Y3 wollog "As.3 ul umedp aJe 1534 3y} Seasaym 3|2Ad 114 93 03 Spuodsaliod
aul| p1jos X2e|q 9yl ‘uonejuasasdal 3 'sA [ Ya] wonog ‘A 02'T 01 dn o'/ = Hd 18 Xp-dID 404 ($9]9A2 0G) swea3owwel|oA 21]PAd aARaday 'y 94nSi4



"“p-dJD 4o} suone|nwis S3vX3 ay1 ul 3|qeliea (A;3ydiis) Jo fony ul anjeA syl 03 paxiy

SeMm jeyl aouelsip nyY-ny e 3uisn Joj paulelqo sanjea-j\ Jo adued alewixosdde ayl Juasatdal sieq Jouud ‘(g) ul paledipul se sajdwes 01 49434 SJI0|0D)
"sa|dwies ay3 ul apIX0 aY3 JO SJUNOWE dAIIE[J BY) JO UOIIUIWIDIBP Sullel|ioe) COnyY 40 (Y LG E~) 2IUBISIP NY-NY dY3 JO (N) JoqUInu UOIIeUIPI00)
(@) '1S @Y1 ul TS 3|ge ul umoys sia1aweded 3uisn suolle|nWIS dJe saul| (P40]02) 21yl SeaUaYM elep |[eluawIadxa aJe saul| 3de|q uly] "ddeds-y ul
SUOI1e||12S0 S4Y¥X3 ‘19su| ‘uosiiedwod J0) PaYIYS Aj[ed11aA a1am ea103ds ‘() ul paiedipul se sajdwes sy 01 J343J SJ0[0)) ‘Spud d3ued-) y10q 1e % 0T
420 BUIPURIXd SMOPUIM _SOD BUISN pue |/ 2°ZT-L T JO SIN|EA-Y 10} PIIL|ND|ED 3U9M S|4 "BI33dS SHV¥XT 4O (S1d) Swojsueul-1a1ino4 (J) -aunpaso.d
uoleuqies A34aus ay3 4o Adeandoe ay3 Juasasdal sieq 40443 (Y319y-4ey a3pa e pauiw.alap) sa1d4aua 33pa-) ny (g) ‘1y319y-4jey adpa punoue
eJ109ds Jo uoleaiyiudew 1asu| “ea3dads a8pa-y ny (V) ““ony pue “p-dio ‘["(0°H),ON-X-7] Jo sisAjeue AdoasoJdydads uonydiosge Aes-y :g aansi4



sueas \D  / @2ue}sip paonpal
GZ 0C GL OL S O L 9 ¢ ¥ ¢ ¢ L 0
PR I TR I R BT B ) PR [N T NN NN SR NN SR M T N
0'0 -
. B vaaval
L 2 |
r <
-g0 @ I
L o |
| o
° L
r Qo
L w. L
Lo 2 |z ﬂ,w_a:v_m,w
L W 20X B
- </\$\</\/\Ir\o i
| m K}f,\l/\ <,\</\ ;,\Z;/( \\;/h
LB MM AN E .
T P m?:\/}\/\v(s i
Z Tss =z gﬁ/\g\wﬂ
=09 e AU |
d F S5 o )
suess AD N\° | ABiaua
Ggc 0 sLoL s O 09iLeZ oviee ociee
PR I N T BT T B, PR S [ T T T NN S S S N S S
9’y
~O>_:w_ 14344 veLee
‘p-do9
+["(0%H)zON-*-%] - Y A et
=
[5°]
Q.
Q
[
]
>
(] L
e
«Q
<
N
N
M ‘oany
o O-doo [
< p-doo
%-doo
A" " (0°H).ON-¥-1]

S4dvx3jo 14

(11

o

¥ S3INVX pazijew.iou



(;wd/jowu) 4 (N 3

€0 o 1o 0 09'T 08°0 000
e ) O 1 M N M 3 N M N O.VOl
3 i
™ 0s
o [ -
% oot T P ov0 =
0 [ w
05T = . o
- 0T 3,
00¢ i
0S¢ I 00°z
00€

*Adua1d1y49 dlepeJeq 9% 00T Sulwnsse pue uo3deIIgNS Mue|(q

Jaue ‘s 09€ 404 (A 0£°0 = W) A €£7°T 1€ StuswiIadxa d1413woladweouosyd wody pajendjed ale 401 ‘(sajSuely usaud) Zony-3o pue (satenbs pau)
tony-51)o ‘(spuowelp an|q) ony-£139 JO So148s e 10) 401 JO 10|d ‘Ay31y 2184 UBDS JO S/AW OF 1e L1DD aJeq pue (aul] }2e(g) A 0T T 1 Sulels aAem
213A|e182043039|D 984e| B SUIMOYS 0"/ = Hd 1e NEU\m_oEQ GZ 40O uOo3eJ3UddUO0I [edlydadNs e YIm Zony-L1) D Jo Aujswwel|on 2119Ad ‘Y7 ‘9 auansi4



