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A trinuclear cyanide-bridged {Cu,Co} complex featuring a highly
hydrogen-bonded 3D supramolecular structure was structurally,
magnetically, and electrically characterized. Alternating current
(AC) impedance measurements indicate that the complex exhibits
temperature- and humidity-dependent proton conduction
behavior with a superionic conductivity of around 107> S cm™ at
room temperature. The high conductivity is attributed to strongly
(N-H---O and O-H:--O) hydrogen-bonded 1D protonic water
chains within the supramolecular framework.

Proton-conducting materials have garnered increasing
attention in recent years due to their broad application
prospects in electrochemical devices such as fuel cells and
battery systems.'™ To date, a variety of solid-state proton
conductors, including polymers, ceramic oxides, and
oxoacids, have been extensively investigated. Additionally,
significant progress has been made in the development of
molecular-based proton conductors, with many molecular
materials demonstrating excellent proton conductivity over a
wide temperature range. Among these, hydrogen-bonded
supramolecular systems, including hydrogen-bonded organic
frameworks (HOFs), metallo HOFs, and organic cages, have
emerged as prominent research focuses due to their high
crystallinity, tunable supramolecular structures, flexible
designability, and potential for functionalization.*™® Recent
advancements in proton-conducting molecular materials have
enabled them to rival or even surpass traditional electrolyte
materials (e.g., Nafion) in terms of high proton conductivity
and stability."* The core mechanism of proton conduction
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relies heavily on efficient proton migration pathways, with
hydrogen-bonding networks playing a critical role in this
process.”®  Specifically, proton conduction mechanisms
primarily include two types: proton hopping through dense
hydrogen-bonding networks (Grotthuss mechanism) and
proton transport through diffusion channels filled with
discrete hydrogen-bonded clusters (vehicle mechanism). To
optimize these conduction pathways, the incorporation of
guest molecules (e.g., water molecules) to form specific
proton-conducting channels has proven to be an effective
strategy.'®' Consequently, the design of molecular materials
with one-dimensional (1D) protonic water chains has become
a highly attractive strategy for achieving efficient proton
transport; however, it remains difficult to build such a unique
structure in a designed way.*

Cyanide-bridged coordination compounds, as an
important class of molecular magnetic materials, have
attracted considerable attention due to their unique magnetic
properties and tunable hydrogen-bonded characteristics.>*>°
These materials are assembled from cyanometallates,
ligands, and metal ions or complex building blocks,
exhibiting not only rich magnetic behaviors, such as
magnetic ordering, single-ion magnets, and spin crossover,
but also notable hydrogen bonding interactions.>’ >’
Recently, proton conduction has been observed in several
cyanide-bridged framework materials.*’*® For instance,
Ohtani and colleagues observed a strong correlation between
the polar skeleton and conducting protons in K,-
MnN(CN),-H,0, which showed anomalous ferroelectricity
and proton conductivity. This observation highlights the
potential application of cyanide-bridged materials in the field
of proton conduction.

Herein, we report the synthesis, structure, and magnetic
and electrical characterization of a trinuclear cyanide-bridged
cluster molecule, (H;0){[Co™(CN)g][Cu"(cyclam)],}
[[Co™(CN)]]-5H,0 (cyclam = 1,4,8,11-
tetraazacyclotetradecane, Fig. 1), based on diamagnetic
hexacyanidocobaltate(m). Structural analysis reveals notable

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Molecular structures of the used [Co"(CN)¢]*” and cyclam
ligand. (b) Crystal structure of 1. (c) Packing hydrogen-bonded
supramolecular structure of 1 viewed along the c axis.

hydrogen-bonded networks sustained by charge-assisted
hydrogen-bonds between [Co™(CN)¢]>”, guest water, and
H;0", and trinuclear {Cu,Co} units. Interestingly, 1D
hydrogen-bonded water chains were formed within the
material, leading to the observation of temperature- and
humidity-dependent proton conduction even at room
temperature, indicating that the compound is a good proton
conductor.

Single-crystal X-ray results revealed a monoclinic C2/m
space group (Table S1). In the asymmetric unit, one half
{[Co™(CN)][Cu™(cyclam)]} unit, one half [Co(CN)¢]*" as a
counter anion, and four water molecules can be found (Fig.
S1). Among the water molecules, one of them (02) is
protonated to achieve charge balance. By the symmetry code,
the complete molecule is a trinuclear structure (Fig. 1), in
which two [Cu"(cyclam)] units featuring a five-coordinated
geometry are bridged by one [Co(CN)e]*". Coincidentally, the
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isolated [Co(CN)e]*” units are located in the center of two
neighboring {{Co™(CN)s][Cu"(cyclam)],} units with a distance
of 3.611 A between terminal cyano N from [Co(CN)s]*~ and
the Cu®" ion. This long distance prevents the formation of a
1D chain complex. Selected bond lengths (A) and angles are
summarized in Tables S1 and S2. The average Cu-N and
Co-C bond lengths are 2.077(7) and 1.891(2) A (Table S2),
respectively, supporting a high-spin Cu”®" ion and a low spin
Co®" ion. Continuous shape measure (CShM) analysis
indicates that the Co®*" ion is located in a near-perfect
octahedral geometry while the Cu®" ions are in a distorted
square pyramidal geometry with the parameter being 0.867
(Table S4). The potential hydrogen bonds were determined
using PLATON (Table S5). The guest water molecule connects
along the a direction vie multiple and short O-H---O
hydrogen bonds (04---H1A-01, 2.011 A; O1---H3B-03, 1.962
A; 03---H2B-02, 1.954 A), forming unique 1D hydrogen-
bonded water chains (Fig. S2). The water molecules also form
OH---N and NH---O hydrogen bonds with neighboring
terminal cyano N and N-H from cyclam ligands, finally giving
rise to a highly H-bonded 3D network (Fig. 1c and S3). In
addition, the packing diagrams show that the Cu®* ions are
well isolated from one another, with the shortest
intermolecular Cu**---Cu®" distances being 9.650 A.

Powder X-ray diffraction (PXRD) analysis was conducted
on the bulk crystalline sample of compound 1 before the
measurements  (Fig. S4). The experimental pattern
demonstrated high phase purity, as evidenced by the close
agreement between the simulated and experimental patterns.
Thermal gravimetric analysis revealed that the material
remains stable below 60 °C (Fig. S5), followed by the gradual
loss of lattice water molecules as the temperature increased
from 60 to approximately 130 °C. The observed weight loss of
18.5% closely matched the calculated value of 18.32% based
on crystallographic data. Subsequent heating to around 280
°C after the removal of all water molecules did not result in
any further experimental weight loss.
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Fig. 2 ymT vs. T plots for 1 at 1 kOe. Inset: M vs. H plots for 1. Solid
curves are fitted results via PHI.
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To further probe the magnetic properties of complex 1,
direct current (dc) magnetic susceptibility measurements
were performed on well-ground crystals of 1 (Fig. 2).
Structural analysis indicates that the paramagnetic Cu(u)
ions are well separated by diamagnetic [Co™(CN)s]*
bridges. Consequently, the trinuclear cluster behaves
magnetically as an isolated single-ion system. At 300 K, the
T value for 1 is 0.854 cm® mol ™" K, slightly exceeding the
spin-only value of 0.75 cm® mol™ K expected for two
uncoupled Cu®*" ions (S = 1/2, g = 2.0). This deviation
suggests small zero-field splitting (ZFS) in the distorted
octahedral Cu®" centers.*’*° The yuT product remains
nearly constant down to approximately 20 K, below which
it decreases sharply to a minimum of 0.725 ¢cm® mol™" K.
Additionally, variable-field magnetization measurements
were conducted at different temperatures (Fig. 3, inset).
The magnetization value at 2 K and 7 T is 1.817 ug, which
is lower than the saturation value expected for two
uncoupled high-spin Cu®** ions. This observation is
consistent with the presence of ZFS in the Cu®" ions. To
obtain the ZSF parameters, the magnetic susceptibility and
magnetization data were fitted via the PHI program. The
best fit gives D = -1.03 em™, and g, = 2.013, g, = 2.008,
and g, = 2.170, indicative of negligible magnetic anisotropy.
Furthermore, ac susceptibility measurement was performed
on 1 (Fig. S6), but the y” signals did not show any slow
relaxation of the magnetization behaviour, even when
external fields were applied.

The unique structural features of 1 (Fig. S7 and S4a),
including directional hydrogen-bonded water chains, lattice
water molecules, and proton carriers (H;O"), prompted us to
investigate its proton conduction properties. Alternating
current (AC) impedance spectroscopy was employed to
measure the proton conductivity of 1 at 30 °C under varying
relative humidity (RH) conditions. The Nyquist plot (Fig. 3a)
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Fig. 3 (a) Nyquist diagrams of 1 under 75-95% RH at 25 °C. (b) The
trend diagram of ¢ with RH at a fixed temperature of 30 °C. (c) Nyquist
plots of 1 under 95% RH at 55-97 °C. (d) Arrhenius plots and linear
fitting of temperature-dependent conductivity at 95% RH of 1.
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exhibited a characteristic semicircle in the high-frequency
region and a capacitive tail at low frequencies, confirming
proton conduction behavior.”*® The bulk conductivity was
derived from semicircle fitting of the impedance data (Table
S6). Notably, the conductivity of 1 exhibited a nonlinear
increase with rising RH (Fig. 3b), progressing from 6.6 x 107°
S em™ (25 °C, 45% RH) to 1.3 X 107 S em™* (95% RH). This
enhancement is attributed to the increased water adsorption
at higher humidity, which facilitates proton carrier diffusion.
The high conductivity observed at room temperature suggests
that 1 behaves as a good superprotonic conductor, which is
comparable to those of benchmark proton-conducting
crystalline materials in which proton conductivity has been
tested under similar experimental conditions, for example,
MFM-500(Ni) (4.5 x 10* S em™),*” MOF-74(Ni) (5.3 x 107 S
em™),*® CB[6]-1.2-H,80,-6.4H,0 (1.3 x 107 S em™),* and
Fe(0x)-2H,0 (1.3 x 10 S cm™).*°

Temperature-dependent studies (40-90 ©°C) further
revealed a strong thermal activation effect on proton
transport. The conductivity increased significantly from 2.1 x
107 Sem ™' at 30 °C to 3.1 x 10> S em ™" at 90 °C under 95%
RH (Fig. 3c and Table S7), representing a fifteen-fold
enhancement. This trend is consistent with thermally
accelerated proton migration, where elevated temperatures
promote both water mobility and the formation of H;0" as
proton carriers. The proton conductivity of 1 compares
favorably with other cyanide-based proton conductors.*' ¢
Post-measurement PXRD analysis (Fig. S8) confirmed that the
framework remained structurally intact after humidity and
temperature cycling, underscoring its stability under
operational conditions.

To elucidate the proton conduction mechanism of 1, we
analyzed the temperature-dependent conductivity data using
the Arrhenius equation: 6T = oy exp(E,/kgT). The fitted curve
yielded an activation energy (E,) of 0.36 eV for 1 (Fig. 3d),
providing insight into the proton transport process. Proton
conduction typically occurs via two distinct mechanisms: 1)
the Grotthuss mechanism, where protons hop through
hydrogen-bonded water networks or ordered pathways,
characterized by a low E, range (0.1-0.4 eV), and 2) the
vehicle mechanism, where protons diffuse via the directional
migration of hydrated carriers (e.g., H;0"), requiring higher
energy (E, > 0.4 eV). The observed E, value (0.36 eV) indicates
that proton conduction in 1 follows the Grotthuss
mechanism. This is facilitated by a continuous hydrogen-
bonding network between the {Cu,Co} clusters and lattice
water molecules, enabling efficient proton hopping.
Furthermore, prior studies suggested that frameworks
stabilized by charge-balancing counter-cations often exhibit
enhanced proton conductivity, aligning with the superior
performance observed for 1. The proton migration pathways,
depicted in Fig. 4b, are formed by 1D continuous hydrogen-
bonded water chains. It is postulated that protons originating
from cyclam and/or H;O' transfer among the water
molecules via hydrogen-bonding chains, facilitating swift and
effective H" migration.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) 1D continuous hydrogen bonding water chains in 1. (b)
Possible proton migration pathways of 1.

The recyclability and stability of proton conductors are
critical for their practical applications. To evaluate these
properties for 1, we conducted systematic temperature-cycling
experiments. The proton conductivity values obtained during
the heating and cooling cycles exhibited excellent consistency
(Fig. S9), demonstrating remarkable repeatability and thermal
stability. To assess long-term stability, we performed time-
dependent conductivity measurements at 25 °C and 95% RH
over 10 hours. As illustrated in Fig. S10, the proton conductivity
of 1 showed negligible degradation, underscoring its
exceptional operational durability. These results collectively
highlight the robustness of 1 as a promising proton-
conducting material for practical applications.

In summary, we reported the synthesis and structural,
magnetic, and electrical properties of a cyanide-bridged
trinuclear {Cu,Co} complex constructed from diamagnetic
hexacyanidocobaltate(m) and paramagnetic [Cu(cyclam)]*
units. Structural analysis indicates a highly hydrogen-bonded
3D supramolecular structure sustained by multiple N-H---O
and O-H:---O hydrogen bonds. Notably, hydrogen-bonded 1D
protonic water chains were formed in the structure, providing
a unique proton transport pathway. AC impedance
indicate that the complex exhibits
temperature- and humidity-dependent proton conduction
behavior with a superionic conductivity of around 107 S
em™ at room temperature. This work not only provides a
good cyanide-based magnetic proton-conducting material but
also highlights the rational design of hydrogen-bonded
supramolecular structures through a cyanometallate strategy.
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