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Abstract
This thesis presents a novel strategy for synthetic control over highly sought-after transition metal
{M4O4} cubanes, combining features of both heterogeneous oxide catalysts and nature’s cuboidal
{CaMn4O5} center of photosystem II, as molecular water oxidation catalysts (WOCs). The first
chapter generally introduces the developments in artificially mimicking nature’s {CaMn4O5} core
and in the synthesis of {Co4O4} cubane WOCs.
The second part of this thesis presents the structural studies, including the solid phase disorder,
symmetry and chirality discussion etc., of two types of cubanes. A wide range of characterization
methods, such as crystallography, 1H NMR, Raman, and HR-ESI-MS etc., have been applied for
these investigations.
In the third chapter, a comprehensive study is presented on the self-assembly of di(2-pyridyl)
ketone (dpk) coordinating M(OAc)2 (M = Co, Ni) into different {M4O4}cubane types controlled by
a series of counteranions. Type 2 and 1 {Co4O4} cubanes with characteristic {H2O-Co2(OR)2-OH2}
edge-site and two-separated polar faces [Co4(dpy-C{OH}O)4(L2)4]n+ (L2 = OAc, Cl, or OAc and
H2O), can be accessed selectively by applying perchlorate and other counteranions, respectively.
Applying a sufficient amount of Ni(OAc)2 as precursor in the above reactions generally produces
type 2 Co/Ni-mixed or {Ni4O4} cubanes. Detailed experiments together with computational studies
provide strong evidence that type 2 cubane forms through assembly of the key dimeric building block
[M2(dpy-C{OH}O)2(H2O)4]2+ with monomers, such as [Co(dpy-C{OH}O)(OAc)(H2O)3]. In
addition, both experimental data and DFT calculations demonstrate that type 1 cubanes assemble via
an energetically favorable pathway of direct head-to-head combination of two [Co2(dpyC{OH}O)2(OAc)2(H2O)2] dimers.
In the last

chapter,

the focus is placed on investigating the {Co4O4} cubane

[Co4(dpy{OH}O)4(OAc)2(H2O)2](ClO4)2 (2-Co4-ClO4) as the first molecular WOC bearing the
characteristic {H2O-Co2(OR)2-OH2} edge-site motif that represents the sine qua non moiety for the
most efficient heterogeneous Co-oxide WOCs. 2-Co4-ClO4-catalyzed visible-light-driven water
oxidation was evaluated through varying mutiple catalytic conditions. The structural stability was
confirmed ex- and in situ with various complementary techniques. A series of ex- and in situ X-ray
absorption spectroscopic measurements were carried out for characterizing the evolution of the Cosite oxidation state relevant for the corresponding catalytic intermediate of 2-Co4-ClO4. Finally, the
2-CoxNi4-x-ClO4 series is presented as the first mixed Co/Ni-cubane WOCs which are interesting
models for surface structural features of the corresponding mixed metal oxides.
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1.1 Global energy issue
Energy, one of the most important elements accelerating human civilization, has been greatly
demanded since the Industrial Revolution to an unprecedented scale till now and more will be needed
in the future (Figure 1.1a).[1] In retrospect, however, the combustion of fossil fuels has been always
the major method for providing the energy in this era of more than 250 years, which consequently
resulted in the energy crisis. On the other hand, the large scale of accompanied CO2 emission has
cuased a serious environmental damage (Figure 1.1b).[2],[3] Therefore, the development of clean and
renewable energy has become an increasingly urgent topic.

Figure 1.1. (a) Global energy consumptions from 1993 to 2018.[1] (b) Global carbon emissions of
combined components from 1900 to 2018 (GtC = gigatonnes of carbon).[2]

1.2 Solutions to energy issue
Figure 1.2 illustrates the capacities of several major types of fossil fules and renewable energies,
in which solar radiation is clearly the most abundant energy. On the other hand, solar-energy
utilization is much less limited by regional factors than that of the other renewable energies, e.g.,
wind, hydro, geothermal, and tides.[4] Therefore, solar energy has the highest potential to become a
solution to the global energy crisis.[5],[6]
In order to fully utilize solar energy, its conversion and the further storage have become first
priority in the relevant research areas.[5] Several techniques such as solar photovoltaics[7] and solar
thermal techniques[8] have been developed for converting the solar energy to electricity and heat,
respectively. However, they are limited by the relatively low efficiencies of the current solarharvesting devices depending on proper sunlight intensity and incident angle.[9]–[11] Moreover, these
techniques do not offer direct solutions for storing energy in chemical bonds, which is more practical
for the temporal distribution of converted solar energy.[12] Nature has provided a great example of
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highly efficient conversion of the sunlight into storable energy, namely natural photosythesis, which
can be adapted for multiple sunlight-intensity environments.[13]

Figure 1.2. Estimations for the capacities of fossil and renewable energies. A unit of terawatt or
terawatt/year for the corresponding energy type.[14]
Photosynthesis is one of the most important and fascinating processes in nature, since it utilizes
H2O and CO2 as the raw materials and converts the sunlight into chemical energy accompanied by
O2 release. In this process, water oxidation taking place in Photosystem II (PS II), as a cornerstone,
provides protons and electrons to Photosystem I (PS I) for the use in reducing CO2 to carbohydrates
(Figure 1.3).[15] Given the nearly infinite solar energy arriving on earth and the need for
environmentally friendly use of this energy, mimicking the photosynthesis for the conversion of solar
energy into storable energies, such as H2 and biomass etc., has been attracting increased research
interest in past
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Figure 1.3. Schematic representation of electron-transfer processes in PS I and II.[15]
decades. To achieve this end, the full mechanistic map of photosynthesis needs to be studied and
uncovered, especially the water oxidation process in PS II, which is considered as the bottleneck to
the full water splitting due to the very large thermodynamic requirements of its four-electronoxidation process (eqs. 1–3).[16]–[18]
2 H2 O → O2 + 4 H + + 4 𝑒 −

EOER = 1.23 V − 0.059 V × pH

(eq. 1)

4 H + + 4 𝑒 − → 2 H2

EHER = 0 V − 0.059 V × pH

(eq. 2)

2 H2 O → O2 + 2 H2

E = 1.23 V (∆G = 474 kJ mol−1 )

(eq. 3)

1.3 {M4O4} cubane structure in Photosystem II
The catalyst of water oxidation, namely the oxygen evolving complex (OEC), in PS II is the key
structure that has attracted many research interest in the past decades, since knowing the catalytic
mechanism of OEC can possibly promote the current research in artificial photosynthesis through
more reasonable catalyst design. In order to study the OEC structure and further probe its catalytic
mechanism, multiple techniques, such as X-ray diffraction (XRD), extended X-ray absorption fine
structure (EXAFS), electron paramagnetic resonance (EPR), and other biochemical methods, have
been applied in structural characterization of PS II.[19],[20] Among those, single-crystal XRD has
shown the strongest power in structural characterization due to its ability for directly displaying the
atomic coordinates and other intra- and intermolecular interactions. Several crystal structures of PS
II have been resolved at resolutions from 3.8[21] to 1.9 Å[22] (Figure 1.4a) and the OEC structure was
clearly revealed at a resolution of 1.9 Å as a {Mn4CaO5} cluster. In this cluster structure, three Mn,
four μ-O, and one Ca atom form a cubic {Mn3CaO4} motif with the fourth Mn dangling through the
fifth O and one μ-O of {Mn3CaO4} (Figure 1.4b).[22] Moreover, some other structural features
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possibly related to water oxidation, such as four aqua ligands and the amino-acid residues coordinated
to OEC, were identified as well at the resolution of 1.9 Å.[22] Recently, a radiation-damage-free
structure of PS II, verifying the above OEC structure with only having 0.1-0.2 Å longer M–O bond
lengths, was obtained by the diffraction of X-ray free electron laser at a resolution of 1.95 Å.[23]
The detailed catalytic mechanism of OEC remains under investigation so far, and advancements
have been achieved based on spectroscopic, computational, crystallographic, and biochemical
studies.[24],[25] The Kok cycle is one of the most important achievements, thus becoming a widely
applied model for studying the OEC catalytic mechanism. In summary, the Kok cycle is driven by
the oxidized pigment P680•+ formed through its photonically excited state P680* transferring one
electron to PS I. Subsequently, P680•+ extracts one electron from OEC, which is relayed via the
oxidation of tyrosine residue in between (Figure 1.3). Four of the above steps close the circle of OEC
proceeding from the most reduced state S0 accompanied by the oxidation of Mn through losing four
electrons to the most oxidized state S4. Finally, the OEC S4-state oxidizes its coordinated water or
bridging oxo moiety to form O2 through proton-coupled electron transfer (PCET) and returns to the
S0 state (Figure 1.4c).[26] Various OEC catalytic models have been proposed based on studying this
Mn-valent-transition-combined oxygen-species evolution by means of computational simulations
and/or spectroscopic monitoring.[25]

Figure 1.4. Structural representations of the PS II dimer at a resolution of 1.9 Å (a),[22] OEC (b),[22]
and the Kok cycle (c).[26]
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1.4 {M4O4} cubane structure motifs in artificial water oxidation
Fully studying the Kok cycle requires the identification of the precise oxidation state of each Mn
in the given S state along with the corresponding Mn/Ca-oxo species, understanding the catalytic
roles of Ca2+ center present in OEC and the function of OEC’s cubic topology in catalysis, displaying
the PCET process etc. However, the large protein matrix surrounding the OEC has increased the
difficulty of directly exploring these topics. Therefore, the synthetic small molecule analogues of
OEC that bear much simpler ligand environments have become the model-structures generally used
for investigating the above topics.
1.4.1

Artificial water oxidation

Artificial water oxidation has been so far implemented in four major methods, namely chemical,
electrocatalytic, visible-light-driven-, and photoelectrochemical water oxidation (Figure 1.5), based
on the corresponding driving forces that extract electrons from water with the help of WOCs.

Figure 1.5. Schematic representations of the artificial water oxidation driven by various forces.
A chemical water oxidation system contains as minimum requirements oxidant and WOC
dissolved in water. In this system, WOCs are directly oxidized by the oxidant, e.g., ceric ammonium
nitrate (E°(Ce4+/Ce3+) = 1.61 V) and periodate (E°(IO4-/IO3-) = 1.60 V), thereby giving rise to the
catalytically active species WOC+ for water oxidation (Figures 1.5a and 1.6a).
In the electrocatalytic systems, an application of external potential on the working electrode,
instead of the chemical oxidants, plays the role of extracting electrons from water (Figure 1.5b).
WOCs can be either coated on the electrode or dispersed in the electrolytic solution for facilitating
the above process, i.e. decreasing the overpotential for water oxidation.
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In addition to WOCs, a visible-light-driven water oxidation system generally contains a
tris(bipyridine)ruthenium(II) salt ([Ru(bpy)3]2+) and sodium persulfate as the most frequently used
photosensitizer and sacrificial electron acceptor, respectively. The catalytic cycle is initiated by a
photon exciting a [Ru(bpy)3]2+ cation and giving rise its excited state [Ru(bpy)3]2+*, which is an
excited triplet state with a lifetime of ~600 ns and is particularly redox-active in solution.[27]
Therefore, it can be oxidized much easier than its ground state by S2O82- to form a well known strong
oxidant [Ru(bpy)3]3+ (E°([Ru(bpy)3]3+/[Ru(bpy)3]2+) = 1.26 V),[27] which can selectively oxidize
water to evolve O2 (E°(H2O/O2) = 1.23 V) which is facilitated in the presence of WOCs (Figures 1.5c
and 1.6b).
A photoelectrochemical water oxidation is similar to the electrochemical pathway, but may not
need any application of external potential. The potential can be established by the photogenerated
electron (e-)-hole (h+) pair on a semiconductor employed as the photoelectrode. The photogenerated
h+ can oxidize water either directly or assisted by cocatalyst through a h+-transfer. Meanwhile,
electrons, including both photogenerated and water-donated, migrate to a counter electrode for the
water reduction reaction (Figure 1.5d).[28] Moreover, a series of dyes has been applied in these
systems in order to improve light harvesting, which mimics the photosensitization of pigments in PS
II.[29],[30]

Figure 1.6. Schematic representations of the general catalytic cycles for (a) chemical and (b) visiblelight-driven water oxidation.
1.4.2

Homo- and heterometallic Mn cubanes

{Mn4O4} cubanes and their heterometallic analogues are a class of tetranuclear Mn oxo clusters
coordinated by O- and/or N-based ligands.[24] The µ-O in {Mn4O4} core can be provided by the O
atoms of primary or secondary ligands or of peroxides. Interestingly, this type of compounds was
synthesized for the mimicking study of OEC’s catalytic mechanism in the first place.[31] Also, the
later synthetic studies have been heavily relevant to this purpose. Ever since the first synthesis of a
{Mn4O4} cubane (Figure 1.7),[31] the development of this class of compounds has proceeded from
simple self-assembly of the cubic core-containing molecules[24],[32] to more comprehensively
7
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mimicking the structural features and Mn oxidation states of OEC.[33] The latter has resulted in
heterometallic {Mn3CaO4}-moiety-containing cubanes that allow the targeted studies of OEC
intermediates and of the relevant Mn oxidation states involved in the Kok cycle.[34]

Figure 1.7. Schematic representation of the development of synthetic Mn cubanes. Ligand patterns
are omitted for clarity. Image altered and reprinted with the permission from the artist. Copyright
(2007) by Dan Piraro.
1.4.2.1 Mn cubanes containing similar carboxylate ligand features as OEC
Agapie et al.[33] synthesized the first heterometallic {Mn3CaO4} moiety-contained cubane, namely
[Mn3CaO4(TPHMP)(OAc)3(THF)]

(CaMn3-TPHMP,

TPHMP

=

Tris(2-di(2'-

pyridyl)hydroxymethylphenyl)benzene, cf. Figure 1.7 for the cubic core structure). This compound
has a similar carboxylate-ligand pattern to that of OEC, which potentially allows insight into the
redox process of the OEC through a simple analogous model for the first time. The oxidation states
of all Mn sites of CaMn3-TPHMP were confirmed as +4, supporting the feasibility of high Mn
oxidation states being present at the later stages of the Kok cycle (e.g., S2 = [Mn3IVMnIIICaO5] and S3
= [Mn4IVCaO5]). The electrochemistry comparisons of CaMn3-TPHMP and its pure Mn analogue
([Mn4O4(TPHMP)(OAc)3 (Mn4-TPHMP, Figure 1.8a)) showed a lower overpotential of redox
process of [Mn2IVMnIIICaO4]/[Mn3IVCaO4] than that of [Mn2IVMn2IIIO4]/[Mn3IVMnIIIO4], indicating
that the redox-inactive Ca center present in CaMn3-TPHMP can localize the oxidation state +IV at
Mn centers and facilitates accessing Mn species with higher oxidation states. Such conclusions may
be applied to explain the role of Ca2+ center in the OEC. Subsequent electrochemistry studies of Sr2+, Zn2+-, Y3+-, and Sc3+-substituted analogues of CaMn3-TPHMP revealed that increasing the Lewis
acidity of the hetero-atom can positively and linearly shift the overpotential of redox process such as
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[Mn2IVMnIIIMO4]/[Mn3IVMO4], thereby further verifying the role of Ca2+ center in modulating the
redox potential of OEC.[35] In order to gain insight into the process of O–O bond formation in the
Kok cycle, MS measurements were carried out to detect the corresponding produced species of
CaMn3- and Mn4-TPHMP and their Sc-substituted analogue through a sequence of reduction–18Olabelling oxidation–reduction processes, which accompanies μ3-oxido transfer and incorporation.
Among these three compounds, only one μ3-oxido on cubic core of Mn4-TPHMP (Figure 1.8a)
can be removed by adding trimethylphosphine to generate a defect cubane [Mn3O4(TPHMP)(OAc)3
(Mn3-TPHMP, Figure 1.8b).[36] The 18O-labelling conversion from Mn3-TPHMP to Mn4-TPHMP
and the further reduction to Mn3-TPHMP gave the results of 18O labeling at both top and bottom on
Mn4-TPHMP and Mn3-TPHMP (Figure 1.8c), suggesting the involvement of μ3-O migration within
the cluster in the above process, which experimentally supports computational studies of μ3-O
migration-involved water incorporation into OEC during catalysis.[37],[38]

Figure 1.8. Structures of (a) Mn4-TPHMP and (b)Mn3-TPHMP. (c) Mechanistic possibilities of μ3O incorporation and removal on the basis of 18O-labeling experiments.[36]
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1.4.2.2 Mn cubanes possessing similar {M4O4} core features as OEC
Of note is that the above studies were all based on Mn cubanes without dangling manganese
centers, and consequently the catalytic information relevant to this unique dangler-Mn motif in the
OEC is missing. Therefore, the development of “dangler”-containing cubane has become urgent in
this field. The first access to this end was the synthesis of a full carboxylate-ligand-coordinated
cubane [Mn3Ca2O4(O2CBut)8(ButCOOH)4] (Mn3Ca2-ButCOO) bearing a heterometallic cubic core
{Mn3CaO4} with the fifth metal ion Ca2+ dangling through a μ-O on the core (Figure 1.7).[39] A further
spectroscopic study showed that the XANES-edge position of pristine Mn3Ca2-ButCOO falls
between those of S2 and S3 of the OEC, which is in line with the similar Mn oxidation states of
Mn3Ca2-ButCOO and S3.[39],[40] Later on, a transition metal ion Ag+ was dangled through a μ-O on a
CaMn3-TPHMP analogue obtained through substituting the THF ligand on Ca2+ of CaMn3-TPHMP
with an electron-donating ligand to increase the μ-O basicity and favor the coordination of Ag+
(Figure 1.7).[41] However, the OEC-related behavior of this compound has not been reported yet. So
far, another cubane, namely [Mn3CaMnO4(O2CBut)8(ButCOOH)2(Py)] (Mn3CaMn-ButCOO,
Figure 1.7), having the most topologically accurate {Mn3CaMnO4} motif compared to OEC was
obtained through an oxidation-assisted self-assembly reaction.[34] The oxidation states of the four Mn
centers in Mn3CaMn-ButCOO were identified by bond valence sum on the basis of crystallographic
data as: +3, +3, +4, and +4; which are in line with those of S1 state in the Kok cycle.[23] The CV
measurement

showed

that

the

redox

overpotential

of

the

redox

process

[Mn2IIIMn2IVCaO4]/[MnIIIMn3IVCaO4] of Mn3CaMn-ButCOO is close to the estimated value for the
OEC [S1]/[S2] transition,

[42]

but is very different from that of [MnIIIMn2IVCaO4]/[Mn3IVCaO4] of

CaMn3-TPHMP,[33],[41] indicating that Mn-dangling could be a key in tuning the redox potential of
the OEC’s {Mn4CaO5} cluster. The importance of the core-topological accuracy of CaMn3-TPHMP
to the OEC has thus been demonstrated to be crucial for OEC mechanistic studies. However, several
finer structural motifs, such as the μ2-O connecting the dangled and cubane Mn centers and the aqua
ligands coordinated to Ca2+ and dangled Mn2+ etc., considered as the keys to OEC-catalyzed water
oxidation are still missing. Therefore, the full mechanistic understanding and simulation of OEC
catalysis remains challenging.
In summary, synthetically mimicking the OEC’s {Mn4CaO5} motif indeed has brought forward
chemical and physical similarities of synthetic Mn-containing cubanes compared to OEC.
Accordingly, these achievements have partly provided mechanistic access to OEC catalysis.
However, we still lack an analogous design of OEC’s ligand environment, considered as an another
key in coordinating substrate transfer, in the mimicking syntheses. Therefore, the development of
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OEC mimics needs to focus on improving the structural accuracies not only for the {Mn4CaO5} motif
but also for the coordination environment.
1.4.3

{Co4O4} cubane water oxidation catalysts

As outlined in 1.4.1, the current synthetic Mn cubanes have performed as good models for insight
into the redox process relevant to the Kok cycle. However, the lack of catalytic water oxidation
activity for this class of compounds, which might be caused by their topologically imperfect cores
compared to {Mn4CaO5} in the OEC and the absence of protein environments facilitating the catalytic
performance in PS II, has limited the study of catalytic mechanisms.
Simailar to the {Mn4O4} cubanes, {Co4O4} cubane compounds are a class of oxo-bridged
tetranuclear cobalt clusters with ancillary N- and/or O-donor ligands. The Co oxidation states in
{Co4O4} cores vary between +2 and +3, depending on the redox potential of the starting materials.
In earlier works, peroxides, e.g., H2O2 and Li2O2, were applied as the sources of bridging-oxo ligand;
consequently, more CoIII ions are present in the tetranuclear core under these conditions.[43],[44]
Recently, a series of O-donor-containing pyridine derivatives such as 2-pyridinemethanol[45],[46], di(2pyridyl)ketone (dpk)[47],[48], and carbonyl-derivated dpk compounds[49] has been applied as ligands
for the self-assembly of {CoII4O4} cubanes. Moreover, other metal ions, including both early
transition metal[50]–[52] and lanthanide-type[45],[46], can be mixed with cobalt, giving rise to the
heterometallic {(Co/M)4O4} cubanes. Due to such flexible tunabilities of {Co4O4} cubanes with
respect to both metal-site-oxidation state and overall chemical composition, these clusters have
attracted intense interest in single molecular magnet research and in bioinorganic chemistry.[47],[53]–
[56]

It is well known that cobalt compounds, both oxides and molecules, generally show high catalytic

activity in various methods of water oxidation.[57]–[59] Therefore, the development of {Co4O4}
cubanes can possibly provide active WOCs for accessing the corresponding catalytic mechanisms,
which could further facilitate the study of OEC’s catalytic pathway. To this end, {Co4O4} cubanes
based on various ligand patterns have been developed as WOCs.[58],[60]
The {CoIII4O4} cubane [CoIII4O4(Py)4(OAc)4] (CoIII4-Py, Figure 1.9a) bearing pyridine, acetate,
and independent μ3-O as ligands was firstly synthesized in 2007.[43] In 2011, Dismukes et al.[61]
applied CoIII4-Py to catalyze the visible-light-driven water oxidation in various buffered systems
containing [Ru(bpy)3]2+/S2O82- as photosensitizer and oxidant (eqs. 4–9), respectively, and the best
catalytic performance was optimized towards a TOF of 0.02 s -1 and a TON of 40. The
photodecomposition of CoIII4-Py in the catalysis was determined as < 5% through 1H NMR
quantifying the proton-peak areas of coordinated pyridine before and after illumination. In addition,
a catalytic simulation applying 5% Co ions corresponding to the catalytic amount of CoIII4-Py
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Figure 1.9. Structural representations of CoIII4-Py (a), CoIII4-PyX (b), CoIII3Mn-Py (c), and
CoIII3MnCoII-Py (d) cubanes (ligand hydrogen atoms are omitted for clarity; Co: dark blue, Mn:
pink, C: gray, N: green, O: red).
resulted in an unmeasurable O2 evolution, suggesting that CoIII4-Py was the active WOC. Next, a
series of catalytic investigations between CoIII4-Py and its inactive di- and trinuclear analogue
indicated the essential of the presence of cubic {CoIII4O4} motif in CoIII4-Py for catalytic water
oxidation.[62]
[Ru(bpy)3 ]2+ + ℎ𝑣 → [Ru(bpy)3 ]2+∗

(eq. 4)

−∙
3+
[Ru(bpy)3 ]2+∗ + S2 O2−
+ SO2−
4 + SO4
8 → [Ru(bpy)3 ]

(eq. 5)

3+
[Ru(bpy)3 ]2+ + SO−∙
+ SO2−
4 → [Ru(bpy)3 ]
4

(eq. 6)

[Ru(bpy)3 ]3+ + WOC → WOC+ + [Ru(bpy)3 ]2+

(eq. 7)

2−
+
SO−∙
4 + WOC → WOC + SO4

(eq. 8)

4 WOC+ + 2 H2 O → O2 + 4 H + + 4 WOC

(eq. 9)

In another study, Campagna et al.[63] investigated the catalytic behavior of CoIII4-Py by varying
catalyst concentrations and buffer types, and a rather high photochemical quantum yield of 30% was
obtained from optimized conditions with 20 μM CoIII4-Py in a pH 8 borate buffer. However, buffer
type has a poor effect on hole scavenging that represents the process of producing catalytical
intermediates through the photo-generated [Ru(bpy)3]3+ oxidizing CoIII4-Py (eq. 7). This was proved
by transient absorption spectroscopic (TAS) measurements by obtaining the similar rate constants of
CoIII4-Py-driven eq. 7 in phosphate and borate buffer. In addition to the above process, the
catalytically active species could also be generated by SO4-• (eq.1) oxidizing CoIII4-Py due to the
comparable abilities of SO4-• oxidizing both Co4-Py and [Ru(bpy)3]2+(eq. 6 and 8), indicated by the
observation of decreased initial bleach in TAS of [Ru(bpy)3]2+ at 450 nm while increasing the catalyst
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concentration. In aqueous buffer, CoIII4-Py was observed to have a limited thermodynamic ability of
transferring its electron to [Ru(bpy)3]3+ (eq. 7), which was confirmed by the observation of an
incomplete TAS bleach recovery from [Ru(bpy)3]3+ to [Ru(bpy)3]2+ in the presence of CoIII4-Py. This
can be ascribed to the relatively weaker thermodynamic driving force of electron transfer between
CoIII4-Py and [Ru(bpy)3]3+ in aqueous solution, indicated by the close overpotentials of 1.06 and 1.05
V vs Ag/AgCl for redox-process [Ru(bpy)3]3+/[Ru(bpy)3]2+ and CoIII4-Py/CoIII3CoIV-Py,
respectively. In order to improve this ability for CoIII4-Py, Bonchio et al.[64] carried out laserirradiated photocatalysis in a 1:1 CH3CN/aqueous borate buffer instead of aqueous buffer, in which
the former medium could enhance the redox gap between the above two processes, and consequently
lead to a complete bleach recovery from [Ru(bpy)3]3+ to [Ru(bpy)3]2+ in the presence of CoIII4-Py. In
the same study, a series of CoIII4-Py derivatives, [CoIII4O4(p-X-Py)4(OAc)4] (CoIII4-PyX; X = OMe,
Me, t-Bu, Br, COOMe, and CN; Figure 1.9b), was developed through applying p-substituted pyridine
ligands in the corresponding syntheses. In the above mixed buffer, CoIII4-PyOMe exhibited the
highest quantum efficiency of 80% among all the CoIII4-PyX catalysts. Then CoIII4-Py was modified
once again, this time on the carboxylate ligand by replacing acetate with 4-ethynyl-benzoate, and
cubane [CoIII4O4(Py)4(4-ethynyl-Bzo)4] (CoIII4-Py-Bzo) was synthesized.[65] CoIII4-Py-Bzo exhibited
a similar redox potential for the CoIII4/CoIII3CoIV process, but with an even larger catalytic current
compared to CoIII4-Py in the same condition, indicating that carboxylic replacement did not affect
the redox property of the cubane itself but improved its catalytic activity. The obtained higher
quantum efficiency of 36% for CoIII4-Py-Bzo than that of CoIII4-Py verified the CV results.
However, in 2014 Nocera et al.[61] demonstrated that the as-synthesized CoIII4-Py, following
Dismukes’ method, actually contained Co(II) impurities being responsible for the reported catalytic
activity, and the purified CoIII4-Py cubane exhibited no catalytic activity in either electro- or visiblelihgt-driven catalytic condition.[66] The presence of impurities in the as-synthesized CoIII4-Py was
suggested by observing many small unidentifiable 1H NMR peaks and the slowly moving TLC bands
eluted after that of main product, which are both removable through performing column
chromatography. In CV measurements, the column-chromatography-purified CoIII4-Py displayed a
complete disappearance of the catalytic wave present in the same measurement of crude sample,
illustrating the catalytic inactivity of purified CoIII4-Py in water oxidation. Such inactivity was further
directly evidenced by performing the purified CoIII4-Py-catalyzed water oxidation in DEMS with the
observations of negligible 32O2 signal, same as the background level, in the mass channel compared
to those of crude sample, and the corresponding visible-light-driven catalyses gave similar results.
The impurities were identified as Co(II) ionic species through measuring EPR and EDTA-titrated CV
while observing the paramagnetic Co(II) signal and the complete suppression of the catalytic wave,
respectively. The quantification of Co(II) impurities through 31P NMR line broadening analysis gave
13
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0.08 ± 0.001 mM (referred to Co2+) impurities present in a 0.462 mg/mL concentration sample of
crude CoIII4-Py (aq. phosphate buffer). Furthermore, the as-synthesized CoIII4-PyCOOMe according
to Bonchio’s method[64] was confirmed to contain such Co(II) impurities as well as after repeating all
the above examinations.[66] As a consequence of the similar synthetic methods applied to all CoIII4PyX cubanes, the catalytic performance of other as-synthesized CoIII4-PyX analogues ought to be
questioned.
Subsequently, several research studies reinvestigated the catalytic ability of purified CoIII4-Py in
various conditions. Firstly, Sartorel et al.[67] observed that gradually aging CoIII4-Py (aq.) resulted in
an increase of its anodic wave at E > 1.15 V vs. Ag/AgCl in the CV measurement, indicating the
likely occurrence of water oxidation catalyzed by the aged CoIII4-Py. However, only a subcatalytic
scale of O2 evolution was detected for the aged CoIII4-Py-catalyzed visible-light-driven water
oxidation. In two other independent studies, both Tilley[68] and Dismukes[69] confirmed that oneelectron-oxidized CoIII3CoIV-Py can oxidize hydroxide (aq.), following a reaction stoichiometry of
4 CoIII3CoIV-Py + 4 OH- → O2 + 4 CoIII4-Py + 2 H2O (eq. 10),
and forming O2. In the given electrochemistry conditions, a significant catalytic wave responsible for
hydroxide oxidation emerged in the presence of CoIII4-Py at pH 12, indicating that eq. 10 is most
likely a CoIII4-/CoIII3CoIV-Py–based catalysis rather than a simple oxidation.[68] Tilley et al.[68]
observed an emerging set of 1H NMR signals along with those of CoIII3CoIV-Py while dissolving
CoIII3CoIV-Py in D2O/CD3CN (9:1), in which the former can be attributed an aqua-coordinated
CoIII3CoIV-Py species (CoIII3CoIV(H2O)-Py) based on the symmetry analysis. In addition, the
observed acidification of CoIII3CoIV-Py (aq.) suggests that CoIII3CoIV(H2O)-Py most likely

Figure 1.10. Schematic representations of CoIII3CoIV-Py–driven hydroxide oxidation proposed by
Tilley[68] (a) and Dismukes [69] (b), respectively.
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equilibrates with CoIII3CoIV(OH)-Py during the aqueous solvation, i.e., CoIII3CoIV(H2O)-Py ⇌
CoIII3CoIV(OH)-Py + H+. Therefore, the species CoIII3CoIV(OH)-Py may be involved in the above
CoIII3CoIV-Py–driven hydroxide oxidation. Further computational studies supported the energetic
favorability of the addition of hydroxide to the Co center of CoIII3CoIV-Py, and two different catalytic
cycles based on mono- (Figure 1.10a) and dihydroxide (Figure 1.10b) coordinating to a Co center
were simulated by Tilley[68] and Dismukes[69], respectively. Despite the observation of CoIII4/CoIII3CoIV-Py–involved catalysis of hydroxide oxidation to O2, CoIII4-Py possessing a poor catalytic
ability in water oxidation is a certain fact due to the impossibility of water molecule binding to its Co
centers.[67]
Recently, a series of modified cubanes has been obtained on the basis of CoIII4-Py as the parent
compound through substituting its ligands and Co3+ sites. Firstly, the acetate and/or pyridine ligand
on CoIII4-Py were partly or completely replaced by various types of carboxylate (X) and derived
pyridine (L) ligands through rationally applying a series of X + L based on the corresponding pKa of
HX and HL+ in order to differentially adjust the electron density of the {CoIII4O4} core.[70] The
electrochemical analyses of the rationally designed cubanes gave the empirical linear correlations
between

ligand

pKa

and

the

redox

processes

of

[CoIII4O4]4+/[CoIVCoIII3O4]5+

and

[CoIVCoIII3O4]5+/[CoIV2CoIII2O4]6+, respectively. In a later study, Tilley et al.[71] synthesized a
heterometallic Co/Mn cubane [CoIII3MnO4(OAc)5(Py)3] (CoIII3Mn-Py, Figure 1.9c) through the selfassembly of acetate and pyridine as ligands coordinating to Co2+, accompanied by the oxidative
assistance of MnO4- that also serves as Mn source. Further replacements of monodentate acetate
ligands by various neutral or anionic ligands on the Mn site of CoIII3Mn-Py created a series of new
derivatives.[71] Very recently, Co2+ as a fifth metal ion was dangled to the core of CoIII3Mn-Py with
the connection of one μ3-O coordinated to both Mn4+ and Co3+ and of three bridging acetates, leading
to a complex with formal resemblance to the OEC, namely [CoIII3MnCoIIO4(OAc)6(NO3)(Py)3]
(CoIII3MnCoII-Py, Figure 1.9d).[72] However, no catalytic water oxidation of those newly obtained
analogues was reported in the corresponding studies.
Besides the studies relevant to CoIII4-Py; our group[73] developed a category of true {CoII4O4}
cubane WOCs, such as [CoII4(hmp)4(OAc)2(H2O)2] (CoII4-hmp, Figure 1.11a), possessing 2(hydroxymethyl)pyridine (hmp) and acetate as the primary and secondary ligand, respectively. The
crystallographic comparisons between CoII4-hmp and OEC displayed several structural similarities,
such as the presences of both mono- and bidentate carboxylate ligands and of the aqua ligands
coordinating to the {M4O4} motif, which can potentially lend CoII4-hmp both structural stability and
catalytic water oxidation activity, respectively. Indeed, CoII4-hmp-catalyzed visible-light-driven
water oxidation exhibited competitive performance with a TON of 40, a TOF of 7 s-1, and an O2
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evolution yield of 96%. Furthermore, the catalyst stability during the catalytic process timescale was
confirmed by multiple techniques. Inspired by the heterometallic core of the OEC, our group[74]
further

investigated

the

lanthanide-substituted

analogues

of

CoII4-hmp,

namely

[CoII3Ln(hmp)4(OAc)2(H2O)2] (CoII3Ln-hmp; Ln = Ho, Er, Tm, Yb; Figure 1.11b), as WOCs. The
beneficial catalytic effects of Ln substitution into {M4O4} were evident from higher activities (e.g.,
TON = 163 and 211, and TOF = 9.6 s-1 and 8.9 s-1 for CoII3Ho-hmp and CoII3Er-hmp, respectively)
and different catalyst-concentration-dependent activities compared to those of CoII4-hmp. The
catalytic activity improvement of CoII3Ln-hmp is in agreement with its more rapid processes of
acetate-ligand dissociation and the subsequent water-ligand coordination, which are considered as
the essentials for this class of WOCs. Corresponding electrochemical studies also revealed that Ln
embedding into {M4O4} tuned the electrochemical properties of CoII/CoIII redox processes in the
lanthanide-containing heterometallic cubanes.

Figure 1.11. Structural representations of CoII4-hmp and CoII3Ln-hmp (ligand hydrogen atoms are
omitted for clarity; Co: dark blue, Ln: light green, C: gray, N: dark green, O: red).

1.5 Cobalt oxide WOCs
Cobalt oxide (CoOx) materials have brought forward numerous WOCs in the past decades due to
their much lower costs and competitive catalytic efficiencies compared to noble metal oxide and other
early-transition metal oxide WOCs, respectively.[75]–[79] For example, Nocera et al.[80] deposited a
CoOx WOC, namely Co–Pi, in situ under electrocatalytic conditions while electrolyzing Co2+ on an
ITO electrode in a neutral phosphate buffer. Co–Pi showed a robust activity in electrocatalytic water
oxidation, at the relatively low potential of 1.29 V with an extremely high Faradaic efficiency of
nearly 100%. However, the rather amorphous feature of Co–Pi first impeded the characterization of
its structure that is a cornerstone for exploring the catalytic mechanism. Nevertheless, a structural
model of edge-sharing CoO6 octhedra for Co–Pi (Figure 1.12) was established through comparing
the X-ray absorption spectra of Co–Pi and CoO(OH). The latter well-known compound served as a
16
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model due to its rather similar XANES and EXAFS spectra compared to Co-Pi.[81] Based on this
structural model, it was also concluded that the Co–Pi surface exhibits two adjacent Co ions bridged
by two oxo/hydroxo groups and terminated by two aqua/hydroxide ligand on the top as the basic
moiety, namely the edge-site {HO–Co2(µ-O/OH)2–OH}.

Figure 1.12. Structural representations of (a) an extremely thin and (b) a normally deposited Co–Pi
sample (hydrogen atoms are omitted for clarity; Co: dark blue, bridging O: red, terminal O: light
red).[81]
Subsquently, several mechanistic studies based on crystalline analogues of Co–Pi as WOCs all
pointed out that the edge-site is most likely the minimal and essential catalytically active site for this
class of WOCs.[77],[79],[82]–[84] In a representative example, Frei et al.[84] ruled out the single Co sitecatalyzed O2 evolution for Co3O4 (Figure 1.13b) with observing a decay time of 1 s for the rapid-scan
FTIR spectral band at 840 cm-1 assigned to an oxidized surface Co(IV)=O site, which is slower than
the time scale of O2 evoution (~300 ms). On the other hand, they observed another band at 1013 cm1

attributed to an intermediate with a superoxidic Co(III)OO group undergoing H-bonding to an

Figure 1.13. Schematic representations of a dicobalt-site-catalyzed O2 evolution (a) and a single Co
site undergoing oxidative evolution (b).[84]
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adjacent CoOH. Together with the previous computations of an edge-site evolving from O=Co(IV)–
O–Co(III)–OH to –Co(IV)=O in a cubane model[85]–[87] and an analogous O=Ru(V)–O–Ru(V)=O
moiety-catalyzed O2 formation[88], an edge-site-catalyzed mechanism was proposed based on water
nucleophilic attacking (WNA) at one site mediated by an intermediate stabilization of H bonding with
the other site (Figure 1.13a). In the same study, the absence of 16O2 evolution in a Co3O4-catalyzed
H218O oxidation also supported this mechanism in favor of an intromolecular oxygen-coupling
(IMOC) pathway, in which the latter would give rise to an evolution of 16O2 from the initial

16
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enriched catalyst surface. Due to the detection limit of the applied time-resolved ATR-FTIR, the
earlier surface intermediates relevant to one- and two-electron process were still unidentifiable then,
which poses a challenge for more detailed insight into edge-site catalytic mechanism.
However, on the basis of quantum chemical calculations and simulated kinetics, Plaisance and
van Santen[77] proposed an O–O bond formation through water attack on a deprotonated µ-O (WAO)
at Co3O4 edge-site followed by a series of oxidation steps (Figure 1.14a). Futhermore, the WNA on
an oxidized edge-site Co atom (Figure 1.13a) is energetically unfavorable with the experimental
overpotential applied in calculations, which contradicts the previous spectroscopic study[84]. In a
study of first turnover kinetics of amorphous CoOx WOCs with 18O isotope labeling, Messinger et
al.[79] concluded on IMOC O–O bond formation via two terminal gem- or two neighboring
aqua/hydroxyl ligands (Figure 1.14b). The detailed mechanistic steps of CoOx-catalyzed water
oxidation via the edge-site are still under debate.

Figure 1.14. Schematic representations of the catalytic mechanisms for (a) WAO[77] and (b)
IMOC[79] on edge-site.
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1.6 Aim of the thesis
Several features of heterogenous catalytic systems, not only their apparent particle suspension but
also the structual differences between the active surface and the bulk body of the catalyst, keep posing
severe difficulties in further exploring the mechanisms of CoOx WOCs experimentally. To this end,
expensive and less accessible analytical techniques are often required. Homogenous catalysts, more
precisely molecular catalysts dispersed in homogeneous systems, display far less and better defined
catalytic centers compared to their heterogenous analogues with no differences between molecule
and bulk scale. This renders them much more acessible and convenient for identifying both pristine
and catalytically intermediate states. Therefore, the construction of a molecular edge-site model is
expected to circumvent the complex structural features present in heterogenous oxides and thereby
to provide more insight into the catalytic mechanism. Recently, Nocera et al.[89] attempted to unify
heterogenous and homogenous catalysis of the Co edge-site moiety on the molecular level through a
dicobalt complex, namely [CoIII2(OH)2(H2O)2(DPEN)]4+ (Co-DPEN, DPEN = dipyridylethane
naphthyridine), as the model. However, no WOC performance was reported for Co-DPEN, which
also agrees with its rather high overpotential for redox process [CoIII2]/[CoIIICoIV]. Consequently,
direct mechanistic insight into water oxidation catalysis of a molecular edge-site had not been
achieved when this Thesis work was launched and was thus defined as a central goal in the present
work.
Given that {CoII4O4} cubane compounds offer cubic cores and have been developed as WOCs, we
targeted the synthesis of edge-site-containing {CoII4O4} cubane WOCs in order to explore the
catalytic mechanism of cobalt oxide on the molecular level. Furthermore, we developed a series of
heterometallic {CoIIxNi4-xO4} cubanes on the basis of their pure Co analogues as the molecular
analogues of recently emerged Co/Ni-oxide WOCs.[90]–[93] The structural studies of the obtained
{CoII4O4} and {CoIIxNi4-xO4} cubanes are discussed in Chapter 2. In Chapter 3, we explored the
counteranion-directed synthesis of an entire family of cubanes along with the underlying mechanisms
of cubane self-assembly. In last chapter, the edge-site-containing {CoII4O4} cubane was studied in
great detail as a WOC in both visible-light-driven and chemical oxidation conditions, together with
the investigation of its catalytic mechanism with a wide range of analytical techniques.
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Chapter 2
Mechanistically Driven Control over Cubane Oxo
Cluster Catalysts I:
Structural Studies
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2.1 Introduction
Recently, several mono- and bidentate pyridine derivatives have been applied as ligands for the
development of {Co4O4} cubane WOCs.[43],[44],[70],[73] However, the structural variety of the emerging
cubanes can be limited by the relatively low denticities of these ligands, i.e., the primary ligand
patterns on the {Co4O4} core would be rather restricted. Being aware of this state in the field, we
selected a moderately high denticity ligand, namely di(2-pyridyl)ketone (dpk), for accessing a wide
range of cubanes. Formally, dpk has two N coordination sites, whereas its carbonyl C atom can easily
react with nucleophiles (H2O, OH-, ROH etc.) under in situ self-assembly conditions and provide N,
N’, O-tridentate ligands. Therefore, the dpk ligand has been widely applied in the self-assembly of
{M4O4} (M = Mn[47], Co[47],[48], Ni[94], Cu[95], and Zn[47],[96]) cubanes, wherein the {Ni4O4} cubane
self-assembly has been most widely explored. More importantly, Perlepes et al.[94] obtained an edgesite-containing {Ni4O4} cubane. Due to the analogous coordination chemistry of Ni2+ and Co2+, we
studied the self-assembly of dpk-coordinated {Co4O4} cubane together with that of {Ni4O4} cubane
in order to develop the edge-site moiety for {Co4O4} cubanes. Additionally, we aimed for general
rules among the widely described dpk-based self-assemblies of {M4O4} oxo clusters which had not
been adequately explored on the mechanistic level. In the first part of this thesis, the focus is placed
on cubane structural studies in order to sort out the structural features and relevant characterization
methods for their numerous representatives. Their synthetic studies controlled by counteranions along
with mechanistic studies of their assembly pathways are discussed in Chapter 3.
For the first time in a coherent single study, we have obtained the most complete analogues of
hydrolyzed dpk ligand-coordinated {M4O4} (M =Co, Ni, and Co/Ni) cubane compounds with various
counteranion types, which include both major ligand patterns for dpy-C(OH)O- observed so far. These
achievements have furthermore enabled us to conduct structural studies on cubanes, which may
provide useful information relevant to their self-assembly processes and catalytic effects on water
oxidation. Firstly, all cubane structures, including ligand patterns, structural disorders, counteranion
locations, racemic analyses etc., are discussed based on their crystallographic characterizations.
Furthermore, the {Co4O4} cubane molecular symmetries hindered by randomly distributed solvents
in their solid states are studied through 1H NMR assigning the ligand-H in solutions. HR-ESI-MS
analyses were carried out for characterizing the ionized cubane fragments in order to obtain their
molecular stabilities. Furthermore, HR-ESI-MS-expanded isotope pattern analyses were applied for
identifying heterometallic {(Co/Ni)4O4} cubanes.

21

Chapter 2

2.2 Cubane structures: Type 1 and type 2
2.2.1 Structures
All cubanes discussed in this study belong to two different types (1 and 2) with alternative
coordination modes of the primary dpy-C{OH}O- ligand to the {M4O4} core. The general type 1 and
type 2 structures and the different accessibilities of their polar faces are illustrated in Figure 2.1.

Figure 2.1. Structural features of type 1 (a) and 2 (b) cubanes (ligand hydrogen atoms and
counteranions are omitted for clarity; Co: dark blue, C: gray, O: red, N: green; inset in (a) = structure
of the hydrolyzed dpk ligand).
2.2.2 Nomenclature
For type 1 cubanes, type and number of secondary ligands (OAc- and Cl-) and of their
corresponding isolated counteranions are successively abbreviated as in the following example: 1
(type)-3OAc (three secondary acetate ligands)-BF4 (one BF4- counteranion), as in [Co4(dpyC{OH}O)4(OAc)3(H2O)]BF4 (cf. also Figure S2.3c).
For mixed Co/Ni type 1 cubanes, their general or specifically determined compositions are
indicated likewise, such as in 1-CoxNi4-x-3OAc-NO3 representing the mixed cubane [CoxNi4-x(dpyC{OH}O)4(OAc)3(H2O)]NO3.
In type 2 cubane compounds, “μ-OAc” after the initial 2 refers to the presence of a bridging acetate
ligand, followed by “CoxNi4-x” or “Ni4” and the respective counteranion types, e.g., 2-μ-OAc-CoxNi4x-ClO4 abbreviating

[CoxNi4-x(dpy-C{OH}O)4(OAc)2(µ-OAc)]ClO4 (Figure 2.2b, right).

Finally, short names of cubanes with the characteristic {H2O-Co2(OR)2-OH2} edge-site motif are
given without explicitly mentioning their “μ-OAc” ligands, e.g., 2-CoxNi4-x-BF4 for [CoxNi4-x(dpyC{OH}O)4(OAc)2(H2O)2](BF4)2 (Figure 2.2b, left).
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Figure 2.2. (a) Formal structural transformation from [M4(dpy-C{OH}O)4(OAc)4] (type 1) to
[M4(dpy-C{OH}-O)4(OAc)2(H2O)2]2+ (type 2). (b) Structural transition from cubane cations
[M4(dpy-C{OH}O)4(OAc)2(H2O)2]2+ (2-edge site) to [M4(dpy-C{OH}O)4(OAc)2(μ-OAc)]+ (2-μOAc).

2.3 Structural characterization of type 1 cubanes
All type 1 cubanes in the present study were structurally characterized by means of single-crystal
X-ray diffraction (Tables S2.1, S2.2, and S2.6). Their metal centers are coordinated to three oxygen
atoms and two nitrogen atoms of three and two dpy-C{OH}O- ligands, respectively; in a η1:η3:η1
fashion (Figure 2.3). Together with a secondary ligand L2, the four octahedrally coordinated cobalt
centers form [Co4(dpy-C{OH}O)4(L2)4]n+ type 1 cubanes with two polar faces (Figure 2.1a). Each
of them is equipped with two secondary L2 ligands (L2 = monodentate OAc-, monodentate OAc- and
H2O, and Cl- for 1-4OAc, 1-2OAc and 1-3OAc, and 1-4Cl, respectively). The L2 types and ratios
can be controlled through selecting appropriate anion types and concentrations during synthesis (cf.
Schemes 3.1 and 3.2 in Chapter 3). Systematic replacement of the four acetate ligands of 1-4OAc
with one or two aqua- or four chloride ligands thereby affords the 1-3OAc, 1-2OAc, and 1-4Cl
cubanes (Figures S2.1–S2.3).
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Figure 2.3. Different coordination models of dpk and dpy-C{OH}O-.[94]

2.4 Structural characterization of type 2 cubanes
Type 2 cubanes were structurally characterized with single-crystal X-ray diffraction throughout,
in combination with appropriate bulk analytical techniques (Tables S2.3–S2.5, S2.7–S2.9 and §3.2.2
and §3.2.4).
2.4.1 Structural motif of 2-edge-site cubanes
The upper polar {M-O-M-O} face in the type 2 cubanes (cf. Figure 2.1b) bears the secondary
ligands (referred to as edge-site in the following), while the lower plane is solely coordinated to dpyC{OH}O- ligands (Figure 2.1b). The formal transition from type 1 to type 2 cubanes thus involves
the dissociation of two acetate groups (on the same polar side) while recoordinating N1 and N4 to
M3 and M4, respectively.
It is completed with the formal addition of an aqua ligand to both M1 and M2 and rotation of the
remaining two acetate groups to an approximately perpendicular position facing the {M1O1M2O2}
plane (Figure 2.2a).
2.4.2 Structural motif of 2-μ-OAc cubanes
Furthermore, type 2 cubanes can be selectively transferred with specific counteranion
concentrations (cf. Scheme 3.1) into their 2-µ-OAc analogues with bridging acetate groups. This
transformation involves replacement of their aqua ligands on the {H2O-Co2(OR)2-OH2} edge-site
with bidentate acetate ligands, while slightly turning the monodentate acetate ligands towards the
adjacent –OH on the same polar faces (Figure 2.2b). The resulting different position of the
monodentate acetate ligand in 2-µ-OAc-CoxNi4-x (Figures. 2.2b and S2.5) indicates some positional
freedom in the type 2 cubanes. This also gives rise to the two-component positional disorder of the
monodentate acetate moieties in the 2-CoxNi4-x-ClO4, -ClO3, and -BF4 series (see the corresponding
cif files for details).
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2.5 Crystal packing and role of the counteranions
Based on crystallography, the anionic positions in their solid-state structures do not display
substantial differences between the individual cubanes. More specifically, in the same cubane
category, various types of counteranions approximately locate at the same coordinates in the
corresponding lattice (Figures S2.3–2.5 and Tables 2.1–2.3). Furthermore, the heterometallic coreexisting shows no great influence on the counteranion location compared to the corresponding
homometallic cubane (Tables 2.1–2.3). Therefore, the selective access to tuned cubane structures as
outlined in the following chapter (cf. Scheme 3.1) cannot be ascribed to anionic templating in the
solid state.
In addition, all 2-edge-site cubanes have interactions through intermolecular hydrogen bonds (§
2.6 and Figure S2.4) between their H atoms of aqua ligands and the corresponding counteranions
locating directly above the edge-sites. However, such interaction is not present in other type 1 or type
2-μ-OAc cubanes.

Table 2.1. Shortest distance measurements (D(C–C)) between the centers of type 1 cubane cations
and O or F of their corresponding counteranions on the basis of crystallographic data.

a

Cubane

Counteranion

D(C–C) / Å

1-3OAc-NO3

NO3-

7.136

1-3OAc-BF4

BF4-

7.145

1-3OAc-PF6

PF6-

7.655

1-3OAc-ClO3

ClO3-

7.283

B(1)F4-

7.776

1-2OAc-2BF4

a

1-2OAc-2BF4

b

B(2)F4-

11.008

1-CoxNi4-x-3OAc-NO3

NO3-

7.103

1-CoxNi4-x-3OAc-BF4

BF4-

7.135

1-CoxNi4-x-3OAc-PF6

PF6-

7.647

B(1)F4- = closest BF4- to the cubane cation. bB(2)F4- = furthest BF4- to the cubane cation.
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Table 2.2. Shortest distance measurements (D(C–C)) between the centers of type 2-edge-site cubane
cations and O or F of their counteranions based on crystallographic data.
Cubane

Counteranion

D(C–C) / Å

2-Co4-ClO4

ClO4-

5.652

2-Co4-ClO3

ClO3-

5.734

2-Co4-NO3

NO3-

5.625

2-Co4-BF4

BF4-

5.520

2-Ni4-ClO4

ClO4-

5.735

2-CoxNi4-x-ClO4

ClO4-

5.656

2-CoxNi4-x-ClO3

ClO3-

5.688

2-CoxNi4-x-BF4

BF4-

5.677

2-CoxNi4-x-PF6

PF6-

5.782

Table 2.3. shortest distance measurements (D(C–C)) between the centers of type 2-μ-OAc cubane
cations and O or F of their corresponding counteranions based on crystallographic data.
Cubane

Counteranion

D(C–C) / Å

2-μ-OAc-Ni4-ClO4

ClO4-

9.476

2-μ-OAc-Ni4-ClO3

ClO3-

8.941

2-μ-OAc-Ni4-NO3

NO3-

7.302

2-μ-OAc-Ni4-BF4

BF4-

10.826

2-μ-OAc-Ni4-PF6

PF6-

10.124

2-μ-OAc-Ni4-Cl

Cl-

9.434

2-μ-OAc-CoxNi4-x-ClO4

ClO4-

8.850

2-μ-OAc-CoxNi4-x-ClO3

ClO3-

9.722

2-μ-OAc-CoxNi4-x-NO3

NO3-

9.424

2-μ-OAc-CoxNi4-x-BF4

BF4-

10.904

2-μ-OAc-CoxNi4-x-PF6

PF6-

9.656

2-μ-OAc-CoxNi4-x-Cl

Cl-

11.418
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2.6 Anionic disorder and hydrogen bonds in type 1 cubanes
Generally, the type 1 cubane cations do not exhibit significant disorder, except for one acetate
ligand of 1-3OAc-ClO3 (C(46)H3C(45)O(11)O(10)-), which was positionally refined with partial
occupancies of 0.592:0.408. This compound also displays anionic disorder, as well as its structural
analogue 1-3OAc-PF6. ClO3- was refined into two moieties with relative occupancies of 0.778:0.222,
while PF6- was described with a disorder model with two different F positions (F1–6A and F1–6B,
0.447:0.553) surrounding a P center.
The acetate ligands of all type 1 cubanes are approximately parallel to their respective {Co-O-CoO} faces, and the proximity of their carbonyl oxygen atoms to oxygen atoms of the neighboring dpyC{OH}O- ligands lead to intramolecular hydrogen bonds (1.745–1.864 Å), which were
crystallographically refined. In all representatives of the 1-3OAc cubanes, such hydrogen bonds are
not present between O9 of the aqua ligand and O5 of the dpy-C{OH}O- ligand located on the same
polar face at a distance of approx. 3.9 Å. Instead, O5 and O9 bond through their hydrogen atoms to
two ligands on the opposite polar face, namely O12 of acetate and O7 of dpy-C{OH}O-. A relay of
hydrogen bonds can be refined through O15, O7, O9, solvent water (O16 and 17), and counteranions
(cf. CIF files 1891283–1891285), and this relay is even further extended for 1-2OAc-2BF4.

2.7 Anionic disorder and hydrogen bonds in type 2 edge-site cubanes
2-CoxNi4-x edge-site cubanes were obtained with different counteranions (cf. Scheme 3.1) and
display positional disorder of acetate ligands, such as respective occupancies of 0.184:0.816,
0.282:0.718, and 0.279:0.721 refined for 2-Co1.92Ni2.08-ClO4, 2-Co2.32Ni1.68-ClO3, and 2-Co2.28Ni1.72BF4. The anions in type 2 cubanes frequently exhibit positional disorder, which was refined for ClO4, ClO3-, and BF4- of the above cubanes into two intact anion fractions with relative occupancies of
0.277:0.723, 0.466:0.534, and 0.373:0.627; respectively (see the CIF files 1891347–1891349). In 2Co1.64Ni2.36-PF6, disorder in the PF6- counteranion is limited to the fluorine centers surrounding the
same P, with refined occupancies for P1F6- and P2F6- of 0.420:0.580 for F3–6A and F3–6B and
0.443:0.557 for F7–12A and F7–12B, respectively. Other than in the type 1 cubanes, the acetate
ligands of all type 2 cubanes are almost perpendicular to their respective {M-O-M-O} faces, giving
rise to intramolecular hydrogen bonds (1.838–2.078 Å) between carbonyl oxygen atoms and aqua
ligands coordinated to the same metal atom. A second type of intramolecular hydrogen bonds is
formed between acetate oxygen atoms and dpy-C{OH}O- hydroxyl groups located on the opposite
polar face (1.841–1.892 Å).
In addition to these intramolecular hydrogen bonds, 2-Co2.32Ni1.68-ClO3 displays two different
types of intermolecular hydrogen bonds between hydroxyl groups of dpy-C{OH}O- (located on the
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edge-site) and aqua ligands or disordered anions, respectively. Obviously, the edge-site dpy-C{OH}Ocannot participate in such hydrogen bonds with anions in the cases of 2-Co1.92Ni2.08-ClO4 and 2Co2.28Ni1.72-BF4. However, refinement after releasing the corresponding H Uiso points to a stable
hydrogen -O3H position directed towards O9 of ClO4- and F3 of BF4-, respectively, indicating a less
pronounced intermolecular interaction. While the distances between aqua ligands and PF6- in 2Co1.64Ni2.36-PF6 are rather long, hydrogen bonds were instead observed as O14–H14A (aqua
ligand)···O5 (hydroxyl O of dpy-C{OH}O-) as well as for a larger relay involving O12 (acetate
carbonyl), O14, O5, and F4.

2.8 Anionic disorder and hydrogen bonds in type 2-µ-OAc cubanes
Except for 2-µ-OAc-Co1.54Ni2.46-NO3, all other 2-µ-OAc-CoxNi4-x cubanes display positional
anion disorder. In the case of 2-µ-OAc-Co1.90Ni2.10-ClO4, 2-µ-OAc-Co1.52Ni2.48-BF4, and 2-µ-OAcCo2.36Ni1.64-PF6, the disordered O and F atoms are still centered around a single respective central
atom. Occupancies of 0.235:0.765, 0.336:0.664, and 0.429:0.571 were refined for the disordered O
and F sites on ClO4-, BF4-, and PF6-, respectively. As for 2-µ-OAc-Co2.32Ni1.68-ClO3 and 2-µ-OAcCo2.34Ni1.62-Cl, both ClO3- and Cl- can be refined into two disordered parts with occupancies of
0.122:0.878 and 0.308:0.692.
All 2-µ-OAc-CoxNi4-x cubane cations exhibit two types of intramolecular H bonds: the first
(1.850–1.962 Å) occurs between carbonyl O10 and O12 of the acetate ligand and hydroxyl groups of
O6 and O5 of dpy-C{OH}O-. The second type (1.867–1.926 Å) is located between O9 and 11 of
acetate ligands and hydroxyl groups O8 and O7 of dpy-C{OH}O-, respectively. A much more
extended and stable hydrogen bonding network of acetate moieties, hydroxyl groups of dpyC{OH}O-, crystal water molecules, and anions exists around most of the 2-µ-OAc-CoxNi4-x cubanes
in their solid state (see the CIF files).

2.9 Stereochemistry of type 1 and type 2 cubanes
On the cations of 1-2OAc and 1-3OAc, A pair of clockwise- and counterclockwise-rotating
enantiomeric moieties with defect propeller shapes bearing two five-membered rings {CoOCCN} as
paddle faces can be abstracted, which gives rise to the respective Λ- and Δ-configurations (Figure
2.4a–b). However, all 1-2OAc and 1-3OAc bulk compounds crystallize as racemates in the
centrosymmetric space groups P21/n and P-1, respectively. Also of note is that the 4̅ rotational axes
within their cubane moieties render 1-4OAc and 1-4Cl meso-forms. Two pairs of enantiomeric
moieties ([M(py-C{OH}O)O4] and [M(py-C{OH}O)3] (Figure 2.4c–d) are present in type 2 cubanes
having the same configuration (Figure 2.4e–f), and molecular chirality arises from the exclusive
presence of 2-fold rotational axes.
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Figure 2.4. (a) Enantiomeric pair of the [Co(py-C{OH}O)2O2] building block (H atoms, acetyl, and
hydroxyls are omitted) and (b) enantiomers of [Co4(dpy{OH}O)4(OAc)3(H2O)]+. Enantiomeric pairs
of the [M(py-C{OH}O)O4] (c) and [M(py-C{OH}O)3] (d) building blocks and enantiomers of
[CoxNi4-x(dpy-C{OH}O}4(OAc)2(H2O)2]2+ (e) and [CoxNi4-x(dpy-C{OH}O)4(OAc)2(μ-OAc)]+ (f).

2.10 1H NMR spectroscopic studies on cubanes
Crystallographic studies provided detailed structures of all synthesized cubanes, including their
entire sets of atomic coordinates, the configurations of intra- and intermolecular hydrogen bonds, and
the interactions between cubane cations and counteranions. However, the irregular solventcocrystallization, e.g. in type 1 and 2-μ-OAc cubanes, increased the difficulties of studying cubanemolecular symmetries in the solid state. 1H NMR provides direct access to molecular symmetry on
the basis of assigning protons in their corresponding chemical environments. Given that the unique
magnetism of type 1 and 2 {Co4O4} enabled clear recordings of their 1H NMR spectra, we
furthermore studied the cubane molecular symmetries in the solution phase.
2.10.1 1H NMR spectroscopic characterizations of cobalt cubanes
1

H NMR spectra and T1 relaxation times of each 1H signal were recorded for the 1-4OAc, 1-2OAc-

2BF4, and 1-3OAc series, and the 1H signals were then assigned through the proportional relation
between the respective 1H–Co distance and T1. As observed in previous studies on 2-Co4-ClO4,[97]
the ortho-H signals of all type 1 cubanes appear in the highest investigated chemical shift
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Figure 2.5. 1H NMR spectrum of 1-4OAc.
range (100–320 ppm, Figures 2.5–2.7). The H atoms in meta- and para-positions are located within
lower chemical shift ranges of 13–75 ppm and -12–24 ppm, respectively. The 1H NMR spectra of 14OAc, 1-2OAc-2BF4, and 1-3OAc reflect the respective expected cubane symmetry in solution in
contrast to the observed space group, such as a 4̅ axis in 1-4OAc (cf. triclinic solid state symmetry in
Table S2.1). Indeed, a set of 2 ortho-H, 4 meta-H, 2 para-H, 1 1HO-, and 1 1H3COO- signals was
observed (Figure 2.5), indicating that all Co centers of 1-4OAc display the same coordination
environment. 1-2OAc-2BF4 can be structurally derived from 1-4OAc through replacing 2 acetates
by 2 aqua ligands at the same polar side, giving rise to two different types of cobalt coordination.
This was verified through the presence of a set of 4 ortho-H, 8 meta-H, 4 para-H, 2 1HO- and 2
1

H3COO- signals (Figure 2.6). In the case of 1-3OAc, a four- and twofold number of signals compared

to 1-4OAc and 1-2OAc-2BF4, respectively, appear in the respective chemical shift range. Together
with a stronger paramagnetic character, signal overlaps for 1-3OAc are thus far more likely. In this
context, the 8 ortho-H, 14 meta-H, 6 para-H, 4 1HO-, and 3 1H3COO-signals observed for 1-3OAc
still reasonably reflect its structure in solution (Figure 2.7), despite the absence of 2 meta-H and 2
para-H signals.
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Figure 2.6. 1H NMR spectrum of 1-2OAc-2BF4.

Figure 2.7. 1H NMR spectrum of 1-3OAc-BF4.
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Figure 2.8. 1H NMR spectrum of 2-Ni4-ClO4.
2.10.2 1H NMR spectroscopic characterizations of nickel-containing cubanes
Protons could neither be assigned in the recorded 1H NMR spectra of 2-Ni4-ClO4 (Figure 2.8), nor
for the entire Co/Ni mixed cubane series (Figure S2.6). Given that the 2-Co4, 2-CoxNi4-x, and 2-Ni4
cubane types display only minor structural differences (Table S2.7), the stark contrast in the quality
of the respective spectroscopic data is most likely due to the different magnetic properties of the Ni
centers.

2.11 HR-ESI-MS analyses
HR-ESI-MS were performed on representative cubanes in order to investigate three main aspects:
(1) integrity of the cubane core under ionization conditions, (2) observation of their fragmentation
patterns and (3) the presence of heterometallic Co/Ni cubane cores.
Given that fragments of the [M4{dpy-C(OH)O}4] building block representing intact cubane cores
are present as the dominant ionized species in all of the HR-ESI-MS measurements, the cubanes
indeed show high stability under ionizing conditions.
2.11.1 HR-ESI-MS analyses of type 1 cubanes
The mass spectra of 1-4OAc, 1-2OAc-2BF4 and of all 1-3OAc cubanes all have the most abundant
mass signal m/z 5792+ in common (Figure 2.9). It can be assigned to the [Co4(dpyC{OH}O)4(OAc)2]2+ fragment (Figure 2.10a), arising from dissociation of two acetate and two aqua
ligands, or one aqua and one acetate ligand from 1-4OAc, or the cations of 1-2OAc-2BF4 and 132
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3OAc, respectively. A rather weak mass signal around m/z 1217+ often appears in the spectra of the
above compounds, which can be assigned to the [Co4(dpy-C{OH}O)4(OAc)3]+ fragment (Figure
2.15a). Furthermore, all according spectra display the [Co4(dpy-C{OH}O)3(dpy-C{O}O)(OAc)]2+
(m/z 5492+) fragment due to dissociation of a further acetate ligand from [Co4(dpyC{OH}O)4(OAc)2]2+, together with loss of a –OH proton of one dpy-C{OH}O- ligand, accounting
for the 2+ charge (Figure 2.11a). 1-CoxNi4-x-3OAc cubanes display analogous results, taking into
account a slight shift of the above m/z values due to the presence of lighter Ni2+ centers in the mixed
cores (Figures 2.12, 2.14, and S3.16).

Figure 2.9. HR-ESI-MS spectra of 1-4OAc and the isotope patterns related to the fragmentation of
[Co4(dpy-C{OH}O)4(OAc)2]2+ (a) , of 1-2OAc-2BF4 (b) and, of 1-3OAc-ClO3 (c).
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Figure 2.10. Possible structures of fragments [M4(dpy-C{OH}O)4(OAc)2]2+ (type 1, (a)), [M4(dpyC{OH}O)4(OAc)2]2+ (type 2, (b)), and [M4(dpy-C{OH}O)4(Cl)2]2+ (c).

Figure 2.11. Possible formation routes of fragments with m/z 5492+ ([Co4(dpy-C{OH}O)3(dpyC{O}O)(OAc)]2+) starting from the respective fragment m/z 5792+ ([Co4(dpyC{OH}O)4(OAc)2]2+)
during HR-ESI-MS.
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Figure 2.12. Full HR-ESI-MS spectrum of 1-CoxNi4-x-3OAc-NO3 (top) and isotope patterns of 1CoxNi4-x-3OAc-NO3 vs. its calculated analogues in the m/z range of 577-5832+ (bottom).

35

Chapter 2

2.11.2 HR-ESI-MS analyses of 1-4Cl cubanes
The fragments [Co4(dpy-C{OH}O)4(Cl)2]2+ (m/z 5552+) and [Co4(dpy-C{OH}O)4(Cl)3]+ (m/z
1145+) were observed in the mass spectrum of 1-4Cl as the most abundant species (Figure 2.13). 1CoxNi4-x-4Cl gives rise to related results with observing the fragment [M4(dpy-C{OH}O)4(Cl)2]2+related isotope patterns lower than m/z 5552+ (Figure 2.14).

Figure 2.13. HR-ESI-MS spectrum of 1-4Cl and the isotope patterns related to the fragmentations
of [Co4(dpy-C{OH}O)4(Cl)2]2+ (m/z 5552+) and [Co4(dpy-C{OH}O)4(Cl)3]+ (m/z 1145+).

Figure 2.14. Full HR-ESI-MS spectrum of 1-Co3.31Ni0.69-4Cl (top) and isotope patterns of 1Co3.31Ni0.69-4Cl vs. its calculated analogues in the m/z range of 553-5592+ (bottom).
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2.11.3 HR-ESI-MS analyses of type 2 cubanes
The most pronounced fragment in the mass spectra of both 2-μ-OAc and the edge-site cubanes is
[M4(dpy-C{OH}O)4(OAc)2]2+ (m/z 578–5792+, Figures 2.10b and 2.16–2.19), arising from the loss of
the bridging acetate ligand or two aqua ligands, respectively. The signal m/z 548–5492+ can be
observed as well in the spectra of the type 2 series, and a possible fragmentation is given in Figure
2.11b for their Co analogue. Furthermore, fragments of weaker intensity with m/z 1215–1217+ were
observed throughout all spectra of type 2 cubanes, and they may arise from a [M4(dpyC{OH}O)4(OAc)3]+ moiety with a bridging acetate coordinated to the M atoms in the edge-site
position (Figure 2.15b).

Figure 2.15. Possible structures of the fragments [M4(dpy-C{OH}O)4(OAc)3]+ of type 1 (a) and 2
(b).

Figure 2.16. HR-ESI-MS spectrum of 2-Co2.32Ni1.68-ClO3 and the isotope patterns related to the
fragmentation of [M4(dpy-C{OH}O)4(OAc)2]2+.
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Figure 2.17. HR-ESI-MS spectrum of 2-μ-CoxNi4-x-Cl and the isotope patterns related to the
fragmentation of [M4(dpy-C{OH}O)4(OAc)2]2+.

Figure 2.18. HR-ESI-MS spectrum of 2-Ni4-ClO4 and the isotope patterns related to the
fragmentation of [Ni4(dpy-C{OH}O)4(OAc)2]2+.

Figure 2.19. HR-ESI-MS spectrum of 2-μ-OAc-Ni4-BF4 and the isotope patterns related to the
fragmentation of [Ni4(dpy-C{OH}O)2(dpy-C{O}O)2]2+.
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2.12 Appendix
2.12.1 Analytical characterizations
High-resolution electrospray mass spectra (HR-ESI-MS) were recorded on a Bruker maXis
QTOFMS instrument. The samples were dissolved in MeOH and analyzed via continuous flow
injection at 3 μL/min. The mass spectrometer was calibrated between m/z 50 and 3000 using a Fluka
electrospray calibration solution (Sigma-Aldrich, Buchs, Switzerland) at a resolution of 20’000 and
a mass accuracy below 2 ppm.
1

H NMR spectra were recorded on a BRUKER AV3-500 spectrometer (500.25 MHz 1H

frequency), and the longitudinal relaxation times (T1) were determined with the inversion recovery
method.
Suitable single-crystals were selected on the polarizing microscope, mounted on a glass fiber loop
with Infineum oil and measured on an Oxford Xcalibur Ruby CCD diffractometer equipped with a
fine-foucs sealed X-ray tube (Mo Kα, λ = 0.71073 Å) and a graphite monochromator (cooled N2
stream at 183 K) or on an XtaLAB Synergy, Dualflex, Pilatus 200K diffractometer (Rigaku Oxford)
equipped with a Photonjet (Mo and Cu) X-ray source (Mo Kα, λ = 0.71073 Å; Cu Kα, λ =1.54184 Å)
and a mirror monochromator (cooled N2 stream at 160 K). The data processing and absorption
correction (Analytical, Gaussian, or Multi-scan) were carried out using the program CrysAlisPro
1.179.39.9b (Rigaku Oxford Diffraction, 2015) or 1.179.39.46 (Rigaku Oxford Diffraction, 2018).
Structure solutions and refinements were performed using Olex2 1.2.10 package. 1 The initial
structures were obtained with intrinsic phasing method using SHELXT (2018/2),2 and refined with
full-matrix least-square methods on F2 using SHELXL (2018/3). 3 The H atoms of all hydroxyl
groups, all aqua ligands, and a part of solvent water were found according to the difference Fourier
map and their positions were refined freely along with individual isotropic displacement parameters.
The solvent water O atoms without reliable difference Fourier maps positioning their H atoms were
only anisotropically refined without adding H. Nevertheless, such corresponding H numbers were
still included in UNIT to obtain the correct formulas. All other H atoms were placed in geometrically
idealized positions and were constrained to ride on their parent atoms with CꟷH = 0.95 Å (aryl) or
0.98 Å (methyl) and Uiso(H) = 1.2 Ueq(C) (aryl) or 1.5 Ueq(C) (methyl).

(1) Dolomanov, V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. J. Appl. Cryst. 2009, 42, 339–341.
(2) Sheldrick, G. M. Acta Cryst. 2015, A71, 3-8.
(3) Sheldrick, G. M. Acta Cryst. 2015, C71, 3-8.
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Figure S2.1. Thermal ellipsoid representations of 1-4OAc (a) and 1-4Cl (b) at the 50 % probability
level (solvent water molecules, counteranions, and ligand hydrogen atoms are omitted for clarity);
(b) also represents the Co/Ni heterometallic analogue.

Figure S2.2. Thermal ellipsoid representation of cationic 1-2OAc-2BF4 at the 50 % probability level
(solvent water molecules, counteranions, and ligand hydrogen atoms are omitted for clarity).
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Figure S2.3. Thermal ellipsoid representations of 1-3OAc-BF4 (a), -NO3 (b), -ClO3 (c), and -PF6 (d)
at the 50 % probability level (solvent water molecules and ligand hydrogen atoms are omitted for
clarity); (a), (b), (c), and (d) represent their Co/Ni heterometallic analogues as well.
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Figure S2.4. Thermal ellipsoid representations of 2-CoxNi4-x-ClO4 (a), -BF4 (b), -ClO3 (c), and -PF6
(d) at the 50 % probability level (solvent water molecules and ligand hydrogen atoms are omitted for
clarity).
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Figure S2.5. Thermal ellipsoid representations of 2-µ-OAc-CoxNi4-x-ClO4 (a), -BF4 (b), -NO3 (c), PF6 (d), -Cl (e), and -ClO3 (f) at the 50 % probability level (solvent water molecules and ligand
hydrogen atoms are omitted for clarity); (a), (b), (c), (d), (e), and (f) also represent their pure Ni
analogues.
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Table S2.1. Crystallographic data of [Co4(dpy-C{OH}O)4(OAc)4], [Co4(dpy-C{OH}O)4(Cl)4], and [Co4(dpy-C{OH}O)4(OAc)2(H2O)2](BF4)2.

Empirical formula
Formula weight
Temperature
Radiation wavelength
Crystal system
Space group
a
b
c
α
β
γ
Volume
Z
Density calcd
Absorption coefficient
Crystal size
Independent reflections
Reflections collected
θ range
Completeness
F(000)
Data/restraints/parameters
R1[I>2σ(I)]a
wR2[I>2σ(I)]b
R1a (all data)
wR2b (all data)
Goodness-of-fit on F2
a

C52 H94.6 Co4 N8 O37.3
1664.47 g·mol -1
183 K
0.71073 Å
triclinic
P-1
14.6328(4) Å
14.6409(3) Å
18.1680(3) Å
94.984 (2)°
112.238(2)°
90.794(2)°
3584.52(14) Å3
2
1.542 g·cm -3
1.008 mm-1 (Gaussian)
0.381 × 0.217 × 0.197 mm
21812 [Rint = 0.0545]
109212
2.268-30.508°
0.9978 (θ = 30.44°)
1738
21812/1/986
0.0529
0.1330
0.0716
0.1447
1.046

C44 H40 Cl4 Co4 N8 O10
1218.36 g·mol -1
183 K
0.71073 Å
cubic
I-43d
23.9436(4) Å
23.9436(4) Å
23.9436(4) Å
90°
90°
90°
13726.8(6) Å3
12
1.769 g·cm -3
1.728 mm-1 (Gaussian)
0.198 × 0.173 × 0.146 mm
2628 [Rint = 0.0397]
23431
2.406-27.470°
0.9968 (θ = 27.42°)
7392
2628/2/165
0.0281
0.0687
0.0297
0.0697
1.058

C48 H58 B2 Co4 F8 N8 O20
1476.36 g·mol -1
183 K
0.71073 Å
monoclinic
P21/n
15.4022(5) Å
24.0916(6) Å
16.0068(5) Å
90°
96.849(3)°
90°
5897.2(3) Å3
4
1.663 g·cm -3
1.211 mm-1 (Gaussian)
0.554 × 0.248 × 0.163 mm
13494 [Rint = 0.0420]
33367
2.563-27.481°
0.9984 (θ = 27.42°)
3008
13494/0/855
0.0415
0.0899
0.0671
0.1032
1.034

R1 = Σ||Fo|-|Fc||/Σ|Fo|; bwR2 = {Σ[w(Fo2-Fc2)2]/Σ[w(Fo2)2]}1/2
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Table S2.2. Crystallographic data of [Co4(dpy-C{OH}O)4(OAc)3(H2O)](ClO3, -NO3, -BF4, and -PF6).

Empirical formula
Formula weight
Temperature
Radiation wavelength
Crystal system
Space group
a
b
c
α
β
γ
Volume
Z
Density calcd
Absorption coefficient
Crystal size
Independent reflections
Reflections collected
θ range
Completeness
F(000)
Data/restraints/parameters
R1[I>2σ(I)]a
wR2[I>2σ(I)]b
R1a (all data)
wR2b (all data)
Goodness-of-fit on F2
a

C50 H52.6 Cl Co4 N8 O20.4
1362.81 g·mol -1
160 K
0.71073 Å
triclinic
P-1
12.7097(2) Å
14.2447(3) Å
15.7479(3) Å
90.0964(15)°
105.6172(15)°
92.2521(14)°
2743.48(8) Å3
2
1.650 g·cm -3
1.323 mm-1 (Gaussian)
0.183 × 0.113 × 0.048 mm
13568 [Rint = 0.0431]
69749
2.150-28.282
0.9987 (θ = 28.22°)
1392
13568/268/851
0.0401
0.1086
0.0495
0.1135
1.033

C50 H53 Co4 N9 O21
1351.73 g·mol -1
180 K
0.71073 Å
triclinic
P-1
12.6957(4) Å
14.2283(5) Å
15.5843(4) Å
90.190(2)°
105.029(3)°
92.381(3)°
2716.20(15) Å3
2
1.653 g·cm -3
1.289 mm-1 (Gaussian)
0.323 × 0.228 × 0.121 mm
11102 [Rint = 0.0396]
30482
2.707-26.371°
0.9988 (θ = 26.32°)
1384
11102/0/781
0.0361
0.0843
0.0491
0.0911
1.027

C50 H51 B Co4 F4 N8 O17
1358.51 g·mol -1
183 K
0.71073 Å
triclinic
P-1
12.7299(4) Å
14.2087(5) Å
15.7489(8) Å
89.780(3)°
73.273(4)°
86.642(3)°
2723.13(19) Å3
2
1.657 g·cm -3
1.290 mm-1 (Gaussian)
0.43 × 0.221 × 0.144 mm
11133 [Rint = 0.0528]
48988
2.701-26.372°
0.9987 (θ = 26.32°)
1384
11133/0/767
0.0441
0.1022
0.0601
0.1111
1.029

C50.50 H51 Co4 F6 N8 O16.50 P
1414.68 g·mol -1
160 K
0.71073 Å
triclinic
P-1
12.9163(4) Å
14.1420(3) Å
16.2926(4) Å
89.681(2)°
72.126(2)°
86.839(2)°
2827.90(13) Å3
2
1.661 g·cm -3
1.278 mm-1 (Gaussian)
0.195 × 0.146 × 0.124 mm
14037 [Rint = 0.0345]
64949
2.137-28.282°
0.9988 (θ = 28.22°)
1438
14037/289/878
0.0367
0.0921
0.0459
0.0971
1.043

R1 = Σ||Fo|-|Fc||/Σ|Fo|; bwR2 = {Σ[w(Fo2-Fc2)2]/Σ[w(Fo2)2]}1/2
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Table S2.3. Crystallographic data of [CoxNi4-x(dpy-C{OH}O)4(OAc)2(H2O)2](ClO4, -BF4, -PF6, and -ClO3)2 (0<x<4).

Empirical formula

C48 H46 Cl2 Co1.92 Ni2.08 N8
O22
Formula weight
1393.09 g·mol -1
Temperature
183 K
Radiation wavelength
0.71073 Å
Crystal system
monoclinic
Space group
C2/c
a
22.7499(14) Å
b
12.1315(6) Å
c
21.1640(12) Å
α
90°
β
115.903(8)°
γ
90°
Volume
5254.2(6) Å3
Z
4
Density calcd
1.761 g·cm -3
Absorption coefficient
1.523 mm-1 (Gaussian)
Crystal size
0.472 × 0.277 × 0.167 mm
Independent reflections
6520 [Rint = 0.0242]
Reflections collected
14532
θ range
2.555-28.279°
Completeness
0.9985 (θ = 28.22°)
F(000)
2840
Data/restraints/parameters
6520/139/467
R1[I>2σ(I)]a
0.0530
wR2[I>2σ(I)]b
0.1344
a
R1 (all data)
0.0723
wR2b (all data)
0.1511
Goodness-of-fit on F2
1.040
a

C48 H46 B2 Co2.28 Ni1.72 F8
N8 O14
1367.89 g·mol -1
183 K
0.71073 Å
monoclinic
C2/c
22.7806(17) Å
12.0764(5) Å
21.2581(13) Å
90°
116.313(8)°
90°
5242.3(6) Å3
4
1.733 g·cm -3
1.420 mm-1 (Gaussian)
0.387 × 0.267 × 0.109 mm
5353 [Rint = 0.0389]
14098
2.553-26.368°
0.9989 (θ = 26.32°)
2775
5353/158/464
0.0519
0.1478
0.0647
0.1615
1.046

C48 H46 Co1.64 Ni2.36 F12 N8
O14 P2
1484.07 g·mol -1
183 K
0.71073 Å
triclinic
P-1
12.2745(3) Å
13.3722(4) Å
19.5727(4) Å
88.324(2) °
73.699(2) °
64.454(3) °
2766.35(14) Å3
2
1.782 g·cm -3
1.445 mm-1 (Gaussian)
0.19 × 0.135 × 0.121 mm
20297 [Rint = 0.0658]
20297
2.180-26.356°
0.9992 (θ = 26.32°)
1501
20297/443/902
0.0601
0.1896
0.0734
0.1880
0.1053

C48 H48 Cl2 Co2.32 Ni1.68 N8
O21
1379.19 g·mol -1
183 K
0.71073 Å
monoclinic
C2/c
22.4421(9) Å
12.0160(3) Å
21.2212(8) Å
90°
116.299(5)°
90°
5130.3(4) Å3
4
1.786 g·cm -3
1.541 mm-1 (Gaussian)
0.491 × 0.357 × 0.346 mm
12436 [Rint = 0.0401]
64059
2.450-36.316°
0.9989 (θ = 36.23°)
2815
12436/249/467
0.0410
0. 1009
0. 0609
0.1171
1.067

R1 = Σ||Fo|-|Fc||/Σ|Fo|; bwR2 = {Σ[w(Fo2-Fc2)2]/Σ[w(Fo2)2]}1/2
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Table S2.4. Crystallographic data of [CoxNi4-x(dpy-C{OH}O)4(OAc)2(µ-OAc)]ClO4, -ClO3, -BF4, -PF6, -NO3, and -Cl.
Empirical formula
Formula weight
Temperature
Radiation wavelength
Crystal system
Space group
a
b
c
α
β
γ
Volume
Z
Density calcd
Absorption coefficient
Crystal size

C50 H67 Cl Co1.90 Ni2.10
N8 O29
1514.82 g·mol -1
183 K
0.71073 Å
monoclinic
P21/c
12.0492(2) Å
24.3545(4) Å
21.4569(4) Å
90°
100.1181(17)°
90°
6198.63(19) Å3
4
1.623 g·cm -3
1.265 mm-1 (Gaussian)
0.479 × 0.108 × 0.08
mm
17391 [Rint = 0.0324]
128647
1.910-29.575°
0.9996 (θ = 29.51°)
3128
17391/116/925

C50 H67 Cl Co2.32 Ni1.68
N8 O28
1498.91 g·mol -1
160 K
0.71073 Å
monoclinic
P21/c
12.0091(3) Å
23.9541(7) Å
21.5009(5) Å
90°
100.068(2) °
90°
6089.9(3) Å3
4
1.635 g·cm -3
1.270 mm-1 (Gaussian)
0.217 × 0.051 × 0.03
mm
18488 [Rint = 0.0531]
96286
2.103- 30.508
0.9947 (θ = 30.44°)
3095
18488/69/926

Independent reflections
Reflections collected
θ range
Completeness
F(000)
Data/restraints/
parameters
0.0370
0.0366
R1[I>2σ(I)]a
b
0.1052
0.0693
wR2[I>2σ(I)]
0.0422
0.0576
R1a (all data)
0.1076
0.0746
wR2b (all data)
1.091
1.013
Goodness-of-fit on F2
a
b
2
2 2
2 2 1/2
R1 = Σ||Fo|-|Fc||/Σ|Fo|; wR2 = {Σ[w(Fo -Fc ) ]/Σ[w(Fo ) ]}

C50 H67 B Co1.54 Ni2.46
F4 N8 O25
1502.10 g·mol -1
160 K
0.71073 Å
monoclinic
P21/c
11.9719(3) Å
24.6331(6) Å
21.5467(5) Å
90°
101.719(3)°
90°
6221.8(3) Å3
4
1.604 g·c m-3
1.235 mm-1 (Gaussian)
0.297 × 0.066 × 0.056
mm
18930 [Rint = 0.0311]
68983
2.100-30.507°
0.9974 (θ = 30.44°)
3098
18930/142/940

C50 H67 F6 N8 Co2.36
Ni1.64 O25 P
1560.44 g·mol -1
183 K
0.71073 Å
monoclinic
P21/c
12.1050(3) Å
24.6661(8) Å
21.5614(6) Å
90°
100.632(2) °
90°
6327.3(3) Å3
4
1.638 g·cm -3
1.218 mm-1 (Gaussian)
0.53 × 0.287 × 0.085
mm
19306 [Rint = 0.0557]
123706
2.268-30.508°
0.9992 (θ = 30.44°)
3207
19306/326/956

C50 H67 Cl Co1.54 Ni2.46
N9 O28
1477.30 g·mol -1
183 K
0.71073 Å
monoclinic
P21/c
11.9277(3) Å
23.7667(6) Å
21.4551(5) Å
90°
99.791(2) °
90°
5993.6(3) Å3
4
1.637 g·cm -3
1.276 mm-1 (Gaussian)
0.125 × 0.096 × 0.058
mm
14869 [Rint = 0.0486]
79048
2.024- 29.298°
0.9985 (θ = 28.22°)
3058
14869/5/898

C50 H61 Cl Co2.34 Ni1.66
N8 O22
1396.87 g·mol -1
160 K
0.71073 Å
Monoclinic
P21/c
12.2353(7) Å
17.6400(10) Å
27.9435(14) Å
90°
99.120(5)°
90°
5954.8(6) Å3
4
1.558 g·cm -3
1.285 mm-1 (Gaussian)
0.4041 × 0.1949 × 0.097
mm
12144 [Rint = 0.0421]
33990
2.498-26.371°
0.9979 (θ = 26.32°)
2879
12144/0/841

0.0408
0.1168
0.0518
0.1229
1.054

0.0504
0.1371
0.0724
0.1538
1.033

0.0425
0.1032
0.0538
0.1074
1.041

0.0567
0.1407
0.0747
0.1498
1.100
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Table S2.5. Crystallographic data of [Ni4(dpy-C{OH}O)4(OAc)2(µ-OAc)]ClO4, -ClO3, -NO3, -BF4, -PF6, and -Cl.
Empirical formula
Formula weight
Temperature
Radiation wavelength
Crystal system
Space group
a
b
c
α
β
γ
Volume
Z
Density calcd
Absorption coefficient

C50 H67 Cl Ni4 N8 O29
1514.40 g·mol -1
183 K
0.71073 Å
monoclinic
P21/c
12.0432(2) Å
24.3255(4) Å
21.4471(4) Å
90°
100.2261(2)°
90°
6183.3(19) Å3
4
1.627 g·cm -3
1.337 mm-1 (Gaussian)

C50 H67 Cl N8 Ni4 O28
1498.40 g·mol -1
160 K
0.71073 Å
monoclinic
P21/c
11.9897(3) Å
23.9258(5) Å
21.4676(5) Å
90°
100.261(2) °
90°
6059.8(3) Å3
4
1.642 g·cm -3
1.363 mm-1 (Gaussian)

C50 H67 Ni4 N9 O28
1476.96 g·mol -1
183 K
0.71073 Å
monoclinic
P21/c
11.9474(3) Å
23.7932(7) Å
21.4982(6) Å
90°
99.884(2)°
90°
6020.5(3) Å3
4
1.629 g·cm -3
1.328 mm-1 (Gaussian)

Crystal size

0.405 × 0.235 × 0.199
mm3
15336 [Rint = 0.0430]
76359
2.275-28.282°
0.999 (θ = 28.22°)
3136
15336/179/932

0.317 × 0.07 × 0.056
mm
13865 [Rint = 0.0410]
78189
2.108-27.484°
0.9975 (θ = 27.42°)
3104
13865/66/923

0.0424
0.1145
0.0499
0.1201
1.054

0.0627
0.1572
0.0699
0.1602
1.186

Independent reflections
Reflections collected
θ range
Completeness
F(000)
Data/restraints/
parameters
R1[I>2σ(I)]a
wR2[I>2σ(I)]b
R1a (all data)
wR2b (all data)
Goodness-of-fit on F2
a

C50 H67 F6 N8 Ni4 O25 P
1559.92 g·mol -1
160 K
0.71073 Å
monoclinic
P21/c
12.0535(3) Å
24.6786(6) Å
21.4781(5) Å
90°
100.613(2)°
90°
6279.6(3) Å3
4
1.650 g·cm -3
1.311 mm-1 (Gaussian)

C50 H67 Cl N8 Ni4 O25
1459.41 g·mol -1
183 K
0.71073 Å
monoclinic
P21/c
11.9510(3) Å
24.1715(5) Å
21.5060(6) Å
90°
100.333(2) °
90°
6111.8(3) Å3
4
1.586 g·cm -3
1.346 mm-1 (Gaussian)

0.265 × 0.043 × 0.029
mm
16171 [Rint = 0.0461]
73358
2.020-29.130°
0.9970 (θ = 29.07°)
3038
16171/0/892

C50 H67 B Ni4 F4 N8 O25
1501.76 g·mol -1
160 K
0.71073 Å
monoclinic
P21/c
11.9815(3) Å
24.6554(7) Å
21.5499(6) Å
90°
101.629(3)°
90°
6235.4(3) Å3
4
1.582 g·cm -3
1.287 mm-1 (MultiScan)
0.336 × 0.06 × 0.027
mm
14218 [Rint = 0.0394]
62059
2.099-27.484°
0.9932 (θ = 27.42°)
3114
14218/122/946

0.378 × 0.073 × 0.065
mm
15562[Rint = 0.0570]
81161
1.989-28.282°
0.9986 (θ = 28.22°)
3216
15562/309/943

0.115 × 0.104 × 0.042
mm
12486[Rint = 0.0441]
66759
1.925-26.373°
0.9985 (θ = 26.32°)
3028
12489/1/857

0.0382
0.0911
0.0567
0.0979
1.027

0.0393
0.1003
0.0513
0.1061
1.037

0.0596
0.1497
0.0679
0.1532
1.124

0.0413
0.1141
0.0515
0.1203
1.030

R1 = Σ||Fo|-|Fc||/Σ|Fo|; bwR2 = {Σ[w(Fo2-Fc2)2]/Σ[w(Fo2)2]}1/2
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Table S2.6. Selected bond lengths of type 1{Co4O4} cubanes.
1-4OAc
Co1ꟷO1
Co1ꟷO2
Co1ꟷO3
Co2ꟷO1
Co2ꟷO2
Co2ꟷO4
Co3ꟷO1
Co3ꟷO3
Co3ꟷO4
Co4ꟷO2
Co4ꟷO3
Co4ꟷO4
Co1ꟷN1
Co1ꟷN3
Co2ꟷN2
Co2ꟷN4
Co3ꟷN5
Co3ꟷN7
Co4ꟷN6
Co4ꟷN8

2.0420(17)
2.2577(18)
2.1000(18)
2.2452(17)
2.0404(18)
2.0989(18)
2.1099(18)
2.2649(18)
2.0266(18)
2.1121(18)
2.0333(18)
2.2783(18)
2.154(2)
2.108(2)
2.102(2)
2.153(2)
2.098(2)
2.168(2)
2.164(2)
2.098(2)

1-3OAcClO3
2.0405(15)
2.1617(15)
2.1583(15)
2.2383(14)
2.0491(15)
2.1060(14)
2.0938(15)
2.2346(14)
2.0300(14)
2.1219(14)
2.0541(14)
2.2358(14)
2.1263(19)
2.1414(18)
2.0923(19)
2.1545(19)
2.1088(18)
2.1358(18)
2.1819(19)
2.0988(17)

1-3OAcBF4
2.038(2)
2.162(2)
2.123(2)
2.222(2)
2.040(2)
2.109(2)
2.100(2)
2.216(2)
2.029(2)
2.108(2)
2.049(2)
2.244(2)
2.113(3)
2.135(3)
2.098(3)
2.151(3)
2.108(3)
2.135(3)
2.178(3)
2.099(3)

1-3OAcPF6
2.0489(14)
2.1616(14)
2.1314(14)
2.2345(14)
2.0485(14)
2.1218(14)
2.1029(14)
2.2327(14)
2.0230(14)
2.1099(14)
2.0481(14)
2.2582(14)
2.1196(18)
2.1441(17)
2.1063(19)
2.1672(19)
2.1061(17)
2.1449(18)
2.1810(18)
2.0970(18)

1-3OAcNO3
2.0410(16)
2.1578(17)
2.1597(18)
2.2399(17)
2.0466(17)
2.1087(17)
2.0940(17)
2.2306(16)
2.0225(16)
2.1118(17)
2.0582(17)
2.2394(16)
2.124(2)
2.139(2)
2.091(2)
2.155(2)
2.108(2)
2.137(2)
2.178(2)
2.099(2)

1-2OAcBF4
2.0486(18)
2.1727(17)
2.1060(16)
2.1786(18)
2.0568(18)
2.1071(16)
2.1441(16)
2.1743(18)
2.0540(17)
2.1508(16)
2.0535(17)
2.1799(17)
2.132(2)
2.094(2)
2.106(2)
2.130(2)
2.109(2)
2.131(2)
2.129(2)
2.119(2)

1-4Cl
2.026(2)

2.144(3)
2.096(3)

Table S2.7. Selected bond lengths of 2-Co4-ClO4, 2-CoxNi4-x, and 2-Ni4-ClO4 cubanes.

M1ꟷO1
M1´ꟷO1´
M1ꟷO1´
M1´ꟷO1
M1ꟷO2´
M1´ꟷO2
M2ꟷO1
M2´ꟷO1´
M2ꟷO2
M2´ꟷO2´
M2ꟷO2´
M2´ꟷO2
M1ꟷN1
M1’ꟷN1’
M2ꟷN2
M2’ꟷN2’
M2ꟷN3
M2’ꟷN3’
M2ꟷN4’
M2’ꟷN4

2-Co4-ClO4

2-CoxNi4-x
-ClO4

2-CoxNi4-x ClO3

2-CoxNi4-x BF4

2-Ni4ClO4

2.067(3)

2.049(2)

2.0506(11)

2.052(2)

2.028(2)

2.138(3)

2.133(2)

2.1278(12)

2.140(3)

2.123(2)

2.175(3)

2.145(2)

2.1567(11)

2.152(2)

2.116(2)

2.151(3)

2.134(3)

2.1298(12)

2.130(3)

2.122(3)

2.050(3)

2.040(3)

2.0384(12)

2.044(3)

2.031(3)

2.116(3)

2.102(2)

2.0982(11)

2.109(2)

2.100(2)

2.128(4)

2.112(3)

2.1145(16)

2.112(4)

2.078(3)

2.071(4)

2.044(3)

2.0525(15)

2.055(3)

2.031(3)

2.131(4)

2.103(3)

2.0994(15)

2.104(3)

2.088(3)

2.134(4)

2.100(3)

2.1022(15)

2.097(3)

2.079(3)

2-CoxNi4-x
-PF6

M1ꟷO1
M2ꟷO2
M1ꟷO2
M2ꟷO1
M1ꟷO4
M2ꟷO3
M3ꟷO1
M4ꟷO2
M3ꟷO3
M4ꟷO4
M3ꟷO4
M4ꟷO3
M1ꟷN1
M2ꟷN3
M3ꟷN2
M4ꟷN4
M3ꟷN5
M4ꟷN8
M3ꟷN7
M4ꟷN6

2.039(3)
2.050(3)
2.133(3)
2.159(3)
2.145(3)
2.134(3)
2.137(3)
2.139(3)
2.054(3)
2.051(3)
2.124(3)
2.125(3)
2.105(4)
2.112(4)
2.070(4)
2.062(4)
2.106(4)
2.107(4)
2.100(4)
2.109(4)
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Table S2.8. Selected bond lengths of 2-µ-OAc-CoxNi4-x cubanes.
2-μ-OAcCoxNi4-x-ClO4

2-μ-OAcCoxNi4-x-ClO3

2-μ-OAcCoxNi4-x-BF4

2-μ-OAcCoxNi4-x-PF6

2-μ-OAcCoxNi4-x-NO3

2-μ-OAcCoxNi4-x-Cl

M1ꟷO1
M1ꟷO2
M1ꟷO4
M2ꟷO1
M2ꟷO2
M2ꟷO3
M3ꟷO1
M3ꟷO3
M3ꟷO4
M4ꟷO2
M4ꟷO3
M4ꟷO4
M1ꟷN1
M2ꟷN3
M3ꟷN2
M3ꟷN5
M3ꟷN7
M4ꟷN4
M4ꟷN6

2.0623(15)
2.1370(15)
2.2118(15)
2.1356(15)
2.0606(15)
2.2234(14)
2.0886(14)
2.0496(15)
2.1185(14)
2.0955(15)
2.1105(15)
2.0377(15)
2.1234(19)
2.0989(19)
2.0600(19)
2.0919(18)
2.1114(18)
2.0538(19)
2.1040(19)

2.0626(12)
2.1393(11)
2.2263(11)
2.1386(11)
2.0617(11)
2.2201(11)
2.0971(11)
2.0369(11)
2.1063(11)
2.0844(11)
2.1212(11)
2.0544(11)
2.0952(19)
2.1199(15)
2.0601(14)
2.0979(14)
2.1049(14)
2.0663(15)
2.1170(14)

2.0513(14)
2.1214(13)
2.1932(14)
2.1136(14)
2.0598(14)
2.1833(13)
2.0826(14)
2.0436(13)
2.1134(14)
2.0871(14)
2.1191(14)
2.0381(14)
2.0847(18)
2.1090(17)
2.0504(18)
2.0822(17)
2.0971(18)
2.0503(18)
2.0908(17)

2.0550(19)
2.1277(18)
2.2196(19)
2.1376(18)
2.0695(19)
2.2046(18)
2.0875(19)
2.0397(18)
2.1110(19)
2.0912(18)
2.1161(18)
2.0484(18)
2.097(2)
2.122(2)
2.056(2)
2.093(2)
2.109(2)
2.057(2)
2.109(2)

2.0543(17)
2.1233(17)
2.2138(17)
2.1261(17)
2.0483(17)
2.2010(17)
2.0828(17)
2.0303(17)
2.1063(17)
2.0780(17)
2.1196(17)
2.0484(17)
2.080(2)
2.103(2)
2.047(2)
2.093(2)
2.093(2)
2.059(2)
2.104(2)

2.055(3)
2.170(3)
2.198(3)
2.111(3)
2.064(3)
2.211(3)
2.076(3)
2.028(3)
2.116(3)
2.073(3)
2.110(3)
2.051(3)
2.137(4)
2.085(4)
2.087(3)
2.117(3)
2.097(4)
2.069(3)
2.117(3)

M4ꟷN8

2.1003(18)

2.0927(14)

2.0832(18)

2.096(2)

2.080(2)

2.103(4)

Table S2.9. Selected bond lengths of 2-µ-OAc-Ni4 cubanes.

Ni1ꟷO1
Ni1ꟷO2
Ni1ꟷO4
Ni2ꟷO1
Ni2ꟷO2
Ni2ꟷO3
Ni3ꟷO1
Ni3ꟷO3
Ni3ꟷO4
Ni4ꟷO2
Ni4ꟷO3
Ni4ꟷO4
Ni1ꟷN1
Ni2ꟷN3
Ni3ꟷN2
Ni3ꟷN5
Ni3ꟷN7
Ni4ꟷN4
Ni4ꟷN6
Ni4ꟷN8

2-μ-OAc-Ni4
-ClO4

2-μ-OAc-Ni4
-ClO3

2-μ-OAc-Ni4
-BF4

2-μ-OAc-Ni4
-PF6

2-μ-OAc-Ni4
-NO3

2-μ-OAc-Ni4
-Cl

2.0460(17)
2.1087(17)
2.1934(17)
2.1186(17)
2.0451(17)
2.1832(17)
2.0843(18)
2.0315(17)
2.1051(17)
2.0819(17)
2.1099(17)
2.0388(17)
2.078(2)
2.099(2)
2.037(2)
2.085(2)
2.090(2)
2.045(2)
2.094(2)
2.076(2)

2.042(3)
2.099(3)
2.183(3)
2.106(3)
2.040(3)
2.173(3)
2.082(3)
2.028(3)
2.097(3)
2.076(3)
2.111(3)
2.042(3)
2.056(4)
2.083(4)
2.038(4)
2.077(4)
2.082(4)
2.044(4)
2.092(4)
2.066(4)

2.0473(17)
2.0964(17)
2.1589(17)
2.0945(17)
2.0397(17)
2.1761(17)
2.0853(17)
2.0371(17)
2.1218(17)
2.0850(17)
2.1170(17)
2.0405(17)
2.084(2)
2.062(2)
2.041(2)
2.075(2)
2.083(2)
2.043(2)
2.087(2)
2.081(2)

2.048(2)
2.099(3)
2.171(2)
2.088(3)
2.039(3)
2.182(3)
2.083(2)
2.036(3)
2.109(2)
2.078(3)
2.110(3)
2.029(3)
2.082(3)
2.069(3)
2.035(3)
2.078(3)
2.092(3)
2.036(3)
2.087(3)
2.077(3)

2.0339(14)
2.1060(14)
2.1733(14)
2.0938(14)
2.0421(15)
2.1867(15)
2.0759(14)
2.0404(14)
2.1157(14)
2.0793(15)
2.1050(15)
2.0271(14)
2.0792(18)
2.059(2)
2.0448(19)
2.0675(18)
2.0894(17)
2.0437(19)
2.0812(18)
2.0794(19)

2.0436(19)
2.090(2)
2.1580(19)
2.102(2)
2.036(2)
2.179(2)
2.075(2)
2.046(2)
2.1197(19)
2.080(2)
2.101(2)
2.0257(19)
2.075(3)
2.058(3)
2.043(3)
2.066(3)
2.085(3)
2.040(3)
2.082(3)
2.080(3)
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Figure S2.6. 1H NMR spectrum of 2-Co2.28Ni1.72-BF4.
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Chapter 3
Mechanistically Driven Control over Cubane Oxo
Cluster Catalysts II:
Synthetic and Mechanistic Studies
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3.1 Introduction
Currently, the gap between the growing number of self-assembled metal-oxo clusters on the one
hand and the lack of truly predictive design concepts is still widening. Intense investigations into their
formation processes are thus required to develop predictive access strategies. Recent progress
includes detailed speciation, analytical growth tracking as well as crystallization studies of smaller[98]
and larger[99] polyoxometalates. More insight into the influence of self-assembly[100] on oxo cluster
formation compared to external chemical stimuli is now indispensable for convenient toolbox
protocols.
The considerable templating and recognition properties of inorganic counteranions emerged from
supramolecular chemistry research[101]–[107] and attracts increasing attention in bio-, environmental
and inorganic chemistry.[104],[108]–[112] However, the full structure-directing potential of counteranions
is still far from explored. The majority of synthetic studies are focused on solid state anion template
effects on the crystal structure of (oxo) cluster materials,[113] e.g. halide-templated assemblies of first
row transition metal ions.[114] Far less is known about anionic structure-directing control over oxo
clusters in situ, i.e. during their assembly processes in solution.
Here we present an unprecedented level of synthetic control over transition metal cubane oxo
clusters. In this chapter, we introduce a toolbox of straightforward inorganic counteranions as onepot and highly efficient structure-directing agents for cubane assembly in aqueous solution.
Furthermore, we investigate the underlying formation mechanisms that provide controlled access to
a wide spectrum of {M4O4} (M = Co, Ni, or Co/Ni) cubanes.
Understanding the influence of anions on cluster formation pathways with full computational
analyses first requires far more fundamental insight into the basic physico-chemical properties of
hydrated anions, beyond the present state. In sharp contrast to the well studied hydration behavior of
cations, such experimental studies on anions in aqueous solutions still remain quite limited due to the
oftentimes very fast exchange rates (ps regime) of their weakly bound water ligands.[115] Structural
information on anion environments in solution can be obtained from large angle X-ray or neutron
scattering, respectively.[116] The combination of such advanced analyses with simulations of hydrated
anionic structures in solution and their water exchange mechanisms[117] currently paves the way to
their more comprehensive understanding. Recent illustrative examples include modelling studies on
four

counteranions

used

in

the

present

work

(ClO4-,[118]

ClO3-,[118]

BF4-,[119]

and

hexafluorophosphate[119]).
To the best of our knowledge, the influence of inorganic anions on the assembly pathways of oxo
clusters in solution remains rather unexplored. In the following, we demonstrate the potential of
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straightforward inorganic anions for predictive access to cubanes. To this end, model systems with
Co(II)- and Ni(II)-salt precursors and di(2-pyridyl) ketone (dpk) as ligand for cubane formation were
operated with systematically varied inorganic counteranion types and concentrations. While dpk has
been identified as an efficient ligand for transition metal cubane formation in previous studies,[53],[94]–
[96]

the overarching, mechanistically driven design of transition metal oxo cluster remains highly

sought-after. We first provide a comprehensive roadmap to different types of {M4O4} cubane oxo
clusters and their sought-after heterometallic analogues from M(OAc)2/dpk/NaX (M = Co, Ni; X =
ClO4, ClO3, BF4, PF6, NO3, and Cl) model systems. Furthermore, we proceed to their mechanistic
and computational analyses and conclude with key visible-light-driven water oxidation performance
data.

3.2 Predictive anion-controlled access to type 1 and type 2 cubanes
3.2.1 General synthesis and characterization
We have developed a predictive, counteranion-directed access to type 1 and type 2 cubanes from
the convenient, one-pot reaction of M(OAc)2 as M2+ source and dpk as in aqueous solution at room
temperature. Schemes 3.1 and 3.2 illustrate how the experimental protocols for types 1 and 2 given
in §3.7.2 can be adjusted with select counteranion concentrations to afford a wide range of cubane
targets. The bulk purity of all cubane types obtained from the strategy shown in Scheme 3.1 was
corroborated with four different analytical protocols based on elemental analyses, powder X-ray
diffraction (PXRD), 1H NMR and Raman spectroscopy. The choice of these methods is explained in
detail in §3.2.2. Additionally, further checks of cubane stabilities and Co/Ni-substitution patterns
were performed with HR-ESI-MS (cf. §2.11 for a complete data evaluation). The level of
crystallographic and structural novelty is specified in Table S3.1 for each of the newly reported
cubane structures.
For general synthetic operations and analytical information, we refer to these comprehensive
resources in the SI. In the following, we selectively illustrate examples of counteranion control over
the different cubane types, which reveal underlying parameters of our new predictive strategy.
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Scheme 3.1. Synthetic fields for counteranion-directed access to type 1/2 {Co4O4}, {CoxNi4−xO4},
and type 2 {Ni4O4} cubanes. All M(OAc)2 and NaX amounts are given in mmol, referring to the
standard experimental procedure provided in the SI. Vertical yellow lines indicate defined NaX
concentration thresholds for the respective products.
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Scheme 3.2 Survey of structure-directing counteranion effects in {Co4O4}, {CoxNi4-xO4}, and {Ni4O4} cubane syntheses (cf. Scheme 3.1 for the
respective concentration ranges of additional counteranions).
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3.2.2 Bulk analytical strategies for type 1 and type 2 cubanes
First, representative examples for detailed type 1 and 2 cubane characterizations with 1H NMR
spectroscopy are given. Next, three complementary and tailored analytical protocols are discussed to
address special challenges associated with different cubane sample types.
Analytical protocol 1 (1-2OAc-2BF4 as an example): First, bulk purity of the crystalline fraction
of 1-2OAc-2BF4 is evident from the very good correspondence of PXRD data with the calculated
powder pattern (Figure 3.1). Next, the purity of potential non-crystalline product fractions was
checked with 1H NMR measurements. The exclusive presence of signals clearly assigned to 1-2OAc2BF4 showed that no side products were present in solution either (Figure 2.6). Third, the agreement
of elemental analysis results with calculated data (§3.7.2) ruled out the formation of significant
amounts of cobalt oxides. This three-step approach was applied to confirm the purity of 2-Co4-ClO4,
1-4OAc, 1-4Cl, and of all 1-Co4-3OAc cubanes.

Figure 3.1. Experimental PXRD patterns of 1-2OAc-2BF4 (a), 1-4Cl (b), and 1-Co3.31Ni0.69-4Cl (b)
vs the corresponding calculated patterns.
Analytical protocol 2 (2-Co2.32Ni1.68-ClO3 as an example): While comparison of experimental
and calculated PXRD patterns demonstrated phase purity of the crystalline main fraction (Figure
3.2b), the strongly paramagnetic Ni centers hampered the 1H NMR analysis of possible amorphous
fractions in the case of 2-Co2.32Ni1.68-ClO3. Therefore, the obtained large single crystals of 2Co2.32Ni1.68-ClO3 (Figure 3.3a) were used as a reference for Raman spectroscopy, and their good
correspondence with bulk spectra clearly indicated bulk purity (Figure 3.3a). The Raman detection
limit was estimated from reference spectra of pure 2-Co2.32Ni1.68-ClO3 spiked with increasing
amounts of 1-3OAc-ClO3 representing possible type 1 impurities. Even though the Raman spectra
of pure 1-3OAc-ClO3 and 2-Co2.32Ni1.68-ClO3 are very closely related, they can still be clearly
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distinguished through a Raman signal shift 298 cm-1 that is observed for 1-3OAc-ClO3, but is absent
in 2-Co2.32Ni1.68-ClO3 (Figure 3.3b). As the lowest detection limit for this characteristic peak is 2%
1-3OAc-ClO3 within a 2-Co2.32Ni1.68-ClO3 sample (Figure 3.3b), we conclude that as-synthesized
bulk 2-Co2.32Ni1.68-ClO3 is > 98% pure. Purity of all 1-CoxNi4-x and 2-CoxNi4-x compounds was
assessed with this second protocol.

Figure 3.2. Calculated and experimental PXRD patterns of 2-edge-site cubanes.
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Figure 3.3. (a) Raman spectra of 2-Co2.32Ni1.68-ClO3: large single crystals and bulk product (inset:
photographs of large single crystals of 2-Co2.32Ni1.68-ClO3). (b) Raman spectra of standard 1-3OAcClO3 and of 2-Co2.32Ni1.68-ClO3 spiked with 0, 2, and 5% 1-3OAc-ClO3, respectively.
Analytical protocol 3 (explained for 2-μ-OAc-CoxNi4-x-ClO4): Given that 2-µ-OAc-CoxNi4-x and
2-µ-OAc-Ni4 cubanes display pronounced crystal weathering upon exposure to air, PXRD purity
checks were not applicable. Nevertheless, large crystals (Figure 3.4a) were available as standards for
Raman spectroscopy checks with min. 98 % accuracy (protocol 2, cf. also Figure 3.3), where spectra
of bulk 2-μ-OAc-CoxNi4-x-ClO4 were found to be identical with the single-crystal standard (Figure
3.4a). Furthermore, the absence of the characteristic Raman shifts at 136 cm -1 and 345 cm-1 in bulk
2-μ-OAc-CoxNi4-x-ClO4 compared to its edge-site analogue 2-CoxNi4-x-ClO4 and at 297 cm-1
compared to its type 1 analogue 1-Co4-3OAc-ClO4 (Figure 3.4b) confirms high purity. Protocol 3
was applied to control the phase purity of all 2-µ-OAc-CoxNi4-x and 2-µ-OAc-Ni4 cubanes.

Figure 3.4. (a) Raman spectra of 2-µ-OAc-CoxNi4-x-ClO4: large single crystals and bulk product
(inset: photographs of large single crystals of 2-µ-OAc-CoxNi4-x-ClO4). (b) Raman spectra of bulk
2-μ-OAc–CoxNi4-x-ClO4 and of single crystals of 2-CoxNi4-x-ClO4 and 1-3OAc-ClO4.
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Figure 3.5. General {Co4O4} cubane syntheses (a) in the absence of additional counteranions, (b)
with Cl−, (c) in the presence of X− (X− = ClO3−, NO3−, BF4−, and PF6−), and (d) with ClO4−.
3.2.3 Anionic-directed access to {Co4O4} cubanes
The formation of phase pure edge-site 2-Co4-ClO4 in the presence of ≥1.0 eq. ClO4- with all initial
M2+ amounts (cf. also below) served as our starting point[97] to unravel the unprecedented control
effect of an entire series of counteranions (ClO3-, NO3-, BF4-, PF6-, and Cl-) on type 1 {Co4O4}
cubanes (Figure 3.5 and Scheme 3.1).
3.2.4 Ligand tuning of {Co4O4} cubanes
As a first representative example for the manifold reactions summarized in Scheme 3.1, we
demonstrate how the number of coordinated acetate ligands can be fine-tuned between 1-3OAc and
1-2OAc cubanes with counteranionic control (Scheme 3.1, upper section).
In the presence of BF4-, phase pure 1-3OAc-BF4 is selectively accessible through addition of 1.0
eq. NaBF4 (Scheme 3.1 and Figure 3.5c, cf. Figures 2.7 and 3.6a for analytical characterizations).
However, a notable increase of the BF4- amount to 8.75 eq. reduces the acetate content in the cubane
and affords the structural analogue 1-2OAc-2BF4 (Scheme 3.1, Figures 2.6, S2.2 and 3.1a, and Table
S2.1 for crystallographic and analytical data). Consequently, intermediate counteranion amounts of
2.5–7.5 eq. BF4- give rise to coexistence of both compounds, as is evident from the presence of both
sets of proton signals in the respective 1H NMR spectra (cf. Figure 3.7 and Table S3.2 for the peak
assignments). This coexistence of 1-2OAc-2BF4 and 1-3OAc-BF4 as products of the intermediate
2.5–7.5 eq. BF4- route is evident from the virtually identical 1H NMR spectrum of a mixture of pure
1-2OAc-2BF4 and 1-3OAc-BF4 (Figure S3.1 and Table S3.2) compared to that of the as-synthesized
mixed product in Figure 3.7 with corresponding signal intensities.
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Figure 3.6. Calculated (1-3OAc-ClO4)4 and experimental PXRD patterns of 1-3OAc cubanes.
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Figure 3.7. 1H NMR spectrum of the as-synthesized mixture of 1-3OAc-BF4 and 1-2OAc-2BF4.
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Figure 3.8. 1H NMR spectrum of the as-synthesized mixture of 1-3OAc-NO3 and 1-2OAc-2NO3.
The chemical shift assignments are listed in Table S3.2.
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3.2.5 Anion selectivity
A related structure-directing effect on the number of associated acetate ligands was observed for
systematically varied amounts of NO3-, ClO3-, and PF6- (Scheme 3.1, Figures 3.8 and S3.2–3.3 and
Table S3.2). In contrast to 1-2OAc-2BF4, however, manifold efforts to obtain phase pure 1-2OAc2NO3, 1-2OAc-2ClO3, and 1-2OAc-2PF6 remained unsuccessful so far, as well as attempts to
directly access pure 1-2OAc from saturated sodium salt solutions of these anions. When applying
ClO4-, a structural transformation from type 1 to 2 set in for >0.5 eq. NaClO4 (Scheme 3.1, cf. Figures
S3.4, S3.5, and Table S3.3 for the component analysis), and pure 2-Co4-ClO4 is accessible with ≥1.0
eq. NaClO4 (Figure 3.2a).[97]
The exclusive formation of 1-4OAc from synthetic protocols involving no such counteranions is
a strong indication that they indeed control the number of acetate ligands in the type 1 cubanes
through concentration-dependent dissociation processes (Figure 3.5a, cf. Figure S2.1a and Table S2.1
for crystallographic data and Figure 2.5 for analytical purity).
Furthermore, Cl- exerts a dual function as both counteranion and ligand that directly coordinates
to the cobalt centers. This further extends the above range of type 1 cubanes with a new, neutral
member, namely [Co4(dpy-C{OH}O)4Cl4], 1-4Cl (cf. Figures 3.5b, S2.1b and Table S2.1 for
crystallographic data and Figures 3.1b and 3.14a for analytical characterizations).
3.2.6 Access to heterometallic Co/Ni cubanes
Scheme 3.1 furthermore demonstrates how select mixed Co/Ni cubanes can be directly accessed
from according Co(OAc)2/Ni(OAc)2 precursor mixtures and adjusted concentrations of Ni2+ and
counteranions. All mixed cubanes were checked for bulk purity with the strategies mentioned in the
beginning of this section.
The formation of genuine mixed type 1 Co/Ni cubane cores was confirmed with HR-ESI-MS
analyses of phase pure, single crystalline samples through applying our previous strategies for
analyzing type 2 mixed cubanes.[97] For example, the appearance of isotope patterns at lower m/z
ranges than those of the pure Co containing fragments [Co4(dpy-C{OH}O)4Cl2]2+ (m/z 5552+, Figures
2.13 and 2.14 and [Co4(dpy-C{OH}O)4(OAc)2]2+ (m/z 5792+, Figures 2.9a and 2.12) indicates the
presence of both Ni and Co cations in the cubane cores of 1-CoxNi4-x-4Cl and 1-CoxNi4-x-3OAcNO3, in line with their calculated isotope patterns (Figures 2.12 and S2.14).
3.2.7 Synthetic trends for Co/Ni-cubanes
First, Ni2+/Co2+ precursor ratios >1:4 generally afford mixed {M4O4} cubanes, with a strong
preference for type 2 over type 1 (Schemes 3.1 and 3.2). In the following, we outline that not
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only the counteranion type but also its concentration exerts a decisive influence on the cubane type.
3.2.8 Counteranion concentration and 2-μ-OAc-Co/Ni cubanes
An impressive example for the counteranion influence is the systematic access to a series of 2-μOAc-CoxNi4-x cubanes with bridging acetate ligands, namely to

[CoxNi4-x(dpy-C{OH}O)4(µ-

OAc)(OAc)2]ClO4, -ClO3, -NO3, -BF4, -PF6, and –Cl with low to moderate counteranion
concentrations (Scheme 3.1, cf. Figure S2.5 and Table S2.4 for crystallographic data and Figures 3.4
and 3.9 for analytical results). Second, notably increased counteranion concentrations of ClO4-, BF4and ClO3- provided direct access to the corresponding edge-site {CoxNi4-xO4} cubanes, most likely
through dissociation of the bridging acetate ligand in 2-μ-OAc-CoxNi4-x-ClO4, -BF4, and -ClO3,
respectively (Scheme 3.1, cf. Figure S2.4 and Table S2.3 for the crystallographic data and Figures
3.2, 3.3, and 3.10 for analytical data). This proposed pathway is supported by the spontaneous
formation of 2-CoxNi4-x-PF6 from as-synthesized 2-μ-OAc-CoxNi4-x-PF6 after 1-month storage in its
mother liquid (e.g. 2-Co1.64Ni2.36-PF6, cf. Figure S2.4d and Table S2.3 for crystallographic data and
Figures 3.2d and S3.10b for analytical purity). In contrast, such a dissociation of the bridging acetate
group was not observed for 2-μ-OAc-CoxNi4-x-Cl and -NO3, even when stored in saturated solutions
of NaCl or NaNO3.
3.2.9 Counteranion concentration and type 1 Co/Ni cubanes
Interestingly, higher concentrations of these specific counteranions (Cl- and NO3-) enable the
transformation of 2-μ-OAc-CoxNi4-x (Ni(OAc)2:Co(OAc)2 ≤1: 3) into new mixed type 1 cubanes
(Schemes 3.1 and 3.2 and Figures 3.11-3.13, 2.12, 2.14, and S3.15); note that NaNO3 still gave rise
to a mixture of 2-μ-OAc-CoxNi4-x-NO3 and 1-CoxNi4-x-3OAc-NO3 (Scheme 3.1 and Figure 3.11).
Phase pure 1-CoxNi4-x-4Cl cubanes can be accessed with higher NaCl amounts (≥6.25 eq.), such as
1-Co3.31Ni0.69-4Cl emerging from Co(OAc)2/Ni(OAc)2 = 0.6 mmol/0.2 mmol (ICP elemental
analyses, cf. also Scheme 3.1, Figures 3.1b and 3.14b). In contrast, addition of only 0.125–0.5 eq.
NaPF6 to the same precursor mixture immediately provided phase pure 1-Co3.28Ni0.72-3OAc-PF6 (ICP
elemental analyses, Scheme 3.1, Figures 3.14c and S3.13a).
Given that the counteranion concentration is the salient difference between all these analogous
synthetic pathways, we note that a remarkable extent of anion-induced structure control in solution
is at work here that differs notably from a mere co-crystallization effect.
The selective influence of the counteranion type in solution is furthermore illustrated in Scheme
3.1 within the given Ni(OAc)2:Co(OAc)2 ratio ranges. An illustrative example is the absence of the
above-described re-transformation from type 2 Co/Ni cubanes to type 1 when applying higher
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NaClO4, NaClO3 or NaBF4 concentrations (according analyses of crystalline samples and analytical
protocols are given in §3.2.2, Figures 3.2 and 3.10).

Figure 3.9. Raman spectra of large single crystals (LSC) and bulk sample (BS) of 2-CoxNi4-x-NO3
(a), -ClO3 (b), -BF4 (c), -PF6 (d), and –Cl (e), respectively.
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Figure 3.10. Raman spectra of large single crystals (LSC) and bulk sample (BS) of 2-Co2.28Ni1.72BF4 (a), 2-Co1.64Ni2.36-PF6 (b), 2-Co1.92Ni2.08-ClO4 (c), and 2-Ni4-ClO4 (d) respectively. (e) Raman
spectra of large single crystals of the 2-CoxNi4-x-ClO4 series vs. their {Co4O4} and {Ni4O4}
analogues. 2-Co2.28Ni1.72-BF4 results are representative for the 2-CoxNi4-x-BF4 series.
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Figure 3.11. Photographic representations of the bulk products synthesized using 0.6 mmol
Co(OAc)2 + 0.2 mmol Ni(OAc)2, 0.4 mmol dpk, and 7 mmol NaNO3 (photos were taken with same
magnification).

Figure 3.12. Photographs of the bulk products synthesized by applying 4 mmol NaCl (a) and 7 mmol
NaCl (b). Both syntheses started from a mixture of 0.6 mmol Co(OAc)2 + 0.2 mmol Ni(OAc)2 as
metal ion source ((a) and (b) were photographed with the same magnification).

Figure 3.13. Photographic representations of the bulk products synthesized by applying (a) 0.05
mmol NaPF6 and (b) 0.2 mmol NaPF6. Both syntheses started from a mixture of 0.6 mmol Co(OAc)2
+ 0.2 mmol Ni(OAc)2 as metal ion source ((a) and (b) = same magnification).
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3.2.10 Overview
In conclusion, we provide counteranion-directed control over cubanes on three structural levels:
(1) differentiation between types 1/2, (2) access to specific mixed type 1 and 2 Co/Ni cubane
compositions, and (3) adjustment of cubane ligand patterns for both types. This new territory of highly
selective functionalities of straightforward inorganic counteranions in the assembly process of
transition metal oxoclusters is first covered with mechanistic studies in the following.

Figure 3.14. Raman spectra of large single crystals (LSC) and bulk sample (BS) of 1-4Cl (a),
1-Co3.32Ni0.69-4Cl (b), and 1-Co3.28Ni0.72-3OAc-PF6 (c), respectively. 1-Co3.32Ni0.69-4Cl results are
representative for the 1-CoxNi4-x-4Cl series.
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3.3 Experimental investigation of counteranion-directed cubane assembly
mechanisms
3.3.1 Strategy
Understanding the dynamic hydration behavior of anions in solution remains a fundamental
challenge for current analytical and computational research in its own right, as outlined in the
introduction.[115]–[119] The absence of such detailed insight renders full computational analyses of
counteranion-directed cluster assembly processes impossible to date. Likewise, the development of
methodologies for their direct in situ monitoring is a research topic on its own.
Therefore, we here designed a set of systematic screening experiments and computational models
that sheds light on the basic role of the counteranions in differentiating between type 1 and 2 cubanes.
We started with three basic working hypotheses about the selective formation of cubane types. For
the sake of conciseness, we here summarize our main mechanistically relevant results that support
our retrosynthetic concept. We refer to the extensive SI for analytical data of the compounds discussed
in the following.
3.3.2 Hypothesis: Crystal packing effects
We first proposed the presence of both type 1 and 2 cubane cations in solution. Such mixtures
would then be driven towards selective crystallization of the optimal packing motif by the respective
counteranion. However, the formation of pure 1-4OAc (60 % yield on the basis of dpk, Figure 3.5a)
from the standard synthetic protocol in the absence of further counteranions does not support this
assumption. Furthermore, the synthetic routes to {Co4O4} (Scheme 3.1) and mixed Co/Ni cubanes
(cf. Co:Ni ratios of 3:1 in Scheme 3.1) clearly provide counteranion-dependent access to both type 1
and 2 cubanes. This underscores their active structure-directing role in solution that goes beyond mere
crystal packing effects. As mentioned in the structural discussion above and shown in the SI, most
counteranions occupy generic positions in the analogous cubane crystal structure types, which does
not point to any selective solid state templating effects (cf. Tables 2.1–2.3 and Figures S2.3–S2.5).
3.3.3 Hypothesis: ClO4- and metal precursors
Both previous works[120],[121] and our own UV−vis spectroscopy studies (Figures 3.15a and S3.17)
indicate an equilibrium between free Co ions [Co(H2O)6]2+ (abbreviated as [Co]2+ in the following)
and [Co(H2O)5(OAc)]+ (short: [Co(OAc)]+) in the dissociation of the precursor material Co(OAc)2
(aq.) (Figure 3.15). A formal retrosynthetic analysis of both cubane types shows that 1-4OAc contains
only the [Co(OAc)]+ building block, while type 2 is formally constituted of both [Co]2+ and
[Co(OAc)]+ moieties (Figure 3.16a). As type 2 {Co4O4} cubanes could selectively be obtained in the
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presence of NaClO4 (Scheme 3.1), one might argue that higher ClO4- concentrations could facilitate
the release of [Co]2+ from Co(OAc)2 (aq.) towards the concentrations required for type 2 cubane
assembly (Figure S3.16b).
However, the UV–vis spectrum of Co(OAc)2 + 3 eq. NaClO4 (aq.) is almost identical to that of
pure Co(OAc)2 solutions and differs considerably from Co(ClO4)2 (aq.) (Figure 3.15c). As a
consequence, the direct interaction between ClO4- and the Co(OAc)2 precursor is unlikely to promote
type 2 cubane formation.

Figure 3.15. UV−vis spectra of 130 mM Co(OAc)2 (aq.) (a) and Ni(OAc)2 (aq.) (b) vs other cobalt
and nickel salts (aq.). UV−vis spectra of pure 130 mM Co(OAc)2 (aq.) and after addition ofdifferent
amounts of NaClO4 (c) and NaNO3 (d).
3.3.4 Hypothesis: Retrosynthetic approach
Therefore, we proposed in our main working hypothesis the assembly of type 1 and 2 cubanes
from their retrosynthetic building blocks [Co2(dpy-C{OH}O)2(OAc)2(H2O)2] and [Co2(dpyC{OH}O)2(H2O)4]2+ via different anion-dependent pathways. Both building blocks are shown in
Figure 3.16b and c and are abbreviated as [Co2(dpy-C{OH}O)2(OAc)2] and [Co2(dpy-C{OH}O)2]2+
in the following. We further postulate that the intermediate [Co2(dpy-C{OH}O)2(OAc)2] is formed
first upon addition of dpk into Co(OAc)2 (aq.) in any given synthetic route (Figure 3.17), which is in
line with previous synthetic studies.[122]
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Figure 3.16. Retrosynthetic analyses of the coordination reaction (a) and of type 1 (b) and 2 (c)
cubanes based on the respective dimeric building block.
3.3.4.1 Different pathway options to types 1 and 2 cubanes
In the absence of additional counteranions, [Co2(dpy-C{OH}O)2(OAc)2] can either combine with
each other or react with [Co(OAc)]+ and dpy-C{OH}O- ligands to form the fully acetate-substituted
1-4OAc cubane (Figure 3.17a and b). 1-3OAc, 1-2OAc, or 1-4Cl cubanes can then be formed through
addition of structure-directing ClO3-, BF4-, PF6-, NO3-, and Cl- anions. We obtained an indication for
an anion-driven OAc- ligand dissociation from type 1 cubanes through the observed transition from
pure 1-3OAc-BF4 products over a mixture with their 1-2OAc analogues to pure 1-2OAc-2BF4 upon
increased counteranion amounts (cf. Scheme 3.1, upper entries). Moreover, we did not observe
conversion of 1-2OAc-ClO4 into its type 2-edge-site analogue with excess ClO4-, despite its
[Co2(dpy-C{OH}O)2(H2O)2] building block. This is additional support for independent assembly
pathways of type 1 and 2 cubanes. Figure 3.17 presents three plausible pathways that are further
discussed in the following.
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Figure 3.17. Possible assembly pathways of type 1 (a,b) and type 2 cubanes (c). Aqua ligands on the
dimeric intermediates are omitted for clarity.
3.3.4.2 Selectivity of ClO4- for type 2 cubanes
As outlined for hypothesis 2 above, ClO4- does not significantly interfere with the
[Co(OAc)]+/[Co]2+ equilibrium. Nevertheless, we have strong experimental indications that ClO4- can
indeed selectively induce the dissociation of acetate ligands from cubanes. For example, only >0.31
eq. ClO4- are sufficient to convert bridged 2-μ-OAc-CoxNi4-x into its edge-site type 2 analogue, while
far higher concentrations (5 and/or 6.25 eq.) of ClO3- and BF4- are required to induce this conversion
(Scheme 3.1). Further clear evidence for such ClO4- induced acetate ligand dissociation is the facile
transformation of 1-3OAc-BF4 into phase pure 1-2OAc-2ClO4 within a few hours in the presence of
a moderate 10-fold molar excess of ClO4-. In drastic contrast, obtaining pure 1-2OAc through BF4addition requires a massive 700-fold molar excess (cf. SI for experimental details and Figures 3.18,
S3.6 for analytical characterizations).
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With clear indications for this role of ClO4- at hand, we conclude that it can also facilitate acetate
removal from [Co2(dpy-C{OH}O)2(OAc)2(H2O)2] to form the building block [Co2(dpyC{OH}O)2(H2O)4]2+ (Figure 3.17c). Given that almost all perchlorate-assisted routes afford type 2
cubanes (Scheme 3.1), we conclude that they are plausibly formed via pathway c of Figure 3.17.
Consequently, type 1 cubanes are more likely formed via the pathways a and b shown in Figure
3.17.

Figure 3.18. PXRD patterns of cubane products supporting the pathway of 1-2OAc formation via
ClO4− induced dissociation of acetate ligands from 1-3OAc.
3.3.4.3 Evidence for the building block [Co2(dpy-C{OH}O)2(OAc)2(H2O)2]
To further support these proposed formation pathways, we first attempted to isolate the key dimer
[Co2(dpy-C{OH}O)2(OAc)2(H2O)2] from ethanol while adding LiOH·H2O, following the reported
procedure for its Zn-analogue [Zn2(dpy-C{OMe}O)2Cl2].[123] Although this route remained
unsuccessful, we nevertheless obtained a defect cubane from asymmetric assembly of two dimeric
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Figure 3.19. Conversion of the defect cubane [Co4(dpy-C{OH}O)4(OAc)4] into the corresponding
type 1 cubane.
[Co2(dpy-C{OH}O)2(OAc)2] moieties. Interestingly, this defect cubane was converted into 1-4OAc
after two weeks of storage in its mother liquid (Figure 3.19, cf. Table S3.7 for crystallographic data
and Figure 2.5 for analytical characterization). This result supports the crucial role of the building
block [Co2(dpy-C{OH}O)2(OAc)2(H2O)2] in cubane assembly.
One reason for the difficulties in isolating this key building block may arise from the high
reactivity of its η2-oxygen center towards [Co(OAc)]+ or towards the Co site of another [Co2(dpyC{OH}O)2(OAc)2(H2O)2] moiety. To check this assumption, we synthesized the phenyl-modified dpk
ligand 1,1-bis(2-pyridyl)phenylmethanol where the bulky substituent might prevent the dimerization
of the intermediates. This precursor indeed afforded the expected dimer [Co2(dpy-C{Ph}O)2(OAc)2]
as crucial support for the proposed pathways via dimeric Co species (Figure S3.21b and Table S3.7).
3.3.4.4 Key experimental evidence for type 1 and 2 formation pathways
Next, we used Co(NO3)2 as acetate-free Co2+ source to further differentiate between pathways a–
c through excluding any acetate coordination to the dimeric intermediate [Co2(dpyC{OH}O)2(H2O)4]2+.
As another strong indication for the assembly of type 2 cubanes via pathway c, the new type 2
cubane [Co4(dpy-C{OH}O)4(H2O)4](NO3)4 (2(gem-aqua)-Co4-NO3) with a gem-aqua {Co2(H2O)4}
edge-site was formed as expected (Figure 3.20a, cf. Figure S3.18a and Table S3.5 for crystallographic
data).
Surprisingly, the new compound [Co5(dpy-C{OH}O)5(dpy-C{O}2](NO3)3 (2-[Co5]-NO3) with a
[Co(dpy-C{OH}O)2] moiety coordinated to the edge-site co-crystallized with 2-(gem-aqua)-Co4-
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NO3 (Figure S3.22 and Table S3.36). Pure 2-(gem-aqua)-Co4-NO3 can be obtained through applying
a starting ratio of Co(NO3)2/dpk = 1.5 instead of 1 (Figures 3.2f and 3.21a).
We then analyzed the influence of acetate anions on the synthetic pathway through varying the
initial [Co]2+/[Co(OAc)]+ ratios. First, a [Co]2+/[Co(OAc)]+ ratio >1 (i.e. ≤0.2 mmol NaOAc/0.4
mmol Co(NO3)2 (aq.)) gave rise to 2-Co4-NO3, indicating that the dpk ligand reacts more readily with
free [Co2+] according to pathway c (Figure 3.20a, cf. Figure S3.20c and Table S3.6 for
crystallographic data and Figures 3.2 and S3.7 for analytical characterizations). Formation of 2-Co4NO3 under these conditions also demonstrates that the presence of ClO4- is convenient, but not an
absolutely necessary criterion for type 2 cubane formation.
Second, [Co]2+/[Co(OAc)]+ ratios <1 trigger a change to 1-3OAc-NO3, which strongly suggests
that pathways a or b prevail when [Co(OAc)]+ is present as major species (cf. Figure S3.17 for
predominance of [Co(OAc)]+ in analogous conditions, Figure S2.3b and Table S2.2 for
crystallographic data and Figures 2.7 and 3.6b for analytical characterizations). These conclusions
were backed up with analogous results of the same synthetic screenings in the presence of chlorate
and tetrafluoroborate counteranions instead of nitrate (cf. Figure S3.20 and Table S3.6 for the
crystallographic data and Figures 3.2, S3.8, and S3.9 for analytical characterizations).

Figure 3.20. Representations of {Co4O4} (a) and {Ni4O4} (b) cubane syntheses through addition of
0.4 mmol dpk (aq.) into an aqueous solution of 0.4 mmol M(NO3)2 in the presence of increasing
amounts of NaOAc.
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Figure 3.21. Raman spectra of large single crystals (LSC) and bulk sample (BS) of 2(gem-aqua)M4-NO3 (a and b) and 2(half gem-aqua)-Ni4-NO3 (c), respectively.
3.3.5 Computational Studies (performed by Karrar Al-Ameed, Mauro Schilling and Sandra
Luber)
Starting from our comprehensive experimental support for the assembly of type 1 and 2 cubanes
via their respective dimeric moieties [Co2(dpy-C{OH}O)2(OAc)2(H2O)2] and [Co2(dpyC{OH}O)2(H2O)4]2+, we applied density functional theory (DFT) computations (cf. SI for details) to
further corroborate our retrosynthetic hypotheses. First, the calculated thermodynamic stabilities of
various monomeric and dimeric building blocks were compared and then combined with the
experimental observations to identify the most plausible assembly pathways. Due to the similar
coordination behavior of Co2+ and Ni2+ ions towards the dpk ligand, calculations were
representatively performed for the cobalt compounds in the following. The results can presumably be
applied to the assembly of {Ni4O4} and {CoxNi4-xO4} cubanes as well.
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Figure 3.22. Co dimeric building blocks subjected to computational studies (Karrar Al-Ameed,
Mauro Schilling and Sandra Luber).
First, the optimized structures of four possible dimer types with acetate-coordinated Co centers,
namely [Co2(dpy-C{OH}O)2(µ-OAc)2] (D1), [Co2(dpy-C{OH}O)2(OAc)2] (D2), [Co2(dpyC{OH}O)2(OAc)4]2- (D3), and [Co2(dpy-C{OH}O)2(OAc)2(H2O)2] (D4) (Figure 3.22) were
generated. The relative energy comparison of these most probable dimers D1–4 revealed that D4 is
indeed the thermodynamically most stable species (Figure 3.22). This result corresponds well with
its crucial role that emerged from our experimental probing of the cubane assembly pathways. The
computed reaction energy suggests that 1-4OAc indeed results from direct head-to-head combination
of two D4 dimers via pathway a (Figures 3.17a and S3.23a), where the dpk ligand adopts a tri-dentate
coordination mode. Furthermore, the reaction energies for various assembly pathways of 1-4OAc via
different [Co(dpy-C{OH}O)(OAc)n(H2O)m]2-n monomers were calculated (Figure S3.24 and Table
S3.11) and found to be thermodynamically less feasible than pathway a. All in all, DFT calculations
fully support the experimentally postulated formation pathway a of 1-4OAc (Figures 3.17a and
S3.23a).
Based on the above energy comparisons (summarized in Table S3.11), the most stable Co
monomer was found to be [Co(dpy-C{OH}O)(OAc)(H2O)3] arising from [Co(H2O)5(monodentate
OAc)]+ coordinating with one N and O- of dpy-C{OH}O- in cis- and trans-position to the OAc- ligand
(M12, Figure S3.24). Assuming that increasing the ionic strength of the reaction solution, e.g. through
perchlorate addition, encourages M12 formation, these monomers can further react with D4 via
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acetate ligand dissociation to afford 2-Co4-ClO4 (Figure S3.23b). This plausible route corresponds
well with the experimentally postulated pathway c towards type 2 cubane assembly.
3.3.6 Conclusions for {Co4O4} cubane formation
Collected experimental and calculated evidences from the first part of our systematic mechanistic
study clearly supports (a) the active role of counteranions in the cluster assembly process, (b) the key
role of the Co2(dpy-C{OH}O)2(OAc)2] and [Co2(dpy-C{OH}O)2]2+ building blocks, and (c) their
participation in pathways a/b and c giving rise to type 1 and 2 cubanes, respectively.
3.3.7 Formation pathways of Ni-containing cubanes
3.3.7.1 Influence of Ni2+ and OAc- on type 2 cubane assembly
With this insight on {Co4O4} cubanes at hand, we reasonably assumed that type 2 {Ni4O4} cubanes
assemble through pathway c. This agrees well with the observed predominance of [Ni(H2O)6]2+
(abbreviated as [Ni]2+) when comparing the UV–vis spectrum of Ni(OAc)2 (aq.) to other Ni2+ salts of
strong acids (Figure 3.15b), as well as with previous studies.[124] [Ni]2+ and dpk are very likely to
form the main intermediate [Ni2(dpy-C{OH}O)2(H2O)4]2+ with a strong preference for type 2 cubane
formation (Scheme 3.1). Indeed, reference reactions in acetate-free media with Ni(NO3)2 as [Ni]2+
source afforded the expected gem-aqua {Ni4O4} cubane [Ni4(dpy-C{OH}O)4(H2O)4](NO3)4, 2(gemaqua)-Ni4-NO3 (Figure 3.20b, cf. Figure S3.18b and Table S3.5 for crystallographic data and Figures
3.2f and 3.21b for analytical characterization).
Moreover, the {Ni4O4} cubane types obtained from increasing initial NaOAc contents support
pathway c. Interestingly, the addition of 0.25 eq. NaOAc results in a new type 2 compound, namely
[Ni4(dpy-C{OH}O)4(OAc)(H2O)3](NO3)3 (2(half gem-aqua)-Ni4-NO3), where one aqua ligand
parallel to the {NiONiO} plane is replaced by OAc- (Figure 3.20b, cf. Figure S3.19 and Table S3.5
for crystallographic data and Figure 3.21c for analytical characterizations). This indicates a different
substitutional behavior of the gem-aqua ligands on the {Ni2(H2O)4} edge-site towards stronger donor
ligands. Finally, this directed ligand assembly of {Ni4O4} cubanes as a function of increasing initial
OAc- content was supported through the formation of 2-Ni4-NO3 and 2-μ-OAc-Ni4-NO3 with 0.5 eq.
and ≥0.75 eq., respectively (Figure 3.20b, cf. Figure S2.5c, Tables S2.4 and S3.5 for crystallographic
data and Figures 3.2e, 3.10e, and S3.14a for analytical characterizations).
3.3.7.2 Interplay of Ni2+ and Co2+ in cubane formation
Furthermore, the key role of free [M]2+ species in type 2 cubane formation via intermediate
[Co2(dpy-C{OH}O)2(H2O)4]2+ became evident from the strongly selective formation of mixed type
2 cubanes even in the presence of low initial Ni contents (0.6 mmol Co(OAc)2 + 0.2 mmol Ni(OAc)2,
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Scheme 3.1). In light of the above, we assume that the dpk ligand first reacts with the predominant
[Ni]2+ species to the corresponding Ni-rich [M2(dpy-C{OH}O)2(H2O)4]2+ intermediate to provide
type 2 {CoxNi4-xO4} products in presence of ClO3-, BF4-, and PF6- via pathway c. Indeed, the actual
ratios of Co:Ni in all obtained 2-CoxNi4-x-ClO3, -BF4, and -PF6 always fall below the respective
initial ratios (Table S3.4). The above-mentioned (section 3.2.) directing effect of ClO4- on cubane
fragments and acetate anions apparently releases higher [Co]2+ concentrations for type 2 cubane
formation. This agrees with the observed higher Co content of as-synthesized 2-CoxNi4-x-ClO4
compared to the 2-CoxNi4-x-ClO3, -BF4, and -PF6 products obtained from identical Co:Ni starting
ratios (ICP-MS measurements in Table S3.4).
Consequently, relatively low amounts of free [M]2+ should lead to insufficient concentrations of
the type 2 building-block [M(dpy-C{OH}O)2(H2O)4]2+ in the presence of other counteranions than
ClO4-. Indeed, we observed that BF4- and ClO3- addition led to (partial) type 1 cubane formation under
analogous conditions, such as a mixture of 1-CoxNi4-x-3OAc-BF4 and 2-μ-OAc-CoxNi4-x-BF4
obtained from 0.7 mmol Co(OAc)2 + 0.1 mmol Ni(OAc)2 with 3 mmol NaBF4 (Figures 3.23a and
3.24). Similarly, 1-CoxNi4-x-3OAc-ClO3 was synthesized from 0.7 mmol Co(OAc)2 + 0.1 mmol
Ni(OAc)2 and 3 mmol NaClO3. Additionally, this product further expanded the spectrum of type 1
{CoxNi4-xO4} cubanes (Figures 3.23b and 3.24).
3.3.7.3 Mixed Co/Ni pathways
In summary, mixed type 2 cubanes can generally be accessed from precursors containing ca. ≥25
mol% Ni2+ cations due to their strong preference for the experimentally supported pathway c, even
in the absence of further structure-directing perchlorate anions.

Figure 3.23. Photographs of type 1 (quasi-rhombohedral crystals) and 2-μ-OAc (prismatic crystals)
compounds coexisting in the bulk-scale product synthesized by addition of 0.4 mmol dpk to 0.7 mmol
Co(OAc)2 + 0.1 mmol Ni(OAc)2 containing 3 mmol NaBF4 (a) and NaClO3 (b), respectively ((a) and
(b) were photographed with the same magnification).
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Figure 3.24. HR-ESI-MS isotope patterns related to the fragmentation of [CoxNi4-x(dpyC{OH}O)4(OAc)2]2+ obtained from measuring 1-CoxNi4-x-3OAc-BF4 (top) and -ClO3 (bottom),
respectively.

3.4 Visible-light-driven water oxidation studies
We furthermore carried out visible-light-driven water oxidation studies to compare the influence
of structural features on the catalytic activity of specific cubane types. To this end, we selected a set
of non-edge-site, {H2O-Co2(OR)2-OH2} edge-site, gem-aqua {Co(OH2)4} edge-site, and edge-siteblocked catalysts, namely 1-3OAc-ClO4, 2-Co4-ClO4, 2(gem-aqua)-Co4-NO3, and 2-[Co5]-NO3,
respectively.
These cubanes were tested at pH 8.5 in 80 mM borate buffer solution containing 1 mM
[Ru(bpy)3]Cl2 as photosensitizer and 5 mM Na2S2O8 as sacrificial electron acceptor (Figure 3.25 and
Table S3.10 as well as experimental part of the SI). 2-Co4-ClO4 with the edge-site motif is more
active than the non-edge-site cubane 1-3OAc-ClO4, which relates well with our previous studies.[97]
Furthermore, 2(gem-aqua)-Co4-NO3 exhibited the best catalytic performance with a turnover number
(TON) of 20.8, a turnover frequency (TOF) of 0.27 s-1, and an O2 evolution yield of 83.0 %. This

81

Chapter 3

Figure 3.25. Clark electrode kinetics of visible-light-driven water oxidation of the pristine catalysts
(solid curves, left) and of their respective filtered postcatalytic reaction solutions (dashed curves,
right; conditions: 470 nm LED, 1 mM [Ru(bpy)3]Cl2, 5 mM Na2S2O8, pH 8.5 80 mM borate buffer).
The pH value was readjusted 8.5 by adding solid Na2B4O7·10H 2O after each reaction.
activity is rather high compared to previous works on analogous cubane WOCs,[61],[64],[65],[73],[74]
indicating that the aqua ligand-enriched gem-aqua is likely to promote the oxygen evolution activity.
Along these lines, 2-[Co5]-NO3 showed the lowest activity with a TON of 11.5, a TOF of 0.10, and
an O2 evolution yield of 46%. This result further indicates that the accessibility of the edge-site is
indeed relevant for the catalytic activities of the cubane catalyst series. Our systematic synthetic
approach now provides convenient access to such tuned cubanes for forthcoming detailed structureactivity studies in their own right.
Cubane catalyst stability was studied with a sequence of filtration and activity tests of the recycled
post-catalytic reaction solution.[97],[125] All cubane catalysts retained most of their catalytic activities
during the recycling runs. In contrast, the reference tests with Co(OAc)2 mimicking the behavior of
in situ formed CoOx particles showed no activity in the recycling run (Figure 3.25). This provided
strong evidence that all the cubanes remained in molecular states after the first catalytic run.

3.5 Conclusions
We introduce an unprecedented controlled access to a large family of {M4O4} (M = Co, Ni, and
Co/Ni) bio-inspired cubane photocatalysts. A toolbox of straightforward inorganic counteranions
directs the assembly of the dpk ligand and M(OAc)2 precursors in aqueous solution into clearly
accessible cubane types:
Type 2 {Co4O4} cubanes with the characteristic {H2O-Co2(OR)2-OH2} edge-site motif are
selectively obtained with perchlorate anions. In contrast, a wide range of counteranions (≤0.5 eq. of
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ClO4-, and ClO3-, NO3-, BF4-, Cl-, PF6-) provide access to type 1 Co-cubanes with adjustable ligand
patterns. Type 2 edge-site {Ni4O4} cubanes are formed with > 0.3 eq. ClO4-, while all other tested
counteranions provide 2-μ-OAc-Ni4. The 2-CoxNi4-x and 2-μ-OAc-CoxNi4-x cubanes can be tailored
via counteranion controlled assembly of mixed precursors. Furthermore, the homogeneous visiblelight-driven water oxidation activity of type 1 and type 2 {Co4O4} cubanes with increasingly
accessible edge-site regions was compared.
Systematic screenings provided cumulative experimental evidence for type 2 and 1 {Co4O4}
cubane assembly via two main building blocks, namely [Co2(dpy-C{OH}O)2(H2O)4]2+ and [Co2(dpyC{OH}O)2(OAc)2(H2O)2]. DFT calculations confirmed that [Co2(dpy-C{OH}O)2(OAc)2(H2O)2] is
indeed thermodynamically most stable of all investigated dimer types in solution. Computed reaction
energies agree with the experimentally supported formation pathway of type 1 cubane 1-4OAc
through a head-to-head combination of these dimers. Furthermore, DFT results indicate that type 2
cubanes arise from the reaction of the [Co2(dpy-C{OH}O)2(OAc)2(H2O)2] dimer with the most stable
[Co(dpy-C{OH}O)(OAc)(H2O)3] monomer that is likely to result from higher applied perchlorate
strengths. The selective access to type 2 {Ni4O4} and type 2 mixed {(Co/Ni)4O4} cubanes proceeds
via combinations of according Ni-dimers with predominant [Ni2+] species through analogous
assembly processes.
We reveal for the first time the high potential of convenient inorganic counteranions as structuredirecting agents for oxo cluster assembly in solution. The formation pathways leading to an arsenal
of transition metal cubanes were tracked with an effective combination of mechanistic screening
going hand in hand with DFT calculations. Our extensive data set offers an excellent platform for
forthcoming machine learning explorations of the full parameter space in coordination chemistry. We
here first pave the way to facile, predictive and mechanistically driven design concepts for the
strategic construction of functional transition metal complexes.
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3.7 Appendix
3.7.1 Analytical characterizations.
Powder X-ray diffraction (PXRD) patterns were recorded on a STOE STADI P diffractometer
(transmission mode, Ge monochromator) with Mo Kα radiation.
Raman spectra were recorded on an inVia Qontor applying a 785 nm excitation laser with 5 %
intensity.
UV–vis spectra were recorded on a Lambda 650 S Perkin Elmer UV–visible spectrometer in the range
of 300-800 nm using a Quartz SUPRASIL precision cuvette.
3.7.2 Experimental section.
Materials
All chemicals and solvents were purchased commercially: Co(OAc)2·4H 2O (Sigma-Aldrich, ≥
99.0 %), Co(NO3)2·6H 2O (Sigma-Aldrich, ≥ 98.0 %), CoCl2·6H 2O (Sigma-Aldrich, ≥ 98.0 %),
CoSO4·7H 2O (Sigma-Aldrich, ≥ 99.0 %), CoClO4·6H 2O (Sigma-Aldrich, ≥ 99.0 %), Ni(OAc)2·4H 2O
(Sigma-Aldrich, ≥ 99.0 %), Ni(NO3)2·6H 2O (Sigma-Aldrich, ≥ 98.5 %), NiCl2·6H 2O (SigmaAldrich, ≥ 98.0 %), CoSO4·7H 2O (Sigma-Aldrich, ≥ 99.0 %), di(2-pyridyl)ketone (Sigma-Aldrich,
99.0 %), NaClO4 (Sigma-Aldrich, ≥ 98.0 %), NaBF4 (Fluka, > 98 %), NaPF6 (Sigma-Aldrich, 98 %),
NaNO3 (Merck, 99 %), NaClO3 (Sigma-Aldrich, ≥ 99.0 %), NaCl (Fluka, ≥ 99.5 %), NaOAc (SigmaAldrich, ≥ 99.0 %), NaClO4 (Sigma-Aldrich, ≥ 98.0 %), H3BO3 (Merck, ≥ 99.8 %), Na2B4O7·10H 2O
(Fluka, ≥ 99.5 %), triethylamine (Sigma-Aldrich, ≥ 99.0 %), CH3OH (Merck, analytical pure),
CD3CN (Sigma-Aldrich, 99.8 atom % D).
Ultrapure water was produced with a Barnstead GenPure Pro Water Purification System with an
electric conductivity of 0.55 μS/cm (Thermo Scientific).
Syntheses of type 1 {Co4O4} compounds
In order to align to synthetic conditions with those based on Co(NO3)2 as the starting material, all
of the crystallizations were performed in a glovebox.
All type 1 {Co4O4} compound syntheses were conducted through adding 3 mL dpk (0.4 mmol,
aq.) dropwise into 3 mL Co(OAc)2·4H 2O (0.8 mmol, aq.) containing the corresponding types and
amounts of counteranions under stirring, and the reaction solutions were filtered to obtain the filtrates
that were afterwards kept for crystallization at room temperature. The absence of counteranions and
addition of only 0.8-7 mmol NaCl afforded the pure type 1 compounds [Co4(dpy-C{OH}O)4(OAc)4]
and [Co4(dpy-C{OH}O)4(Cl)4], respectively. Addition of 0.8 mmol NaClO3, NaNO3, NaBF4, or of
0.4 mmol NaPF6 led to the pure type 1 compounds [Co4(dpy-C{OH}O)4(OAc)3(H2O)]ClO3, -NO3, BF4, or -PF6. The addition of a rather large amount of 7.0 mmol NaBF4 resulted in the pure type 1
compound [Co4(dpy-C{OH}O)4(OAc)2(H2O)2](BF4)2. The violet hexagonal crystalline products of
each compound were obtained in ~ 1 week, and single crystals for structure determination were
selected from the corresponding products without further purification.
Syntheses of type 2-μ-OAc-CoxNi4-x compounds
All 2-μ-OAc-CoxNi4-x compounds were obtained from the above synthetic procedure through
replacing Co(OAc)2·4H 2O with a mixture of Co(OAc)2·4H 2O + Ni(OAc)2·4H 2O with the
corresponding Co:Ni ratios (0.64 mmol + 0.16 mmol, 0.6 mmol + 0.2 mmol, 0.4 mmol + 0.4 mmol,
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or 0.2 mmol + 0.6 mmol). The applied counteranions and their amounts for this series of syntheses
are listed in Scheme 1. Prismatic product crystals in different colors with sufficient quality for singlecrystal X-ray diffraction were obtained in ~ 1 week.
Syntheses of type 2-CoxNi4-x compounds
The corresponding 2-CoxNi4-x compounds were synthesized via the procedure applied for 2CoxNi4-x with increasing additions of NaClO4 (≥ 0.4 mmol for all the ratios of Co(OAc)2·4H 2O +
Ni(OAc)2·4H 2O), NaClO3 and NaBF4 (≥ 4 mmol for Co(OAc)2·4H 2O + Ni(OAc)2·4H 2O = 0.64 mmol
+ 0.16 mmol and 0.6 mmol + 0.2 mmol, ≥ 5 mmol for Co(OAc)2·4H 2O + Ni(OAc)2·4H 2O = 0.4 mmol
+ 0.4 mmol and 0.2 mmol + 0.6 mmol). Hexagonal product crystals in different colors with sufficient
quality for single-crystal X-ray diffraction were obtained in ~ 1 week.
Syntheses of type 2-μ-OAc-Ni4 compounds
2-μ-OAc-Ni4 cubanes with all respective counteranions were synthesized through replacing the
addition of a Co(OAc)2·4H 2O + Ni(OAc)2·4H 2O mixture with only 0.4 mmol Ni(OAc)2·4H 2O in the
corresponding synthetic procedure of 2-μ-OAc-CoxNi4-x. The applied counteranions and their
amounts for this series of syntheses are listed in Scheme 1. Light green prismatic crystals with
sufficient quality for single-crystal X-ray diffraction were obtained in ~ 1 week.
Syntheses of type 2(gem-aqua)-Co4- and -Ni4-NO3 and [Co5(dpy-C{OH}O)5(dpy-C{O}2)](NO3)3
A 3 mL aqueous solution with 0.4 mmol dpk and 0.05 mL TEA was added dropwise into 3 mL
Co(NO3)2·6H 2O (0.4 mmol, aq.) containing 0.25 mL TEA and 3 mmol NaNO3 under stirring. After
filtering the above reaction mixture, the obtained filtrate was kept for crystallization by slowly
evaporating the solvent at room temperature. A two-component crystalline product (air-unstable) of
2(gem-aqua)-Co4-NO3 and [Co5(dpy-C{OH}O)5(dpy-C{O}2)](NO3)3 with sufficient quality for
single-crystal X-ray diffraction was obtained in ~ 3 weeks. The synthesis of pure light green
crystalline 2(gem-aqua)-Ni4-NO3 was modified based on the above procedure by using 0.4 mmol
Ni(NO3)2·6H 2O instead of 0.4 mmol Co(NO3)2·6H 2O. 2(gem-aqua)-M4-NO3 can be crystallized into
a different space group as an air-stable twinning crystal (cf. Table S as the representative) while
applying ≥ 5 mmol NaNO3.
Syntheses of type 2-Co4-NO3, -ClO3, and -BF4
2-Co4-NO3 was synthesized through modifying the synthetic procedure of 2(gem-aqua)-Co4-NO3
by addition of 0.2 mmol NaOAc into TEA and Co(NO3)2·6H 2O (0.4 mmol, aq.) containing NaNO3
(3 mmol). Based on the above synthesis, 2-Co4-ClO3 and 2-Co4-BF4 were synthesized replacing
Co(NO3)2·6H 2O with CoSO4·7H 2O and using NaClO3 (4 mmol) and NaBF4 (1 mmol) instead of
NaNO3, respectively. The filtrates of the above reaction mixtures were kept for crystallization by
slowly evaporating the solvents. Violet hexagonal crystals with sufficient quality for single-crystal
X-ray diffraction were obtained in ~ 1 week.
Syntheses of type 2(half gem-aqua)-Ni4-NO3 and 2-Ni4-NO3
The syntheses of 2(half gem-aqua)-Ni4-NO3 and 2-Ni4-NO3 were modified based the preparation
of 2(gem-aqua)-Ni4-NO3 through addition of 0.1 and 0.2 mmol NaOAc into TEA and NaNO3
containing Ni(NO3)2·6H 2O (aq.), respectively. The light green prismatic (2(half gem-aqua)-Ni4NO3) and light green hexagonal (2-Ni4-NO3) crystalline products which were suitable for X-ray
diffraction were obtained in ~ 1 week.
Synthesis of dpy-C{Ph}OH
In a 250 mL three-necked round bottom flask equipped with a reflux condenser, dry magnesium
granulate (0.618 g, 25.4 mmol) was dispersed in 15 mL dry THF. One drop of Br2 was added into to
the above-obtained colorless suspension. The mixture was heated to reflux and 30 mL of a solution
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of PhBr (2.7 mL, 28.7 mmol) in THF were added dropwise over 30 min. When the magnesium
granulate was almost completely dissolved, the reaction was cooled down to room temperature. 30
mL of a solution of dpk in THF (2.580 g, 14.0 mmol) were added dropwise over 1 h into the above
grey suspension at room temperature, and an instant color change to dark red and a precipitation were
observed. 40 mL THF was further added and the resulting dark red suspension was heated to reflux
for 2 h. The reaction was cooled to room temperature and quenched with adding 100 mL NH4Cl (20
%) after the consumption of dpk was confirmed with TLC (EtOAc). The yellow mixture was
extracted with Et2O (3 × 100 mL), and the combined organic phases were washed with H2O (2 × 50
mL) and brine (2 × 50 mL) and dried with MgSO4. A pale brown solid was obtained after removing
the solvent in vacuo without further purification.
1H

NMR (400 MHz, CDCl3): 8.56 (ddd, J = 4.9, 1.8, 1.0, 2 × arom. CH); 7.82 (td, J = 8.0, 1.1, 2
× arom. CH); 7.71 (ddd, J = 8.0, 7.5, 1.8, 2 × arom. CH); 7.32-7.26 (m, 5 × arom. CH); 7.22 (ddd, J
= 7.4, 4.9, 1.2, 2 × arom. CH); 6.92 (br. S, OH). 13C NMR (100 MHz, CDCl3): 163.1 (s, arom. C);
147.2 (d, 2 × arom. CH); 146.4 (s, arom. C); 136.7 (d, 2 × arom. CH); 128.0 (d, 2 × arom. CH); 127.8
(d, 2 × arom. CH); 127.4 (d, arom. CH); 123.2 (d, 2 × arom. CH); 122.3 (d, 2 × arom. C); 80.8 (s,
COH). ESI-MS (MeOH): 263.11 ([C17H15N2O]+, [M+H]+); 245.11 ([C17H13N2]+, [M-OH]+).
Synthesis of [Co2(dpy-C{Ph}O)2(OAc)2]
A 40 mL MeCN solution of Co(OAc)2·4H 2O (0.249 g, 1.0 mmol) and dpy-C{Ph}OH (0.260 g,
1.0 mmol) was heated in a 100 mL three-necked round bottom flask to reflux for 2 h. The resulting
dark red reaction solution was filtered after cooling to room temperature. The filtrate was kept for
crystallization while slowly evaporating the solvent, and the dark red crystalline product [Co2(dpyC{Ph}O)2(OAc)2] with SC-XRD quality was formed within ~ 3 weeks.
Synthesis of the defect compound [Co4(dpy-C{OH}O})4(OAc)4]
A 3 mL ethanol solution of dpk (0.4 mmol) was added dropwise into 3 mL ethanolic solution of
Co(OAc)2·4H 2O (0.4 mmol) and LiOH·H 2O (0.4 mmol) under stirring. The obtained reaction
solution was filtered and kept for crystallization while slowly evaporating the solvent. The violet
crystalline product of the defect compound [Co4(dpy-C{OH}O})4(OAc)4] was obtained as thin
platelets in ~ 3 days, and crystals with SC-XRD quality were selected without further purification.
The evolution of defect [Co4(dpy-C{OH}O})4(OAc)4] to its cubane analogue was observed upon
another ~ 2 weeks of storage of the above crystallized sample.
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Elemental analyses
1-3OAc-BF4 (C50H47Co4N8O15BF4H2O): calc. (%) C, 44.80; H, 3.68; N, 8.36; F, 5.67; Co, 17.4;
found (%) C, 44.51; H, 3.82; N, 8.32; F, 5.50; Co, 17.4.
1-3OAc-NO3 (C50H47Co4N9O183H2O): calc. (%) C, 44.43; H, 3.95; N, 9.33; Co, 17.4; found (%) C,
44.21; H, 3.86; N, 9.54; Co, 17.3.
1-3OAc-ClO3 (C50H47Co4N8O18Cl2.5H2O): calc. (%) C, 43.83; H, 3.68; N, 8.18; Co, 17.3; found
(%) C, 43.79; H, 3.81; N, 8.11; Co, 17.1.
1-3OAc-PF6 (C50H47Co4N8O15PF6H2O0.5CH3OH): calc. (%) C, 42.88; H, 3.63; N, 7.92; F, 8.06;
Co, 16.7; found (%) C, 42.59; H, 3.72; N, 7.84; F, 8.00; Co, 16.4.
1-4Cl (C44H36Cl4Co4N8O82H2O): calc. (%) C, 43.38; H, 3.31; N, 9.20; Cl, 11.64; Co, 19.4; found
(%) C, 43.01; H, 3.48; N, 8.82; Cl, 10.90; Co, 19.0.
1-2OAc-2BF4 (C48H46Co4N8O14B2F86H2O): calc. (%) C, 39.05; H, 3.96; N, 7.59; F, 10.29; Co, 16.0;
found (%) C, 39.12; H, 3.90; N, 7.55; F, 10.30; Co, 15.7.
2-CoxNi4-x-BF4 (C48H46CoxNi4-xN8O14B2F8): calc. (%) C, 42.09; H, 3.36; N, 8.18; found (%) C, 41.43;
H, 3.46; N, 8.03. (Co = Ni = 59)
2-CoxNi4-x-ClO3 (C48H46CoxNi4-xN8O20Cl2): calc. (%) C, 42.34; H, 3.40; N, 8.23; found (%) C, 42.72;
H, 3.32; N, 8.30. (Co = Ni =59)
2-CoxNi4-x-PF6 (C48H46CoxNi4-xN8O14P2F12): calc. (%) C, 38.83; H, 3.12; N, 7.55; found (%) C,
39.17; H, 2.96; N, 7.76. (Co = Ni =59)
Visible-light-driven water oxidation
The deaerated reaction solutions were prepared in a 10 mL glass vial as follows: 9.5 mg Na2S2O8
(5 mM) was added to a 8 mL borate buffer (80 mM, pH 8.5) containing completely dissoved 6 mg
[Ru(bpy)3]Cl2·6H 2O (1 mM) and catalyst (desired concentration). Glass vials with the above
solutions were sealed with a combination of a rubber septum (PTFE) and an aluminum crimp cap,
followed by deaeration through purging with helium (purity 6.0) for 12 min.
O2 evolution of the above catalytic solutions was measured independently by Clark electrode
techniques and gas chromatography. For Clark electrode measurements, an oxygen sensor (OX-N)
Clark electrode (Unisense) was inserted into the deaerated solution through the rubber septum,
followed by irradiation with a 470 nm high flux LED light (26.1 mW/cm2, Rhopoint Components
LTD) after a constant signal of the Clark electrode was obtained under a stirring rate of 1000 rpm. O2
evolution was monitored with the SensorTrace software (Unisense) applying a frequency of 1 data
point per sec. The calibration of the Clark electrode was done according to the procedure provided
by the Unisense user manual with a sodium ascorbate solution (2 g sodium ascorbate in 100 mL 0.1
M NaOH solution) as the zero calibration solution and aerated water as the aerated calibration
solution (for details cf. Unisense user manual).
For GC measurements, the deaerated solution was irradiated with the above LED light source for
30 min under a stirring rate of 1000 rpm, and a 200 μL gas sample was taken with a gas-tight microliter syringe (Hamilton-1825RN) and transferred to the GC injection port. After pushing the syringe
bar to the 100 μL mark, 100 μL of the gas sample was quickly injected into the GC (Agilent
Technologies 7820A) equipped with a thermal conductivity detector (Varian). O2 and N2 were
separated by passing the sample through a 3 m * 2 mm packed 5 Å molecular sieve 13X 80-100
column with a helium carrier gas (purity 6.0). Quantification of O2 evolution was carried out with a
good linear GC calibration curve obtained from measuring a series of volumes (50-500 μL) of pure
O2 vs. the peak area of each O2 signal. Contamination of air was corrected by subtracting the half
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peak area of N2 from the peak area of O2 (due to the similar GC response to O2 and N2, the peak area
of the contaminating O2 basically equals 1/3 of the N2 peak area). The pH value of the post-catalytic
solution was measured with a METTLER TOLEDO SevenCompact pH meter.

Filtration-recycling tests
Standard activity tests were completed according to the above procedure for visible-light-driven
water oxidation, and the as-obtained post reaction solution was filtered through a 200 nm filter. The
pH value of such filtered solutions was readjusted to 8.5 by adding solid Na2B4O7·10H 2O. After
adding 9.5 mg of Na2S2O8, the activity recycling test was started applying the standard procedure. O2
evolution during each test was monitored with a Clark electrode.

Table S3.1. Novelty levels of the cubane compounds characterized in this study.
Compound
Novel level
1-4OAc
DU5
1-4Cl
LP
1-2OAc-2BF4
LP
1-3OAc series
AD6
AD7
2-CoxNi4-x series (0<x≤4)
2-μ-OAc-Ni4 series
AD8
LP
2-μ-OAc-CoxNi4-x series (0<x<4)
2(gem-aqua)-Co4-NO3
LP
9
AD
2(gem-aqua)-Ni4-NO3
[Co5(dpy-C{OH}O)5(dpy-C{O}2)](NO3)3
LP
2(half gem-aqua)-Ni4-NO3
LP
DU = Reported cubane compound found here in a different unit cell.
AD = Anionic derivative of a reported cubane.
LP = New ligand pattern on {M4O4} core.

(4) Tong, M.; Zheng, S.; Shi, J.; Tong, Y.; Lee, H. K.; Chen, X. J. Chem. Soc., Dalton Trans. 2002, 1727-1734.
(5) Tsohos, A.; Dionyssopoulou, S.; Raptopoulou, C. P.; Terzis, A.; Bakalbassis, E. G.; Perlepes, S. P. Angew. Chem. Int.
Ed. 1999, 38, 983-985.
(6) Tong, M.; Zheng, S.; Shi, J.; Tong, Y.; Lee, H. K.; Chen, X. J. Chem. Soc., Dalton Trans. 2002, 1727-1734.
(7) Song, F.; Moré, R.; Schilling, M.; Smolentsev, G.; Azzaroli, N.; Fox, T.; Luber, S.; Patzke, G. R. J. Am. Soc. Chem.
2017, 139, 14198-14208.
(8) Efthymiou, C. G.; Raptopoulou, C. P.; Terzis, A.; Boča, R.; Korabic, M.; Mrozinski, J.; Perlepes, S. P.; Bakalbassis,
E, G. Eur. J. Inorg. Chem. 2006, 2006, 2236-2252.
(9) Li, Y. -M.; Zhang, J. -J.; Fu, R. -B.; Xiang, S. -C.; Sheng, T. -L.; Yuan, D. -Q.; Huang, X. -H.; Wu, X. -T. Polyhedron
2006, 25, 1618-1624.
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Figure S3.1. 1H NMR spectrum of a mixture of pure 1-3OAc-BF4 and 1-2OAc-2BF4 (3:2). The
chemical shift assignments are listed in Table S3.2.
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Figure S3.2. 1H NMR spectrum of the as-synthesized mixture of 1-3OAc-ClO3 and 1-2OAc-2ClO3.
The chemical shift assignments are listed in Table S3.2.
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Figure S3.3. 1H NMR spectrum of the as-synthesized mixture of 1-3OAc-PF6 and 1-2OAc-2PF6
upon addition of > 0.4 mmol NaPF6. (cf. analogous assignments in Table S3.2).
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Table S3.2. 1H NMR chemical shift assignments for Figures S26-S30.
1H

BF4counteranion
(Fig. S27)
317.64
(576 µs)

NO3counteranion
(Fig. S29)
317.83
(496 µs)

ClO3counteranion
(Fig. S30)
317.79
(511 µs)

1-3OAc-BF4
:
1-2OAc-2BF4
3:2 (Fig. S28)
317.85

309.07
(534 µs)

a313.10
(503 µs)

313.27
(567 µs)

313.21
(527 µs)

313.18

250.37
(699 µs)

253.46
(652 µs)

253.58
(664 µs)

253.61
(635 µs)

253.56

248.74
(665 µs)

251.67
(617 µs)

251.89
(591 µs)

251.75
(637 µs)

252.05

247.79
(639 µs)

250.49
(579 µs)

250.37
(574 µs)

250.51
(589 µs)

250.59

244.55
(606 µs)

244.59
(563 µs)

244.65
(518 µs)

244.55

212.41
(676 µs)

212.37
(650 µs)

212.42
(559 µs)

212.48

202.29
(710 µs)

202.33
(698 µs)

202.41
(666 µs)

202.38
(727 µs)

202.32

176.79
(715 µs)

176.79
(776 µs)

176.82
(728 µs)

176.84
(742 µs)

176.91

161.18
(755 µs)

163.37
(731 µs)

163.53
(727 µs)

163.46
(731 µs)

163.37

117.41
(787 µs)

118.91
(833 µs)

118.89
(790 µs)

119.02
(932 µs)

119.09

99.93
(872 µs)

101.22
(860 µs)

101.33
(1400 µs)

101.35
(871 µs)

101.40

74.38
(7.8 ms)

75.15
(7.4 ms)

75.17
(7.8 ms)

75.17
(8.1 ms)

75.17

73.11
(7.6 ms)

73.13
(7.9 ms)

73.13
(8.0 ms)

73.07

64.08
(7.9 ms)

64.10
(8.0 ms)

64.11
(8.0 ms)

64.05

62.14
(8.1 ms)

62.16
(8.1 ms)

62.16
(8.3 ms)

62.14

59.14
(10.5 ms)

59.78
(9.4 ms)

59.83
(10.1 ms)

59.82
(9.8 ms)

59.85

58.27
(10.5 ms)

58.94
(8.4 ms)

59.00
(8.7 ms)

58.98
(9.2 ms)

59.04

Pure
1-3OAc-BF4
(Fig. S26)

Ortho-

Pure
1-2OAc-2BF4
(Fig. 4)
317.78
(542 µs)

244.54
(538 µs)
210.14
(1012 µs)

Meta-

73.08
(7.6 ms)
63.31
(8.2 ms)
62.13
(8.1 ms)

Meta-

48.80
(5.3 ms)

48.83
(5.3 ms)

48.82
(5.1 ms)

48.83
(5.3 ms)

48.78

OAc-

47.71
(6.4 ms)

47.75
(6.4 ms)

47.68
(6.2 ms)

47.71
(6.3 ms)

47.67

bOL

OL with
47.68

OL with
47.71

OL with 47.67

c47.75

41.20
(9.9 ms)

OL with
41.26

OL with
41.30

OL with 41.21

Meta-

Meta-

47.51
(6.4 ms)
41.19
(10.0 ms)

Continued on the next page
page

with
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1H

OAcMeta-

Pure
1-3OAc-BF4
(Fig. S26)
41.02
(6.6 ms)

Pure
1-2OAc-2BF4
(Fig. 4)

38.34
(5.1 ms)
34.92
(6.3 ms)

BF4counteranion
(Fig. S27)
41.37
(9.9 ms)

NO3ounteranion
(Fig. S29)
41.26
(6.3 ms)

ClO3counteranion
(Fig. S30)
41.30
(6.5 ms)

1-3OAc-BF4
:
1-2OAc-2BF4
3:2 (Fig. S28)
41.21

38.47
(5.5 ms)

38.49
(5.2 ms)

38.47
(5.2 ms)

38.48

OL with
38.47

OL with
38.49

OL with
38.47

OL with 38.48

OAc-

34.66
(7.3 ms)

34.88
(6.9 ms)

34.89
(6.7 ms)

34.89
(6.8 ms)

34.89

Meta-

30.34
(6.8 ms)

Missing

Missing

Missing

Missing

OAc-

27.31
(7.4 ms)

27.43
(7.4 ms)

27.44
(7.5 ms)

27.43
(7.8 ms)

27.41

Meta-

25.67
(6.1 ms)

25.78
(5.5 ms)

25.84
(6.3 ms)

25.81
(6.3 ms)

25.76

24.83
(7.0 ms)

24.93
(5.9 ms)

OL with
24.69

OL with
24.71

OL with 24.56

24.57
(13.1 ms)

24.71
(13.9 ms)

24.69
(12.7 ms)

24.71
(12.7 ms)

24.65

ParaMeta-

23.94
(10.7 ms)

23.96
(9.4 ms)

23.97
(12.8 ms)

23.97
(15.2 ms)

23.93

Meta-

21.73
(6.6 ms)

21.77
(5.1 ms)

21.89
(5.3 ms)

21.79
(4.8 ms)

21.72

21.71
(3.9 ms)

OL with
21.77

OL with
21.89

OL with
21.79

OL with 21.72

Para-

20.72
(16.7 ms)

20.85
(16.8 ms)

20.88
(25.3 ms)

20.86
(27.0 ms)

20.88

Meta-

20.01
(9.2 ms)

20.11
(9.2 ms)

OL with
19.99

20.10
(9.0 ms)

OL with 19.91

Meta-

19.91
(6.7 ms)

19.92
(8.3 ms)

19.99
(8.0 ms)

19.94
(7.9 ms)

19.91

Para-

18.81
(15.3 ms)

18.83
(16.4 ms)

18.82
(18.2 ms)

18.82
(25.1 ms)

18.79

18.00
(10.6 ms)

18.08
(10.8 ms)

18.05
(12.9 ms)

18.08
(11.7 ms)

18.02

17.03
(8.4 ms)

17.17
(8.5 ms)

17.20
(9.3 ms)

17.18
(10.9 ms)

17.15

14.82
(10.3 ms)

14.85
(10.0 ms)

14.83
(10.2 ms)

14.86
(9.9 ms)

14.79

13.86
(19.4 ms)

13.94
(16.7 ms)

13.98
(18.2 ms)

13.96
(16.9 ms)

13.91

10.22
(16.7 ms)

10.24
(16.6 ms)

10.25
(16.7 ms)

10.25
(16.8 ms)

10.21

3.67
(18.3 ms)

3.68
(19.4 ms)
0.92
(20.2 ms)

3.68
(20.4 ms)
0.89
(20.2 ms)

3.68
(38.7 ms)
0.88
(48.1 ms)

3.65

Meta-

Para-

0.98
(19.1 ms)

0.86

Continued on the next page
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1H

Para-

Pure
1-3OAc-BF4
(Fig. S26)
-6.01
(18.6 ms)
-6.27
(18.2 ms)

Pure
1-2OAc-2BF4
(Fig. 4)

-8.11
(18.6 ms)
HO-

-11.21
(19.9 ms)
-24.71
(1107 µs)
-63.37
(970 µs)
-67.42
(985 µs)
-75.27
(893 µs)
-85.16
(549 µs)
-117.38
(582 µs)

a

BF4counteranion
(Fig. S27)
-6.21
(17.8 ms)
-6.41
(18.4 ms)
-8.10
(18.8 ms)
-11.46
(18.3 ms)
-25.47
(937 µs)
-63.34
(947 µs)
-68.39
(905 µs)
-76.55
(888 µs)
-86.79
(511 µs)
-117.31
(550 µs)

NO3counteranion
(Fig. S29)
-6.32
(18.4 ms)
OL with 6.32
-8.08
(21.1 ms)
-11.46
(19.1 ms)
-25.49
(999 µs)
-63.33
(987 µs)
-68.32
(909 µs)
-76.66
(869 µs)
-86.84
(582 µs)
-117.36
(560 µs)

ClO3ounteranion
(Fig. S30)
-6.26
(17.8 ms)
OL with 6.26
-8.08
(20.3 ms)
-11.46
(18.0 ms)
-25.50
(938 µs)
-63.35
(1051 µs)
-68.43
(885 µs)
-76.65
(871 µs)
-86.86
(538 µs)
-117.36
(579 µs)

1-3OAc-BF4
:
1-2OAc-2BF4
3:2 (Fig. S28)
-6.32
OL with -6.32
-8.13
-11.49
-25.56
-63.64
-68.41
-76.84
-86.85
-117.47

Larger chemical shift differences between the pure and 1-2OAc contained 1-3OAc compared to

those of corresponding 1-3OAc are attributed to the strong paramagnetic influence of 1-2OAc. bOL
= overlapped. cAssignments of overlapped shifts were made on the basis of the more dominant
component and the T1 times related to the corresponding pure component.

Figure S3.4. 1H NMR spectrum of 1-3OAc-ClO4; cf. signal assignments of 1-3OAc-BF4 (Fig.3.10).
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Figure S3.5. 1H NMR spectrum of the as-synthesized mixture of 1-3OAc-ClO4 and 2-Co4-ClO4 (cf.
Table S3.3 for the chemical shift assignments).
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Table S3.3. 1H NMR chemical shift assignment list of Figure S3.7.
1H

Pure
1-3OAcBF4

ClO4-

1H

313.46
(554 µs)

Meta-

309.07
(534 µs)

308.90
(525 µs)

Meta-

250.37
(699 µs)

250.22
(654 µs)

248.74
(665 µs)

248.75
(624 µs)

OAc-

34.66
(7.3 ms)

34.66
(7.2 ms)

247.79
(639 µs)

247.60
(584 µs)

Meta-

30.34
(6.8 ms)

Missing

241.83
(550 µs)

OAc-

27.31
(7.4 ms)

27.29
(7.4 ms)

209.79
(698 µs)

Meta-

25.67
(6.1 ms)

25.73
(5.7 ms)

24.83
(7.0 ms)

24.86
(5.9 ms)

24.57
(13.1 ms)

24.57
(14.7 ms)

Ortho-

Pure
2-Co4ClO45
313.55
(542 µs)

241.82
(538 µs)
210.14
(1012 µs)

Meta-

counteranion
(Fig. S33)

Pure
1-3OAcBF4

Pure
2-Co4ClO45
40.84
(10.0 ms)

38.34
(5.1 ms)

ClO4-

counteranion
(Fig. S33)

40.64
(9.9 ms)
38.30
(5.1 ms)

34.71
(6.3 ms)

Overlapped

199.96
(710 µs)

199.91
(722 µs)

174.62
(715 µs)

174.56
(773 µs)

Para-

161.18
(755 µs)

161.25
(744 µs)

Meta-

23.82
(10.7 ms)

23.85
(9.0 ms)

117.41
(787 µs)

117.32
(882 µs)

Meta-

21.74
(6.6 ms)

OL

99.93
(872 µs)

99.97
(869 µs)

74.38
(7.8 ms)

74.35
(7.8 ms)

21.71
(3.9 ms)

21.76
(4.6 ms)

Para-

20.72
(16.7 ms)

20.74
(17.7 ms)

72.36
(7.8 ms)

Meta-

20.01
(9.2 ms)

20.03
(8.5 ms)

63.32
(8.3 ms)

Meta-

19.99
(6.7 ms)

Overlapped

61.41
(8.4 ms)

Para-

18.69
(15.3 ms)

18.72
(19.8 ms)

59.14
(10.5 ms)

59.15
(9.9 ms)

Meta-

58.27
(10.5 ms)

72.35
(7.6 ms)
63.31
(8.2 ms)
61.41
(8.1 ms)

Meta-

48.46
(5.3 ms)
47.51
(6.4 ms)

OAc-

18.00
(10.6 ms)

18.00
(10.7 ms)

58.27
(9.1 ms)

17.03
(8.4 ms)

17.06
(9.0 ms)

48.47
(4.5 ms)

14.82
(10.3 ms)

14.79
(10.2 ms)

13.86
(19.4 ms)

13.91
(20.2 ms)

47.51
(6.5 ms)
47.21
(6.4 ms)

41.02
(6.6 ms)

Para-

47.22
(6.3 ms)

10.22
(16.7 ms)

10.25
(16.7 ms)

41.00
(6.9 ms)

3.72
(18.3 ms)

3.74
(22.7 ms)

Continued on the next page.
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1H

Para-

Pure
1-3OAcBF4
0.98
(19.1 ms)

Pure
2-Co4ClO45

ClO4-

1H

0.98
(25.2 ms)

HO-

counteranion
(Fig. S33)

Pure
1-3OAcBF4
-24.71
(1107 µs)

Pure
2-Co4ClO45

ClO4-

counteranion
(Fig. S33)

-24.80
(949 µs)

-6.01
(18.6 ms)

-6.00
(18.4 ms)

-6.27
(18.2 ms)

-6.25
(17.4 ms)

-67.42
(985 µs)

-67.39
(923 µs)

-7.82
(20.6 ms)

-75.27
(893 µs)

-75.21
(860 µs)

-11.17
(18.1 ms)

-85.16
(549 µs)

-85.19
(564 µs)

27.31
(7.4 ms)

27.29
(7.4 ms)

25.67
(6.1 ms)

25.73
(5.7 ms)

-7.86
(18.6 ms)
-11.21
(19.9 ms)

-62.22
(970 µs)

-62.09
(1051 µs)

Figure S3.6. 1H NMR spectrum of 1-2OAc-2ClO4. Chemical shift assignments were made on the
basis of 1-2OAc-2BF4 (cf. Fig. 2.6).
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Figure S3.7. 1H NMR spectrum of 2-Co4-NO3. Chemical shift assignments were made on the basis
of 2-Co4-ClO4.

Figure S3.8. 1H NMR spectrum of 2-Co4-BF4. Chemical shift assignments were made on the basis
of 2-Co4-ClO4.
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Figure S3.9. 1H NMR spectrum of 2-Co4-ClO3. Chemical shift assignments were made on the basis
of 2-Co4-ClO4.

Figure S3.10. 1H NMR spectrum of 1-3OAc-NO3; cf. signal assignments of 1-3OAc-BF4 (Fig. 2.7).
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Figure S3.11. 1H NMR spectrum of 1-3OAc-ClO3; cf. signal assignments of 1-3OAc-BF4 (Fig. 2.7).

Figure S3.12. 1H NMR spectrum of 1-3OAc-PF6; cf. signal assignments of 1-3OAc-BF4 (Fig. 2.7).
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Figure S3.13. (a) Experimental PXRD patterns of 1-3OAc-PF6 and 1-Co3.28Ni0.72-3OAc-PF6 vs. the
calculated pattern of 1-3OAc-PF6. (b) Calculated and experimental PXRD patterns of 1-2OAc-ClO4.

Table S3.4. ICP-MS measurements of 2-CoxNi4-x-ClO4, -BF4, -ClO3, and -PF6. The stoichiometric
relation of (Co + Ni) was normalized to 4.
Starting ratio
2-CoxNi4-xO42-CoxNi4-xO42-CoxNi4-xO42-CoxNi4-xO4of Co:Ni
ClO4
BF4
ClO3
PF6
Co:Ni = 3:1
Co2.51Ni1.49O4
Co2.28Ni1.72O4
Co2.32Ni1.68O4
Co:Ni = 2:2
Co1.92Ni2.08O4
Co1.53Ni2.47O4
Co1.56Ni2.44O4
Co1.64Ni2.36O4
Co:Ni = 1:3
Co1.16Ni2.84O4
Co0.84Ni3.16O4
Co0.83Ni3.17O4
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Figure S3.14. Raman spectra of large single crystals (LSC) and bulk sample (BS) of 2-μ-OAc-Ni4NO3 (a), -ClO3 (b), -BF4 (c), -PF6 (d), and –Cl (e), respectively.
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Figure S3.15. Full HR-ESI-MS spectrum of 1- Co3.28Ni0.72-PF6 (top) and isotope patterns of 1Co3.28Ni0.72-PF6 vs. its calculated analogues in the m/z range of 577-5832+ (bottom).
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Figure S3.16. Hypothetical assembly pathways of type 1 (a) and 2 (b) cubanes directed by proposed
perchlorate-controlled Co(OAc)2 dissociation.

Figure S3.17. UV–vis spectra of 65 mM Co(NO3)2 (aq., black) and after adding 1 eq. NaOAc (red)
vs. 65 mM Co(OAc)2 (aq., blue).
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Figure S3.18. Thermal ellipsoid representations of 2(gem-aqua)-Co4-NO3 (a) and 2(gem-aqua)-Ni4NO3 (b) at the 50 % probability level (solvent water molecules and ligand hydrogen atoms are omitted
for clarity).

Figure S3.19. Thermal ellipsoid representation of 2(half gem-aqua)-Ni4-NO3 at the 50 % probability
level (solvent water molecules and ligand hydrogen atoms are omitted for clarity).
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Figure S3.20. Thermal ellipsoid representations of 2-Co4-ClO3 (a), -BF4 (b), and -NO3 (c) at the 50%
probability level (solvent water molecules and ligand hydrogen atoms are omitted for clarity).

Figure S3.21. Thermal ellipsoid representations of defect [Co4(dpy-C{OH}O)4(OAc)4] (a) and
[Co2(dpy-C{Ph}O)2(μ-OAc)2] (b) at the 50 % probability level (solvent molecules and ligand
hydrogen atoms are omitted for clarity).
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Figure

S3.22.

Thermal

ellipsoid

representations

of

cationic

[Co5(dpy-C{OH}O)5(dpy-

C{O}2)](NO3)3 at the 50 % probability level (solvent water molecules, counteranions, and ligand
hydrogen atoms are omitted for clarity).
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Table S3.5. Crystallographic data of [M4(dpy-C{OH}O)4(H2O)4](NO3)4, [Ni4(dpy-C{OH}O)4(OAc)(H2O)3](NO3)3, and [Ni4(dpy-C{OH}O)4(OAc)2(H2O)2](NO3)2.

Empirical formula
Formula weight
Temperature
Radiation wavelength
Crystal system
Space group
a
b
c
α
β
γ
Volume
Z
Density calcd
Absorption coefficient
Crystal size
Independent reflections
Reflections collected
θ range
Completeness
F(000)
Data/restraints/parameters
R1[I>2σ(I)]a
wR2[I>2σ(I)]b
R1a (all data)
wR2b (all data)
Goodness-of-fit on F2
a

C44 H56 Co4 N12 O30
1468.72 g·mol -1
160 K
0.71073 Å
triclinic
P-1
11.7024(2) Å
12.9555(3) Å
19.8107(4) Å
91.1275(17)°
100.3745(15)°
106.1227(17)°
2830.49(10) Å3
2
1.723 g·cm -3
1.257 mm-1 (Gaussian)
0.225 × 0.08 × 0.048 mm
14052 [Rint = 0.0325]
73069
2.011-28.282°
0.9996 (θ = 28.22°)
1504
14052/388/1020
0.0517
0.1501
0.0609
0.1575
1.056

C44 H56 N12 Ni4 O30
1467.84 g·mol -1
160 K
1.54184 Å
triclinic
P-1
11.60874(12) Å
12.86774(12) Å
19.73943(15) Å
91.5430(7)°
99.0305(8)°
106.2031(8)°
2788.63(5) Å3
2
1.748 g·cm -3
2.455 mm-1 (Gaussian)
0.239 × 0.067 × 0.033 mm
11652 [Rint = 0.0296]
47865
3.587-77.381°
0.9831 (θ = 77.17°)
1512
11652/201/967
0.0403
0.1129
0.0442
0.1162
1.053

C46 H53 Ni4 N11 O26
1410.83 g·mol -1
183 K
1.54184 Å
triclinic
P-1
11.7709(3) Å
13.3769(3) Å
17.3977(4) Å
91.475(2)°
100.300(2)°
91.778(2)°
2692.59(12) Å3
2
1.740 g·cm -3
2.452 mm-1 (Multi-Scan)
0.16 × 0.04 × 0.04 mm
10220 [Rint = 0.0526]
41551
3.307-70.065°
0.9983 (θ = 69.95°)
1452
10220/3/820
0.0351
0.0777
0.0519
0.0840
1.013

R1 = Σ||Fo|-|Fc||/Σ|Fo|; bwR2 = {Σ[w(Fo2-Fc2)2]/Σ[w(Fo2)2]}1/2
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C48 H47.6 N10 Ni4 O21.4
1342.12 g·mol -1
160 K
1.54184 Å
monoclinic
C2/c
22.5327(3)
11.87693(11)
21.4511(2)
90
116.4557(14)
90
5139.54(11)
4
1.735 g·cm -3
2.462 mm-1 (Gaussian)
0.167 × 0.126 × 0.068 mm
5419 [Rint = 0.0393]
30292
4.320-77.382°
0.9925 (θ = 77.17°)
2756
5419/221/462
0.0463
0.1256
0.0508
0.1293
1.036
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Table S3.6. Crystallographic data of [Co4(dpy-C{OH}O)4(OAc)2(H2O)2](NO3, -ClO3, and -BF4)2 and [Co5(dpy-C{OH}O)5(dpy-C{O}2)](NO3)3
Empirical formula
C48 H46 Co4 N10 O20
C48 H46 Cl2 Co4 N8 O20
C48 H46 B2 Co4 F8 N8 O14
C66 H60.21 Co5 N15 O29.50
Formula weight
1318.67 g·mol -1
1361.55 g·mol -1
1368.27 g·mol -1
1830.15 g·mol -1
Temperature
160 K
160 K
160 K
160 K
Radiation wavelength
1.54184 Å
1.54184 Å
0.71073 Å
1.54184 Å
Crystal system
monoclinic
monoclinic
monoclinic
triclinic
Space group
C2/c
C2/c
C2/c
P-1
a
22.5898(6) Å
22.3692(6) Å
22.6584(5) Å
11.93210(10) Å
b
11.9550(2) Å
12.07776(19) Å
12.1359(3) Å
13.38640(10) Å
c
21.4009(6) Å
21.0774(5) Å
21.1615(5) Å
23.8027(2) Å
α
90°
90°
90°
91.2810(10)°
β
116.258(3) °
115.686(3) °
115.784(3)°
92.0850(10)°
γ
90°
90°
90°
107.5810(10)°
Volume
5183.2(2) Å3
5131.7(2) Å3
5239.7(2) Å3
3619.75(5) Å3
Z
4
4
4
2
Density calcd
1.690 g·cm -3
1.762 g·cm -3
1.735 g·cm -3
1.679 g·cm -3
Absorption coefficient
10.631 mm-1 (Gaussian)
11.683 mm-1 (Multi-Scan)
1.348 mm-1 (Gaussian)
9.644 mm-1 (Gaussian)
Crystal size
0.086 × 0.047 × 0.021 mm
0.156 × 0.086 × 0.041 mm
0.252 × 0.148 × 0.099 mm
0.139 × 0.081 × 0.028 mm
Independent reflections
5291 [Rint = 0.0494]
5405 [Rint = 0.0528]
6020 [Rint = 0.0304]
15055 [Rint = 0.0456]
Reflections collected
27903
21680
39800
60044
θ range
4.294-74.484°
4.267-77.306°
1.952-27.484°
3.466-77.379°
Completeness
0.9993 (θ = 74.33°)
0.9860 (θ = 77.17°)
0.9995 (θ = 27.42°)
0.995 (θ = 67.684°)
F(000)
2688
2768
2768
1864
Data/restraints/
5291/270/456
5405/154/418
6020/357/478
15055/97/1204
parameters
R1[I>2σ(I)]a
0.0507
0.0564
0.0484
0.0419
wR2[I>2σ(I)]b
0.1510
0.1574
0.1375
0.1068
a
R1 (all data)
0.0571
0.0679
0.0529
0.0515
wR2b (all data)
0.1572
0.1669
0.1422
0.1144
2
Goodness-of-fit on F
1.057
1.048
1.026
1.053
a
R1 = Σ||Fo|-|Fc||/Σ|Fo|; bwR2 = {Σ[w(Fo2-Fc2)2]/Σ[w(Fo2)2]}1/2
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Table S3.7. Crystallographic data of [Co4(dpy-C{OH}O)4(OAc)4] (defect cubane), [Co4(dpy-C{OH}O)4(OAc)4], and [Co2(dpy-C{Ph}O)2(OAc)2].
Empirical formula
C60 H72 Co4 N8 O20
C52 H90 Co4 N8 O37
C40 H37 Co2 N5 O7
Formula weight
1460.97 g·mol -1
1655.03 g·mol -1
817.60 g·mol -1
Temperature
183 K
160 K
183 K
Radiation wavelength
0.71073 Å
0.71073 Å
0.71073 Å
Crystal system
monoclinic
triclinic
monoclinic
Space group
P21/c
P-1
P21/n
a
12.6067(10) Å
14.7712 (2) Å
9.2864(2) Å
b
14.0325(6) Å
17.5108 (3) Å
21.6644(5) Å
c
18.7571(12) Å
17.9137 (2) Å
18.8463(5) Å
α
90°
60.079 (2)°
90°
β
106.059(7)°
70.4300 (10)°
95.987(2)°
γ
90°
65.817 (2)°
90°
Volume
3188.7(4) Å3
3704.60 (12) Å3
3770.90(16) Å3
Z
2
2
4
Density calcd
1.522 g·cm -3
1.484 g·cm -3
1.440 g·cm -3
Absorption coefficient
1.103 mm-1 (Analytical)
0.975 mm-1 (Multi-scan)
0.936 mm-1 (Gaussian)
Crystal size
0.305 × 0.125 × 0.064 mm
0.13 × 0.08 × 0.08 mm
0.379 × 0.207 × 0.107 mm
Independent reflections
6049 [Rint = 0.0641]
22603 [Rint = 0.0437]
7715 [Rint = 0.0580]
Reflections collected
28602
139318
76910
θ range
2.415-25.680°
2.186-30.508°
2.355-26.370°
Completeness
0.9991 (θ = 25.63°)
0.9994 (θ = 26.32°)
0.9992 (θ = 26.32°)
F(000)
1512
1724
1688
Data/restraints/
6049/86/457
22603/0/956
7715/524/91
parameters
R1[I>2σ(I)]a
0.0489
0.0594
0.0353
wR2[I>2σ(I)]b
0.1129
0.1707
0.0784
a
R1 (all data)
0.0788
0.0793
0.0442
wR2b (all data)
0.1272
0.1876
0.0828
2
Goodness-of-fit on F
1.020
1.014
1.031
a
R1 = Σ||Fo|-|Fc||/Σ|Fo|; bwR2 = {Σ[w(Fo2-Fc2)2]/Σ[w(Fo2)2]}1/2
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Table S3.8. Selected bond lengths of 2-Co4 and 2(gem-aqua)-Co4-NO3 cubanes.

Co1ꟷO1
Co1´ꟷO1´
Co1ꟷO1´
Co1´ꟷO1
Co1ꟷO2´
Co1´ꟷO2
Co2ꟷO1
Co2´ꟷO1´
Co2ꟷO2
Co2´ꟷO2´
Co2ꟷO2´
Co2´ꟷO2
Co1ꟷN1
Co1’ꟷN1’
Co2ꟷN2
Co2’ꟷN2’
Co2ꟷN3
Co2’ꟷN3’
Co2ꟷN4’
Co2’ꟷN4

2-Co4ClO45

2-Co4-ClO3

2-Co4-NO3

2-Co4-BF4

2.067(3)

2.070(3)

2.071(2)

2.0700(19)

2.138(3)

2.138(3)

2.141(2)

2.1298(19)

2.175(3)

2.186(3)

2.185(2)

2.175(2)

2.151(3)

2.148(3)

2.136(2)

2.153(2)

2.050(3)

2.059(3)

2.051(2)

2.051(2)

2.116(3)

2.114(3)

2.116(2)

2.1146(19)

2.128(4)

2.132(4)

2.128(3)

2.121(3)

2.071(4)

2.079(3)

2.073(3)

2.070(3)

2.131(4)

2.122(3)

2.127(3)

2.128(3)

2.134(4)

2.135(3)

2.124(3)

2.128(3)

2(gemaqua)-Co4NO3

Co1ꟷO1
Co2ꟷO2
Co1ꟷO2
Co2ꟷO1
Co1ꟷO4
Co2ꟷO3
Co3ꟷO1
Co4ꟷO2
Co3ꟷO3
Co4ꟷO4
Co3ꟷO4
Co4ꟷO3
Co1ꟷN1
Co2ꟷN3
Co3ꟷN2
Co4ꟷN4
Co3ꟷN5
Co4ꟷN8
Co3ꟷN7
Co4ꟷN6

2.0815(19)
2.084(2)
2.119(2)
2.1185(19)
2.208(2)
2.189(2)
2.119(2)
2.164(2)
2.063(2)
2.064(2)
2.126(2)
2.119(2)
2.124(3)
2.106(3)
2.089(2)
2.073(3)
2.125(3)
2.144(3)
2.140(3)
2.120(3)

Table S3.9. Selected bond lengths of 2-Ni4 and 2(gem-aqua and –half gem-aqua)-Ni4-NO3 cubanes.

Ni1ꟷO1
Ni1´ꟷO1´
Ni1ꟷO1´
Ni1´ꟷO1
Ni1ꟷO2´
Ni1´ꟷO2
Ni2ꟷO1
Ni2´ꟷO1´
Ni2ꟷO2
Ni2´ꟷO2´
Ni2ꟷO2´
Ni2´ꟷO2
Ni1ꟷN1
Ni1’ꟷN1’
Ni2ꟷN2
Ni2’ꟷN2’
Ni2ꟷN3
Ni2’ꟷN3’
Ni2ꟷN4’
Ni2’ꟷN4

2-Ni4-ClO4

2-Ni4-NO3

2.028(2)

2.0478(17)

2.123(2)

2.1325(17)

2.116(2)

2.1464(18)

2.122(3)

2.1210(18)

2.031(3)

2.0359(18)

2.100(2)

2.0968(17)

2.078(3)

2.097(2)

2.031(3)

2.042(2)

2.088(3)

2.097(2)

2.079(3)

2.095(2)

Ni1ꟷO1
Ni2ꟷO2
Ni1ꟷO2
Ni2ꟷO1
Ni1ꟷO4
Ni2ꟷO3
Ni3ꟷO1
Ni4ꟷO2
Ni3ꟷO3
Ni4ꟷO4
Ni3ꟷO4
Ni4ꟷO3
Ni1ꟷN1
Ni2ꟷN3
Ni3ꟷN2
Ni4ꟷN4
Ni3ꟷN5
Ni4ꟷN8
Ni3ꟷN7
Ni4ꟷN6

2(gem-aqua)Ni4-NO3

2(half gemaqua)-Ni4-NO3

2.0363(15)
2.0410(15)
2.1092(15)
2.0988(15)
2.1389(15)
2.1133(15)
2.0942(15)
2.1265(16)
2.0356(15)
2.0279(15)
2.1105(15)
2.1135(15)
2.070(2)
2.0563(19)
2.0463(18)
2.0391(19)
2.0837(19)
2.0913(19)
2.0870(18)
2.0932(19)

2.0229(16)
2.0377(16)
2.1005(16)
2.1075(16)
2.0986(16)
2.1506(16)
2.1188(16)
2.1172(17)
2.0285(16)
2.0345(16)
2.1010(16)
2.1179(16)
2.059(2)
2.059(2)
2.028(2)
2.045(2)
2.086(2)
2.084(2)
2.081(2)
2.061(2)
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Table S3.10. Visible-light-driven water oxidation performance of the cubane catalysts.
Catalyst (100 µM)
1-3OAc-ClO4
2-Co4-ClO4
2(gem-aqua)-Co4-NO3
d
2-[Co5]-NO3

O2 / µmol
13.4
15.5
16.6
9.2

a

O2 yield
67.0%
77.5%
83.0%
46%

b

c

TON
16.8
19.4
20.8
11.5

TOF / s-1
0.20
0.24
0.27
0.10

a

O2 yield = 2n (O2 (GC))/n (Na2S2O8). bTON = n (O2 (GC))/ n (CAT). cTOFinitial = c (Clark electrode kinetics in 60 s)/60

s/c (CAT). Conditions: 470 nm LED light; pH 8.5 80 mM, borate buffer; 1 mM [Ru(bpy) 3]Cl2; and 5 mM Na2S2O8. d[Co5]
= [Co5(dpy-C{OH}O)5(dpy-C{O}2)](NO3)3 (Fig. S11).

Table S3.11. Reaction electronic energy differences of monomeric and dimeric Co building blocks referenced to
[Co4(dpy-C{OH}O)4(OAc)4] (B3LYP/def2-TZVP/COSMO; cf. Figures 12, S52 and S53 for the respective structural
details; performed by Karrar Al-Ameed, Mauro Schilling and Sandra Luber).

Reactions
[Co4(dpy-C{OH}O)4(OAc)4] (1-4OAc) → 2 [Co2(dpy-C{OH}O)2(µ-OAc)2] (D1)

Energies
/ eV
/ kcal · mol-1
2.35
54.08

1-4OAc → 2 [Co2(dpy-C{OH}O)2(OAc)2] (D2)

2.15

49.50

1-4OAc → 2 [Co2(dpy-C{OH}O)2(µ-OAc)4] (D3)

1.93

44.33

1-4OAc + 4 H2O → 2 [Co2(dpy-C{OH}O)2(OAc)2(H2O)2] (D4)

0.76

17.49

1-4OAc + 4 H2O → 4 OAc + 4 [Co(dpy-C{OH}O)(H2O)] (M1)

12.53

288.08

1-4OAc + 4 H2O → 4 [Co(dpy-C{OH}O)(OAc)(H2O)] (M2)

5.35

123.01

1-4OAc + 12 H2O → 4 OAc + 4 [Co(dpy-C{OH}O)(H2O)3] (M3)

5.33

122.63

1-4OAc + 16 H2O → 4 OAc + 4 [Co(dpy-C{OH}O)(H2O)4] (M4)

4.35

100.01

1-4OAc + 8 H2O → 4 [Co(dpy-C{OH}O)(OAc)(H2O)2] (M5; OAc-, O- trans)

4.05

93.16

1-4OAc + 4 H2O + 4 OAc- → 4 [Co(dpy-C{OH}O)(OAc)2(H2O)] (M6; H2O, O- trans)

3.72

85.51

1-4OAc + 8 H2O → 4 [Co(dpy-C{OH}O)(OAc)(H2O)2] (M7; OAc-, O- cis)

3.45

79.32

1-4OAc + 8 H2O → 4 [Co(dpy-C{OH}O)(μ-OAc) cis-(H2O)2] (M8)

3.32

76.35

1-4OAc + 8 H2O → 4 [Co(dpy-C{OH}O)(μ-OAc) trans-(H2O)2] (M9)

3.26

75.04

1-4OAc + 4 H2O + 4 OAc- → 4 [Co(dpy-C{OH}O)(OAc)2(H2O)] (M10; H2O, O- cis)

3.02

69.47

1-4OAc + 12 H2O → 4 [Co(dpy-C{OH}O)(OAc)(H2O)3] (M11; OAc-, O- cis)

1.87

42.99

1-4OAc + 12 H2O → 4 [Co(dpy-C{OH}O)(OAc)(H2O)3] (M12; OAc-, O- trans)

1.83

42.11

1-4OAc + 24 H2O → 4 [Co(H2O)6] + 4 dpy-C{OH}O- + 4 OAc- (M'1)

10.61

244.01

1-4OAc + 16 H2O → 4 [Co(µ-OAc)(H2O)4] + 4 dpy-C{OH}O- (M'2)

9.32

214.45

1-4OAc + 20 H2O → 4 [Co(OAc)(H2O)5] + 4 dpy-C{OH}O- (M'3)

7.87

180.93

1-4OAc + 8 H2O → 4 [Co(µ-OAc)2(H2O)2] + 4 dpy-C{OH}O- (M'4)

7.41

170.44

1-4OAc + 16 H2O + 4 OAc- → 4 [Co trans-(OAc)2(H2O)4] + 4 dpy-C{OH}O- (M'5)

4.81

110.69

1-4OAc + 16 H2O + 4 OAc- → 4 [Co cis-(OAc)2(H2O)4] + 4 dpy-C{OH}O- (M'6)

4.35

100.16
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Figure S3.23. Possible assembly pathways of type 1 (a) and type 2 (b) {Co4O4} cubanes (Karrar AlAmeed, Mauro Schilling and Sandra Luber).
All geometries were optimized using unrestricted Kohn-Sham density functional theory with the
BP8610,11 functional as implemented in Turbomole 7.0.1 package.12 Single point calculations were
performed at the optimized geometries with the hybrid B3LYP 13 , 14 functional and COSMO as
continuum solvent model for water (𝜖 = 78). All the above-mentioned functionals were combined
with Grimme’s D3-type dispersion correction. 15 We have employed triple-zeta valence polarized
(def2-TZVP) basis sets16,17 and the resolution of identity (RI) approach with corresponding auxiliary
basis sets18,19.
(10) Becke, A. D. Phys. Rev. A 1988, 38, 3098-3100.
(11) Perdew, J. P. Phys. Rev. B 1986, 33, 8822-8825.
(12) Ahlrichs, R.; Bär, M.; Häser, M.; Horn, H.; Kölmel, C. Chem. Phys. Lett. 1989, 62, 165-169.
(13) Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5652.
(14) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785-789.
(15) Grimme, S.; Anthony, J.; Ehrlich, S.; Krieg, H. J. Chem. Phys. 2010, 132, 154104.
(16) Schäfer, A.; Huber, C.; Ahlrichs, R. J. Chem. Phys. 1994, 100, 5829-5835.
(17) Weigend, F.; Ahlrichs, R. Phys. Chem. Chem. Phys. 2005, 7, 3297-3305.
(18) Eichkorn, K.; Treutler, O.; Ohm, H.; Häser, M.; Ahlrichs, R. Chem. Phys. Lett. 1995, 240, 283-290.
(19) Weigend, F. Phys. Chem. Chem. Phys. 2002, 4, 4285-4291.
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Figure S3.24. Schematic representations of the computed monomers (Karrar Al-Ameed, Mauro
Schilling and Sandra Luber).
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Chapter 4
{Co4O4} and {CoxNi4−xO4} Cubane Water Oxidation
Catalysts as Surface Cut-Outs of Cobalt Oxides
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4.1 Introduction
Detailed mechanistic insight into Co-cubane/oxide WOCs still relies widely on computational
results,[77],[78],[126]–[129] and an exemplary study on catalytically active {Co III4O4} cubane models[61]
identified water attack on an oxygen radical associated with a CoIV state as a favorable pathway.[130]
However, their unified mechanistic understanding through experimental studies remains
indispensable, but still controversial, as outlined in §1.5.
We present [CoII4(dpy{OH}O)4(OAc)2(H2O)2](ClO4)2 (2-Co4-ClO4) as the first active
homogeneous Co-cubane WOC with the {H2O-Co2(OR)2-OH2} edge-site motif. 2-Co4-ClO4
provides unique access to this widely accepted sine qua non of cobalt oxide-based WOC[75]–
[77],[84],[87],[89],[91],[131]–[138]

in a molecular environment.

The new 2-Co4-ClO4 now places the controversially discussed edge-site functionality within a
clear-cut molecular ligand environment that may serve as a rigid matrix. This is the first direct link
to compare the influence of the edge-site synthetic paradigm on molecular and heterogeneous WOCs,
respectively. 2-Co4-ClO4 furthermore opens up new avenues to heavily sought-after mixed 3d-3d
metal cubanes, as illustrated in the previous chapter.[139] Little is still known about their WOC
performance.[71],[140] They are attractive vectors for the transfer of doping and solid solution
strategies[92],[141],[142] from heterogeneous WOC design to the molecular level. Nickel centers, for
example, frequently promote the performance of heterogeneous Co-oxide WOCs (cf. Table
S4.6).[90],[93]
We

here

also

introduce

the

x(dpy{OH}O)4(OAc)2(H2O)2](ClO4)2

first

Co/Ni

mixed

cubane

WOC

series

[CoIIxNi4-

(2-CoxNi4-x-ClO4). This cubane series newly puts the well-

known synergism of Co/Ni (as well as other heterometallic combinations) in heterogeneous WOCs
to the test for molecular systems, in search of overarching concepts for WOC construction.
In the following, we first discuss the catalytic performance of 2-Co4-ClO4 which was studied by
varying the catalytic conditions, e.g., catalyst concentrations, buffer types, and buffer concentrations.
In addition, the catalyst stability was comprehensively confirmed both ex- and in situ. Furthermore,
we explored the catalytic mechanism of 2-Co4-ClO4 through a series of characterizations, such as
ligand exchange behavior, spectroscopy, initial O2 evolution kinetics compared to its mononuclear
analogue as a representative model for the WNA pathway, and in situ XAS monitoring under both
visible-light-driven and chemical water oxidation conditions. Next, we present computational
modeling of the behavior of 2-Co4-ClO4 in solution, followed by a detailed structural and catalytic
performance discussion of the 2-CoxNi4-x-ClO4 series.
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4.2 Results and discussion
4.2.1 Structure and analytical characterization of 2-Co4-ClO4
2-Co4-ClO4 was newly synthesized in a straightforward and versatile one-pot reaction from cobalt
acetate, di(2-pyridyl) ketone (dpk) and sodium perchlorate in water at room temperature (§3.7.2).[94]
In addition to the generally given structural characters and analyses of type 2 cubanes (§Chapters 2
and 3), the more specifics of 2-Co4-ClO4 are discussed in below.
The key structural feature of 2-Co4-ClO4 is the dicobalt {H2O-Co2(OR)2-OH2} motif that is widely
considered to represent the common mimimal requirement for WOC activity of cobalt oxides (Figure
4.1).[89] Two additional Co centers of 2-Co4-ClO4 complete the basic cubic {Co2(H2O)2Co2O4}
building block of cobalt oxide surfaces (Scheme 4.1, Figures 4.1 and S4.1).
2-Co4-ClO4 is isostructural with the previously reported [Ni4(dpy{OH}O)4(OAc)2(H2O)2](ClO4)2
cubane (§2.4.1).[94] The cubic core contains two Co atom types, Co1 and Co1a, at a distance of 3.165
Å, which are coordinated by aqua and acetate ligands as well as the hydrolyzed dpk ligands
(dpy{OH}O-, Figure S4.1). Co2/Co2a (Co2–Co2a distance 3.072 Å) are linked to three nitrogen
atoms and three bridging oxygen atoms of the hydrolyzed dpy{OH}O- ligand, respectively. The
oxygen atoms of the two aqua ligands are 3.022 Å apart. PXRD patterns of 2-Co4-ClO4 vs. calculated
patterns from single-crystal X-ray diffraction indicate high phase purity (Figure 4.1), together with
elemental analysis data (cf. SI).

Figure 4.1. Calculated (red) and experimental (black) PXRD patterns of 2-Co4-ClO4 (inset: crystal
structure of 2-Co4-ClO4, anions, and ligand hydrogen atoms are omitted for clarity; Co: dark blue, C:
gray, O: red, N: green, H: white).
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Scheme 4.1. Structural Relation between 2-Co4-ClO4 and the Dicobalt Sites Terminating a Typical
Cobalt Oxide Catalyst.
Additionally, 2-Co4-ClO4 was characterized by high-resolution electrospray-ionization mass
spectrometry (HR-ESI-MS), FT-IR, and UV–vis spectroscopy, as well as thermogravimetric (TG)
measurements (Figures S4.2–4.5). The HR-ESI-MS spectrum shows the main ion peak of 2-Co4ClO4 at m/z 579.01252 in methanol (Figure S4.3), which can be assigned to the
[Co4(dpy{OH}O)4(OAc)2]2+

fragment

after

the

loss

of

two

aqua

ligands

from

[Co4(dpy{OH}O)4(OAc)2(H2O)2]2+.
The FT-IR spectrum of 2-Co4-ClO4 is similar to its previously reported Ni-containing analogue[94]
(cf. Figure S4.4 for a detailed band assignment). The UV–vis spectrum shows the characteristic
4

T1g(P)  4T1g(3) transitions of octahedrally coordinated CoII centers at max = 490–516 nm in borate

buffer solution (Figure S4.5).
The pKa value for the deprotonation of the entire cubane was determined as 8.5 by pH-dependent
UV–vis titration (Figure 4.2), which is in line with pH-dependent cyclic voltammetry results (Figure
4.3). The Pourbaix diagram in the pH range 7–9 confirms the above pKa value around 8.5 (Figure
4.3b). In order to investigate the dissociation of the acetate ligand in aqueous solution with FT-IR
spectroscopy, 2-Co4-ClO4 containing deuterated acetate (2-Co4-ClO4(OAc-d3)) was synthesized
(details cf. SI), and its phase purity was confirmed with PXRD patterns (Figure S4.7). In situ FT-IR
spectra did not change significantly when D2O was added into a CD3CN solution of 2-Co4ClO4(OAc-d3) (Figure 4.4). Absence of the characteristic absorption of the free acetic acid at ca.
1700 cm-1 (Figure 4.4) indicates that the acetate ligands of 2-Co4-ClO4 do not dissociate in aqueous
solution. The main m/z 579.01252 ([Co4(dpy{OH}O)4(OAc)2]2+) peak in the ESI-MS spectrum also
points to a rather stable coordination of the acetate ligands to the Co(II) centers.
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Figure 4.2. (a) pH dependent UV–vis spectra of 3 mM 2-Co4-ClO4 cubane; (b) representative plot
of the absorbance at 516 nm vs. pH.

Figure 4.3. (a) Cyclic voltammograms of 1 mM 2-Co4-ClO4 in the pH range of 4.7-11. (b) Pourbaix
diagram (b) of 1 mM 2-Co4-ClO4 based on its CV measurements in the pH range of 7-9 (c).
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Figure 4.4. FT-IR spectra of 2-Co4-ClO4(OAc-d3) (40 mM) in CD3CN and CD3CN/D2O mixtures
with 1, 2, 4, 6, and 8% (v/v) D2O.
The 1H NMR spectrum of 2-Co4-ClO4 in CD3CN shows 19 resonances in the range between -116
and +314 ppm which were assigned by aid of 1H/2H exchange experiments and 1H-T1 time
measurements, because integration and chemical shift considerations were not possible due to the
paramagnetic properties of the complex (Figures S4.8 and S4.9). None of the observed resonances
could be assigned to the water ligands attached directly to cobalt centers, neither with 2H-labeling
experiments nor based on T1 time measurements. The absence of the water signals is most probably
a consequence of exceeding paramagnetic broadening effects onto their line shape. Nevertheless, the
two resonances at highest field (-62.2 ppm and -115.6 ppm) can be attributed to two different OH
sites, as they disappear in less than 1 min after addition of one drop of D2O due to proton-deuterium
exchange (Figure S4.9). Furthermore, these two 1H signals have comparable T1 times (0.7 and 0.9
msec, respectively) and thus belong to hydrogen sites with similar distances to cobalt. We assigned
the resonances at -62.2 ppm and -115.6 ppm to the hydroxyl protons of the dpy{OH}O ligands (Figure
4.5).
Besides the acetate resonance at 47.2 ppm (T1 = 6.6 msec), the other 16 proton signals in the range
between -7.9 and +313.6 ppm have been assigned to four NMR spectroscopically distinguishable
pyridine sites, each of them comprising four different proton positions with respect to the {Co4O4}
core (Figure 4.5). The four resonances with the highest paramagnetic shifts of 174.6, 200.0, 241.8,
and 313.6 ppm have the shortest T1 times (0.7, 0.7, 0.5, and 0.5 msec) and arise from the aromatic
hydrogen sites in ortho position to the nitrogen, since these are next to the cobalt centers. One group
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Figure 4.5. (a) T1 relaxation times vs distance of the proton to its nearest neighbor cobalt atom, (b)
chemical shift vs distance of the proton to its nearest neighbor cobalt atom (open squares: aromatic
protons, dpk−OH (1) = proton of the upper −OH group, dpk-OH (2) = lower −OH groups).
of four proton signals with medium T1 times of 6.2, 6.3, 6.3, and 5.2 msec (at 20.0, 21.7, 34.7, and
48.5 ppm) as well as another group with comparable T1 times of 10.6, 10.6, 8.4, and 7.8 msec (at
23.8, 40.8, 61.4, and 72.4 ppm) are attributed to the aromatic meta positions with respect to the
nitrogen center.
Finally, the four resonances at -7.9, 3.7, 10.2, and 18.7 ppm which display the longest T1 times
(19.8, 19.5, 17.2, and 14.0 msec) are assigned to the para positions displaying the largest distances to
cobalt. Such clear-cut 1H NMR peak assignments have rarely been reported for paramagnetic Co(II)complexes, and they represent an outstanding new example to the best of our knowledge.
4.2.2 Visible-light-driven oxygen evolution performance of 2-Co4-ClO4
The visible-light-driven catalytic water oxidation activity of 2-Co4-ClO4 was evaluated with a
standard assay employing [Ru(bpy)3]Cl2 as photosensitizer (PS) and Na2S2O8 as sacrificial electron
acceptor (Figures 4.6 and S4.10–S4.12, Tables S4.2–S4.4). O2 evolution was monitored with gas
chromatography (GC) and Clark electrode techniques. The catalytic activity of 2-Co4-ClO4
concentrations in the range from 12.5 to 120 μM was investigated in pH 8.5 borate buffer (80 mM,
Figure S4.10). 2-Co4-ClO4 showed the best performance at 200 μM with a turnover number (TON)
of 20, a turnover frequency (TOF) of 0.24 s-1, and an O2 evolution yield of 78.5% (based on
persulfate). The pH-dependent photocatalytic activity of 2-Co4-ClO4 was determined from catalytic
tests in different buffer types (Figure 4.6). The catalytic activity of 2-Co4-ClO4 (100 μM) decreased
slightly at pH 9.0 (80 mM borate buffer; TON 16.9, TOF 0.21 s-1, and 67.5% O2 yield). Even lower
activity (TON 13.8, TOF 0.16 s-1, and 55% O2 yield) was observed at pH 8.0 (80 mM borate buffer),
most likely due to the comparably lower buffer capacity of borate. Indeed the post-catalytic pH value
dropped to 2.70, accompanied by a color change from orange-red to green.
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In line with previous studies on Co-WOCs,[73] 2-Co4-ClO4 (100 μM) displayed the lowest activity
at pH 7.0 in phosphate buffer (80 mM, TON 3.0, TOF 0.08 s-1, 12% O2 yield), most likely due to
phosphate blocking of the active site. In order to minimize unwanted cubane-buffer interactions,[133]
photocatalytic optimization tests were thus performed with different concentrations of borate buffer
at pH 8.5 at an optimal working condition of 80 mM (Figure S4.11a). 2-Co4-ClO4 displayed an
approx.

20%

higher

photocatalytic

activity

than

the

structurally

related

cubane

[Co4(dpy{OH}O)4(OAc)3(H2O)](ClO4) (Figure 4.7).[47] A high TOF value of 1.2 s-1 within the same
order of magnitude as reported for selected Co-cubane analogues, e.g. [Co4(hmp)4(µ-OAc)2(µ2OAc)2(H2O)] (60 µM, 7 s-1)[73] and [Co3Ho(hmp)4(OAc)5(H2O)] (42 µM, 9.5 s-1)[74], can be obtained
with a relatively low 2-Co4-ClO4 concentration of 12.5 µM. This value is still higher than those
reported for representative tetranuclear WOCs without cuboidal cores, namely K10.2Na0.8[{Co4(µOH)(H2O)3}(Si2W19O70)] (10 µM, 0.1 s-1),[143] Li10[{Ru4O4(OH)2(H2O)4}(γ-SiW10O36)2] (4.34 µM,
0.125 s-1),[144] and Rb8K2[{Ru4O4(OH)2(H2O)4}(γ-SiW10O36)2] (5 µM, 0.8 s-1).[145]

Figure 4.6. Clark electrode kinetics of visible light-driven water oxidation catalyzed by 100 μM 2Co4-ClO4 in 80 mM phosphate buffer solution (pH 7.0) and in 80 mM borate buffer solution (pH 8.0,
8.5, and 9.0; conditions: 470 nm LED, 1 mM [Ru(bpy)3]Cl2, 5 mM Na2S2O8; cf. also Figure S4.11b).
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Figure 4.7. Clark electrode kinetics of visible light-driven water oxidation catalyzed by 100 μM of
2-Co4-ClO4 (black), 1-3OAc-ClO4 (red), and [CoIII(dpy{OH}O)2]ClO4

(mono-Co-dpk),

respectively (blue); conditions: 470 nm LED; 1 mM [Ru(bpy)3]Cl2; 5 mM Na2S2O8; pH 8.5, 80 mM
borate buffer.
4.2.3 Stability of 2-Co4-ClO4 under photocatalytic conditions
In order to confirm the stability of 2-Co4-ClO4 in borate media, it was directly synthesized from a
concentrated pH 8.5 borate buffer solution (for details cf. SI), wherein the as-formed crystals were
kept in the mother liquid for one week. PXRD patterns and FT-IR spectra of 2-Co4-ClO4 obtained
from borate buffer media agreed well with data of the pure product isolated from aqueous solution
(Figure S4.13). Furthermore, time-dependent UV–vis spectra of 2-Co4-ClO4 in pH 8.5 borate buffer
solution displayed no absorption changes over 2 h (Figure S4.5). Neither did FT-IR spectra show
obvious absorption changes for 2-Co4-ClO4 in pH 8.5 borate buffer over 2 h (Figure S4.14).
Therefore, 2-Co4-ClO4 can be considered stable in borate buffer media over the investigated catalytic
timescale.
Definite exclusion of possible CoOx particle formation in post-photocatalytic solutions by dynamic
light scattering (DLS) is exacerbated by assay-related issues such as traces of insoluble buffer
compounds or the formation of poorly soluble [Ru(bpy)3]2+-salts. As the removal of such background
impurities by filtration prior to DLS tests may as well eliminate the sought-after CoOx traces, we
developed a flexible filtration-DLS protocol to demonstrate that catalysis in the present 2-Co4-ClO4
system is exclusively of molecular origin. First, a standard 2-Co4-ClO4 post-photocatalytic solution
was filtered through a 200 nm filter (i.e. among the smallest available pore sizes). The pH value of
the filtrate was readjusted to pH 8.5 with solid sodium borate, followed by a recycling test after
addition of 9.5 mg Na2S2O8 (5 mM). Comparable O2 evolution to the standard first recycling
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procedure of unfiltered 2-Co4-ClO4 solution was observed (Figure 4.8a). Importantly, no particles
were detected by DLS (Figure 4.9) in the as-obtained recycled and unfiltered solution. In sharp
contrast, no O2 evolution was observed from a post-catalytic filtered and recycled solution of
Co(OAc)2 (Figure 4.8b). We thus conclude that 2-Co4-ClO4 assisted oxygen evolution is a
homogeneous process and that no significant CoOx particles were formed after the first two runs.
Next, the application of 40 mg of Chelex resin to 2-Co4-ClO4 during photocatalysis did not
significantly influence O2 evolution (Figure S4.16a). In comparison, an equimolar Co2+ solution lost
ca. 66% of O2 evolution activity in the presence of equal Chelex amounts (Figure S4.16b). This major
difference indicates that no significant Co2+ quantities leached from 2-Co4-ClO4 during
photocatalysis.
Furthermore, the orange solid mixture obtained from a lyophilized post-photocatalytic solution of
2-Co4-ClO4, consisting of [Ru(bpy)3]2+-based substances, Na2SO4, H3BO3-Na2B2O7 and the Cocontaining WOC, was separated. Most [Ru(bpy)3]2+-containing substances were removed with 3-fold
butanol extraction (3 mL per extraction step). The remnant solid was extracted thrice with 3 mL
methanol in order to completely dissolve the molecular Co-based WOC. The white solid phase after
methanol extraction was checked with ICP-MS for leached cobalt amounts arising from any potential
2-Co4-ClO4 decomposition, and only 0.02% Co were found. Reference tests with Co2+ trace amounts
gave rise to max. 2.0 μmol of O2 evolution, compared to 16 μmol emerging from 2-Co4-ClO4 (GC
data). Note that this is a very conservative estimation of possible CoOx contributions, because the
remnant solid may still contain 2-Co4-ClO4 moieties that are insoluble in methanol.

Figure 4.8. Clark electrode kinetics of visible light-driven water oxidation of the filtered postcatalytic reaction solutions of 100 μM 2-Co4-ClO4 cubane (a) and 400 μM Co(OAc)2 (b) (conditions:
470 nm LED; 1 mM [Ru(bpy)3]Cl2; 5 mM Na2S2O8; pH 8.5, 80 mM (only the standard test solution)
borate buffer), respectively. The pH value was readjusted to 8.5 by adding solid Na2B4O7 after each
activity test.
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Figure 4.9. Dynamic light scattering measurement of the post-catalytic reaction solution of 100 μM
2-Co4-ClO4 cubane (470 nm LED, pH 8.5, 80 mM borate buffer, 1 mM [Ru(bpy)3]Cl2, 5 mM
Na2S2O8): (a) size distribution report; (b) low quality correlation function with a very small count rate
of 3.5 kps indicating the existence of only a very low amount of nanoparticles.
4.2.4 X-ray absorption spectroscopy of 2-Co4-ClO4 under operational conditions
The solution Co K-edge spectrum of 2-Co4-ClO4 displays an edge of 7718.6 eV and a white line
position of 7726.6 eV, which are in the same range with the values reported for our earlier discovered
Co(II)-cubane WOCs[73],[74] (Figure 4.10). Addition of photosensitizer and Na2S2O8 to a buffered 2Co4-ClO4 solution in the dark did not lead to significant changes of the XANES spectra (Figure 4.10).

Figure 4.10. XANES spectra of 100 μM 2-Co4-ClO4 in pH 8.5, 80 mM borate buffer solution before
and after addition of [Ru(bpy)3]Cl2 (1 mM) and Na2S2O8 (5 mM).
Upon illumination, however, the XANES spectrum of 2-Co4-ClO4 underwent an immediate blue
shift of the edge position and of the white line (Figures 4.11 and S4.24). This clearly indicated an
oxidation of the 2-Co4-ClO4 catalyst. The blue shift reached its maximum after ca. 15 min due to the
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different dimensions of the open jet setup applied for in situ measurements, which may give rise to
less homogeneous irradiation of the sample compared to the smaller ex situ test vials (Figure 4.11
and SI). The slowly proceeding shift of the white line back to lower energy values indicates a partial
reduction of 2-Co4-ClO4. However, monitoring the full recovery was beyond the allotted time scale
of the experiment.

Figure 4.11. (a) In situ XANES spectra of 100 μM 2-Co4-ClO4 in pH 8.5, 80 mM borate buffer
solution; (b) time-dependent white line position of 100 μM 2-Co4-ClO4 under photocatalytic
conditions.
In order to obtain structural information of 2-Co4-ClO4 after illumination, EXAFS data were
recorded and fitted against the crystallographic data (protons were omitted during the procedure).
Reasonable fitting results with an r-factor of 1.6% were obtained (cf. Figure 4.12 and Table S4.5 for
further details). The slightly shortened intermolecular distances compared to the crystallographic data
point to the presence of remnant Co(III) centers with generally shorter bond lengths than Co(II)
centers (Table S4.5). Obviously, part of the post-catalytic 2-Co4-ClO4 was not yet completely
recovered to the pristine all Co(II)-state. Nonetheless, the EXAFS results in their entirety clearly
support the presence of an intact cubane core in solution after the photocatalytic process.

Figure 4.12. Fourier transform magnitudes of the EXAFS region for 2-Co4-ClO4 (black line) vs the
EXAFS fit (red line; dashed green line = fitting window): (a) before photocatalysis, (b) after
photocatalysis.
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4.2.5 XANES monitoring of chemical oxidation
The chemical oxidation process of 2-Co4-ClO4 was monitored with different equivalents of
[Ru(bpy)3]3+ both ex situ and with XANES spectroscopy in search of intermediate oxidation states.
CV measurements demonstrate that [Ru(bpy)3]3+ (E([Ru(bpy)]2+/3+)ox = ca. 1.1 V at pH 8.5) is capable
of driving oxygen evolution with 2-Co4-ClO4 (ca. 0.9 V in comparison, cf. Figure S4.6). UV–vis
reference spectra show that some [Ru(bpy)3]3+ is still remaining after 1 min, thereby ensuring that the
XANES spectra were recorded under operational conditions (Figure S4.20), despite the typical losses
of [Ru(bpy)3]3+ through side reactions with the buffer.[146] Ex situ experiments with corresponding
stoichiometries (cf. Clark electrode data in Figures S4.18–S4.19) demonstrate that oxygen evolution
continues after 1 min, albeit with diffusion of oxygen into the headspace setting in. Most importantly,
oxygen evolution with 2-Co4-ClO4 only sets in above a threshold addition of 5 nominal eq.
[Ru(bpy)3]3+, i.e. not taking the unavoidable buffer-related losses into account. If all Co(II) centers
had to be oxidized to the Co(III) state prior to O2 formation, a minimum of 8 nominal eq. [Ru(bpy)3]3+
would have been required (i.e. 4 eq. for Co(II) oxidation and 4 eq. for O2 formation). This suggests
that 2-Co4-ClO4 can possibly evolve oxygen with some remnant Co(II) centers present.
Keeping in mind that Co(IV)-containing XANES reference compounds remain hard to obtain,[147]
we

synthesized

5-nitrosalicylatotetraamminecobalt(IV)

chloride

nitrate

monohydrate

([(NH3)4Co(IV)sal-NO2]ClNO3) from its ([(NH3)4Co(III)sal]Cl) precursor as one of the few storable
Co(IV)-containing reference complexes with a Co(III) analogue.[148],[149] 1H NMR spectra of
[(NH3)4Co(IV)sal-NO2]ClNO3 agreed well with literature data (Figure S4.21).[150] Unfortunately,
XANES spectra and their first derivatives for both complexes (Figures S4.22–S4.23) are quite closely
related, so that a clear distinction between Co(IV) and Co(III) valence states was not possible.
XAS data of samples quenched after 1 min at 77 K were recorded at 40 K using a He-cryostat
(further details cf. SI). All spectra show a blue shift of both absorption edge and white line (see Figure
4.13).
Even in the presence of excess RuIII oxidant, the average valence state of 2-Co4-ClO4 during
oxygen evolution is always below the Co(III, IV) state (cf. tentative fit in Figure S4.25). This does
not contradict the above hypothesis that Co(II) centers may remain during oxygen.
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Figure 4.13. Cobalt K-edge XANES spectra of 250 μM 2-Co4-ClO4 chemically oxidized by various
amounts of [Ru(bpy)3](ClO4)3 at 40 K.

Figure 4.14. FT-IR spectra of 2-Co4-ClO4 (40 mM) in CH3CN (red) and CH3CN/borate buffer
(black).
4.2.6 Further tracking of 2-Co4-ClO4 assisted photocatalytic O2 evolution.
Interferences of borate buffer anions with the catalytic edge-site of 2-Co4-ClO4 were investigated
with in situ FT-IR spectra. Pristine 2-Co4-ClO4 was first monitored in CH3CN, followed by addition
of 1 mL of borate buffer (240 mM) (Figure 4.14). Borate-induced blocking of the edge-site can be
excluded, because the FT-IR spectrum of 2-Co4-ClO4 remained basically unchanged. Synthesis of
pure 2-Co4-ClO4 from a concentrated borate buffer solution (cf. above) further confirms that BO3does not coordinate to the {Co2(OR)2(OH2)2} edge site. In contrast, two new absorption bands were
observed at 1548 and 1306 cm-1 in the presence of phosphate buffer (Figure S4.17) in addition to the
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characteristic cubane cluster bands. Given that the aqua ligands of 2-Co4-ClO4 are most likely to be
substituted first, this newly suggests an interaction between the edge-site and phosphate anions.
18

O isotope-labeling experiments were carried out using a 10.8% H218O enriched borate buffer to

check for water as exclusive oxygen source of 2-Co4-ClO4 catalyzed O2 evolution. This was
confirmed through the presence of the 16O18O and 18O18O peaks (Figures 4.15 and 4.16) in the 18Olabeling measurements and the good agreement of calculated and measured ratios of 16O16O, 16O18O,
and 18O18O (Figure 4.15).

Figure 4.15. Experimental and theoretical ratios of 16O16O, 16O18O, and 18O18O evolved during the
irradiation of a H218O (10.8 at% 18O) containing borate buffer (pH 8.5, 80 mM) solution with 100 μM
of 2-Co4-ClO4 cubane, 1 mM [Ru(bpy)3]Cl2, and 5 mM Na2S2O8.
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Figure 4.16. Electron impact ionization mass spectra along with GC quantifications of the gas sample evolved during the irradiation of H216O (a (top)
and b) and H218O (10.8 at%

18

O, a (bottom) and c) containing borate buffer solutions (pH 8.5, 80 mM) with 100 μM of 2-Co4-ClO4 cubane, 1 mM

[Ru(bpy)3]Cl2, and 5 mM Na2S2O8.
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4.2.7 Synthesis, structure, and analytical characterization of 2-CoxNi4-x-ClO4
The recently discovered mixed cubane MnCo3O4(OAc)5py3 illustrates the need for further WOC
studies of these highly interesting yet elusive targets.[71],[140] To the best of our knowledge, only a
limited number of 3d-3d heterometallic cubane compounds has been reported to date with few Co/Ni
representatives among them.[50] We thus synthesized a series of Co and Ni heterometallic analogues
of 2-Co4-ClO4, namely [CoxNi4-x(dpy{OH}O)4(OAc)2(H2O)2](ClO4)2 (2-CoxNi4-x-ClO4), from a
modified protocol for 2-Co4-ClO4 with Co(OAc)2 and Ni(OAc)2 precursors (cf. experimental
procedure in the SI and Figure S4.26). The 2-CoxNi4-x-ClO4 series is isostructural with 2-Co4-ClO4
(Figure 4.17). Co : Ni ratios were determined through ICP-MS measurements as 2.80 : 1.20, 2.65 :
1.35, 2.05 : 1.95, and 1.15 : 2.85 for the 2-CoxNi4-x-ClO4 series, respectively (cf. SI). Single crystal
X-ray diffraction data indicate a disordered distribution of Co and Ni over the M sites of the cubic
M4O4 core. Almost identical PXRD patterns of the 2-CoxNi4-x-ClO4 series compared to 2-Co4-ClO4
(Figure 4.17) confirm the phase purity of the mixed cubanes. The FT-IR spectra of the 2-CoxNi4-xClO4 series are also identical with 2-Co4-ClO4, pointing to the same transition metal-ligand
interactions in both cubane types (Figure S4.4). The UV–vis spectra of the 2-CoxNi4-x-ClO4 series
(Figure S4.27) display a significant intensity decrease of the characteristic Co absorption band (490–
516 nm) from 2-Co2.65Ni1.35-ClO4 to 2-Co1.15Ni2.85-ClO4, which goes hand in hand with an increase
of the characteristic Ni absorptions (388 and 624 nm).

Figure 4.17. PXRD patterns of the 2-CoxNi4-x-ClO4 series vs calculated pattern of 2-Co4-ClO4.
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The HR-ESI-MS spectrum of 2-Co1.15Ni2.85O4-ClO4 is compared to 2-Ni4- and 2-Co4-ClO4 as a
representative example in the following (Figure 4.18a). The m/z = 577.01625 peak can be exclusively
assigned to [58Ni4(CH3COO)2(C11H9N2O2)4]2+, while the ESI-MS spectrum of 2-Co4-ClO4 does not
display peaks at m/z = 577 or m/z = 577.5. Note that a given bulk composition of 2-CoxNi4-x-ClO4
can either arise from the corresponding macroscopic mixture of binary 2-Co4- and 2-Ni4-ClO4
cubanes, or from genuine heterometallic compounds with a mixed core. In case of the mixture
scenario for 2-Co1.15Ni2.85O4-ClO4, the intensity ratio between m/z = 577.01557 and m/z = 577.5 for
2-Co1.15Ni2.85O4-ClO4 is supposed to be similar to the one of 2-Ni4-ClO4. In contrast, an inverse
relationship between the m/z = 577.01557 and m/z = 577.5 ratio was obtained, indicating that Co and
Ni form a heterometallic M4O4 core, resulting in a relative increase of the m/z = 577.5 peak intensity.
The low intensity of the m/z = 577.01557 peak demonstrates that there are only small amounts of 2Ni4-ClO4 in 2-Co1.15Ni2.85-ClO4. This is in line with the calculated spectrum of 2-Co1.15Ni2.85-ClO4,
and calculations demonstrate that all 3 possible cubane core types (i.e. Co2Ni2O4 : CoNi3O4 : Ni4O4
= 2.5 : 7 : 2, Figure 4.18b) co-exist in 2-Co1.15Ni2.85-ClO4. Neutron diffraction experiments are our
next step to determine the precise crystallographic locations of Co and Ni. All in all, ESI-MS spectra
confirm the main presence of Co-Ni heterometallic cubanes in 2-Co1.15Ni2.85-ClO4, and related results
were obtained for the remaining members of the 2-CoxNi4-x-ClO4 series.

Figure 4.18. (a) HR-ESI-MS spectra comparison of 2-Co4-, 2-Ni4-, and 2-Co1.15Ni2.85-ClO4 in the
m/z range of 576-583. (b) Calculated MS spectrum of 2-Co1.15Ni2.85-ClO4 in the m/z range of 577.0584.5.
Table S4.6 provides a preliminary overview of reports on mixed Co/Ni-oxide based water
oxidation catalysts based on literature research. Although this short survey is far from complete, it
clearly demonstrates that the majority of Co/Ni-oxide WOCs have been assessed with
electrochemical methods. Mostly, they outperformed their binary conterparts in electrochemical
water oxidation. In sharp contrast, no reports on molecular Co/Ni-WOCs were found in different
databases to date (within a reasonable search time interval).
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This trend impressively highlights the significant dependence of the performance assessment on
the applied oxidation method, as has been pointed out in recent fundamental studies.[151] Surprisingly,
only one study is available for the corresponding visible-light-driven water oxidation performance of
the excellent Co/Ni electrocatalysts in Table S4.6.[152] Moreover, molecular Co/Ni-WOCs appear to
remain rather unexplored to date.
Among the growing number of studies on electrochemical water oxidation with Co/Ni-containing
oxide WOCs (further non-oxide Co/Ni-systems have been omitted for the sake of brevity in Table
S4.6), the interpretation of the observed Co-Ni synergisms remains somewhat controversial. Most
hypotheses are focused on improved general surface properties[153] and on the enhancement of active
sites with respect to favorable intermediate adsorption energies.[93],[154] Although theoretical studies
support these hypotheses, they also demonstrate that modeling results may depend on the selected
surface unit cell size. Most Co/Ni synergism models for solid state electrochemical WOCs emphasize
statistical surface and bulk-related effects (such as enhanced conductivity).
To the best of our knowledge, no investigations of Co/Ni interaction on the molecular level have
been performed that are comparable to such benchmark studies on Co3O4.[84] This renders new
molecular

heterometallic

Co/Ni-WOCs

indispensable

targets

to

understand

important

performance/mechanistic discrepancies between different catalyst and assay types. The present
{CoxNi4-xO4} cubanes offer the unique opportunity to study mixed edge-site motifs within a confined
and well-defined ligand environment.
The photocatalytic water oxidation activity of the 2-CoxNi4-x-ClO4 series was compared with 2Co4-ClO4 for the same catalyst concentration (100 μM) under standard conditions (Figure 4.19 and
Table S4.7). 2-Co2.80Ni1.20- and 2-Co2.65Ni1.35-ClO4 exhibit almost identical O2 evolution

Figure 4.19. Clark electrode kinetics (a) and GC measurements (b) of visible light-driven water
oxidation catalyzed by 2-Co4-ClO4 (black) and 2-CoxNi4-x-ClO4 series (conditions: 470 nm LED; 1
mM [Ru(bpy)3]Cl2; 5 mM Na2S2O8; pH 8.5, 80 mM borate buffer).
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activities, both 20% lower than 2-Co4-ClO4. 2-Co2.05Ni1.95- and 2-Co1.15Ni2.85-ClO4 displayed 46%
and 65% lower O2 evolution than 2-Co4-ClO4, respectively, and 2-Ni4-ClO4 showed almost no
photocatalytic activity.

18

O isotope labeling experiments were carried out using an 8.3% H218O

enriched borate buffer to confirm water as exclusive oxygen source for 2-Co2.65Ni1.35-ClO4 as a
representative example of the mixed series (Figures S4.28 and S4.29).
The pKa value of 2-Ni4-ClO4 was determined as 9.5 through UV–vis titration (Figure S4.30), while
the pKa values of 2-CoxNi4-x-ClO4 cubanes could not be determined. This may arise from 2-CoxNi4x-ClO4

being in fact a mixture of 2-Co1Ni3-, 2-Co2Ni2-, and 2-Co3Ni1-ClO4 with different Co-Ni

distributions in their respective cubic M4O4 cores. The resulting divergent 2-CoxNi4-x-ClO4 pKa
values within a titration aliqout would then render a proper titration impossible.
4.2.8 Computational study (Mauro Schilling and Sandra Luber)
To obtain insight into the structural behavior of 2-Co4-ClO4 in solution, density functional theorybased molecular dynamics (DFT-MD) simulations of the cubane in a box of 208 and 452 water
molecules, respectively, were carried out (see SI for computational details). The six Co–Co distances
were monitored during the DFT-MD run and their distributions are shown in Figure 4.20. 2-Co4-ClO4
is sufficiently flexible to adapt to local changes of the solvation shell or the ligand sphere. Although
the Co–Co distances show fluctuations during the DFT-MD simulation, integrity of the cubane core
is maintained and no evidence for an opening of the cubane cage was found. In one of our previous
works on lanthanide-containing Co(II)-based cubanes,[74] we observed that opening of their cubane
cage is beneficial from a thermodynamic point of view.[155] In the case of 2-Co4-ClO4, the tridentate

Figure 4.20. Distribution of the Co−Co distances of 2-Co4-ClO4 in a box of 208 water molecules
(normal distribution is shown for all distances as a bold line; Mauro Schilling and Sandra Luber).
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dpk ligand prevents this in the first place. The presence of a closed 2-Co4-ClO4 cage is further
supported by the constant average volume enclosed by the cubane core Co 4O4 (an irregular cube of
ca. 9.3 Å3) during the simulation time (see Figure S4.32).
While 2-Co4-ClO4 was modeled under neutral conditions above, the catalytic tests were performed
in aqueous borate buffer (pH 8.5), where a substantial fraction of 2-Co4-ClO4 is expected to be
deprotonated (overall pKa 8.5, Figures 4.2 and 4.3). Assuming that the cobalt coordinated water
molecules are the most acidic ligands, a deprotonated species of 2-Co4-ClO4 was therefore simulated
to provide a deeper understanding of the ground state behavior of 2-Co4-ClO4 under experimental
conditions for forthcoming mechanistic studies.
During the initial phase of the trajectory we observed a proton transfer from one Odpk atom of the
dpk (i.e. dpy{OH}O-) ligands closest to the edge-side to the adjacent oxygen atom of the cobalt bound
hydroxyl group (OOH). As a consequence of the deprotonation, the according Odpk atom of the ligand
participates in hydrogen-bonding with the other cobalt bound water molecule (OH2O), which in turn
also engages in additional hydrogen-bonding with the solvent (see Figure 4.21). It becomes evident

Figure 4.21. (a) Schematic representation of protonation states of the edge-site cubane (solvent,
ligands, and the bottom half of the cubane are omitted for clarity); (b) distance between the edge-site
oxygen atoms (Odpk, OOH, OH2O, and the two closest solvent molecules denoted as “solv1” and
“solv2”) and the protons in between them. During the equilibration run (not shown here), the
deprotonation of Odpk took place (Mauro Schilling and Sandra Luber).
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that under ambient conditions the deprotonation of the dpk-ligand is favored over the one of the edgesite water ligands, because the versatile hydrogen-bonding network is able to stabilize the
deprotonated Odpk involving both solvent molecules as well as the adjacent water ligand.
During later stages of the catalytic cycle, the acidity of the edge-site water ligands may increase,
and the deprotonated dpk-ligand can potentially act as an intramolecular base facilitating further steps
of the catalytic cycle. While the organic ligand framework of our previously studied {LnCo3O4} (Ln
= Ho–Yb) cubanes did not display any suitable functional groups for participation in the water
oxidation mechanism, we nevertheless observed a proton transfer from the attacking water molecule
to the hydroxyl ligands of the Ln centers.[126],[155] Previous works have clearly shown that the presence
of an intramolecular base in close proximity to the active site of a catalyst can enhance its activity.[156]–
[158]

The presence of the dpk-ligand and the acetate ligands undergoing hydrogen bonding with the

edge-site protons completes a unique bio-related environment providing exceptional flexibility for
intramolecular proton transfer (Figure 4.22).[159]
4.2.9 Influence of the Co nuclearity
Inspired by the seminal rapid-scan FT-IR study on the relative photocatalytic kinetics and
mechanisms of mono- and dinuclear sites on Co3O4 surfaces,[84] we compared the photocatalytic
performance

of

2-Co4-ClO4

to

the

structurally

related

mononuclear

complex

[CoIII(dpy{OH}O)2]ClO4 (mono-Co-dpk). The latter was obtained from a slightly varied literature
protocol (cf. SI), and it was recently reported as a stable and efficient WOC under [Ru(bpy)3]2+/S2O82test conditions.[160] The O–O bond formation step for the {HO-CoIII(μ2-O)2CoIII-OH} edge site of
Co3O4 was identified to be at least ten times faster than for the isolated Co(III) surface sites. In line

Figure 4.22. Clark electrode kinetics of visible-light-driven water oxidation catalyzed by 20, 40, 80,
and 100 µM 2-Co4-ClO4 and mono-Co-dpk, respectively. TOF calculations of 20, 40, and 80, and
100 µM WOC catalyzed water oxidation are based on time intervals of 27, 49, and 60 s, respectively.
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with the trends for Co3O4, the normalized TOF of 2-Co4-ClO4 is generally higher than that of monoCo-dpk over a wide concentration range (Figures 4.22–4.23). A comparison of the TOFs for 2-Co4ClO4 and mono-Co-dpk is reasonable here, because a kinetic analysis (Figure 4.24) showed no
evidence for different reaction orders over the relevant concentration range. The above spectroscopic,
computational, and kinetic information in its entirety is expanded in ongoing studies towards a first
model for the catalytic cycle of 2-Co4-ClO4.

Figure 4.23. TOF per Co center of the above water oxidation kinetics with 20, 40, 80, and 100 µM
WOC, respectively (calculation of TOF per Co center of 2-Co4-ClO4 based on the edge-site).

Figure 4.24. Tentative evaluation of mono-Co4O4-dpk (a, b) and 2-Co4-ClO4 (c, d) for first order
kinetics.
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4.3 Conclusions
2-Co4-ClO4 is established as a stable molecular water oxidation catalyst that newly transfers the
reactive edge-site motif of cobalt oxide WOCs to the molecular level. The hydrolyzed dpk and acetate
ligands surrounding the {HO-Co2(OR)2-OH} site provide a dynamic bio-inspired framework for
multiple hydrogen bonding interactions.
Computational studies indicate that the dpy{OH}O ligand mediates proton transfer through this
network with the edge-site aqua ligands. Moreover, the deprotonated dpy{OH}O ligands can exert
an advantagoeus intramolecular base function during later stages of the catalytic cycle. 1H/2H
exchange experiments support the proton acceptor function of the dpy{OH}O ligands and provide
clear-cut evidence for the long-term stability of 2-Co4-ClO4, together with a wide variety of
additional stability tests (DLS, different spectroscopic methods, recycling, extraction, and chelation
etc.). Both DFT-MD simulations and EXAFS fits indicate that the 2-Co4-ClO4 cubane cage remains
closed in solution, and both FT-IR and HR-ESI-MS data point to a stable coordination of the acetate
ligands to the cubane core.
Time-dependent XANES measurements under operational photocatalytic conditions demonstrate
that the Co(II) centers of 2-Co4-ClO4 are readily oxidized to Co(III) or higher oxidation states with
rather slow recovery. The related edge positions of the Co(III)- and Co(IV)-containing molecular
references were too close for a clear assignment. However, chemical oxidation with [Ru(bpy) 3]3+
showed that complete conversion of the Co(II) centers to Co(III) does not seem to be mandatory for
O2 evolution.
Furthermore, the novel mixed 2-CoxNi4-x-ClO4 series is a unique model system for heterometallic
edge site configurations. The observed sharp activity decrease of 20% from 2-Co4- to 2-Co2.65Ni1.35and 2-Co2.05Ni1.95-ClO4, respectively, may indicate that an intramolecular oxygen coupling pathway
is prevailing over a single site route here, as previously observed for Co3O4 surfaces. Kinetic
comparisons of 2-Co4-ClO4 to the related mononuclear WOC [CoIII(dpy{OH}O)2]ClO4 support this
hypothesis. The performance trend among mixed Co/Ni cubanes differs considerably from reported
Co/Ni oxide electrocatalysts, which may be caused by other additional parameters such as statistical
surface and bulk-related effects present in the latter.
2-Co4-ClO4 and the 2-CoxNi4-x-ClO4 series provide unique opportunities to explore transfer
options for synthetic paradigms from heterogeneous to molecular WOC design, such as preferred
short-range motifs and heterometallic synergisms. The performance trend among mixed Co/Ni
cubanes differs considerably from reported Co/Ni oxide electrocatalysts. The underlying mechanistic
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pathways are now explored in detail, on the way to comprehensive insight into the general
applicability of surface- and composition-related WOC construction guidelines.

4.4 Appendix
4.4.1 Analytical characterizations.
Thermogravimetric (TG) analyses were performed on a Netzsch STA Jupiter 449 F3 TGA in the
temperature range 298 to 1173 K with a heating rate of 10 K min-1 in N2 atmosphere in an Al2O3
crucible.
Attenuated total reflectance Fourier-transform infrared (ATR-FT-IR) spectra were recorded on a
Bruker Vertex 70 spectrometer equipped with a Platinum ATR accessory containing a diamond
crystal.
Operando FT-IR spectra were recorded on a ReactIR iC 10 FT-IR spectrometer (METTLER
TOLEDO) equipped with a Silver Halide (AgX) DSub AgX FiberConduit probe (METTLER
TOLEDO).
4.4.2 Experimental section.
Materials

All chemicals and solvents were purchased from commercial suppliers: [Ru(bpy)3]Cl2·6H 2O (SigmaAldrich, 99.95%), Na2S2O8 (Sigma-Aldrich, 99.0%), Co(OAc)2·4H 2O (Sigma-Aldrich, 99.0%),
Ni(OAc)2·4H 2O (Sigma-Aldrich, 99.0%), NaClO4 (Sigma-Aldrich, 98.0%), di(2-pyridyl) ketone
(Sigma-Aldrich, 99%), Co(ClO4)2·6H 2O (Sigma-Aldrich, 99.0%), Chelex 100 sodium form
(Sigma-Aldrich, 50-100 mesh), NaOAc-d3 (Sigma-Aldrich, 99 at% D), D3COOD (Sigma-Aldrich,
99.5 at% D), D2O (Sigma-Aldrich, 99.9 at% D), H218O (Sigma-Aldrich, 97 at% 18O), CD3CN (SigmaAldrich, 99.8 at% D), formamide (Fluka, 99.0%).
Ultrapure water was produced from a Barnstead GenPure Pro Water Purification System with an
electric conductivity of 0.055 μS/cm (Thermo Scientific).
Synthesis of [Co4(dpy{OH}O)4(OAc-d3)2(H2O)2](ClO4)2 (2-Co4-ClO4(OAc-d3))
2-Co4-ClO4(OAc-d3) was obtained from a modification of the above synthetic procedure for 2-Co4ClO4 by starting from 0.293 g Co(ClO4)2·4H 2O and 0.132 g NaOAc-d3 (1.6 mmol).
Synthesis of [CoIII(dpy{OH}O)2]ClO4 (mono-Co-dpk).
[CoIII(dpy{OH}O)2]ClO4 was synthesized according
Co(ClO4)2·6H 2O instead of CoCl2·6H 2O.1

the

reported

procedure

by using

Synthesis of [Ru(bpy)3](ClO4)3
PbO2 was added to 10 mL of 0.5 mM H2SO4 containing 0.3 g [Ru(bpy)3]Cl2 until the liquid phase
turned to green. The reaction was completed in an ice bath under stirring for 10 min. A dark green
solution was obtained by filtering off PbO2. 2 M HClO4 was dropwise added into above green solution
until the formation of a green precipitate set in, and a green solid of [Ru(bpy)3](ClO4)3 was obtained
from filtering.
Non-metal elemental analysis of 2-Co4-ClO4 (C48H46Cl2Co4N8O22): calc. (%) C, 41.36; H, 3.30; N,
8.04; Cl, 5.10; found (%) C, 40.90; H, 3.33; N, 7.87; Cl, 5.19. (Co = 58.93)
Non-metal elemental analysis of 2-Co2.80Ni1.20-ClO4 (C48H46Cl2Cox1Ni4-x1N8O22): calc. (%) C, 41.35;
H, 3.30; N, 8.04; Cl, 5.10; found (%) C, 40.94; H, 3.35; N, 7.95; Cl, 5.01. (Co = Ni = 59)
(1)

Zhao, Y.; Lin, J.; Liu, Y.; Ma, B.; Ding, Y.; Chen, M. Chem. Commun. 2015, 51, 17309–17312.
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Non-metal elemental analysis of 2-Co2.65Ni1.35-ClO4 (C48H46Cl2Cox2Ni4-x2N8O22): calc. (%) C, 41.35;
H, 3.30; N, 8.04; Cl, 5.10; found (%) C, 40.87; H, 3.37; N, 8.17; Cl, 5.22. (Co = Ni = 59)
Non-metal elemental analysis of 2-Co2.05Ni1.95-ClO4 (C48H46Cl2Cox3Ni4-x3N8O22): calc. (%) C, 41.35;
H, 3.30; N, 8.04; Cl, 5.10; found (%) C, 40.92; H, 3.34; N, 7.90; Cl, 5.17. (Co = Ni = 59)
Non-metal elemental analysis of 2-Co1.15Ni2.85-ClO4 (C48H46Cl2Cox4Ni4-x4N8O22): calc. (%) C, 41.35;
H, 3.30; N, 8.04; Cl, 5.10; found (%) C, 40.95; H, 3.37; N, 7.92; Cl, 5.25. (Co = Ni = 59)
Non-metal elemental analysis of 2-Ni4-ClO4 (C48H46Cl2Ni4N8O22): calc. (%) C, 41.39; H, 3.30; N,
8.05; Cl, 5.10; found (%) C, 41.02, H, 3.39; N, 8.22; Cl, 4.98. (Ni = 58.69)
ICP-MS elemental analysis of 2-Co4-ClO4 (C48H46Cl2Co4N8O22): calc. (%) Co, 16.9; found (%) Co,
16.9.
ICP-MS elemental analysis of 2-Co2.80Ni1.20-ClO4 (C48H46Cl2CoxNi4-xN8O22) : calc. (%) Co + Ni,
16.9; found (%) Co, 11.7; Ni, 5.04.
ICP-MS elemental analysis of 2-Co2.65Ni1.35-ClO4 (C48H46Cl2CoxNi4-xN8O22) : calc. (%) Co + Ni,
16.9; found (%) Co, 11.1; Ni, 5.65.
ICP-MS elemental analysis of 2-Co2.05Ni1.95-ClO4 (C48H46Cl2CoxNi4-xN8O22) : calc. (%) Co + Ni,
16.9; found (%) Co, 8.16; Ni, 8.58.
ICP-MS elemental analysis of 2-Co1.15Ni2.85-ClO4 (C48H46Cl2CoxNi4-xN8O22) : calc. (%) Co + Ni,
16.9; found (%) Co, 4.78; Ni, 11.9.
ICP-MS elemental analysis of 2-Ni4-ClO4 (C48H46Cl2Ni4N8O22) : calc. (%) Ni, 16.9; found (%) Ni,
16.6.
18O

isotope-labeling experiments
O-labeled-photocatalytic water oxidation reactions were carried out according to the above standard
procedure using 18O-enriched water (18O atom% = 10.8% and 8.3%) instead of normal water. A 100
μL gas sample from the headspace was injected into a Thermo Scientific Focus GC (run with helium
as carrier gas and equipped with a PLTT-5A molsieve 5 PLOT column (30 m * 0.53 mm * 25 μm))
interfaced with a PolarisQ mass spectrometer (electron impact ionization model) for analysis. The
MS detector was tuned for maximum sensitivity, and the single ion mode was selected to scan for the
ions of m/z = 28, 32, 34, 36 with a dwell time of 100 ms. The single ion extracted chromatograms
were recorded and evaluated for the m/z = 32/34/36 ratios.
18

pH-dependent UV–vis titration
300 μM 2-Co4-ClO4 aqueous solution (4 mL) was titrated by adding sequential aliquots of 0.5 mM
NaOH (aq.), and the pH value together with UV–vis spectrum were recorded for each titration,
respectively. A titration curve was constructed corresponding to the maximum absorption vs. pH
value at this absorption, and the pKa value was determined as the pH value at the midpoint of the
titration curve rise.
Cyclic voltammetry (CV)
CV measurements were carried out on a Metrohm PalmSens3 instrument with glassy carbon,
Ag/AgCl (sat. KCl, 0.197 V vs. NHE) and Pt Rod electrodes as working, reference, and auxiliary
electrodes. The solutions were deaerated by purging with Ar for 10 min before the measurements.
After each measurement, the glassy carbon electrode was polished with alumina slurry, and rinsed
with water, 0.1 M HCl, CH3OH, and CH2Cl2. Cyclic voltammograms were recorded in different pH
media to obtain the corresponding redox waves of the cobalt centers.
Acetate ligand exchange study
Sequential aliquots of D2O were added stepwise to a 4.5 mL, 40 mM 2-Co4-ClO4 (251 mg) CD3CN
solution to obtain 1%, 2%, 4%, 6%, and 8% v/v D2O containing mixtures, and the FT-IR spectrum
was measured for each step on a ReactIR iC 10 FT-IR spectrometer equipped with a Silver Halide
(AgX) DSub AgX FiberConduit probe (METTLER TOLEDO). The FT-IR spectrum of HAc-d4 was
recorded from its CD3CN solution (4.5 mL, 80 mM). The background was obtained from 4.5 mL pure
CD3CN and subtracted from the 2-Co4-ClO4 and HAc-d4 measurements.
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Buffer ligation study of the {Co2O2(OH2)2} edge site
For ligation studies in borate buffer, FT-IR spectra of a 6 mL, 40 mM 2-Co4-ClO4 (251 mg) CH3CN
solution were recorded before and after adding 1 mL of 240 mM borate buffer aqueous solution,
respectively. The backgrounds were obtained from 6 mL pure CH3CN and 6 mL CH3CN + 1 mL
borate buffer aqueous solution (240 mM), respectively, and subtracted from the 2-Co4-ClO4
measurements. The same procedure was applied for the phosphate buffer study by using formamide
and Na2HPO4 instead of CH3CN and borate buffer.
X-ray absorption spectroscopy
Experiments have been performed at the SuperXAS beamline of the Swiss Light Source (SLS),
Villigen, Switzerland. The storage ring was run in the top-up mode with an average current of 400
mA. The X-ray beam was collimated by a Si coated mirror and the energy has been scanned by a
channel-cut Si(111) monochromator. Energy calibration was performed using metal Co foil (with the
maximum of the first derivative of the spectrum at 7709 eV). A toroidal mirror with Rh coating was
employed after the monochromator to focus the incident X-rays with a spot size of 140×120 µm2 on
the sample. The photon flux at the sample was measured to be 3.3×1011 photons/s. Measurements
were performed in the fluorescence mode using 5-element Silicon Drift Detector (SDD). Z-1 filter
(Fe foil) with absorption edge jump 4.5 was placed at 9 mm distance from the detector and additional
collimator was placed between filter and sensors of the detector to reduce the re-fluorescence from
the filter that reach the detector and to minimize the background from the elastic scattering of the
incident beam. For in-situ experiments the sample was circulated in the flow system with the X-ray
beam interacting with the open cylindrical jet of the sample which has 1 mm diameter. The total
volume of sample in the flow system was ~50 mL. The use of the flow system with rather large
volume has allowed to avoid any observable X-ray-induced damage of the sample, which was
confirmed by a large series of short scans (a few minutes each) for initial state of the catalyst. Sample
container was irradiated with high-power collimated LED source (Mightex, model LCS-0405-12-48)
with 405 nm wavelength, 48 mm aperture, and the output power up to 975 mW.
In situ photochemistry: The sample (100 μM 2-Co4-ClO4, 1 mM PS, 5 mM Na2S2O8, in 50 mL
borate buffer pH 8.5) was cycled in the open jet in order to prevent the accumulation of radiation
damage.
Freeze quench experiments: XAFS data were recorded at 40 K using the He-cryostat. The samples
were prepared as follows: 1 mL of 0.5 mM 2-Co4-ClO4 (in pH 8.5, 80 mM borate buffer) was mixed
with 1 mL of a [Ru(bpy)3](ClO4)3 solution (0.5 – 20 mM, miliQ). After 1 min mixing time, 0.1 mL
of the solution were rapidly frozen on the pre-cooled cooper sample holder (~77 K). The sample was
transferred quickly into the cryostat.
Data treatment: Energy calibration, background removal, Fourier transformation, and linear
compination fit of XAS spectra were performed with the Athena software, and EXAFS fits were
performed with the Artemis software.2
Chemical oxidation of 2-Co4-ClO4
Clark electrode kinetics: 4 mL of 0.5 mM 2-Co4-ClO4 solution (pH 8.5, 80 mM borate buffer) was
mixed with 4 mL [Ru(bpy)3](ClO4)3 solution (2.5 – 19.25 mM, milliQ). Oxygen evolution was
recorded with a Clark electrode applying the same settings in the photocatalytic experiments.
UV–vis kinetics: 1 mL of 0.5 mM 2-Co4-ClO4 solution (pH 8.5, 80 mM borate buffer) was mixed
with 1 mL [Ru(bpy)3](ClO4)3 solution (2.5 – 19.25 mM, milliQ). Single wavelength absorption data
at the absorption maximum of [Ru(bpy)3](ClO4)3 (675 nm) were recorded applying a frequency of 1
data point per sec.

(1)

Ravel, B.; Newville, M. J. Synchrotron Rad. 2005, 12, 537–541.
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Table S4.1. Bond valence sum (BVS) calculations for the Co centers of 2-Co4-ClO4.
Atom
BVS
Atom
BVS
Co1/Co1a

1.97

Co2/Co2a

1.95

Figure S4.1. Cystal structure of 2-Co4-ClO4 with the crystallographically different dpy{OH}O
ligands highlighted; Co: dark blue, C: grey, O: red, N: green, H: white; a and b are related through a
C2 operation.

Figure S4.2. Thermogravimetric characterization of 2-Co4-ClO4, the 2-CoxNi4--ClO4 series, and 2Ni4-ClO4.
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Figure S4.3. HR-ESI-MS spectrum of 2-Co4-ClO4 and the isotope patterns related to the fragmention
of [Co4(dpy-C{OH}O)4(OAc)2]2+.

Figure S4.4. FT-IR spectra of 2-Co4-ClO4, 2-Ni4-ClO4, and the 2-CoxNi4--ClO4 series.
1603 cm1- (m): single C-O stretching vibration of the (dpy{OH}O) ligand; 1472 (m), 1442 (m), and
1379 (m) cm-1: stretching vibrations of the 2-pyridyl rings; 1571 cm-1 (m, overlapping with 1603 cm1
): asymmetrical vibrations of COO-; 1329 cm-1 (m): symmetric vibrations of COO-; 620 cm-1 (s):
4(F2) of the uncoordinated Td ClO4-; 682 cm-1 (s), 801 (m), 770 (s), and 755 (s) cm-1: C-H out-ofplane vibrations of the 2-pyridyl rings; C-H in-plane vibrations of the 2-pyridyl rings.
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Figure S4.5. Time dependent UV–vis spectra of 1.5 mM 2-Co4-ClO4 in pH 8.5, 80 mM borate buffer
solution over 2 h.

Figure S4.6. Cyclic voltammograms of 1 mM 2-Co4-ClO4 (blue) and 1 mM [Ru(bpy)3]Cl2 (red) in
80 mM pH 8.5 borate buffer.
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Figure S4.7. PXRD pattern (black) of 2-Co4-ClO4(OAc-d3) vs. calculated data (red).

Figure S4.8. 1H NMR spectrum of 2-Co4-ClO4 in CD3CN with T1 values given in ms (proton groups
are indicated by the following color code (cf. Figure 13): black = ortho, red = meta(1), green =
meta(2), blue = para).
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Figure S4.9. 1H NMR spectrum of 2-Co4-ClO4 in CD3CN (a) immediately after D2O addition and
(b) 30 h later.

Figure S4.10. Clark electrode kinetics of visible-light-driven water oxidation catalyzed by various
concentrations of 2-Co4-ClO4 cubane (conditions: 470 nm LED; 1 mM [Ru(bpy)3]Cl2; 5 mM
Na2S2O8; pH 8.5, 80 mM borate buffer).
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Figure S4.11. (a) Clark electrode kinetics (long-time data of Figure 4.4) of visible light-driven water
oxidation catalyzed by 2-Co4-ClO4 cubane in different concentrations of pH 8.5 borate buffer; (b)
visible light-driven water oxidation catalyzed by 100 μM of 2-Co4-ClO4 at pH 7.0 (80 mM phosphate
buffer solution), 8.0, 8.5, and 9.0 (80 mM borate buffer solution, respectively); conditions: 470 nm
LED; 1 mM [Ru(bpy)3]Cl2; 5 mM Na2S2O8.

Figure S4.12. (a) Clark electrode kinetics of visible light-driven water oxidation catalyzed by 100
μM of 2-Co4-ClO4 (black), 200 μM NaClO4 (pink) vs. no catalyst (red) and of a control experiment
without [Ru(bpy)3]Cl2 (blue), respectively; (b) additional control experiments in the presence of 100
μM of 2-Co4-ClO4 and [Ru(bpy)3]Cl2 (pink) and of 2-Co4-ClO4 only (green) (conditions: 470 nm
LED; 1 mM [Ru(bpy)3]Cl2; 5 mM Na2S2O8; pH 8.5, 80 mM borate buffer).
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Table S4.2. Photocatalytic water oxidation performance with different concentrations of 2-Co4-ClO4.
Catalyst
concentration/μM
12.5
25
50
75
100
125
150
175
200

O2 area

N2 area

O2 /μmol

892.7
1075.4
1215.3
1341.8
1488.8
1377.3
1388
1338.3
1314

34.5
55.8
56.5
33.8
55.4
48.3
77
17.2
24.3

9.6
11.5
13.1
14.4
16.0
14.8
14.7
14.5
14.2

aO
2

yield

48%
57.5%
65.5%
72.0%
80.0%
74.0%
73.5%
72.5%
71.1%

bTON

96.0
57.5
32.8
24.0
20.0
14.8
12.2
10.4
8.88

cTOF

/ s-1

1.2
0.63
0.40
0.30
0.24
0.19
0.15
0.13
0.10

O2 yield = 2  mole of O2 (GC)/mole of Na2S2O8. bTON = mole of O2 (GC)/mole of catalyst. cTOFinitial = initial
concentration of O2 evolution rate (Clark electrode kinetics in 60 s)/catalyst concentration. Conditions: 470 nm LED; pH
8.5 80 mM, borate buffer; 1 mM [Ru(bpy)3]Cl2; 5 mM Na2S2O8.
a

Table S4.3. Photocatalytic water oxidation performance of 2-Co4-ClO4 in different buffer solutions.
Buffer solution /type
pH 7.0
80 mM phosphate
pH 8.0
80 mM phosphate
pH 8.0
80 mM borate buffer
pH 8.5
80 mM borate buffer
pH 9.0
80 mM borate buffer

O2 area
204.2

N2 area
21.2

O2 /μmol
2.4

621.3

63.1

6.7

34%

8.4

1020.5

34.9

11.0

55.0%

13.8

0.18

1488.8

55.4

16.0

80%

20.0

0.24

1247.8

24.5

13.5

67.5%

16.9

0.21

aO
2

yield
12%

bTON

3.0

cTOF

/ s-1
0.08

O2 yield = 2  mole of O2 (GC)/mole of Na2S2O8. bTON = mole of O2 (GC)/mole of catalyst. cTOFinitial = initial
concentration of O2 evolution rate (Clark electrode kinetics in 60 s)/catalyst concentration. Conditions: 470 nm LED; 100
μM of 2-Co4-ClO4; 1 mM [Ru(bpy)3]Cl2; 5 mM Na2S2O8.
a

Table S4.4. Visible-light driven water oxidation performance of 2-Co4-ClO4 in different
concentrations of borate buffer.
Borate buffer pH 8.5
concentration
40 mM
60 mM
80 mM
90 mM
100 mM
120 mM

O2 area
1072.1
1269.5
1488.8
1280.5
1271.4
1170.6

N2 area
40.2
11.8
55.4
11
25.3
21.5

O2
/μmol
11.5
13.8
16.0
14.0
13.8
12.7

aO
2

yield
57.5%
69.0%
80%
70%
69.0%
63.5%

bTON

cTOF

/

s-1
14.4
17.2
20.0
17.5
17.2
15.9

0.21
0.24
0.20
0.20
0.15

O2 yield = 2  mole of O2 (GC)/mole of Na2S2O8. bTON = mole of O2 (GC)/mole of catalyst. cTOFinitial = initial
concentration of O2 evolution rate (Clark electrode kinetics in 60 s)/catalyst concentration. Conditions: 470 nm LED; 100
μM of Co4O4-dpk; 1 mM [Ru(bpy)3]Cl2; 5 mM Na2S2O8.
a
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Figure S4.13. (a) PXRD pattern (black) of 2-Co4-ClO4 synthesized from borate buffer solution vs.
calculated PXRD pattern of 2-Co4-ClO4 (red); (b) FT-IR spectra of 2-Co4-ClO4 synthesized from
borate buffer (black) vs. pristine 2-Co4-ClO4 (red).

Figure S4.14. Time-dependent FT-IR spectra of Co4O4-dpk cubane (20 mM) in pH 8.5, 80 mM
borate buffer over 2 h.
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Figure S4.15. (a) Clark electrode kinetics of visible light-driven water oxidation of the recycling test
of 100 μM Co4O4-dpk cubane vs. (b) 400 μM Co2(OAc)2 (conditions: 470 nm LED; 1 mM
[Ru(bpy)3]Cl2; 5 mM Na2S2O8; pH 8.5, 80 mM (only the standard test solution) borate buffer),
respectively. The pH value was readjusted to 8.5 by adding solid Na2B4O7 after each activity test.
(Both series were recorded within several hours on the same day based on the same calibration of the
applied Clark electrode)

Figure S4.16. (a) Clark electrode kinetics of visible light-driven water oxidation catalyzed by 100
μM 2-Co4-ClO4 cubane chelated by different amounts of Chelex (sodium form) vs. (b) 100 μM
Co(OAc)2 (conditions: 470 nm LED; 1 mM [Ru(bpy)3]Cl2; 5 mM Na2S2O8; pH 8.5, 80 mM borate
buffer).

150

Chapter 4

Figure S4.17. FT-IR spectra of 2-Co4-ClO4 (42 mM) in pure formamide (black) and in formamide
containing 42 mM phosphate (red).
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Table S4.5. Selected distances and Debye-Waller factors from the EXAFS fit for 2-Co4-ClO4 before
and after photocatalytic oxygen evaluation.
In the EXAFS fit, we used 8 and 10 fitting parameters for the precatalytic and postcatalytic sample,
respectively. Since 12 and 15 parameters could be used for the precatalytic and postcatalytic sample,
respectively, according to the Nyquist criterion,1 both fits can be considered as reasonable. For both
EXAFS fits the applied parameters include a parameter for refinement of the amplitude and a
parameter for the energy shift E0, these parameters were used as global parameters for all scattering
paths. The distances were changed proportionally using 4 and 5 independent parameters for the
precatalytic and postcatalytic sample, respectively. The Debye-Waller factors were refined using 2
and 3 independent parameters based on the chemical nature of the scattering atom for the precatalytic
and postcatalytic sample, respectively.

Co
1

O3
N2
O3
N3
O1
Co1
Co2.
1
Co2.
2

Co
2

O6
O1
O5
N1
O1
O3
Co2
Co1.
1
Co1.
2

pre catalysis
post catalysis
σ2/10-3 r/Å
σ2/10r/Å
rSXRD/
2
3Å2
N Å
Å
9±5 2.03±0.02
4±1 1.857±0.00
1
8 2.050
6±2 2.05±0.02
4±1 1.876±0.00
1
9 2.071
1
9±5 2.09±0.02
4±1
1.97±0.03 2.116
2
6±2 2.17±0.02
4±1
2.13±0.02 2.133
1
9±5 2.19±0.02
4±1
2.14±0.02 2.151
1 2.3±0.8 3.07±0.01 12±3
2.97±0.03 3.072
2.3±0.8 3.21±0.01 12±3
1
3.10±0.04 3.207
2.3±0.8 3.30±0.01 12±3
1
3.19±0.04 3.299
9±5 2.01±0.02
4±1 1.836±0.00
1
8 2.027
9±5 2.05±0.02
4±1 1.872±0.00
1
9 2.067
1
6±2 2.08±0.02
4±1
1.96±0.03 2.105
1
6±2 2.17±0.02
4±1
2.12±0.02 2.129
9±2 2.18±0.02
4±1 1.936±0.00
1
9 2.138
9±2 2.22±0.02
4±1 1.971±0.00
1
9 2.176
1 2.3±0.8 3.16±0.01 12±3
3.06±0.03 3.165
2.3±0.8 3.21±0.01 12±3
1
3.10±0.04 3.207
2.3±0.8 3.30±0.01 12±3
1
3.19±0.04 3.299

r = distances between atom 1-atom 2; σ2/Å2 = Debye-Waller factor; N= scattering path

(1) Stern, E. A. Phys. Rev. B 1993, 48, 9825-9827.
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Figure S4.18. Clark electrode kinetics of chemical water oxidation catalyzed by 250 μM 2-Co4-ClO4
with various amounts of [Ru(bpy)3](ClO4)3 oxidant.

Figure S4.19. Clark electrode kinetics of chemical water oxidation catalyzed by 250 μM 2-Co4-ClO4
with increasing equivalents of [Ru(bpy)3](ClO4)3 oxidant (after subtraction of background O2
evolution in the absence of catalyst).
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Figure S4.20. (a) UV–vis spectrum of [Ru(bpy)3](ClO4)3 in 0.5 M H2SO4 (black curve) and in pH
8.5 borate buffer (red curve) after 30 min ageing time; (b) UV/Vis kinetics of 100 μM 2-Co4-ClO4
catalyzed chemical water oxidation with various amounts of [Ru(bpy)3](ClO4)3 oxidant ([Ru(bpy)3]3+
concentrations were determined form the absorption at 675 nm).

Figure S4.21. 1H NMR spectra of (a) ([(NH3)4Co(III)sal]Cl precursor and (b) [(NH3)4Co(IV)salNO2]ClNO3 reference.
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Figure S4.22. (a) Comparison of the edge position and white line for different cobalt containing
samples; (b) corresponding edge width (difference of white line and edge position).

Figure S4.23. Normalized XANES spectra of ([(NH3)4Co(III)sal]Cl and [(NH3)4Co(IV)salNO2]ClNO3 (a) and 1st derivative of the normalized spectra (b).
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Figure S4.24. White line positions of XANES monitoring of 100 M 2-Co4-ClO4 in pH 8.5 borate
buffer.

Figure S4.25. Cobalt K-edge position for 250 M 2-Co4-ClO4 upon chemical oxidation with
various amounts of [Ru(bpy)3](ClO4)3 at 40 K
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Current research survey: Mixed Co/Ni-containing water oxidation catalysts
Table S4.6. Literature survey of mixed Co/Ni-containing water oxidation catalyst types (selection)
Co/Ni-WOC Type/
Test method
Heterogeneous/
Electrochemical

Compound

Hypotheses for Co/Ni interactions

Ref.

NixCo3-xO4 spinels

Ni modulates electronic properties of active sites and thus
modifies adsorption energies of intermediates

1

NixCo3-xO4-y

Nonstoichiometry together with low coordination metal sites
both lower the HO- adsorption energy, while nonhomogeneous surface further promotes activity

2

NixCo1-xO

Reduction of the work function of (001) and (100) surfaces
with increasing Co contents

3

Ni-Co LDH
nanosheets

Beneficial (tetrahedral) Ni3+ surface enrichment facilitates
formation of NiOOH active sites

4

NiCo2O4 nanowire
arrays

General promoting effect of highly exposed high-index
facets of the nanowires

5

Ni1+xCo2-xO4 series

Strong dependence of redox couples’ site occupancies and
resulting performances on the preparation method,
irreversible Ni3+ formation has to be avoided

6

Preparative/morphological progress
NixCoyO4

Supported on Co/N decorated graphene as a composite

7

NiCo-LDH

Nanosheet arrays grown on Ni foam

8

NiCo2O4

Nanowire OER component of Ni/Co OER/HER device

9

NiCo2O4

Hollow-urchin morphologies superior over nanoparticles

10

NixCo3-xO4 nanowires

Conversion into NiCo/NiCoOx HER catalysts for overall
water splitting devices

11

Ni-rich Ni-Co oxide
layers

Nanoporous materials through anodization

12

CoNi hydroxide
nanosheets

Deposition on Ni foam equipped with stabilizing Ni
nanocones

13

NiCo2O4

Spinel structure

14

Heterogeneous/
Photoelectrochemical

NiCoOx film
(co-sputtered)

Lower resistance, enhanced chemisorption properties

15

Heterogeneous/
Theoretical studies

β-NiOOH with Co

Optimized binding energies of intermediates on all sites
reduce overpotential of water oxidation

16

Heterogeneous/
visible-light-driven

NiCo2O4

Spinel structure

14

Molecular/
Electrochemical

No records found to date

Molecular/
Photochemical

No records found to date

Molecular/
Chemical oxidation

No records found to date
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Figure S4.26. Synthetic solutions of 2-Co4-ClO4, 2-CoxNi4-x-ClO4 series, and 2-Ni4-ClO4 (left to
right).
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Figure S4.27. Time dependent UV–vis spectra of 1.5 mM of (a) 2-Co2.65Ni1.35-, (b) 2-Co2.05Ni1.95-,
(c) 2-Co1.15Ni2.85-, and (d) 2-Ni4-ClO4 cubane in pH 8.5, 80 mM borate buffer solution over 2 h.

Table S4.7. Photocatalytic water oxidation performance of 100 μM of Co4O4-dpk and of the
CoxNi4-xO4-dpk series in pH 8.5 borate buffer solution (80 mM).
Catalyst
Co4O4-dpk
Co2.80Ni1.20O4-dpk
Co2.65Ni1.35O4-dpk
Co2.05Ni1.95O4-dpk
Co1.15Ni2.85O4-dpk

O2 area
1488.8
1185.4
1182.2
782.4
502.8

N2 area
55.4
32.3
26.2
9.9
15.1

O2 /μmol
16.0
12.8
12.8
8.6
5.5

aO
2

yield
80%
64%
64%
43%
28%

bTON

20.0
16.0
16.0
10.8
6.9

cTOF

/ s-1
0.24
0.21
0.21
0.14
0.10

O2 yield = 2  mole of O2 (GC)/mole of Na2S2O8. bTON = mole of O2 (GC)/mole of catalyst. cTOFinitial = initial
concentration of O2 evolution (Clark electrode kinetics in 60 s)/catalyst concentration. Conditions: 470 nm LED; 100
μM of Co4O4-dpk;
1 mM [Ru(bpy)3]Cl2; 5 mM Na2S2O8; standard deviation of molar O2 yields: ca. 3%.
a
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Figure S4.28. (a) Electron impact ionization mass spectra along with GC quantifications of the gas
samples evolved during the irradiation of H216O (a (top) and b) and H218O (8.3 at% 18O, a (bottom)
and c) containing borate buffer solutions (pH 8.5, 80 mM) with 100 μM of 2-Co2.65Ni1.35-ClO4
cubane, 1 mM [Ru(bpy)3]Cl2, and 5 mM Na2S2O8.
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Figure S4.29. Experimental and theoretical ratios of 16O16O, 16O18O, and 18O18O evolved during the
irradiation of a H218O (8.3 at% 18O) containing borate buffer (pH 8.5, 80 mM) solution containing
100 μM of 2-Co2.65Ni1.35-ClO4 cubane, 1 mM [Ru(bpy)3]Cl2, and 5 mM Na2S2O8.

Figure S4.30. (a) pH dependent UV–vis spectra of 7 mM of 2-Ni4-ClO4 cubane; (b) representative
plot of the absorbance at 389 nm vs. pH.
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Computational Settings (all calculations performed by Mauro Schilling and Sandra Luber)
Density functional theory-based molecular dynamics (DFT-MD) simulations were performed using
the QUICKSTEP program1 as implemented in the CP2K package,2 which uses a mixed Gaussian and
plane wave scheme with the wave functions expanded in terms of a Gaussian basis set and the charge
density represented via an auxiliary plane wave basis. The computational model contained the cubane
(2-Co4-ClO4) (or a deprotonated variant thereof) and 208 and 452 water molecules, respectively, in
a periodic cubic box, and was first run in the NPT ensemble where the temperature of the system was
stepwise increased from 50 K to 300 K. Furthermore, the behavior of the pressure was monitored by
changing the box size in the NVT ensemble at 300 K. With the final box size of 18.73403 Å3 for the
small system and 24.1803 Å3 for the large one, we equilibrated all systems for 10-15 ps in the NVT
ensemble using a time step of 0.5 fs. The temperature was held close to 300 K using CSVR thermostat
(canonical sampling through velocity rescaling)3 with a time constant of 10 fs. For the production
runs, we used the NVT ensemble and the CSVR thermostat with a time constant of 50 fs and sampled
for additional 20 ps using a time step of 0.5 fs. The introduction of a negative background charge
allowed us to neutralize the otherwise charged system. While the background charge is an artificial
feature, it is known to introduce less bias than explicit counter ions in the infinite dilution limit.4 We
assumed a high spin configuration as well as ferromagnetic coupling for all four cobalt centers. Unless
otherwise stated, the generalized gradient approximation (GGA) exchange-correlation (XC)
functional Perdew-Burke-Ernzerhof (PBE) 5 was used. We employed the DZVP-MOLOPT-GTH
basis sets,6 a 500 Ry cutoff for the auxiliary plane wave expansion of the charge density, and the
Goedecker-Teter-Hutter (GTH)7, 8 norm-conserving pseudopotentials to represent the core electrons.
Kohn-Sham and overlap matrix elements smaller than ɛdefault = 10-12 were neglected, and the
convergence criterion for the electronic gradient (largest element of the gradient) was set to ɛSCF =
1·10 -6 (small system) and ɛSCF = 5·10 -6 (large system). In addition we applied the D3 dispersion
correction by Grimme et al. 9 to correct for the overstructuring of water observed with GGA-XC
functionals. For the production runs described above, a drift in the total energy of 10 -5 a.u./ps/atom
was found. Comparing the two different system sizes, we found that the additional water layers did
not significantly change the behavior of the cubane (see Table S8). In order to save computational
resources, we performed longer equilibration runs (> 10 ps) only for the smaller system.

Table S4.8. Description of the oxygen-oxygen radial distribution function g OO (r) in terms of position (in Å)
of the first maximum (r1max), the first minimum (r1min ), and the second maximum (r2max) for the neutral cubane
(2-Co4-ClO4), compared to reference calculations of a box containig 64 water molecules using the PBE
functional as well as a self-consistent (SC) dispersion correction based on Tkatchenko-Scheffler (TS-vdW)
density dependent van der Waals/dispersion functional (Mauro Schilling and Sandra Luber).10

PBE-D3 (452 solvent water molecules)
PBE-D3 (208 solvent water molecules)
PBE(bulk water)11
PBE-TS-vdW(SC)(bulk water)11
Experiment12
Experiment13

T (K)
300
300
300
300
295
295

𝒓𝒎𝒂𝒙
𝟏
2.75
2.75
2.69
2.71s
2.80
2.76

𝒓𝒎𝒊𝒏
𝟏
3.25
3.17
3.28
3.27
3.45
3.42

𝒓𝒎𝒂𝒙
𝟐
4.35
4.18
4.44
4.40
4.5
4.43

162

Chapter 4

Figure S4.31. Radial distribution function (RDF) of the solvent water molecules in the simulation
box of the neutral cubane (Mauro Schilling and Sandra Luber).

Table S4.9. Different functionals (BP86,14, 15 PBE,5 TPSS,16 BLYP14, 17) and dispersion correction models such
as Grimme’s D3,9 D3_c9 (three-body-terms9) and the non-local correction rvv1018 were used to optimize the
structure of the cubane (2-Co4-ClO4) in vacuo. Co-Co distances given in Å in Table S11 were compared with
the experimental values from single crystal X-ray structure determination (Table S2). The best agreement with
experimental data was found for PBE-D3 where deviations from the experiment were always smaller than
0.1 Å (Mauro Schilling and Sandra Luber).

Bond

BP86-D3

PBE-D3

PBE-rvv10

PBE-D3_c9

TPSS-D3

BLYP-D3

Exp.

Co1-Co1a
Co1-Co2

3.27
3.27

3.21
3.24

3.27
3.27

3.28
3.28

3.19
3.19

3.29
3.30

3.16
3.21

Co1-Co2a

3.33

3.30

3.33

3.35

3.30

3.40

3.30

Co1a-Co2

3.36

3.32

3.36

3.33

3.26

3.38

3.30

Co1a-Co2a
Co2-Co2a

3.17
3.15

3.14
3.11

3.17
3.13

3.17
3.18

3.11
3.2

3.24
3.19

3.21
3.07
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Figure S4.32. Evolution of volume enclosed by the cubane cage of 2-Co4-ClO4 during the DFT-MD
run including 208 solvent water molecules (Mauro Schilling and Sandra Luber).

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)

VandeVondele, J.; Krack, M.; Mohamed, F.; Parrinello, M.; Chassaing, T.; Hutter, J. Comput. Phys. Comm.
2005, 167, 103–128.
CP2K Development Group.
Bussi, G.; Donadio, D.; Parrinello, M. J. Chem. Phys. 2007, 126, 14101.
Blumberger, J.; Bernasconi, L.; Tavernelli, I.; Vuilleumier, R.; Sprik, M. J. Am. Chem. Soc. 2004, 126, 3928–
3938.
Perdew, J. P.; Ernzerhof, M.; Burke, K. J. Chem. Phys. 1996, 105, 9982–9985.
VandeVondele, J.; Hutter, J. J. Chem. Phys. 2007, 127, 114105.
Hartwigsen, C.; Goedecker, S.; Hutter, J. Phys. Rev. B 1998, 58, 3641–3661.
Goedecker, S.; Teter, M.; Hutter, J. Phys. Rev. B 1996, 54, 1703-1710.
Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. J. Chem. Phys. 2010, 132, 154104.
Tkatchenko, A.; Scheffler, M. Phys. Rev. Lett. 2009, 102, 73005.
DiStasio, R. A., JR; Santra, B.; Li, Z.; Wu, X.; Car, R. J. Chem. Phys. 2014, 141, 84502.
Skinner, L. B.; Huang, C.; Schlesinger, D.; Pettersson, L. G. M.; Nilsson, A.; Benmore, C. J. J. Chem. Phys.
2013, 138, 74506.
Soper, A. K.; Benmore, C. J. Phys. Rev. Lett. 2008, 101, 65502.
Becke, A. D. Phys. Rev. A 1988, 38, 3098–3100.
Perdew, J. P. Phys. Rev. B 1986, 33, 8822–8824.
Tao, J.; Perdew, J. P.; Staroverov, V. N.; Scuseria, G. E. Phys. Rev. Lett. 2003, 91, 146401.
Chengteh Lee; Weitao Yang; and Robert G. Parr. Phys. Rev. B 1988, 37, 785–789.
Sabatini, R.; Gorni, T.; Gironcoli, S. de. Phys. Rev. B 2013, 87, 041108.

164

Summary
Generally, the mechanism of OEC-catalyzed water oxidation has been partly uncovered by
numerous efforts and continuous progress in the structural characterization of PS II. On the other
hand, mechanistic insight has also been improved through developing molecular {Mn4O4} cubane
analogues of the OEC and investigating their redox processes and the μ3-O migration through a wide
range of analytical methods, such as electrochemistry, EPR, and XANES and MS-probed
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O-

labeling reactions, respectively. Furthermore, the development of {Co4O4} cubane WOCs offers a
solution to the problem that the reported {Mn4O4} cubane models were mainly catalytically inactive.
Additionallly, this class of WOCs has been tuned further towards heterometallic cubic cores in order
to provide even closer model systems of the OEC. This renders {Co4O4} cubanes attractive and
catalytically active targets for acquiring deeper insight into relevant oxygen evolution pathways.
Inspired by these developments, we launched a new investigation of the catalytic pathway of cobalt
oxide WOCs on the molecular level with a {Co4O4} model system containing the {HO–Co2(µO/OH)2–OH} edge-site motif which is widely considered the sine qua non catalytic moiety of cobalt
oxides. This enabled us to study this central motif for the first time in a molecular environment, while
previous studies were exclusively conducted on heterogeneous catalysts. In order to obtain a
maximum number of the cubanes with the above-described structural features as WOC candidates,
we first comprehensively investigated homometallic and heterometallic {M4O4} cubane syntheses
based di(2-pyridyl)ketone (dpk) as primary ligand and M(OAc)2 (M = Co and Ni) as transition metal
source.
In this synthetic study, the self-assembly processes of {Co4O4} cubanes were driven towards two
major types (referred to as type 1 and 2, e.g., [Co4(dpy{OH}O)4(OAc)3(H2O)]NO3 and
[Co4(dpy{OH}O)4(OAc)2(H2O)2](ClO4)2, respectively) by the presence of simple inorganic
counteranions. Specifically, type 1 {Co4O4} cubanes can be obtained with varying the secondary
ligand in the presence of ≤0.5 eq. ClO4-, ClO3-, NO3-, BF4-, PF6-, and Cl-. Only the addition of >0.8
eq. ClO4- gave rise to phase pure type 2 cubanes. Adding Ni2+ ions to the precursor mixture generally
gives rise to type 2 heterometallic {CoxNi4-xO4} cubanes containing μ2-OAc- or aqua-coordinated
edge-site motifs, depending on the counteranion concentration. Furthermore, the addition of
relatively higher amounts of NO3- Cl- and PF6- can influence the above corresponding Co/Ni-exchange
reactions and initiate the their conversion back into type 1 heterometallic {CoxNi4-xO4} cubanes.
Finally, Ni2+ only coordinates dpk to form type 2-μ-OAc and -edge-site {Ni4O4} cubanes in the
presence of ≤0.25 eq. ClO4- or all other anions and >0.25 eq. ClO4-, respectively.
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In the course of subsequent mechanistic experiments supported by DFT calculations, we
concluded that the counteranions influence the self-assembly pathways of {Co4O4} cubanes through
giving rise to the dimeric building blocks [Co2(dpy-C{OH}O)2(OAc)2(H2O)2] and [Co2(dpyC{OH}O)2(H2O)4]2+. The former building block then coordinates with each and the latter with the
monomeric fragment [Co(dpy-C{OH}O)(OAc)(H2O)3] to form type 1 and 2 cubanes, respectively.
These conclusions were experimentally verified with a series of retrosynthetic analyses, acetateligand-dissociation experiments, and [Co(H2O)6]2+-based syntheses. Based on the these proposed
{Co4O4} cubane assembly pathways and the weaker ability of Ni2+(aq.) to coordinate OAc-, we
reasonably proposed that the formation of Ni-enriched heterometallic dimeric [M2(dpyC{OH}O)2(H2O)4]2+ proceeds in the presence of sufficient Ni(OAc)2 concentrations, which then
exclusively leads to further self-assembly into the corresponding type 2 cubanes.
These synthetic achievements, namely obaining the target {Co4O4} cubane along with its
heterometallic analogues, 2-Co4-ClO4 and 2-CoxNi4-x-ClO4, respectively, enabled us to proceed with
the proposed catalytic and mechanistic studies. 2-Co4-ClO4 was identified as a highly active WOC
with competitive performance metrics when compared to related catalysts. The catalytic stability of
2-Co4-ClO4 was confirmed ex- and in situ with FT-IR, UV–vis, and EXAFS measurements, as well
as with cubane synthesis in buffer media and DFT-MD simulationa. Studies of the Co oxidation states
involved in the catalytic mechanism were inconclusive due to insufficient edge position resolution of
Co(III) and Co(IV) species during our time-dependent XANES measurements. Nevertheless, we still
verified the feasibility of the intramolecular O–O coupling at the edge-site on the molecular level
through observing faster initial O2 evolution kinetics of 2-Co4-ClO4 compared to its mononuclear
analogue, which was found to display slower kinetics and presumably O–O bond formation during
water nucleophilic attack. The heterometallic series 2-CoxNi4-x-ClO4 generally exhibited lower
catalytic activities in visible-light-driven water oxidation compared to pure 2-Co4-ClO4, and the
activity decreases with the Ni percentage increasing in 2-CoxNi4-x-ClO4 series. When compared to
trends among heterogeneous Co/Ni-oxide catalysts, these results shed an interesting light on the
influence of catalytic test methods and the influence of the molecular or heterogeneous matrix on the
observed water oxidation performance.
In the future, further developments of edge-site-containing {Co4O4} cubanes based on analogous
ligand patterns will be critical for obtaining more detailed catalytic insight and a broader basis for
mechanistic studies. In parallel, widely applicable in situ characterization methods for detecting
corresponding cobalt species in high oxidation states need to be driven further in order to obtain this
key insight into the catalytic O–O bond formation. Finally, the impressive structure-directing role in
the assembly processes of Co- and Ni-cubane clusters is an excellent platform for unraveling the
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synthetic potential of convenient additives in molecular catalysts along with their widely unknown
formation mechanisms.
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