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ABSTRACT
The development of thermally stable solid-state proton conductors (SSPCs) is crucial for advancing energy-conversion devices

such as proton-exchange membrane fuel cells (PEMFCs). In this work, we report the solvothermal synthesis and characterization

of a novel, 1D Cu(I) coordination polymer, {Cu(ADP)0.5(BPY)}n (BAM-5), based on anthracenediylphosphonate (H2ADP) and

4,4 0-bipyridine (BPY). Single-crystal X-ray diffraction revealed that BAM-5 crystallizes in the triclinic space group P1 and shows a

1D ladder structure connected by the H2ADP and organic BPY linkers, which is assembled into a 2D layer via O−H···O hydrogen

bonding interactions between uncoordinated oxygen and the O−H of the phosphonate group. Thermogravimetric and dynamic

water sorption analysis demonstrated exceptional thermal robustness of BAM-5 until 230°C and notable water affinity. Proton

conductivity measurements found increasing proton conductive properties with increasing temperature and relative humidity.

The latter is correlated with the material’s water uptake since the structure itself does not contain any permanent lattice water

molecules. A maximum proton conductivity of 6.6 × 10−6 S cm−1 was found at 80°C and 98% RH. To the best of our knowledge, no

dense, nonporous 1D coordination polymer without lattice or coordinated solvent molecules has shown comparable proton con-

ductivity. The high activation energy suggests a combination of both, a Grotthuss-type proton hopping through the hydrogen-

bonded framework, and a vehicular process, in which protons are carried along with absorbed water molecules.

1 | Introduction

Coordination polymers present a prominent class of materials, dis-
tinguished by their structural diversity, versatile properties, and
tunable geometry [1, 2]. They are composed of metal centers con-
nected by organic or inorganic linker molecules through coordi-
nation bonds, forming ordered 1D, 2D, or 3D structures [3, 4]. In
multidimensional networks, coordination polymers often exhibit
inherent porosity and intersecting channels, leaving voids for sol-
vent or other guest molecules [5]. One-dimensional coordination
polymers are of particular interest because their chain-like struc-
tural arrangements often lead to diverse electronic and magnetic
behaviors, as well as high structural anisotropy [6, 7]. Depending

on the choice of metal ions and ligands, they can exhibit magnetic
ordering, luminescence, electrical or ionic conductivity, and
stimuli-responsive behavior [3, 8, 9]. These features result in an
exceptional potential for a wide range of applications, including
molecular electronics, sensing,magneticmaterials, nonlinear optics,
catalysis, and energy-related processes [10–12]. Furthermore, the
tunable architecture of 1D coordination polymers allows precise
structural fine-tuning of their chemical and physical properties,
making them promising candidates for the development of novel
functional materials [13–17].

Within this context, an emerging and important application
of coordination polymers is their use as solid state proton
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conductors (SSPCs) [18–20]. Membranes made from proton con-
ductive materials are an essential component of proton-exchange
membrane fuel cells (PEMFCs), which play a vital role in the
decarbonization of our energy system [21, 22]. As proton conduc-
tivity is strongly tied to acidity, hydrophilicity and hydrogen
bonds, the proton conductive properties of coordination poly-
mers are mainly governed by the functional groups of the linker
molecules [23]. The functional groups can serve as proton donors
and acceptors and participate in the formation of extensive
hydrogen bond networks, which enable proton hopping through
the material. Sulfonic acid and carboxylic acid groups are among
the most widely used functional moieties in solid-state proton
conductors (SSPCs) due to their high proton-donating ability
[24]. However, ongoing research continues to explore new classes
of proton-conductive materials with alternative functional
groups that can offer comparable or improved proton transport
properties, along with enhanced thermal and structural stability
for high-temperature applications such as fuel cells and electro-
lyzers. In this regard, phosphonate acid groups are very promis-
ing candidates, as they show exceptional thermal and chemical
stability due to their robust metal-binding modes [25–29].
Additionally, hydrogen bond networks between the uncoordi-
nated oxygen atoms of phosphonate groups and the lattice water
molecules promote efficient proton conduction pathways. This
makes them attractive materials for advancing next-generation
solid-state proton exchange membranes that operate reliably
under challenging conditions.

In this work, we report the synthesis of a novel, thermally stable
1D phosphonate-based Cu(I) coordination polymer using a sim-
ple solvothermal method. The crystal structure of the material
was elucidated with single crystal X-ray diffraction and further
characterized with powder X-ray diffraction, Fourier-transform
infrared spectroscopy, thermogravimetric analysis, and dynamic
vapor sorption. Moreover, the proton conductive properties of the
material were investigated and yielded a maximum value of
6.6 × 10−6 S cm−1 at 80°C and 98% RH. To the best of our knowl-
edge, no dense, nonporous 1D coordination polymer with tightly
packed crystal structure and devoid of lattice or coordinated sol-
vent molecules has demonstrated measurable proton conductiv-
ity comparable to this material.

2 | Experimental Section

2.1 | Materials and Characterization Methods

2.1.1 | Materials

The following chemicals were purchased commercially and used
as received without purification: 9,10-anthracenediylphosphonic
acid (ASCA GmbH, 95%) 4,4 0-bipyridine (Sigma–Aldrich, 98%),
copper(II) sulfate pentahydrate (Sigma–Aldrich, 98%). Deionized
water was purified with a MilliQ system (18.2 MΩ, ultra-pure
water system seralpur Pro 90c CN, Seral, Germany).

2.1.2 | Powder X-Ray Diffraction (PXRD)

All PXRD analyses were conducted at room temperature using a
D8 Advance diffractometer (Bruker AXS, Germany) equipped
with a Lynxeye XE-T energy dispersive point detector, in
Bragg–Brentano geometry employing Cu-Kα1 radiation
(λ= 1.540566 Å), operating at 40 kV and 40mA.

2.1.3 | Thermogravimetric Analysis (TGA)

A heat flux TGA-DSC 3+ (Mettler-Toledo) was used for TGA of
all fine ground and dried powders. Measurements were con-
ducted under a constant N2 flow of 10mLmin−1. Next to the
sample was an empty α-Al2O3 reference crucible. Samples were
heated from 25 to 500°C with a heating rate of 10°Cmin−1. After
reaching the maximum temperature, samples were allowed to
cool to room temperature under continuous N2 flow.

2.1.4 | Dynamic Vapor Sorption (DVS)

DVS with water vapor a DVS Resolution Dual Vapor Gravimetric
Sorption Analyzer (Surface Measurement Systems) was used.
Samples were predried by heating them until 100°C and keeping
at that temperature for 5 h.

2.1.5 | Proton Conductivity

Samples intended for proton conductivity measurements were
finely ground and pressed into pellets under a pressure of
4 tons cm−2 for 5min. Both sides of the resulting pellets were then
coated with silver paste, which was subsequently air-dried over-
night. The resulting pellet, with thickness of 0.49mm was exam-
ined via alternating current (AC) impedance spectroscopy using a
Biologic SP-150e impedance and gain-phase analyzer. Measure-
ments were carried out over a frequency range of 10mHz to
1MHz with an applied voltage of 10mV. Impedance data was
collected after placing the pellets in a custom-made stainless-steel
cell employing a two-electrode configuration.

Measurements were performed across a broad temperature range
(25–90°C) at a constant relative humidity of 98%, as well as across
a wide range of relative humidities (68%–98% RH) at a constant
temperature of 25°C. To maintain the required environmental
conditions, a programmable Binder constant climate chamber
(Model KMF) was employed. Prior to each measurement, sam-
ples were allowed to equilibrate under the specified conditions
for 6 h.

The acquired impedance spectra were presented as Nyquist plots,
and the first semicircle was fitted using the most appropriate
equivalent circuit model. Proton conductivity (σ) was calculated
according to the following equation:

σ =
l

AZ
where l represents the distance between the electrodes (equiva-
lent to the pellet thickness), A denotes the cross-sectional area of
the pellet, and Z corresponds to the bulk resistance, as deter-
mined from the impedance spectra.

2.1.6 | Infrared Spectrometry (IR)

Attenuated total reflection-infrared (ATR-IR) spectra were
recorded using a Nicolet FT-IR Nexus spectrometer by averaging
100 scans at a resolution of 2 cm−1 in the range 4000–400 cm−1.

2.1.7 | SCXRD

Single-crystal X-ray diffraction (SCXRD) data for BAM-5 were
collected on a Bruker D8 Venture diffractometer equipped with
graphite-monochromated Mo-Kα radiation (λ= 0.71073 Å). Data
reduction and absorption corrections were performed using the
SAINT [30] and SADABS [30] software packages. Structures were
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solved by direct methods with SHELXT 2018 [31] and refined by
full-matrix least-squares on F2 using SHELXL 2018 [31], with
anisotropic displacement parameters applied to all non-hydrogen
atoms. Fourier and difference Fourier syntheses were employed
in subsequent refinement cycles. Additional calculations were
carried out with SHELXS 2018 [31], and SHELXL 2018 [31].
Structural visualizations were generated using Mercury v4.0
and Diamond v4.6.5. Crystallographic data, refinement details,
and key structural parameters for BAM-5 are summarized in
Table 1.

2.2 | Synthesis of BAM-5

To a 6mL Teflon-lined stainless steel autoclave, 9,10-
anthracenediylphosphonic acid (ADP, 84.0mg, 0.25mmol), 4,4 0-
bipyridine (BPY, 39.0mg, 0.25mmol), and copper(II) sulfate
pentahydrate (62.4mg, 0.25mmol) were added, followed by 6mL
of ultrapure water. The reaction mixture was stirred at 700 rpm
for 30min to ensure homogeneity before the stir bar was removed.
The autoclave was then sealed and heated in a static oven at 160°C
for 3 days. The reactor was allowed to cool slowly to room temper-
ature inside the oven. The resulting orange-brown crystalline prod-
uct was collected by vacuum filtration and purified by a sequence of
washings: once with ultrapure water (10mL), three times with

dimethylformamide (DMF, 10mL), and finally once with ethanol
(10mL). This procedure yielded the desired product, BAM-5.

3 | Results and Discussion

BAM-5 was successfully synthesized as high-quality, red, block-
shaped crystals via a hydrothermal reaction between 9,10-
anthracenediylphosphonic acid (H4ADP), 4,4 0-bipyridine (BPY),
and copper(II) sulfate pentahydrate at 160°C. To elucidate the pro-
tonation state of the phosphonate linker within the framework, we
employed Attenuated total reflection-infrared (ATR-IR) spectros-
copy. The resulting FT-IR spectrum forBAM-5 (Figure S1) is dom-
inated by a remarkably broad and intense absorption band
centered at 2341 cm−1, which is assigned to the O–H stretching
vibration of the acidic {P–OH} moiety. The significant red shift
of this band from the region typical for free hydroxyl groups
(~3300–2500 cm−1) indicates the presence of exceptionally strong
hydrogen-bonding interactions within the crystal lattice. In addi-
tion, characteristic phosphonate vibrations are observed in the
regions 1210 cm−1, corresponding to ν(P═O) stretching, and
963 cm−1, which can be assigned to the asymmetric and symmetric
ν(P–O) stretching modes. The aromatic ligand vibrations are also
evident, with C–H stretching bands appearing just above 3050–
3110 cm−1 and C═C/C═N stretching bands of the 4,4 0-bipyridine
ring observed around 1611–1491 cm−1. These spectral features col-
lectively confirm the presence of both coordinated phosphonate
and aromatic bipyridine functionalities in the structure.

3.1 | Crystal Structure Analysis of
{Cu(ADP)0.5(BPY)}n (BAM-5)

Single crystal structure analysis reveals that BAM-5 crystallizes
in the triclinic space group P1 and has a 1D ladder structure con-
nected by the 9,10-anthracenediylphosphonate (H2ADP) and
organic linker BPY. The asymmetric unit of BAM-5 compro-
mises one Cu(I) cation, one BPY molecule, and one half of a
H2ADP dianion (Figure S2).

Each Cu(I) cation is coordinated in significantly distorted trigonal
planar geometry by two nitrogen atoms (N1 and N2a) from two
different BPYmolecules, in addition to one oxygen atom (O1) from
the H2ADP dianion (Figure 1). Selected bond lengths and bond
angles are reported in Table 2. Here, each BPY connects two dif-
ferent Cu(I) center to create a chain with metal-to-metal separa-
tion of 10.807Å. Two such chains are connected by H2ADP to
form the 1D ladder like structure (Figure 2a). Topological analysis
of the 1D ladder, conducted using the TOPOS software, identifies a
three-connected uninodal net with a Schläfli symbol of {42·6}
(Figure 2b). The 1D ladders are assembled into a 2D layer via
O−H···O hydrogen bonding interactions between uncoordinated
oxygen and O−H of phosphonate group (Figure 2c,d).

The 2D layers are further assembled into a supramolecular 3D
framework through multiple weak interactions, including
C–H···O hydrogen bonds between aromatic C–H groups and
the uncoordinated oxygen atoms of the phosphonate groups, as
well as C–H···π and π–π stacking interactions. Importantly, the
hydrogen-bonding network (Figure 3) and the presence of unco-
ordinated acidic –OH groups on the phosphonates constitute a key
structural feature that facilitates efficient proton hopping.

TABLE 1 | Crystallographic parameters of BAM-5.

Compound name BAM-5

Temperature/K 300.00

Formula C17H13CuN2O3P

Formula weight 387.80

Crystal system Triclinic

Space group P1

a/Å 8.9554(13)

b/Å 9.6237(13)

c/Å 9.8158(13)

α/ ° 70.332(5)

β/ ° 89.312(6)

γ/ ° 71.030(5)

V/Å3 748.83(18)

Z 2

Dc/g cm−3 1.720

μ/mm−1 1.584

F(000) 394.0

2θ range/ ° 6.196 to 53.564

Reflections collected 28873

Independent reflections 3118

Data/restraints/parameters 3118/0/218

Goodness of fit (F2) 1.048

R1 (I ≥ 2σ(I)) 0.0305

wR2 (I ≥ 2σ(I)) 0.0734

CCDC No. 2469574
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To assess the thermal stability of BAM-5, thermogravimetric anal-
ysis (TGA) was performed from 25 to 500°C at a heating rate of
10°Cmin−1 under an inert nitrogen (N2) atmosphere. The TGA
profile highlights the exceptional thermal robustness of BAM-5,

showing a negligible weight loss up to 230°C, and after that it rap-
idly decomposes to an unidentified product (Figure 4).

Single-crystal structural analysis together with thermogravimetric
measurements confirmed that BAM-5 contains no solvent mole-
cules. Before carrying out sorption experiments, the sample was
activated under vacuum at 100°C for 5 h. The water sorption iso-
therm shows a gradual uptake, reaching about 30 cm3g−1 at 95%
relative humidity, which corresponds to roughly half a water mol-
ecule per formula unit. Interestingly, the desorption curve does not
follow the adsorption path but instead shows a clear hysteresis.
This behavior can be explained by the kinetic trapping of water
molecules on the particle surfaces during desorption (Figure 5).
Due to the dense crystal packing and the very small voids
(~2 Å), the water sorption in this material primarily occurs on
the external surface rather than within the internal framework.

The presence of uncoordinated acidic hydroxyl (-OH) groups and
a well-developed hydrogen-bonded network within the BAM-5
structure, coupled with its robust thermal stability and confirmed
affinity for water, prompted us to investigate its proton conduc-
tive properties. Proton conductivity measurements were
conducted using alternating current (AC) electrochemical
impedance spectroscopy (EIS) on pelletized powder samples
[32, 33]. Our investigation proceeded in two distinct phases to
evaluate the influence of both humidity and temperature.
First, the conductivity was systematically measured across a wide
range of relative humidity (RH) levels, from 68% to 98%, at a con-
stant temperature of 25°C (Figure 6a). Subsequently, the temper-
ature dependence of the proton conductivity was examined by
varying the temperature from 25°C to 90°C, while maintaining
a constant humidity of 98% RH (Figure 6b). The results of the EIS
analysis are represented as Nyquist plots in Figure 6.

The proton conductivity of BAM-5was calculated from the high-
frequency semicircles of the Nyquist plots, showing a strong
dependence on relative humidity (RH) as depicted in
Figure 6a. At low RH, the sample exhibited very poor proton

TABLE 2 | Selected bond lengths and bond angles in BAM-5.

Cu1-O1 2.1897(15) N1-Cu1-N2a 154.39(8)

Cu1-N2a 1.9200(16) P1-O1-Cu1 121.98(9)

Cu1-N1 1.9195(15) C12-N1-Cu1 122.57(13)

N2a-Cu1-O1 99.56(7) C8-N1-Cu1 119.69(14)

N1-Cu1-O1 104.57(7)

Note: Symmetry: a= 1+ x, − 1+ y, + z

FIGURE 2 | (a) View of 1D chain of BAM-5. (b) Simplified topological representation of 1D ladder in BAM-5. (c,d) The 2D layer hydrogen bonded

network structure connected by 1D ladders by an O−H···O hydrogen bond (dotted magenta lines).

FIGURE 1 | Coordination environment around the three-coordinate

Cu(I) center of BAM-5; here, Cu (green), N (blue), P (orange), O (red),

and C (black).
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conductivity, which is expected due to the lack of a continuous
proton conduction pathway. As the RH was increased at a con-
stant temperature of 25°C, the conductivity sharply rose by two
orders of magnitude, from 9.6 × 10−9 S cm−1 at 68% RH to
9.8 × 10−7 S cm−1 at 98% RH (Figure 6a,c). This significant
increase in conductivity is directly correlated with the material’s
water absorption, as shown in Figure 4. The gradual uptake of
water with rising vapor pressure, particularly between 60%
and 98% RH, facilitates the formation of a hydrogen-bonded net-
work. The hydrogen-bonding interactions mainly involve

surface-accessible phosphonate groups or those located near
crystal boundaries with adsorbed surface water. These water
molecules, acting as proton carriers, create a continuous pathway
for proton transport through the framework, thus enabling the
observed rise in conductivity.

With increasing temperature, the proton conductivity of BAM-5
gradually improved, which is a typical characteristic of proton-
conducting materials. At 80°C and 98% RH, the conductivity
reached a maximum value of 6.6 × 10−6 S cm−1 (Figure 6b).
Notably, post-measurement PXRD analysis confirmed that
BAM-5 retained its crystallinity, demonstrating the struc-
tural stability of the framework under the experimental con-
ditions (Figure S3). The relatively high activation energy
(Ea= 0.39 eV, Figure 6d) indicates that proton transport in
BAM-5 does not proceed exclusively via a single pathway.
Instead, it most likely involves a combination of two mecha-
nisms, such as Grotthuss-type proton hopping through the
hydrogen-bonded framework, and a vehicular process in which
protons are carried along with absorbed water molecules [34–37].
Generally, proton-conductive coordination polymers reported in
the literature are predominantly based on 2D or 3D structures
[38]. In contrast, only few 1D coordination polymers have been
reported as proton conductors [19, 39–42]. For instance, Yamada
et al. described a 1D porous coordination polymer, ferrous
oxalate dihydrate, which exhibits a relatively high proton
conductivity of 1.3 mS cm−1 at ambient temperature [40].
Similarly, Pal et al. reported a phosphate-based silver–bipyridine
(Ag–bpy) 1D coordination polymer, {[{Ag(4,4 0-bpy)}2{Ag(4,4 0-
bpy)(H2PO4)}]·2 H2PO4·H3PO4·5 H2O}n, incorporating free phos-
phoric acid (H3PO4), its conjugate base (H2PO4

−), and water mol-
ecules within its lattice, which exhibits a high proton
conductivity of 3.3 × 10−3 S cm−1 at 80°C and 95% relative humid-
ity (RH) [41]. In another study, Moi et al. reported two 1D coor-
dination polymers of copper(II) and cadmium(II) containing
NO3

− and SO4
2− anions that form well-defined hydrogen-bonded

networks with lattice water molecules, showing proton conduc-
tivities of 1.02 × 10−4 and 0.52 × 10−2 S cm−1 at 90°C and 98% RH,
respectively [42]. All these coordination polymers are typically
porous or contain extensive hydrogen-bonded networks with
coordinated or guest water molecules. However, to the best of
our knowledge, no dense, nonporous 1D coordination polymer
devoid of lattice or coordinated solvent molecules has shown
measurable proton conductivity comparable to that of BAM-5,
which exhibits a value of 6.6 × 10−6 S cm−1. This highlights the
uniqueness of BAM-5 as a thermally stable, nonporous 1D

FIGURE 3 | Supramolecular 3D network in BAM-5 constructed by hydrogen bonding (magenta dotted lines), π−π stacking (green), C−H···O
(orange), and C−H···π (cyan) interactions.

FIGURE 4 | TGA of BAM-5.

FIGURE 5 | Water uptake of BAM-5 measured at 298 K; filled and

empty symbols represent the adsorption and desorption isotherms,

respectively.
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coordination polymer capable of facilitating proton transport
through intrinsic hydrogen-bonding pathways involving
surface-accessible phosphonate groups and those located near
crystal boundaries.

4 | Conclusion

We have successfully synthesized and structurally characterized a
novel 1DCu(I) phosphonate-based coordination polymer,BAM-5.
Single-crystal X-ray diffraction analysis revealed that BAM-5 crys-
tallizes in the triclinic space group P1, providing detailed insight
into its structural arrangement. BAM-5 exhibited proton con-
ductive activity, which increases with increasing temperature
and relative humidity, achieving a maximum conductivity of
6.6 × 10−6 S cm−1 at 80°C and 98% RH. This behavior can be attrib-
uted to the presence of uncoordinated acidic hydroxyl groups, the
establishment of a well-developed hydrogen-bonded network
formed through intermolecular hydrogen bonds among adsorbed
water molecules and terminal phosphonate oxygen atoms on the
crystal surface, as well as its notable water affinity, as verified by
dynamic vapor sorption measurements. Importantly, the com-
pound demonstrated exceptional thermal robustness, with negli-
gible weight loss up to 230°C during thermogravimetric analysis,
confirming its stability under elevated temperatures.

These findings highlight the ability of phosphonate-based coor-
dination polymers to combine structural robustness with func-
tional proton conduction and provides evidence that even a
dense, nonporous 1D coordination polymer without lattice or

coordinated solvent molecules like BAM-5 can give rise to mea-
surable proton conductivity. Given the urgent demand for new
thermally stable proton conductors for energy-related applica-
tions, BAM-5 exemplifies the potential of phosphonate-based
materials to serve as a versatile platform for the development
of next-generation, durable proton-conducting materials.
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