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Detection of a charge-separated catalyst precursor
state in a linked photosensitizer-catalyst assembly†

Anusree Mukherjee,a Oleksandr Kokhan,a Jier Huang,a Jens Niklas,a Lin X. Chen,*ab

David M. Tiedea and Karen L. Mulfort*a

We have designed two new supramolecular assemblies based on Co(II)-templated coordination of

Ru(bpy)3
2+ (bpy = 2,20-bipyridyl) analogues as photosensitizers and electron donors to a cobaloxime

macrocycle, which are of interest as proton reduction catalysts. The self-assembled photocatalyst

precursors were structurally characterized by Co K-edge X-ray absorption spectroscopy and solution-

phase X-ray scattering. Visible light excitation of one of the assemblies has yielded instantaneous

electron transfer and charge separation to form a transient Co(I) state which persists for 26 ps. The

development of a linked photosensitizer–cobaloxime architecture supporting efficient Co(I) charge

transfer is significant since it is mechanistically critical as the first photo-induced electron transfer step

for hydrogen production, and has not been detected in previous photosensitizer–cobaloxime linked

dyad assemblies. X-band EPR spectroscopy has revealed that the Co(II) centres of both assemblies are

high spin, in contrast to most previously described cobaloximes, and likely plays an important role in

facilitating photoinduced charge separation. Based on the results obtained from ultrafast and

nanosecond transient absorption optical spectroscopies, we propose that charge recombination occurs

through multiple ligand states present within the photosensitizer modules. The studies presented here

will enhance our understanding of supramolecular photocatalyst assembly and direct new designs for

artificial photosynthesis.

Introduction

The development of materials that can sustainably and efficiently
convert solar energy to chemical energy stored within the bonds of
small molecules such as hydrogen is an enormous scientific and
technical challenge.1–3 Bio-inspired approaches toward artificial
photosynthesis have yielded numerous molecular structural
analogues to naturally occurring active sites, many of which
notably contain only earth-abundant elements.4–8 Additionally,
supramolecular architectures present unique opportunities to
tune chromophore-catalyst coupling and introduce mechanisms
for self-repair. However, outside the framework of a protein
structure, discrete homogeneous photocatalysts often suffer

from poor stability and longevity or are unable to sustain the
long-lived photo-induced charge separation necessary to initiate
substrate binding. Nevertheless, homogeneous molecular and
supramolecular architectures are well-positioned to make a huge
impact in the pursuit of new materials for artificial photosynthesis
since their ground and excited state structures are readily probed
by both traditional and emerging physical characterization
techniques. New molecular and supramolecular design and
discovery will accelerate knowledge of the relevant formation
and degradation pathways, desirable and unproductive electron
transfer pathways, and facilitate comprehensive mapping of
structure-function behaviour.

Among molecular compounds for proton reduction catalysis,
cobaloximes have received special attention,9–14 largely because of
their relatively low overpotential.15 Additionally, the cobaloxime
macrocycle architecture presents many possible sites to couple
photosensitizers to initiate H2 catalysis by visible light. In
particular, supramolecular coordination of pyridyl-functionalized
photosensitizers directly to the axial position of the cobalt
macrocycle Co(II) site has been a common tactic in building
cobaloxime-based photocatalysts. The original design16 and
several follow-up contributions17,18 was intended to overcome
diffusion limited photoinduced electron transfer (PET) to the
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catalytic centre, but in general axial photosensitizer coordination to
the cobaloxime macrocycle does not significantly improve total H2

TONs when compared to analogous multi-molecular systems.
Detailed structural studies using 1H NMR19 and solution-phase
X-ray scattering20 have demonstrated and quantified the lability of
the photocatalyst assembly motif. Furthermore, our comprehensive
transient optical spectroscopy20 and EPR studies21 suggest that the
axial coordination of these supramolecular designs may actually
inhibit the catalytically-active Co(I) charge-separated (CS) state by
promoting fast back electron transfer to quickly regenerate the
photosensitizer ground state. Accumulation of the Co(I) state has
been observed at long time scales in multi-component systems,22,23

and more recently, in a donor–donor–cobaloxime triad assembly.24

However, the vast majority of linked photosensitizer–cobaloxime
assemblies have not demonstrated formation of this first crucial
catalytic intermediate.

In this report, we describe a new supramolecular approach
to link cobaloxime H2 catalyst modules with visible-light
absorbing photosensitizers using metal-templated macrocycle
formation (Scheme 1). The photocatalyst precursors described here
represent a significant departure from the axial coordination of
current cobaloxime-based assemblies and instead target equatorial
photosensitizer coordination through elaboration of the glyoxime
macrocycle. Remarkably, this ligand manifold enables apparently
instantaneous formation of the Co(I) charge-separated state, the
key intermediate relevant to H2 catalysis by cobaloximes. Also,
two different photosensitizer-catalyst bridges have allowed us to
modulate the physical and electronic coupling which governs the
fundamental steps relevant to artificial photosynthesis.

Results
Synthesis

Two new cobaloxime-based supramolecular assemblies were
successfully synthesized via glyoxime functionalization of
Ru(II)-tris(bipyridyl) light-harvesting compounds (Scheme 1).
Full synthesis details are available in the ESI,† but briefly,
glyoxime-functionalized phenanthroline ligands (L1 and L2)
were prepared by acid-catalysed chlorination of either glyoxime
or 3-methyl glyoxime at low temperature followed by substitution
with the bis- or mono-substituted amine. The Ru(II)-tris(bipyridyl)
compounds (RuL1, RuL2) were then obtained by typical ligand

exchange conditions from Ru(bpy)2Cl2�2H2O and structurally
characterized by 1H NMR, ESI-MS, absorbance and emission
spectroscopies, and cyclic voltammetry (see ESI†). Self-assembly
to form the equatorially-linked cobaloxime-based photocatalyst
precursors 1 and 2 was achieved simply by adding a stoichiometric
amount of CoCl2 to solutions of RuL1 and RuL2 in acetone
followed by solvent removal under reduced pressure. X-band
EPR spectroscopy of assembly 1 in 3 : 1 CH2Cl2 : CH3CN at 7.5 K
showed a broad signal with two effective g values around 4.7 and a
third at 2.3, characteristic of the presence of high spin Co(II) in an
octahedral environment with two anionic axial ligands.

X-ray characterization of assemblies 1 and 2

Supramolecular assemblies are often difficult to characterize by
conventional methods; mass spectrometry can disrupt struc-
tures held together by relatively weak interactions and NMR is
useful for detecting local coordination events but it can be quite
difficult to assess global structural features.25 Therefore, we
turned to synchrotron X-ray based techniques26 to characterize
both the local and global structure of assemblies 1 and 2. First,
the local cobalt coordination geometry and macrocycle integrity
was characterized by X-ray absorption spectroscopy at the
cobalt K-edge. X-ray absorption near edge structure (XANES)
spectra of 1 confirmed that the oxidation state of the cobalt
centre remained in the +2 state following assembly, showing
the transition edge energy observed at 7721.5 eV, typical for a
Co(II) complex in an octahedral environment.27 The pre-edge
features of assembly 1 due to the weak quadrupole 1s - 3d
transition further confirmed the expected octahedral Co(II)
coordination geometry. Similar analysis of 2 yielded an absorp-
tion edge between that of Co(II) and Co(III) standards and
suggests the coexistence of both oxidation states for this
assembly. X-ray absorption fine structure (XAFS) data analysis
of 1 revealed the cobalt–ligand distances of the first coordina-
tion shell. Fitting the XAFS data resulted in four Co–N bonds
(2.05 Å) and two Co–Cl bonds (2.29 Å) which agree well with an
energy-minimized model and crystal structure data of model
compounds.28

Solution-phase X-ray scattering was used to characterize the
global structure of assemblies 1 and 2 in relatively dilute
solutions in CH3CN. The scattering pattern of the solute alone
was obtained following subtraction of the neat solvent scattering
response from the sample pattern. Guinier analysis of small-
angle X-ray scattering is a fairly common technique to obtain the
radius of gyration (Rg) of uniform, homogeneous particles in
solution.29 Rg is related to the scattering intensity at low q values
through the relationships

IðqÞ ¼ Ið0Þ exp q2Rg
2

3

� �
(1)

I(0) = [C]Vm
2(rm � r0)2 (2)

where I(0) is the scattering intensity at q = 0, C is the concen-
tration of the assembly, Vm is the total excluded solvent volume
of the scatterer, rm and r0 are the average electron density of the
scatterer and solvent, respectively. We measured the small-angle

Scheme 1 Chemical structure of photosensitizer modules RuL1 and RuL2 and
Co(II)-templated assemblies 1 and 2.
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X-ray scattering patterns from RuL1, assembly 1, RuL2, and
assembly 2 at 5 mM in CH3CN and found excellent agreement
between the values obtained experimentally and those from
simulated coordinate-based scattering patterns from energy-
minimized models (Table 1).30 As expected, Guinier analysis of
the scattering from assemblies 1 and 2 results in significantly
larger Rg values than the light-harvesting modules alone and
confirms assembly formation in solution.

Transient optical spectroscopy

Following confirmation of supramolecular assembly of 1 and 2,
femtosecond and nanosecond transient optical spectroscopy
were used to probe the kinetics of photoexcitation and charge
separation. Based on analysis of the optical and redox properties
of RuL1 and RuL2, the driving force for PET in assemblies 1 and
2 are nearly identical. However, the transient spectra and
kinetics of assemblies 1 and 2 display striking differences,
particularly in the first 100 ps following photoexcitation. Excita-
tion of the metal-to-ligand charge transfer (MLCT) transition of
RuL1 at 420 nm resulted in formation of the ground state bleach
(GSB) band o500 nm and a broad band centred at 600 nm
associated with excited state absorption (ESA), typical of
Ru(bpy)3

2+-type compounds (Fig. 1A).31 Following very fast sub-
picosecond quench of the ESA due to intersystem crossing, the
kinetics of ESA decay at 570 nm remained flat, suggesting a long
lived excited state, well beyond the timescale of the ultrafast
experiment. Complementary nanosecond spectroscopy of RuL1
yielded ESA decay at 570 nm with a lifetime of 558 ns. In stark

contrast, the transient spectra of assembly 1 displayed instantaneous
formation of an outstanding spectral feature between 520–600 nm
(Fig. 1B). This feature correlates with the spectrum of the Co(I)
reduced state of the cobaloxime macrocycle, confirmed by
spectroelectrochemistry of a cobaloxime model compound
(Fig. S14, ESI†).32,33 Global fitting of the ultrafast and nano-
second kinetics of 1 in CH3CN yielded a multi-exponential
decay at 570 nm with time constants t1 = 26 ps, t2 = 3 ns,
and t3 = 246 ns (see ESI† for complete fitting details).

To confirm the nature of the ultrafast feature observed
in assembly 1, two control spectroscopy experiments were
performed. In the first, electronically inert Zn(II) was used to
form a metal-templated assembly with the appropriate stoi-
chiometry (2 : 1 RuL1 : ZnCl2). The Zn(II) analogue of assembly 1
displayed a broad ESA band nearly identical to that of RuL1
alone with similar kinetics (Fig. S18, ESI†). In the second
control, a Ru(bpy)3

2+ analogue without glyoxime functionality,
Ru(bpy)2(5-amine-1,10-phenanthroline)�2PF6, was mixed with
CoCl2 in a 2 : 1 ratio to test the effect of cobalt macrocycle
formation. In the ultrafast experiment, a broad ESA was
observed, again similar to that of RuL1 alone in CH3CN.

No evidence of the Co(I) CS state was observed following
visible excitation of assembly 2. In both the ultrafast and
nanosecond time scales, the transient spectra of assembly 2
resemble the spectral features of RuL2 alone and exhibit
similar kinetic parameters (Fig. S21, ESI†).

Discussion

Synthesis of new, appropriately functionalized light-harvesting
modules has enabled us to access supramolecular structures
which have potential as photocatalysts for proton reduction
catalysis. In addition to characterization of the modules by
standard methods, we have used complementary synchrotron
X-ray techniques to probe both the local Co(II)-macrocycle
structure by XAS and the global structure of the assembly
structure by Guinier analysis of the SAXS patterns. The results

Table 1 Summary of Guinier analysis of photosensitizer modules and assem-
blies at 5 mM in CH3CN

Model Rg (Å) Experiment Rg (Å)

RuL1 6.58 6.57 � 0.08
Assembly 1 10.70 10.65 � 0.18
RuL2 6.12 6.10 � 0.11
Assembly 2 10.33 10.09 � 0.16

Fig. 1 Comparison of ultrafast transient optical spectra of (A) RuL1 and (B) assembly 1 at identical optical density in CH3CN. Pump wavelength 420 nm.
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firmly establish the formation of the expected cobaloxime
macrocycle and overall supramolecular structure by metal-
mediated self-assembly.

A combination of femtosecond and nanosecond transient
optical spectroscopies were used to investigate the behaviour of
the light-harvesting modules and equatorially-coordinated
cobaloxime-based assemblies. Following visible excitation of
RuL1 in CH3CN, mono-exponential decay of the ESA and
recovery to ground state with t = 558 ns (tGS1) was observed.
This is consistent with Ru(bpy)3

2+-type compounds, and
explained by MLCT to a distinct low-lying p* acceptor level
within the L1 ligand. The electron acceptor in the form of the
cobaloxime macrocycle in assembly 1 results in additional
complexities to the transient components. The energy level
diagram based on the relative donor–acceptor energy levels
which explains our kinetic model for assembly 1 is shown in
Fig. 2. The simplest solution that describes the multi-exponential
decay kinetics and correlates with the relevant donor–acceptor
energy levels is a system of five linear differential equations,
which is in excellent agreement with the fit to experimental
data (Fig. S17, ESI†). From *RuL1, the excited electron has two
possible decay pathways: the first through MLCT1, which is
localized on the L1 phenanthroline ligand as observed in native
photosensitizer RuL1, and the other is localized on the cobaloxime
which yields the catalytically-relevant Co(I) CS state. In assembly 1
the MLCT1 state recombines to ground state with t3 = 246 ns, a
slight acceleration from RuL1 alone, which may be the result of

extended conjugation in 1 or slight changes in the electronic
structure of L1 following cation coordination. Formation of the
Co(I) CS state occurs instantaneously within the resolution of
the ultrafast spectroscopy experiment but decays rather quickly,
with t1 = 26 ps. This fast decay of the Co(I) CS state and the relative
energy levels of MLCT1 and Co(II/I) lead us to propose the presence
of another accessible ligand-centred MLCT state in assembly 1.
The presence of multiple MLCT states in a Ru(II)-polypyridyl
ligand has been observed before in dppz (dipyrido[3,2-a:20,30-c]-
phenazine), which is structurally similar to L1.34,35 The MLCT1

level of dppz is observed in the absorbance spectrum and
centred on the phenanthroline portion, and the MLCT0 level is
observed in the emission spectrum and centred on the pyrazine
portion.36 In the fully conjugated dppz, initial photoexcitation
to MLCT1 is followed by fast, solvent dependent, intraligand
electron transfer to MLCT0 which then decays to ground state on
the typical time scale for Ru(bpy)3

2+ compounds. The multi-
exponential decay observed following visible excitation of assembly
1 closely resembles this process. Following instantaneous for-
mation of the Co(I) CS state, charge recombination with
t1 = 26 ps occurs to the saturated pyrazine centred MLCT0 state
which then decays with t2 = 3 ns.

The two control spectroscopy experiments are crucial to
unambiguous determination of the instantaneous CS state
observed in 1. The marked contrast between photoinduced spectra
in the 520–600 nm region of 1 and 2 : 1 RuL1 : ZnCl2 demonstrates
that the transient spectra of 1 arise from cobaloxime macrocycle

Fig. 2 Proposed energy level diagram following visible light excitation in CH3CN of RuL1 and assembly 1 from combined ultrafast and nanosecond spectroscopies.
Rate constants in blue (k1, kCS) are not observed on ultrafast timescale, MLCT1 spectra in RuL1 and Co(I) CS spectra in assembly 1 are observed instantaneously
following excitation. See ESI† for complete fitting details.
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formation, not disruption of the RuL1 MLCT levels following
cation coordination. Additionally, visible excitation of 2 : 1
Ru(bpy)2(5-amino-1,10-phenanthroline)�2PF6 : CoCl2 led to similar
ultrafast ESA decay kinetics as Ru(bpy)2(5-amino-1,10-phenan-
throline)�2PF6 and RuL1 alone. From this we conclude that the
transient spectra of 1 do not arise from bimolecular energy transfer,
which might be a consideration given the spectral overlap of
Ru(II)-based emission and CoCl2-based absorption. These two
observations, as well as the assignment of Co(I) by spectro-
electrochemistry, confirm the instantaneous PET to the self-
assembled cobaloxime macrocycle.

Unlike the encouraging transient spectra of assembly 1, no
distinct evidence of the Co(I) state was observed following
visible excitation of assembly 2. In both the ultrafast and
nanosecond time scales, the spectral features of assembly 2
resemble the spectral features of RuL2 alone and exhibit
similar kinetic parameters (Fig. S21, ESI†). The lack of observed
CS to obtain the mechanistically-relevant Co(I) state in assembly 2
could be a result of either (1) the flexible L2 ligand and break in
conjugation between electron donor and acceptor prohibits forward
electron transfer, or (2) the cobalt oxidation state in assembly 2
is intermediate between +2 and +3, as suggested by the ground
state XANES spectroscopy (Fig. S9, ESI†). Additionally, the
structure-function analysis of assembly 2 is likely complicated
by a mixture of cis–trans isomerization of the RuL2 module
around the macrocycle.

There are several aspects that we considered in the design of
assemblies 1 and 2 that we now know are critical to the PET
characteristics and suspect may be relevant to their performance as
potential H2 photocatalysts. By appending the photosensitizer to the
equatorial positions of the macrocycle, we drastically altered the
cobalt coordination sphere from typical cobaloxime-based supra-
molecular assemblies and allowed two anionic ligands in the axial
positions which strongly influence the cobalt spin state. As noted
above, X-band EPR spectroscopy of assembly 1 gave a broad signal
with two effective g values around 4.7 and a third at 2.3, supporting
the presence of high spin Co(II) in an octahedral environment with
two anionic axial ligands. This has been observed in similar cobalt
complexes37–40 but signifies a profound departure from the axially-
coordinated cobaloxime macrocycles reported thus far21,41,42 and
likely explains the instantaneous photoinduced CS in 1 to yield the
Co(I) centre. Both axial and equatorial coordination of photosensi-
tizers to cobaloximes contain cobalt in the +2 oxidation state with
3d7 electronic configuration. In order for a low-spin Co(II) species to
accept an electron, it must reside in an anti-bonding eg orbital
(t2g

6e*g
1 - t2g

6e*g
2). However, in a high-spin complex, the reducing

electron can populate the non-bonding t2g level (t2g
5e*g

2 - t2g
6e*g

2),
which is energetically more favourable than electron transfer to an
anti-bonding orbital. Therefore, the high spin state of the equato-
rially-coordinated assemblies here promotes instantaneous PET and
CS to the Co(II) macrocycle which is not observed with axially-
coordinated photosensitizers. In support of this hypothesis, similar
electronic behaviour was attributed to a model complex of the
oxygen evolution reaction, where the presence of an electron in an
anti-bonding orbital explains the high catalytic activity of cobalt or
manganese oxides.43

The instantaneous formation of the Co(I) CS state upon
excitation of the RuL1 MLCT transition is a remarkable feature
of assembly 1. Analogous instantaneous formation of CS44–48

and extensively delocalized excited-states involving multiple
redox chromophores has been observed by optical excitation
of transition moments that are localized on single chromo-
phores in photosynthetic reaction centre proteins.45 In this
way, we note that we have succeeded in creating an artificial
assembly that duplicates the charge transfer character of the
initial excited state produced in the primary electron transfer
reactions in photosynthesis.

Conclusions

Here we have described the synthesis, structural characterization,
and transient optical spectroscopy of two new supramolecular
photosensitizer-catalyst assemblies which feature light-harvesting
components equatorially coordinated to a cobaloxime macro-
cycle. By transforming the supramolecular scaffold from axial
coordination directly to Co(II) to equatorial coordination through
the cobaloxime macrocycle, we have observed visible light
induced formation of the Co(I) charge-separated state, the key
species responsible for catalytic proton reduction. The instantaneous
formation of the charge-separated state in assembly 1 is reminiscent
of the first steps following light absorption in photosynthesis,
and draws a direct connection between natural photosynthesis
and artificial architectures. Currently, we cannot definitively
identify the source of the short-lived nature of the charge-
separated state, or why we observe multiple ligand states in
assembly 1. However, the proposed kinetic model explains our
experimental results well, and the presence of multiple ligand
states likely explains the negligible H2 photocatalytic efficiency
of assembly 1. Therefore, we note the fundamental importance
of this observation but acknowledge that this intermediate has
a relatively short lifetime, and an immediate research goal is to
significantly enhance its stability.

Experimental section

All commercial reagents and solvents were purchased from
Sigma-Aldrich and used without further purification unless
otherwise noted. The synthesis of dichloroglyoxime, 5-nitro-6-
amino-1,10-phenanthroline, [Ru(bpy)2(5-nitro-6-amino-1,10-phenan-
throline)�2PF6]49 and [Ru(bpy)2(5,6-diamino-1,10-phenanthroline)�
2PF6]50 was reported elsewhere. Complete synthesis details are in
the ESI.† 1H NMR was performed on a Bruker DMX 500 and
referenced to TMS or residual solvent peak. ESI-MS was collected
on a ThermoFisher LCQ Fleet, from dilute CH3CN or methanol
solutions in positive ionization mode. UV-Vis absorption
measurements were performed on a Shimadzu UV-1601 spectro-
photometer. Steady state emission spectra were measured on a
Quantamaster spectrophotometer from Photon Technology
International; each sample was dissolved in spectrophotometric
grade CH3CN with optical density r0.3 at the excitation wave-
length and thoroughly de-aerated with N2.
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Cyclic voltammetry

Cyclic voltammetry was conducted using a standard three-
electrode cell on a BioAnalytical Systems (BAS) 100B potentio-
stat and cell stand with a 3 mm-diameter glassy carbon working
electrode, a Pt wire auxiliary electrode, and a pseudo Ag/AgCl
reference electrode.51 Each solution in anhydrous CH3CN was
purged with N2 prior to measurement and subsequently main-
tained under a blanket of N2. Tetrabutylammonium hexafluoro-
phosphate (0.1 M) was used as the supporting electrolyte.
Ferrocene (purified by sublimation) was added as an internal
standard and redox potentials were referenced to the ferrocene/
ferrocenium couple (0.40 V vs. SCE (CH3CN)).52 All scans were
performed at 100 mV s�1.

Spectroelectrochemistry

Spectroelectrochemistry was performed on the model com-
pound Co(dmgH)(dmgH2)Cl2 in 1 : 1 H2O : CH3CN. A 1 mM
solution of Co(dmgH)(dmgH2)Cl2 in 0.1 M KCl supporting
electrolyte was purged with N2 and placed in a quartz cuvette
spectroelectrochemical cell (BAS) under N2 atmosphere. The
working (Pt mesh), auxiliary (PTFE-coated Pt wire), and reference
(Ag/AgCl 3 M NaCl) electrodes were positioned in the cuvette
using a Teflon cap, the cuvette was sealed with parafilm and
then placed in the spectrophotometer. The potential was held at
�600 and �1000 mV (vs. Ag/AgCl) to monitor the spectral
changes at the Co(III/II) and Co(II/I) transitions, respectively.

Transient absorption spectroscopy

Ultrafast transient absorption spectroscopy was measured at the
Center for Nanoscale Materials at Argonne National Laboratory
using an amplified Ti:sapphire laser system (Spectra Physics, Spit-
fire-Pro) and an automated data acquisition system (Ultrafast
Systems, Helios for 0–3 ns and EOS for 0–50 ns). The amplifier
was seeded with the 120 fs output from the oscillator (Spectra
Physics, Tsunami) and was operated at 1.66 kHz (1.0 kHz for EOS).
The output from the amplifier was split 90/10 with the majority used
to pump an optical parametric amplifier (Topas) which provided the
pump beam. For Helios experiments, the 10% output was used to
generate a continuum (450–750 nm) probe in sapphire; whereas for
EOS, a supercontinuum light source (Ultrafast Systems) was used for
the probe. The TA system collects two dimensional data (kinetics/
spectra (DOD)) for probe wavelengths of 450–750 nm. For transient
absorption spectroscopy each sample was dissolved in CH3CN with
optical density o0.4 at the pump wavelength. Samples were
thoroughly deaerated with N2 in a 2 mm cuvette and magnetically
stirred during data collection. All measurements were made using
420 nm laser excitation, typical pulse energy was 275 nJ per pulse.

Single wavelength kinetic traces in the range of 30 ns–3 ms
were recorded for the same deaerated samples in CH3CN
pumped at 460 nm using the output of an optical parametric
oscillator pumped with third harmonic of a NdYAG laser
(Surelite-II, Continuum). The width of the pump pulses was
approximately 5 ns. Single wavelength kinetic traces were
obtained using a white pulsed Xe lamp (t B 50 ms) as a probe
source, Triax-180 monochromator (Horiba Jobin Yvon), and a

PMT with its output digitized with a Picoscope 4227 (12-bit
resolution, 250 MS s�1 sampling rate). The instrument
response time was about 10 ns.

EPR spectroscopy

CW X-band (9.3 GHz) EPR experiments were carried out with a
Bruker ELEXSYS E580 EPR spectrometer (Bruker Biospin,
Rheinstetten, Germany), equipped with a TE102 rectangular
EPR resonator (Bruker ER 4102st) and a helium gas-flow cryostat
(Air Product, Allentown, PA). The temperature was maintained at
7.5 K by a Lakeshore cryogenic temperature controller (Wester-
ville, OH). Several EPR spectra were recorded with different
microwave powers to ensure non-saturating conditions. Data
processing was done using Xepr (Bruker BioSpin, Rheinstetten);
background signals as obtained by measuring a sample containing
only solvent were subtracted.

X-ray absorption data collection and analysis

The cobalt K-edge X-ray absorption spectra of assembly 1 and 2 in
CH3CN (5 mM) were collected at beamline 12-BM of the Advanced
Photon Source, Argonne National Laboratory. At beamline 12-BM,
the radiation was monochromatized by Si(111) double crystals. The
spectra were collected in fluorescence detection mode, using a
Canberra 13-element solid-state germanium detector array, with
the fluorescence photon energy window set for the cobalt Ka
emission. A cobalt foil was placed in between two ionization
chambers after the sample and used as references for the in situ
energy calibration. XAFS data analysis was performed with the
Athena and Artemis packages based on FEFF programs.

Solution phase X-ray scattering data collection and analysis

X-ray scattering data were acquired on RuL1, RuL2, assembly 1, and
assembly 2 at 5 mM concentration in CH3CN at beamline 12-ID-B
of the Advanced Photon Source of Argonne National Lab. Pilatus
2 M detector was used for collecting small-angle X-ray scattering
data and provided q range coverage from 0.075 Å�1 to 0.80 Å�1.
Wide-angle X-ray scattering data were acquired with Pilatus 300k
detector and had a q range of 0.85–2.3 Å�1. Typically, 20 sequential
images were collected with 2 s exposure time per image with each
detector. q range calibration was performed with a silver behenate
sample. The blank solvent scattering data were subtracted from
sample data and the solvent peak (CH3CN appears near q = 1.65 Å�1)
was used as a control in subtractions to obtain the scattering
pattern from the solute alone.
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