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Solid-state cyclic voltammetry (CV) of redox-active H-bonding
{[Ru"(Hbim)s]},, (1) 1-D nanoporous crystals was performed using
single crystals in MeCN solutions containing seven electrolyte
cations with different effective ionic radii (EIRs). Two cations must
be included to every nanochannel unit in {{Ru"Ru'"1>"} reductive
states by a two-step and multi-electron transfer reaction through
the {[Ru"'Ru"]"} mixed-valency state. This study is the first to use
solid-state CV to determine the EIR limitation of cations confinable
in these crystals.

Self-organising materials such as metal-organic frameworks (MOFs),
covalent organic frameworks (COFs), and hydrogen-bonded
(H-bonded) organic frameworks (HOFs) have attracted attention over
the past decade as functional nanoporous materials." These materi-
als have robust and regular crystalline nanochannel spaces created
by molecular designs and can store and separate gases such as CO,,
0,, and CH,;* hence, they are useful for the insertion/release of active
small molecules for a catalytic reaction.? In addition, MOFs contain
central transition-metal ions with both redox-active® and magnetic®
behaviours. Therefore, they can be used to construct nanoporous
frameworks.

Recently, several MOF-based conductors that utilise inter-
molecular charge-transfer interactions between metal ions and
redox-active ligands have been developed.® Their conductive
mechanisms involve electron flow through the spaces of porous
frameworks or conjugated m-electron ligand systems. For
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example, Prussian blue (PB) ([{Fe"-CN-Fe™-CN}M],), a conductive
MOF discovered more than 300 years ago, has the mixed-valency
states of Fe**/Fe*" bridged by CN™~ n-conjugated ligands.” The PB
crystals exhibit a blue colour owing to the optical charge-transfer
transition from Fe** to Fe**. Furthermore, PB demonstrates semi-
conductive behaviour. Alkali and alkaline earth metal ions can be
inserted into and released from the PB lattice spaces through
electrochemical redox reactions induced by solid-state cyclic voltam-
metry (CV).® Solid-state CV with electrolyte salts containing Rb*, Cs",
or NH,' revealed that the metal (M") ions can be reversibly inserted
into and released from three-dimensional vacant PB lattices more
than 10° times. However, for Li*, Na*, or Ba®* with a large hydrate
radius or +2 valence state, the observed current value decreased for
every sweep, indicating the decomposition of the PB lattice. Owing
to their ion and electron conductivities, such electron-conductive
MOFs have wide applications in information transmission systems’
and supercapacitors.'

The crystal of {{Ru™(Hbim);]}, (1) (=[{Ru""Ru""}’],, where
Hbim™~ = 2,2/-biimidazolate monoanion),"" entirely connected by
only H-bonds of Ru™ complexes [Ru™(Hbim),], is a self-organized
quasi-one-dimensional (1-D) nanoporous crystal. All the m-electron
interactions between the metal complexes in {{Ru™(Hbim);]}, are
disrupted by H-bonds connected through only c-orbital bonding
interactions. The other intermolecular interactions are only weak van
der Waals interactions. Fig. 1a shows the solid-state CV curve of 1
with a large reversible redox current when several single crystals of 1
were placed on the surface of a Pt working electrode (¢ = 1.5 mm)
covered with only a membrane filter (¢ = 0.3 um) (Fig. S1, ESIT). This
is attributed to the solid-state proton-coupled electron transfer (S-
PCET) between Ru" and Ru™ complexes in 1. A previous study has
synthesised the mixed-valency crystals of {[Ru"(H,bim)(Hbim),}
[Ru™(bim)(Hbim),] (K(BnOMe)y)},, (2) (= [{Ru"Ru™}"],) and reported
the corresponding DC conductivity to be 8.01 x 10" °Sem™* (277 K),
which indicated the semiconductive behaviour' (Fig. S2, ESIT). The
aforementioned study was the first to report that H-bonded protons
(H') contribute to the electrical conductivity of a crystal through
S-PCET between valence states in the Ru” and Ru™ complexes.

This journal is © the Owner Societies 2025
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Fig. 1
as the electrolyte salt. The velocities were changed from 10 to 500 mV s
(b) Down view along the c axis showing the 1-D nanochannel unit. (c) View
parallel to the ab plane showing the 2-D honeycomb sheet structure
formed by H-bonds between the [Ru"'(Hbim)s] of 1.

(a) Solid-state CV of the single crystals of 1in MeCN with "BusNPFg

-1

We have previously reported that crystal 1 is reversibly
reduced and oxidized on the electrode interface by solid-state
CV and shows a two-step and multi-electron transfer reaction
({Ru"RU™}’], 2 [{Ru"RU™} ], 2 [{Ru"Ru"}"1,)."" The current
in 1 flows internally via a series of sequential S-PCET reactions
until the reduced state of [{Ru"Ru"}*"], is reached. As 1 is
completely reduced, up to two electrolytic cations must be inserted
into each of the vacant channel unit of the 1-D nanochannel due to
charge compensation. However, owing to the size limitation of the
channel pore (~2 nm) in 1, the insertion of two cations may be
incomplete, depending on the size, shape, and characteristics of
the cations. In this study, we theoretically calculated the effective
ionic radius (EIRs) for each cation. Then, we employed solid-state
CV to investigate the insertion/release reactions of seven different
counter-cations, varying in size, shape, and characteristics, for the
porous channel with a diameter of ~2 nm of 1. This study is the
first to use solid-state CV measurements of single crystals to
discover the size limitation of electrolyte cations that can be
confined to nanoporous crystals formed from redox-active H-
bonding metal complexes via the S-PCET reaction.

Fig. 1b and c show the structure of a nanoporous single
crystal of 1, in which the H-bonded Ru™ complexes ([Ru™(H-
bim);]) are linked only by intermolecular H-bonds and have the
reversible one-step and one-electron transfer for the redox
activity of Ru**/Ru*" in MeCN solution. According to single-
crystal X-ray structural analysis, 1 is constructed by the stacking
of the repeating units of 2-D honeycomb sheet structures
(Fig. S3, ESIt), in which two A and A optical isomers of [Ru™(Hbim),]
alternately form a triad with complementary two-point H-bonds.
The hexagonal cavities in the honeycomb sheets are stacked to
give large 1-D nanochannels of ~2 nm width. The side walls of
the 1-D nanochannels are formed by the alternative stacking of
the A and A isomers of [Ru™(Hbim);] (Ru*"- - -Ru*" = 7.777(6) A)
to afford a woven ribbon structure. The solid-state CV measure-
ments of the single crystals of 1 show a two-step and multi-
electron transfer reaction of {{Ru"Ru"%, & {Ru"Ru"|}, &
{[RU"RU" 7}, (E1jp = —0.61V, E5 ), = —0.92 V, vs. Ag/Ag" in MeCN
with 0.1 M "Bu,NPF). Before deprotonation, the mononuclear
complex [Ru"(H,bim);](PFs), exhibited only a reversible one-step
and one-electron transfer of [Ru"(H,bim);** & [Ru™(H,bim);]**
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(E1n = 0.33 V vs. Ag/Ag" in MeCN with 0.1 M "BuyNPFy), as
measured by solution CV. (Fig. S4, ESIt). Additionally, the solid-
state CV measurements revealed that both Ru" and Ru™ states
coexist on the crystal interfaces because exactly half of the
[Ru™(Hbim);] complexes were reduced to [Ru”(Hbim);]™ in the
electric double layer on the electrode surface (Fig. S5, ESIT).
The {[Ru"Ru™]}, mixed-valency state in 1 was reversible.
Hence, a rapid PT must be facilitated after the electron transfer
(ET) from the electrode surface.

During the reductive reaction of a Ru™ complex to Ru" one for 1,
one H moves through one of the three H-bonds from [Ru(Hbim),]
to the adjacent [Ru"(Hbim),]", forming [Ru™(bim)(Hbim),]~ and
[Ru"(H,bim)(Hbim),]°, respectively. Thus, the macroscopic mixed-
valency state of {{Ru"Ru™]}, is stabilised as {{Ru"(H,bim)(Hbim),]
[Ru™(bim)(Hbim),] },, (Fig. S6, ESIt). During the redox reaction,
electrolytic cations move into and out of the electrolyte solution
through the opening gates of nanochannels of 1 owing to charge
compensation. This suggests that ET is a rate-determining step for a
diffusion process of the electrolytic cations to the inside crystal.
Before the redox reaction of 1, "Bu,N* cations do not enter the void
spaces in the hexagonal nanochannels, containing the solvent
molecules because of the neutral repeating units of {{Ru™Ru™|%,..
However, in the mixed-valency state of {{Ru"Ru™]},, half of the
Ru™ complexes are reduced to Ru" ones by electrons. Conse-
quently, one "BuyN" is inserted to each nanochannel unit of 1 to
compensate for the —1 charge in the mixed-valency state. In addition,
the {{Ru"Ru™] }, state is reduced to {[Ru"Ru"f }, by electrons,
generating the —2 charge in each nanochannel unit. As a result,
two "Bu,N" are inserted into each of the nanochannel unit for charge
compensation. As 1 reversibly undergoes a two-electron redox reaction
in each nanochannel unit on a solid-state CV set-up, two "Bu,N"
would move into and out of each nanochannel unit. However, for
electrolyte salts containing large bulky cations, the wavy shapes of the
redox peaks in the solid-state CV measurement would change depend-
ing on the capture/release mechanism for their cations to the
nanoporous crystal of 1. Therefore, in this study, we have investigated
the peak changes in the solid-state CV curves of seven electrolyte salts
with cations of different sizes, shapes, and characteristics.

Table 1 presents the EIRs™ of seven counter-cations containing
the electrolyte salts used in solid-state CV measurements. The EIRs
were calculated based on the geometry optimization for each of the
seven cations in the gas phase and PCM (polarizable continuum
model) condition for MeCN solvation by using the B3LYP/6-311+G(d)
basis set included in the Gaussian 16 software package."> The
temperature was set at 298.15 K for every calculation. The EIRs are
optimized between the center of N atoms and the terminal H atoms
of C atoms in the all-trans conformation of various NR," ions, and
between the center of a P atom and H atom on the 4-position of a
phenyl ring in PPh,", whose initial geometry (or structure) is referred
from the 3-D conformer shown in PubChem* (Fig. S7, ESIY).

The seven counter-cations, which exist as electrolyte salts
with Br~ anions, were used in the solid-state CV measurements
as 0.1 M MeCN solution. The cations were found to have a wide
range of sizes and characteristics, ranging from a smaller
"Pr,N* (~4.75 A) to a larger "Oct,N" (~11.17 A), and a softer
R,;N" (R = n-propyl ("Pr), n-butyl ("Bu) (~ 6.05 A), n-pentyl ("Pen)
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Table 1 Effective ionic radii of electrolytic cations
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Abbreviations Ph,P* "pr,N* "Bu,N* "Pen,N" "Hex,N* "Hep,N" "Oct,N*
Effective ionic radii* (EIRs) ~5.69 A ~4.75 A ~6.05 A ~7.32 A ~8.61 A ~9.88 A ~11.17 A
Formula Ca4Hyo P C1oHN' C16H36N" CpoHy N Cz4H5,N* CagHgoN" C32HegN"
Molecular weight 339.40 186.36 242.47 298.58 354.69 410.80 466.80

“ We performed the geometry optimization for those molecules in the PCM condition (solvent: Acetonitrile) using the B3LYP/6-311+G(d) basis set
included in the Gaussian 16 software package.'” The temperature was set at 298.15 K every calculation.

(~7.32 A), n-hexyl ("Hex) (~ 8.61 A), n-heptyl ("Hep) (~9.88 A), and
noctyl ("Oct)) to harder Ph,P" (~5.69 A). The solid-state CV
measurements were conducted until two cations are inserted/
released in each 1-D nanochannel unit of 1 during the redox
reaction of {{RU"RU™|’%}, s {{Ru"Ru™] }, s {{RU"RU"},. As
PPh,Br exhibited a different trend, we compared the primary (E1,,)
and secondary (E7,) potentials of the solid-state CV redox reactions
of 1 in MeCN. Notably, "Pr,N* (E}, = —0.66 V, E5,, = —0.93 V),
"Bu,N" (Ei), = —0.61V, E3;, = —0.92 V), and "Pen,N" (E1, = —0.64 V,
E2, = —0.97 V) demonstrated reversible two-step and multi-
electron transfer processes with similar current areas and shapes
for Ei, and Ej, through the {{Ru"Ru™] }, mixed-valency state.
The results suggest that three cations with a smaller EIR than that
of "Hex,N" can be reversibly inserted into and released from each
1-D nanochannel unit of 1 in a sequential manner owing to charge
compensation (Fig. 2a). In contrast, three cations with EIRs larger
than that of "Pen,N", that is "Hex,N" (E1/, = -0.65 V, E3, = -1.11 V),
"Hep,N" (E1, = —0.66 V, E7, = —1.09 V), and "Oct,N" (E1,, = —0.66
V, Ei;, = —0.97 V), showed almost no changes in their redox
potentials for Ei, and E3,. Nevertheless, the secondary redox
waves of "Hex,N', "Hep,N", and "Oct,N" were sharper, and the
current areas gradually decreased (Fig. 2b). To investigate whether
the electrolytic anions of "Bu,NX influence the redox reactions, we
performed solid-state CV measurements of 1 in four electrolyte
salts containing different anions (X~ = PFs, Br, BF, , and
ClO, ). The four CV curves of 1 in "BuyNPFs (Ej, = —0.61 V,
E3j5 = —0.92 V), "BuyNBr (Ej, = —0.66 V, E7 ), = —0.89 V), "BuyNBF,
(Bl = —0.67 V, E7, = —0.95 V), and "BuyNClO, (E1;, = —0.66 V,
E3;, = —0.95 V) were almost comparable. This indicates that the
changes in the E}/, and E3,, redox reactions of 1 were influenced
only by the electrolytic cations.

Fig. 2 shows the solid-state CV curves of 1 in MeCN solutions
of "Pen,NBr and "Oct,NBr. The secondary oxidation peak E2 in
the CV curve of 1 in "Pen,NBr showed the largest half-width
potential AE2(HW) (442 mV), whereas that of 1 in "Oct,NBr was

-16 -12 -08 -04 16 2 o8 o4
E[V] EV

Fig. 2 Solid-state CV images of 1 in MeCN solutions of (a) "PensNBr and
(b) "Oct,NBr electrolyte salts. The velocity was changed from 0.01to 0.5V st
(vs. Ag/Ag*, WE: glassy carbon, RE: Pt wire).
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52 mV, which is nearly 1/10th of the current area. The ratio of the
current area of the primary reduction peak Eg (Cy) to that of the
secondary oxidation peak Ea (C,) (ie. Co/C;) decreased from 1.37 to
0.30, which is the EIR region between "Pen,N' (~7.32 A) and
"Hex,N" (~8.61 A). The line graphs of AE(HW) in Fig. 3a also show
the separation between "Pen,N" and "Hex,N', which highlights the
significance of EIRs of the R,;N" cations. In the case of the three
cations smaller than "Hex,N", the C,/C; values were greater than 1.0,
and the AEZ(HW) values were ~400 mV on average. In contrast, for
three cations larger than "Pen,N", the C,/C, approximately decreased
to ~0.35, and the AE2(HW) decreased by ~70 mV on average. This
is because the two larger cations cannot be accommodated in the
1-D nanochannel unit of 1 in the {{Ru"Ru"P}, reduction state;
however, the secondary cations can be partially inserted into or
incompletely adsorbed onto the crystal surface of 1. Furthermore,
the current values in the secondary redox waves partially decreased
during the reduction of the mixed-valency {{Ru"Ru™] }, state to the
reduced {{[Ru"Ru"[""}, state because only a few larger secondary
cations could be completely inserted into the nanochannel units.
During the EZ oxidation reaction, the partially inserted cations were
immediately released during the partial oxidation of the
{Ru"Ru"*"},, states to the {{Ru"Ru™]|}, state. Generally, as AE2
(HW) on the CV curve becomes sharper, the redox reaction occurs
faster. For example, for the largest cation "Oct,N", the secondary
cation in the {[Ru"Ru"*"}, state was incompletely adsorbed on the
crystal surface of 1 or partially trapped in the 1-D nanochannel units.
Therefore, these cations were rapidly released immediately after the
partial oxidation of {{Ru"Ru"F"}, to {fRu"Ru™]| },.. Fig. 3b shows the
C,/C, and AEZ(HW) values of the four electrolyte salts of "Bu,N"* with
different anions (Br~, ClO, , PFs , and BF, ). Every C,/C, value was
greater than 1.0, and the AEZ(HW) was ~400 mV on average,
indicating that changes in the CV curves were solely caused by the
cations.

(a)14 500 (A 500
—
12
400 12 /\ 400
1.0 > o N >
— 300 P\
G 8 E Jos o=
N Ry
9 s wz ©os g
i " 200 '§'
04 = 0.4 S
100
100
9.2 0.2
0 o 0 0
"PrN* MBuGN* "PengN* "HexgN* "HepsN* "OctiN* Br IO, PRy BF

["BuNX]

Fig. 3 Ratios of the current areas of the primary reduction peaks EL (Cy) to
those of the secondary oxidation peaks ES (C,) of the solid-state CV curves
as bar graphs and the corresponding half-width potentials AE£2(HW) as line
graphs of (a) 1 in six electrolyte salts with R4,N* cations of different EIRs and
(b) 1 in four electrolyte salts with different X~ anions of "BusN*.
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E',

-1.6 -1.2 -0.8 -0.4
E[V] (vs. Ag/Ag*)

Fig. 4 Semi-differential solid-state CV curve of 1 measured in MeCN
solution with the Ph,PBr electrolyte salt.

Unlike other R,N" electrolytic cations, Ph,P" contains four
rigid phenyl groups bonded to a phosphorous (P) atom, has a
spherical shape as a whole, and is one of the cations with the
smaller EIR (~5.69 A) among the seven cations with a relatively
large molecular weight (M = 339.40). The semi-differential solid-
state CV curve (E1,, = —0.62 V, E3, = —0.89 V) in the MeCN solution
containing PPh,Br resembled the characteristic CV curve in
solution with the three larger NR," cations compared to "Pen,N"
one (Fig. 4). The semi-differential representation excludes a diffuse
component from the solid-state CV curve. In the {{Ru™Ru™ %,
state of 1, each 1-D nanochannel unit is initially filled with only
MeCN; however, the primary Ph,P" cation is inserted into each
nanochannel unit through E! reduction. Nevertheless, the second-
ary Ph,P" cation cannot be completely accommodated in the
nanochannel unit during the subsequent E,> reduction. Accord-
ingly, the line shape of the oxidation EZ narrowed (AEZ(HW) =
80 mvV), and the C,/C; value was 0.16. This value is comparable to
that of the larger "Hex,N" (EIR = ~8.61 A), even though PPh," is
much smaller (EIR = ~5.69 A). This observation could be attrib-
uted to the flexible and deformable alkyl chains of RyN*, which,
unlike Ph,P’, has a rigid spherical structure. Therefore, although
the EIR is relatively small, two Ph P" cations cannot be completely
accommodated in one 1-D nanochannel unit. A previous study
reported that the energy density and power capacity of supercapa-
citor materials, comprising nanoporous carbons, depended on the
uptake quantities of NEt," cations. The amount of NEt," cations with
four ethyl chains anomalously increased in the nanopores with the
size-distribution of less than ~1 nm; this was attributed to desolva-
tion and deformation of electrolytic NEt," cations.”> However,
compared to NR," with long alkyl chains, PPh," cations are rigid
and cannot be deformed; therefore, despite its small EIR, PPh,"
behaves similarly to "Hex,N", whose EIR is ~3 A larger.

In summary, "Pr,N*, "Bu,N", and "Pen,N" cations were com-
pletely inserted as two cations into each 1-D nanochannel unit of 1
after the reduction of 1 to {{Ru"Ru""},. In contrast, only one
larger "Hex,N", "Hep,N", and "Oct,N" cation and the smaller but
rigid PPh," cation could be completely inserted into each 1-D
nanochannel unit in the mixed-valency state of {{Ru"Ru™]},,
while the other secondary cations were only partially inserted into
the remaining space of the 1-D nanochannel units. This resulted
in a smaller and sharper secondary oxidation peak of Ez. While
two PPh," cations were restricted in each nanochannel unit owing
to their rigid structure, two "Pen,N" cations with flexible, long alkyl
chains were not restricted. This finding has implications
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View Article Online

PCCP

increasing the energy densities of capacitors and in realizing the
first functionalization utilising the S-PCET reaction.
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