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ABSTRACT: Dinuclear ruthenium paddlewheel complexes exhibit high structural stability against redox reactions. The use
of these chemical motifs for the construction of Ru-based metal-organic polyhedral (RuMOPs) provides a route for redox-
active porous materials. However, there are few studies on the synthesis and characterization of RuMOPs due to the diffi-
culty of controlling the assembling process via the ligand-exchange reaction of equatorial acetates of the diruthenium
tetraacetate precursors with dicarboxylic acid ligands. In this study, we synthesized three novel cuboctahedral RuMOPs
based on the Ru,(II/1II)-paddlewheel units with different alkyl functionalizations on the benzene-1,3-dicarboxylate moieties.
We evaluated the effect of the external functionalization on the molecular packing and the porous and redox properties.
The electrochemical measurements revealed the multi-electron transferred redox process where the electron donat-
ing/withdrawing nature of the functional groups allows the control of the redox behavior.

Introduction

Redox-active property refers to the ability of a substance to
undergo the transfer of electrons between different chemi-
cal species. Such property has been widely introduced into
supramolecular structures by assembling multiple redox
sites towards the use of multi-electron transfer** for high
energy density batteries,>* electrocatalysis,’ electrochrom-
ism®” and mimicking intricate biological processes.® The
multi-electron transfer process is strongly correlated to su-
pramolecular structures and geometries, in which the
number of redox-active moieties can be changed by alter-
ing or modifying the structures of relevant building
blocks.”

Metal-organic polyhedra (MOPs), alternatively known
as metal-organic cages (MOCs), are a class of supramolec-
ular structures that are discrete cage-like porous molecules
assembled from organic ligands and metal nodes.® MOPs
have gained significant interest over the past decade for gas
storage'’, molecular separation” and drug delivery” due to
their designable intrinsic void structures. The designability

of MOPs enables the incorporation of functional
sites/groups into the metal nodes or organic ligands via
pre-designed or post-synthetic approaches,”'** leading to
photo-active,® guest-responsive,” and redox-active proper-
ties.”® Despite the fact that the confined space of redox-ac-
tive MOPs offers promising efficiency for catalytic reac-
tions, the studies on redox-active MOPs are still limited
since their construction requires structural integrity
against redox reactions.

Based on the few available cases of redox-active MOPs,
the design strategy involves the incorporation of redox-re-
sponsive moieties, either metal nodes or organic ligands,
into the MOPs structure. The example of organic or metal-
loligands includes 2,4,6-tri-4-pyridyl-1,3,5-triazine,'*"*** or
metalloligands with ferrocene,” or ruthenium tris(1,10-phe-
nanthroline) moieties.” Regarding the redox-active metal
node of MOPs, one can select it from a library of redox-
active metal complexes, which allows for the choice of var-
ious ligand types and the design of the resulting geometry
of MOPs. However, MOPs with redox-active metal nodes
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Figure 1. (a) Ru.(II/11T)-paddlewheel, [Ru.(OAc),]" and organic ligands bdc; (b) [Ru.(OAc),]” and Me-bdc; (c) [Ru.(OAc),]" and
t-Bu-bdc; L represents solvent molecule at the axial position of Ru.(II/III)-paddlewheel. The counter anions of Ru-paddlewheels
were omitted for clarity; the molecular structure of (d) H-RuMOP, (e) Me-RuMOP and (f) t-Bu-RuMOP. Hydrogens, axial
coordinated solvent molecule of Me-RuMOP and disordered atoms of t-Bu-RuMOP were omitted for clarity. Ru, brown; C,
gray; O, red. The arrangement of (g) H-RuMOP, (h) Me-RuMOP and (i) t-Bu-RuMOP.

are still in their infancy. To date, only Fe(II), Fe(III), Ni(II)
and dinuclear Ru,-paddlewheels have been used as redox-
active metal nodes.®> Among them, Ru,-paddlewheels
are the most promising metal nodes for the construction of
redox-active MOPs (RuMOPs) because of their two stable
redox states of Ru,(II/II) and Ru,(II/III) and the structural
integrity as RuMOPs to offer the permanent porosity in the
solid-state.***

The first redox-active RuMOPs were reported in 2015.”
One system is a cuboctahedral [Ru,(R-bdc),]., in which
twelve Ru,-paddlewheels with twenty-four 5-substituted
benzene-1,3-dicarboxylate (R-bdc) are assembled. The
other is an octahedral [Ru,(Cz),]s, in which six Ru,-paddle-
wheels with twelve gH-carbazole-3,6-dicarboxylate (Cz)
are assembled. Regarding their oxidation states, the cub-
octahedral [Ru,(H-bdc),],. has Ru,(II/II) oxidation state
and [Ru,(¢t-Bu-bdc).Cl].. does Ru,(II/III) oxidation state (H-
bdc = benzene-1,3-dicarboxylate, t-Bu-bdc = s5-tert-bu-
tylbenzene-1,3-dicarboxylate). The octahedral RuMOPs
were synthesized as [Ru,(Cz).]s and [Ru,(Cz),Cl]s¢ with
Ru,(I1/1T) and Ru,(II/III) oxidation states, respectively.

Since this first report, there has been a lack of articles
presenting novel RuMOP structures with their correspond-
ing redox activity and adsorption properties. Very recently,
we reported the synthesis of [Ru,(OH-bdc),]..(BF,).. (OH-
RuMOP; OH-bdc = 5-hydroxybenzene-1,3-dicarboxylate)

and focused on its reversible self-gelation property and the
porous property in the solid-state (powders and aerogel
forms).”®

In this study, we aim to gain insight into the redox prop-
erties of RuMOPs and synthesize three novel redox-active
RuMOPs with permanent porosity; H-RuMOP ([Ru.(H-
bdc).].(BF,)..) Me-RuMOP ([Ru.(Me-bdc),].(BF,).., Me-
bdc = s5-methylbenzene-1,3-dicarboxylate) and ¢-Bu-
RuMOP ([Ru,(t-Bu-bdc),]..(BF,)..,), in addition to the pre-
viously reported OH-RuMOP. The well-defined molecular
structures were determined by the single-crystal X-ray dif-
fraction measurements. The multi-electron transferred re-
dox-active properties, as well as the porous properties,
were elucidated by the electrochemical and N, sorption
measurements, respectively.

Results and discussion

Synthesis and structural characterization of RuMOPs.
The high solubility of the dinuclear ruthenium paddle-
wheel precursor of [Ru,(OAc),(THF),](BF,) (THF = tetra-
hydrofuran) provides a convenient pathway to synthesize
the RuMOPs family. By following the previously reported
synthetic protocol,”® [Ru,(OAc),(THF),](BF,) was dissolved
in DMA (DMA = N,N-dimethylacetamide) with R-bdc (R =
H, Me, t-Bu), followed by heating at 120 °C in the presence
of the base to yield the corresponding single crystals of
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three different RuMOPs, named H-RuMOP, Me-RuMOP
and t-Bu-RuMOP. The crystals were suspended in metha-
nol, and then the aqueous solution of HBF, was added. The
precipitate obtained by centrifugation was dissolved in
DMF (DMF = N,N-dimethylformamide) and poured into
diethyl ether to obtain yellowish-brown amorphous solids
as precipitates. The obtained solids were dried at ambient
conditions to yield the dried MOP powders, which are sol-
uble in various organic solvents and were used to conduct
all experiments in this study.

Single-crystal X-ray diffraction (SCXRD) analysis
showed that H-RuMOP and Me-RuMOP crystallize in the
tetragonal P4/mnc space group (Table S1-S2) and t-Bu-
RuMOP crystallizes in the tetragonal I4/m space group
(Table S3). All compounds show a cuboctahedral structure,
similar to other [M,(bdc),],. MOPs.*>*?*® The Ru-Ru bond
distances in the paddlewheel moieties of H-RuMOP
(2.2717(13) A and 2.2741(9) A), Me-RuMOP (2.2802(4) and
2.2800(2) A) and t-Bu-RuMOP (2.2691(9) A and 2.2708(6)
A) are comparable to that of previously reported Ru,(CO.),
paddlewheel-based complexes with the Ru,(II/III) oxida-
tion state.” The cavity diameter of three RuMOPs was ap-
proximately 16.7 A, confirmed by the average distance be-
tween the inner Ru atom of opposing diruthenium paddle-
wheel moiety. The axial site of the diruthenium paddle-
wheel moiety is most likely terminated by DMA molecules,
but it was not possible to model the DMA structure from
the crystallographic data due to the severe disorder, so we
only added oxygen atoms as the axial site ligands. One ex-
ception is the case for Me-RuMOP; eight out of twelve ex-
ternal axial sites were terminated by solvent DMA mole-
cules that can be explicitly modeled. The counter anion
BF,” was not crystallographically identified due to the se-
vere disorder. The MOP diameters were defined by the av-
erage distance between the carbon atoms at the 5-position
of diagonally located dicarboxylate ligands for H-RuMOP
(25 A), the carbon atoms in methyl group for Me-RuMOP
(28 A) and the terminal carbon atoms of disordered tert-
butyl group for t-Bu-RuMOP (29 A). These sizes are con-
sistent with the hydrodynamic diameters (2 nm - 3 nm) of
these RuMOPs in DMF solution estimated by the dynamic
light scattering (DLS) experiments (Figure S1-S3).

The H-RuMOP and Me-RuMOP are packed in body-

centered cubic (bcc) arrangements in the crystal structures.

In the case of H-RuMOP, all eight triangular windows face
the triangular windows of neighboring H-RuMOP. Me-
RuMOP is also packed in a similar bec arrangement but
slightly tilts to adapt to each other due to the presence of
methyl groups and coordinated solvent molecules of DMA.
By contrast to these two cases, t-Bu-RuMOP is packed in
a face-centered cubic (fcc) arrangement. (Figure S4) When
considering the “virtual” unit cell based on the fcc arrange-
ments described in Figure 1i, each cell includes four ¢-Bu-

RuMOP molecules and four octahedral interstitial pockets.

Each face of the octahedral pockets consists of three tert-
butyl groups from three adjacent t-Bu-RuMOP. This
means that each tert-butyl group of t-Bu-RuMOP inter-
acts with two nearby tert-butyl groups from two nearby t-
Bu-RuMOP. As a result, there are twenty-four tert-butyl

groups per octahedral pocket, corresponding to the num-
ber of tert-butyl groups from t-Bu-RuMOP.

Fourier-transform infrared spectroscopy (FT-IR) con-
firmed the presence of the BF, counter anion. All com-
pounds showed a strong absorption band around 1050 cm
', corresponding to the stretching vibration of BF,” (Figure
S5).* In addition, the presence of mixed-valence Ru,(II/III)
paddlewheel is evidenced by the separation of the symmet-
ric veym(CO,) and the asymmetric Vasym(CO,) bridging car-
boxylate stretching vibrational modes, Av = V,4m(CO,) -
Veym(CO,) (Figure S6). The separation values for H-RuMOP,
Me-RuMOP and ¢-Bu-RuMOP are 57 cm™, 55 cm™ and 55
cm’”, respectively, which are the typical Av values for re-
ported mixed-valence Ru,(II/III) paddlewheels.* Mixed-va-
lence Ru,(II/I11) paddlewheels are cationic, which results in
a positive surface on the RuMOPs. This is supported by -
potentials of H-RuMOP, Me-RuMOP and ¢t-Bu-RuMOP
measured in DMF to be +13.9 mV, +25.0 mV and +44.0 mV,
respectively.
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Figure 2. N, sorption isotherm at 77 K. H-RuMOP (orange),
Me-RuMOP (green), t-Bu-RuMOP (cyan).

Porous properties of RuMOPs. Thanks to the thermal
stability of H-RuMOP, Me-RuMOP and ¢-Bu-RuMOP as
evidenced by the thermogravimetric analysis Figures S7-So,
they withstand the activation process at 120 °C under vac-
uum, enabling the study of their porosity through gas sorp-
tion measurements. The powder X-ray diffraction (PXRD)
experiments showed the amorphization of all the samples
after the activation; however, only t-Bu-RuMOP kept the
partial crystallinity (Figures S10-S12). The nitrogen sorption
isotherms for all compounds were measured at 77 K and
are displayed in the mole of N, per mole of RuMOP in Fig-
ure 2 (the plot in cm? g* (STP) is shown in Figure S13). All
RuMOP samples displayed a sharp uptake of N, at the low-
pressure region, demonstrating the microporous nature of
the materials and confirming the permanent porosity of
the RuMOPs (159, 103 and 150 cm? g” for H-RuMOP, Me-
RuMOP and ¢t-Bu-RuMOP, respectively, at P/P, = 0.1).
This suggests that the internal cavity of MOPs remains ac-
cessible, even after the rearrangement of MOPs upon
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activation. The ¢-Bu-RuMOP exhibits a higher uptake
than H-RuMOP and Me-RuMOP. Such results can be at-
tributed to the maintained crystallinity of ¢t-Bu-RuMOP
after activation® and the accessible extrinsic porosity ben-
efits from the packing of t-Bu-RuMOP. The similar effect
of functional groups on the resulting porosities was previ-
ously discussed by Eric D. Bloch,” who reported the influ-
ence of the bulkiness of the substituents on the extrinsic
porosity between MOPs. The BET surface area was calcu-
lated by the BETSI program®* to be 639, 406 and 594 m* g
for H-RuMOP, Me-RuMOP and t-Bu-RuMOP (Figure
S14-S16), respectively. These values are relatively smaller
than those estimated for the cuboctahedral analogues®
most likely because some voids are occupied by the counter
anion BF, for the RuMOPs.
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Figure 3. (a) CV of H-RuMOP (orange), Me-RuMOP
(green), t-Bu-RuMOP (cyan), OH-RuMOP (gray). Voltam-
mograms recorded in 0.1 M [(n-Bu),N][PFs] DMF solution at
v =10 mV s” with a glassy carbon working electrode, a plati-
num counter electrode and an Ag/AgCl reference electrode.
(b) Logisim of the peak current I, as a function of the Lo-
gisim of scan rate v. The value of b represents the slope of
the curve. The solid circles are reduction processes, and the
open circles are oxidation processes. The solid line is the lin-
ear fitting curve of the reduction process, and the dashed
line is the linear fitting curve of the oxidation process.

Electrochemical properties of RuMOPs. The H-
RuMOP, Me-RuMOP and t-Bu-RuMOP were expected to
exhibit reversible redox activity due to the presence of mix-
valance Ru,(II/III) paddlewheels, which undergo reduction
to the Ru,(II/IT) paddlewheel, and then return to the mix-
valance state via oxidation. It has been reported that the
redox process of the Ru-paddlewheel is influenced by
changes in the electron density at equatorial carboxylates
caused by functional group substitution.?* To examine the
effect of the functional group on the redox property of
RuMOP, cyclic voltammetry (CV) of these three RuMOPs
was performed (Figure S17). For further comparison, we
also included OH-RuMOP.

The CV measurements were carried out versus Ag/AgCl
counter electrode in DMF with 0.1 M [(n-Bu),N][PFs] serv-
ing as the supporting electrolyte. Figure 3a indicates that
the H-RuMOP displays distinct reduction (E,) and oxida-
tion peaks (Ep.) at 0.248 and 0.492 V, respectively. The
peak-to-peak separation (AE)) is 0.254 V, and the half-wave
potential (E., Eij» = (Epa +Epc)/2) is determined to be 0.370
V. The presence of the methyl groups shifted the reduction
and oxidation potentials of Me-RuMOP to more negative
region (0.226 V and 0.464 V, respectively), resulting in an
E,. value of 0.345 V, which is 0.025 V negatively shifted
with respect to H-RuMOP. In contrast, t-Bu-RuMOP ex-
hibits a substantial variation in E,,, with a value of 0.390 V,
representing a significant positive shift of +0.020 V from H-
RuMOP. In the case of OH-RuMOP, both the reduction
(0.202 V) and the oxidation potential (0.498 V) have shifted
to a more negative region, resulting in an E., of 0.350 V.
When compared with H-RuMOP, the difference of E, . is -
0.020 V, which is similar to Me-RuMOP.

Depending on the negative or positive shift of E,;, com-
pared to the E,, of H-RuMOP, the functional groups of
RuMOPs were classified into two categories: electron-do-
nating groups and electron-withdrawing groups, respec-
tively. The electron-donating groups were the methyl and
hydroxy groups, which aligns with the Hammett con-
stants” and previous research.?® As a result, Me-RuMOP
and OH-RuMOP are more difficult to be reduced. In the
case of the tert-butyl group, it is an electron-donating
group according to its Hammett constant of -0.1. However,
it exhibits an electron-withdrawing effect, which was pre-
viously found in the tert-butyl group with hyperconjuga-
tion.?® As a result, -Bu-RuMOP can be easily reduced.

To determine whether the redox process of RuMOP was
controlled by diffusion (faradaic process) or adsorption
(capacitive process), CV with different scan rates were
measured. The results were analyzed according to the rela-
tionship between the peak current (I,) and the scan rate
):

I, = av® (D

The value of b was determined by examining the slope
of the log(v)-log(!) plot. Specifically, if b = 0.5, it indicates
that the redox reactions are diffusion-controlled, whereas

if b = 1.0, it indicates that the redox reactions are adsorp-
tion-controlled.® In all cases, both the anodic peak current
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(Ipa) and cathodic peak current (I,.) increased proportion-
ally with increasing the scan rate from 10 mV's™ to 200 mV
s”. The b value of all RuMOPs is approximately o.5 (Figure
3b), suggesting the dominance of the diffusion-controlled
process, where the reaction rate equals the transport rate
of RuMOP to the electrode in solution.

To elucidate the number of Ru-paddlewheels participat-
ing in the redox process, chronoamperometry measure-
ments of H-RuMOP were conducted. The chronoam-
perometry was made through the potential step from 0.7 V
to various values of potential ranging from 0.6 V to 0.0 V
and the current was recorded in the time domain from o.1
s to 21 s after stepping the potential. The linearity of the
Cottrell plot was poor over the whole time-domain. When
the background current was subtracted, the Cottrell plot
showed an approximately linear relation in the time do-
main from 1.0 s to 3.0 s, in which the slope S of the plots
was extracted by linear fitting and used for the following
analysis. (Figure S18-S20) To estimate the number of trans-
ferred electrons, the Cottrell equation was employed:

. nFAc*VD
i= —\/ﬁ @)

where i is the current, n is the number of electrons from
one molecule of the analyte, F is the Faraday constant, A is
the area of the planar electrode, ¢ is the initial concentra-
tion of the reducible analyte, D is the diffusion coefficient
for the analyte and t is time. By plugging the slope of the

Cottrell plot Sas itz and the formula for the area of a circle
into the Cottrell equation, it was rewritten as:

S = T[%FD%TZC*H 3)
where r is the radius of the planar working electrode used.
Here, we used a 1.5 mm planar working electrode, which
was a suitable value for measuring chronoamperometry
and computing the transferred electrons with the Cottrell
equation.** Ferrocene oxidation was used as a standard
redox reaction in this measurement (Figure S18-S19). The
hydrodynamic diameters obtained through DLS
measurement were employed to determine the diffusion
coefficient D of H-RuMOP using the Stokes-Einstein
equation (Equation S1), which yields a value of 1.89 X
1071% m* s™. This value falls within the range previously
reported for supramolecular cage materials.** The concen-
tration ¢” is the concentration of initial H-RuMOP solution
and was used to estimate the number of transferred elec-
trons during the reduction process.

As a result, the number of transferred electrons n per H-
RuMOP molecule has been estimated as shown in Figure
4. During the reduction process of H-RuMOP, electron
transfer did not occur above 0.5 V. Subsequently, when the
potential decreases to the diffusion-controlled portion 0.2
- 0.0V, the H-RuMOP exhibits a multi-electron transfer
with the estimated number of g + 0.8. This result indicates
that during the reduction process, nine out of twelve redox
sites in H-RuMOP were reduced. The incomplete redox re-
action might be explained by the size of H-RuMOP over 2
nm; the redox site farthest from the electrode cannot be
reduced by the electron transfer process. However, this

result is sufficient to demonstrate the existence of a multi-
electron transfer process.
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Figure 4. CV (orange) and estimated number of trans-
ferred electron (blue) of H-RuMOP. Transferred electrons
were calculated from chronoamperometry measurements
with the Cottrell equation, error bar represents the propa-
gation of error (Equation Sz2). Chronoamperometry was
recorded through the potential step from 0.7 V to various
values of potential ranging from 0.6 Vto 0.0 V.

Conclusion

In summary, three novel redox-active and permanently po-
rous cuboctahedral RuMOPs based on Ru,(II/III)-
paddlewheel have been synthesized. The surface function-
ality of RuMOPs affects their properties in both the solu-
tion and the solid state. The H-RuMOP and Me-RuMOP
were packed in body-centered cubic (bcc) arrangements,
while t-Bu-RuMOP was packed in a face-centered cubic
(fcc) arrangement. This difference is ascribed to the steric
hindrance and the van der Waals interaction of the tert-
butyl groups. Such interaction assists in the partial mainte-
nance of crystallinity during activation at 120°C, resulting
in higher N, uptake per cage of t-Bu-RuMOP than H-
RuMOP and Me-RuMOP. The electrochemical measure-
ments revealed that the functional group on R-bdc in
RuMOPs influenced their redox potentials, Me-RuMOP
and OH-RuMOP are negatively shifted and ¢t-Bu-RuMOP
is positively shifted, compared to H-RuMOP. The multi-
electron transferred redox process of H-RuMOP was con-
firmed to involve approximately nine electrons in the re-
duction process. This study displays a strategy for design-
ing multi-electron transfer materials by merging several re-
dox-active sites into supramolecular structures. We envi-
sion that by regulating the quantity of redox-active sites,
the number of electrons transferred can be controlled. This
strategy holds promise for enhancing catalytic perfor-
mance and generating mixed oxidized/reduced states syn-
chronized with porous properties.
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Experimental section

Materials and reagents All reagents were commer-
cially sourced and used without further purification. The
precursor [Ru,(OAc),(THF),](BF,) and the [Ru,(OH-
bdc),]..(BF,).. (OH-RuMOP) was prepared by following a
reported method.”**

Synthesis of [Ru,(H-bdc),]..(BF,),. (H-RuMOP).
[Ru.(OACc),(THF),](BF,) (0.180 g, 0.27 mmol) and benzene-
1,3-dicarboxylic acid (0.170 g, 1.0 mmol) were dissolved in 2
mL of DMA. Then Na,CO; (0.020 g, 0.19 mmol) was added.
The solution was sealed in a vial and heated to 120 °C. After
heating for 16 hours, brown single crystals of H-RuMOP
were obtained. The product was then centrifuged and
washed with DMA, water and methanol. The precipitate
was suspended in approximately 4 mL of methanol, fol-

lowed by the addition of 200 pL of aqueous HBF, (50 wt. %).

The mixture was subsequently centrifuged, and the dark
supernatant was discarded. The resulting yellowish-brown
solids were dissolved in DMF and then poured into diethyl
ether, yielding the precipitation of the yellowish-brown H-
RuMOP solid. After centrifugation, the precipitates were
washed with diethyl ether and dried at ambient conditions
(yielding 83%).

Synthesis of [Ru,(Me-bdc),],.(BF,),. (Me-RuMOP).
[Ru.(OAc),(THF),](BF,) (0.090 g, 0.135 mmol) and 5-
methylbenzene-1,3-dicarboxylic acid (0.090 g, 0.5 mmol)
were dissolved in 4 mL of DMA. Then Na,CO, (0.020 g, 0.19
mmol) was added. The solution was sealed in a vial and
heated to 120 °C. After heating for 20 hours, brown single
crystals of Me-RuMOP were obtained. The product was
centrifuged, and the resulting solid was subsequently
washed with DMA, water and methanol. The precipitate
was suspended in approximately 4 mL of methanoll and
200 pL of aqueous HBF, (50 wt. %) was added. The mixture
was then centrifuged and the dark supernatant was dis-
carded. The resulting yellowish-brown solids were dis-
solved in acetone and then poured into diethyl ether, yield-
ing the precipitation of the yellowish-brown Me-RuMOP
solid. After centrifugation, the precipitates were washed
with diethyl ether and dried at ambient conditions (yield-
ing 74%).

Synthesis of [Ru,(t-Bu-bdc),]..(BF,),, (t-Bu-RuMOP).

[Ru.(OACc),(THF),]BF, (0.180 g, 0.27 mmol) and 5-tert-bu-
tylbenzene-1,3-dicarboxylic acid (0.020 g, 018 mmol) were
dissolved in 1 mL of DMA. Then Na,CO; (0.020 g, 0.19
mmol) was added. The solution was sealed in a vial and
heated to 120 °C. After heating for 16 hours, brown single
crystals of t-Bu-RuMOP were obtained. The product was
centrifuged, and the resulting solid was subsequently
washed with DMA, water and methanol. The solids were
suspended in the minimal amount of methanol and 200 pL
of aqueous HBF, (50 wt. %) was added. The mixture was
then centrifuged and the dark supernatant was discarded.
The resulting yellowish-brown solids were dissolved in ac-
etone and then poured into diethyl ether, yielding the pre-
cipitation of the yellowish-brown ¢-Bu-RuMOP solid. Af-
ter centrifugation, the precipitates were washed with di-
ethyl ether and dried at ambient conditions (yielding 43%).

Physical characterization. Fourier-transform infrared
(FT-IR) spectroscopy data were recorded using a Jasco
FT/IR-6100. Powder X-ray diffraction (PXRD) data was col-
lected using a Rigaku SmartLab diffractometer with Cu Ko
radiation (A = 1.54056 A) in Bragg-Brentano geometry. Dy-
namic Light Scattering (DLS) and zeta potential measure-
ments were performed using a Zetasizer Nano ZS (Malvern
Instruments).

N, (77 K) gas sorption measurements. Gas sorption
isotherms of were recorded on a BELSORP-mini-X volu-
metric adsorption instrument from BEL Japan Inc. Prior to
gas sorption measurements the samples were activated at
120° C for 12 h.

Electrochemical measurements. Cyclic voltammo-
grams (CV) and chronoamperometry were recorded on a
CHI420 electrochemistry workstation with 3 electrode sys-
tems. Measurements were performed using a glassy carbon
disk working electrode, a platinum counter electrode and
an Ag/AgCl reference electrode. The working electrode ra-
dius was 1.5 mm and was polished with 0.05 um alumina
before each run. The solution was purged with argon for 10
minutes and the measurements were conducted under an
argon atmosphere. The electrolyte was 0.1 M DMF solution
of [(n-Bu),N][PF¢]. For both CV and chronoamperometry
of RuMOP, the concentration was 0.042 mM.

X-ray crystallographic analysis. Single crystal X-ray
diffraction data for H-RuMOP was obtained by the syn-
chrotron radiation (A = 0.8097 A) at the BL4oXU beamline
in the Super Photon ring-8 (SPring-8), Japan. Single crystal
X-ray diffraction data for Me-RuMOP was obtained by the
synchrotron radiation (A = 0.4139 A) at the BLo2B1 beam-
line in the SPring-8. Single crystal X-ray diffraction data for
t-Bu-RuMOP was obtained on a Rigaku model XtaLAB
P2oo diffractometer equipped with a Dectris model
PILATUS 200K detector and confocal monochromatic Mo
Ka radiation (A = 0.71073 A). The structure solution and re-
finement were performed using ShelXT* and ShelXL* us-
ing Least Squares minimization, operated through the
Olex2* interface. The coordinated DMA molecules were
refined isotopically. In consideration of single crystal anal-
ysis, oxygen atoms were placed at the axial positions of Ru-
paddlewheels where coordinating solvent could not be ex-
plicitly modeled. For the refinements of the disordered
tert-butyl group in the t-Bu-RuMOP, the tert-butyl group
was divided into two sites related by the C-C bond rotation
with the sum of the occupancies set as unity.
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