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A New Family of Layered Metal-Organic Semiconductors:
Cu/V-Organophosphonates

Patrik Tholen, Lukas Wagner, Jean G. A. Ruthes, Konrad Siemensmeyer,
Thi Hai Yen Beglau, Dominik Muth, Yunus Zorlu, Mustafa Okutan,
Jan Christoph Goldschmidt, Christoph Janiak, Volker Presser,* Özgür Yavuzçetin,*
and Gündoğ Yücesan*

Herein, we report the design and synthesis of a layered redox-active,
antiferromagnetic metal organic semiconductor crystals with the chemical
formula [Cu(H2O)2V(μ-O)(PPA)2] (where PPA is phenylphosphonate). The
crystal structure of [Cu(H2O)2V(μ-O)(PPA)2] shows that the metal
phosphonate layers are separated by phenyl groups of the phenyl
phosphonate linker. Tauc plotting of diffuse reflectance spectra indicates that
[Cu(H2O)2V(μ-O)(PPA)2] has an indirect band gap of 2.19 eV.
Photoluminescence (PL) spectra indicate a complex landscape of energy
states with PL peaks at 1.8 and 2.2 eV. [Cu(H2O)2V(μ-O)(PPA)2] has estimated
hybrid ionic and electronic conductivity values between 0.13 and 0.6 S m−1.
Temperature-dependent magnetization measurements show that
[Cu(H2O)2V(μ-O)(PPA)2] exhibits short range antiferromagnetic order
between Cu(II) and V(IV) ions. [Cu(H2O)2V(μ-O)(PPA)2] is also
photoluminescent with photoluminescence quantum yield of 0.02%.
[Cu(H2O)2V(μ-O)(PPA)2] shows high electrochemical, and thermal stability.
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1. Introduction

Developing layered semiconductive mate-
rials has been one of science’s most active
research areas. Semiconductive layered
materials can find a variety of essential
applications, including light harvesting,
optoelectronics, light emitting devices,
transistors, electrodes in supercapacitors,
and sensing.[1–9] Despite their widespread
industrial applications, there is a limited
number of layered semiconductor material
families in the literature.[10] Most common
layered semiconductors include transi-
tion metal dichalcogenides, Perovskites,
metal oxides, MXenes, graphene, and
phosphorene.[11–17] Recently, layered metal-
organic frameworks (MOFs) constructed
with planar ortho-diimine and quinoid
linkers have emerged as novel layered
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microporous semiconductors with applications as electrode
materials in supercapacitors or as electrocatalysts for water
splitting.[2,18] Compared to other layered material families, MOFs
provide much richer structural diversity due to the possibility of
using a myriad of secondary building units (SBUs) and organic
linkers to construct novel MOF structures.[19] MOFs can also con-
tribute to the structural diversity and applications where semi-
conductors are needed for applications such as photolumines-
cence and optoelectronics.[20] Despite, rich structural chemistry
of MOFs and their potential to form the largest family of semi-
conductors, there is still a very limited amount of semiconduc-
tive and photoluminescent MOFs in the literature.[10] The use of
dense layered SBUs in MOFs might help to introduce semicon-
ductive and magnetic properties. However, so far, there have been
very few reports on semiconductive MOFs with layered SBUs.

Recently our group and Dincă’s group reported two new 3D
semiconductive MOFs with layered SBUs.[21,22] To better under-
stand the role of layered SBUs in semiconductive MOFs and po-
tentially use them as isolated layers of semiconductors or use
them to create isoreticular semiconductive MOFs in the future,
we have decided to design and synthesize an isolated layered-
semiconductive SBU that could be potentially used as a precursor
to synthesize semiconductive MOFs with layered SBUs in the fu-
ture. Therefore, we fully characterize the properties of isolated
layered SBUs in this work.

To synthesize an isolated layered-semiconductive SBU, we
have chosen bimetallic copper/vanadium oxides as the model
system. Bimetallic compounds provide richer metal oxide
oligomerizations in two- or three-dimensions.[23,24] Hypotheti-
cally, they can produce isolated layered SBUs in the presence
of monotopic organic ligands that have limited bridging ca-
pability to make 3D frameworks. Copper vanadates, such as
Cu11V6O26 and Cu2V2O7 are already known to be oxide semi-
conductors in the literature, and they were used as photoanode
materials for photoelectrochemical water oxidation, but both cop-
per vanadates and copper vanadyls were not studied in MOF
synthesis.[25–27] Both copper and vanadium ions can provide mul-
tiple redox states leading to interesting electronic properties. In
this work, we used monotopic phenylphosphonic acid, which
cannot bridge layered SBUs to form a 3D structure. Herein,
we report the first-time synthesis of a thermally and electro-
chemically stable, semiconductive, photoluminescent, and anti-
ferromagnetic layered Cu/V organophosphonate [Cu(H2O)2V(μ-
O)(PPA)2], which is composed of a layered copper(hydrate) vana-
dium(oxido) diphosphonate {Cu(H2O)2V(μ-O)(O3P)2} SBU dec-
orated with phenyl groups. The structure of [Cu(H2O)2V(μ-
O)(PPA)2] was determined by single crystal X-ray diffraction
(PPA = phenylphosphonate). [Cu(H2O)2V(μ-O)(PPA)2] exhibited
exceptional ionic conductivity, and Cu(II) and V(IV) ions were
found to be antiferromagnetically coupled with short-range order
at low temperatures. [Cu(H2O)2V(μ-O)(PPA)2] has high thermal
stability of up to 400 °C.

2. Results

2.1. Synthesis of [Cu(H2O)2V(μ-O)(PPA)2]

All chemicals were purchased from Aldrich, Alfa-Aesar, and
used without further purification. [Cu(H2O)2V(μ-O)(PPA)2] was

synthesized using polytetrafluoroethylene-lined Parr acid diges-
tion vessels at 150 °C with 0.129 g CuSO4 5H2O, 0.060 g
Na3VO4 and 0.450 g phenylphosphonic acid in 10 mL of
double-deionized H2O. The tiny green needles of [Cu(H2O)2V(μ-
O)(PPA)2] were obtained in almost 100% yield based on Na3VO4.
As seen in Figure S1, Supporting Information, green needles of
[Cu(H2O)2V(μ-O)(PPA)2] have been collected (see Figure S1, Sup-
porting Information).

2.2. Crystal Structure Description

The compound, [Cu(H2O)2V(μ-O)(PPA)2] is built from
phenylphosphonate units and has a 2D infinite secondary build-
ing unit composed of tetragonal-bipyramidal Cu(II), octahedral
V(IV), and phosphonate groups. The inorganic layer is com-
posed of alternating chains of edge-sharing {Cu(H2O)2(O2P-)2}
tetragonal bipyramids, with trans-positioned aqua ligands and
of corner-sharing trans-μ-O bridging {V(μ-O)2(O2P-)4} octa-
hedra (Figure 1a,b). These chains are connected by the fully
deprotonated phenylphosphonate groups to form the layered
[Cu(H2O)2V(μ-O)(PPA)2] structure. Phenyl groups are decorat-
ing the layered SBU on both sides and apical positions of the
tetragonal bipyramid of Cu(II).

2.3. Band-Gap Measurement

In order to assess the semiconductivity of [Cu(H2O)2V(μ-
O)(PPA)2], we generated the Tauc plot obtained from the dif-
fuse reflectance spectra with hand-picked single crystals of
[Cu(H2O)2V(μ-O)(PPA)2] using Schimadzu 2600 UV–vis-NIR
spectrometer.[28–30] The Tauc plotting of [Cu(H2O)2V(μ-O)(PPA)2]
indicated an indirect band gap of 2.19 eV, which is within
the semiconductive regime (Figure 2). The absorption and dif-
fuse reflectance spectrum of [Cu(H2O)2V(μ-O)(PPA)2] can be
seen in Figure S2A,B, Supporting Information. To further ana-
lyze the semiconductive properties of [Cu(H2O)2V(μ-O)(PPA)2],
we have performed electrical conductivity measurements, DC
measurements and impedance spectroscopy.

2.4. Electrical Conductivity Measurements

Van der Pauw, two- or four-probe pellet methods are among the
most common techniques of measuring electrical conductivity
on MOFs.[31] However, these methods can introduce technical
challenges like small contact areas and high contact resistances
due to unmatched work functions. Small contact areas can also
be a challenge while working with fragile crystals of reduced
sample quantities. Other than supercapacitor or battery applica-
tions, MOFs can also serve in chemiresistive sensing fields,[32]

which require 2D exposed areas with better electrical contact
of the electrodes.[33] Gold interdigitated electrode (IDE) arrays
are ideal platforms to exhibit not only intrinsic but also surface
conducting mechanisms via chemicapacitive or chemiresistive
properties.[34]

In this work, we have investigated the electrical proper-
ties of [Cu(H2O)2V(μ-O)(PPA)2] using IDE arrays due to their
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Figure 1. A) Side view of layered [Cu(H2O)2V(μ-O)(PPA)2]. B) Top view of layers and coordination environment of V(IV) and Cu(II) atoms in
[Cu(H2O)2V(μ-O)(PPA)2]. C) A view of isolated alternating vanadium oxide chain (Color scheme: phosphorus – yellow, oxygen – red, copper – blue,
vanadium – green, carbon – grey).

high direct current (DC) resistances. We randomly placed
[Cu(H2O)2V(μ-O)(PPA)2] crystals on IDE array produced by Mu-
son R&E. Crystals were covered with a clear polycarbonate
window and exerted 100 g of uniform force through a scale
weight (Figure S3, Supporting Information provides a detailed
description of IDE arrays and microscopy images). Although this
method eliminates isotropic conduction pathway measurements

of electrical conductivity, one can still measure bulk electrical
properties of the sample. The in-air (ambient relative humidity
at 21%), DC measurements of the sample gave a resistance of
≈1012 Ω with an estimated conductivity of ≈ 10−8 S m−1, which
could be due to the high contact resistance and associated un-
matched work functions between the gold electrodes and the
sample.
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Figure 2. Tauc plotting of diffuse reflectance spectrum of [Cu(H2O)2V
(μ-O)(PPA)2].

2.4.1. DC Resistance of Hydrated Sample versus Mass of Absorbed
Water

If MOF systems are designed for supercapacitor and battery
applications, they require to be hydrated with other ionic elec-
trolytes. In order to investigate the protonic/ionic conduction
mechanisms, [Cu(H2O)2V(μ-O)(PPA)2] sample on the IDE array
was hydrated following a triple-rinsing process with pure water
(Figure S2, Supporting Information). The purpose of the rins-
ing process is to remove residual ionic impurities due to the
synthesis process. Following rinsing, the sample was pressed
against the IDE array using the clear polycarbonate window to
increase surface area of the contact points of electrodes and the
sample. The polycarbonate window was removed and pure wa-
ter was dropped onto the IDE array through a pipette where the
sample resided. The IDE array was taped on a digital micro bal-
ance with sliding doors (Adventurer, OHAUS) to measure the
amount of water absorbed by the sample. For electrical conduc-
tivity measurements, PTFE coated, 24 AWG multi-strand wires
were soldered to the IDE array to minimize strain. Both AC and
DC electrical measurements were performed, and the amount
of absorbed water was recorded with 15–20 min of time inter-
vals. For DC measurements, we programmed our SourceMeter
to sweep between ±100 mV and the DC resistance values are cal-
culated from the linear fittings (Figure 3)

As expected, the DC resistance of the sample increases as the
water evaporates. When all the water evaporated, we measured
DC resistances on the order of 1012 Ω similar to the in-air mea-
surements (not shown in Figure 3 due to scaling). For the first
few data points, the DC resistance stabilizes ≈ 85 kΩ and then
gradually increases. This stabilization period could be due to the
absorption and the saturation of water inside the [Cu(H2O)2V(μ-
O)(PPA)2]. SourceMeter was programmed to sweep between
±100 mV, and the IV measurements were recorded with 15–
30 min of time intervals (Figure S5, Supporting Information). We
used the least squares fit for each sweep and calculated the DC re-

Figure 3. DC resistance of the [Cu(H2O)2V(μ-O)(PPA)2] sample on IDE
array versus the mass of water remaining on the sample. The data points
for DC resistance were calculated from the IV sweeps of the sample.

sistance values (Figure S6, Supporting Information). In order to
find the relation between the DC resistance value versus amount
of water on the sample, the data points with reduced absorbed
water on the sample were used resulting in smaller standard
deviations.

RDC = RDC−0 + Amn (1)

Here, RDC−0 is the offset of the DC resistance (2.60 ±
0.05)105 Ω, A is (−7.9 ± 0.9)105 Ω, m is the amount of water on
the sample in grams, and n = 0.60 ± 0.05. Based on this relation,
if the mass of water is reduced, which is the case of dehydration
of the sample, the equation converges to DC resistance of (2.60
± 0.05)105 Ω. The DC resistance would involve bulk resistance
of the sample, blocking electrode potentials (contact resistance)
and also the double layer capacitance.

(Supporting Information provides details on the estimation of
effective conductance and experimental DC resistance values of
blank IDE Array with standard solutions). The DC conductivity
of DI water used in these experiments were estimated to be 2.6 ×
10−6 S m−1, which is ≈5000 times more conductive than standard
DI water.

2.4.2. AC Conductivity Measurements of Hydrated Sample versus
Mass of Absorbed Water

Impedance measurements were carried out using Analog Dis-
covery 2 module with impedance analyzer (Digilent Inc.) at fre-
quencies between 1 kHz and 1 MHz with an applied signal of
100 mV RMS. We measured a blank (no sample) IDE array with
standard conductivity solutions and with pure water for calibra-
tion purposes (Figure S8, Supporting Information). Using a cir-
cuit model,[35] with Warburg element (Figure S9, Supporting In-
formation), Rlead and Rg are the lead and geometrical resistances,
Cdl and Cg are the double-layer and geometrical capacitances, re-
spectively.

ZW is the Warburg diffusion impedance element (showing up
as 45° line on the Nyquist plots with lower frequencies) in se-
ries with geometrical resistance. Since our system consists of a
periodic pattern of electrodes, Rg also involves the solution re-
sistance. In our model, at higher frequencies, the reactance val-
ues of both capacitors and Warburg element would get insignifi-
cant, leaving only the lead and the solution resistances in series.
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This is why for higher conductivity solutions with higher fre-
quencies, the overall impedance value of the system approaches
to lead resistance which is consistent with our DC measurements
(<20 Ω). Our LCR measurements indicate that Cg is in the or-
der of 10 pF when it is blank. For frequency sweeps between
1 kHz and 1 MHz, this corresponds to the reactance values be-
tween 107 and 104 Ω, respectively. The AC measurements of the
hydrated sample as a function of the reduced mass of absorbed
water are shown in Figure S10, Supporting Information. For gold
electrodes with water electrolyte, the anodic and cathodic poten-
tial limits V (versus NHE), are 1.53 and −0.32 V, respectively,[36]

therefore faradaic currents cannot be detected since our exci-
tation potential is below 100 mV. Due to the metal-electrolyte-
metal system, it is possible to have a double layer capacitance
on the order of 10–50 μF cm−2 due to the diffuse region of ionic
species.[37]

When the water is absorbed by the [Cu(H2O)2V(μ-O)(PPA)2]
structure, the system exhibits double hooks and semi-circles in
high and low frequency regions. Here the matrix behaves as
a mixed conducting thin film with both ionic/electronic and
protonic currents competing. The ions and electrons at the in-
terface influence the charge transport mechanism, which in
result gives two different time constants, protonic and elec-
tronic/ionic transport.[38] As water depletes, the high-frequency
region semi-circle starts shrinking, indicating a reduction in the
electronic/ionic conduction (Figure S10, Supporting Informa-
tion, left). After 120 min, the water remaining in the matrix
only transports protonic conduction corresponding to the low
frequency semi-circle. After 240 minutes (Figure S10, Support-
ing Information, middle), as all the water evaporates, protonic
conduction is lost too, and the system behaves like an in-series
constant phase element (CPE) with its impedance converging to-
ward the lead resistance.[39] This aligns with the mass measure-
ments and the DC resistance measurements. The improved cir-
cuit model with [Cu(H2O)2V(μ-O)(PPA)2] sample on the IDE ar-
ray would involve two Warburg impedances with different War-
burg coefficients (Figure S11, Supporting Information). The cir-
cuit elements with superscripted index “e” and “p” correspond to
electronic and protonic/ionic conductivities.

We can estimate the electronic and protonic resistance values
(Rg), using the Nyquist plots (Figure S10, Supporting Informa-
tion). Since the reactance value of Cg is more significant than
104 Ω, and the lead resistance Rlead is lower than 20 Ω, they can be

neglected compared to lower impedances Rg. Using semi-circle
approximation for RC circuits, the Rg values for electron trans-
port shift from 450 to 100 Ω. After 120 min, the electronic trans-
port is dominated by protonic transport which is between 300 and
450 Ω, until the sample is fully dehydrated after 240 min. Using
Equation (1) for conductivity calculations, I/V is (≈100–450 Ω)−1,
L = 90 μm, Ne≈10, t≈30 μm, we≈5 mm which gives an estimated
bulk conductivity range of ≈0.13–0.60 S m−1.

2.5. Photoluminescence

Figure 4a shows the absorptance spectra and photoluminescence
spectra for excitation with a 380 nm laser of a crystal powder
sample. As seen in the complementary measurement displayed
in Figure 4B, the absorptance spectrum displays an unexpected
rise for wavelengths above ≈550 nm. For a classical semiconduc-
tor, one would expect a decrease of absorptance at the band gap,
whereas the absorptance should ideally be zero for higher wave-
lengths. The bandgap determined from the Tauc plot in Figure 2
of 2.19 eV (566 nm) corresponds well to the observed PL spec-
trum with a broad peak at around the same wavelength. The PL
spectrum displays a more than three times higher second peak at
a peak wavelength of 690 nm (1.80 eV). This shows that there is a
more favorable channel for radiative recombination at this lower
band energy.

We performed a second measurement on a separate measure-
ment setup to measure the photoluminescence spectrum for
excitation with a 632 nm laser. Although the excitation energy
is close to or below the bandgap (absorbance 11.3%), the sam-
ple was still weakly luminescent with a PL quantum yield of
≈0.02%. As displayed in Figure 4B (blue line), for this excitation
energy, two peaks can still be recognized, but here, they display
the same PL intensity. Overall, the investigations reveal a com-
plex and interesting landscape of energy states requiring further
investigation.

2.6. Magnetic Properties

Magnetization measurements were carried out using a commer-
cial Squid magnetometer (Quantum Design MPMS3) in an ap-
plied field up to 7 T in a temperature range between 2 and
400 K. The sample was filled into a plastic capsule provided by the

Figure 4. a) Absorbance spectrum (black, left axis) and photoluminescence spectrum for an excitation at 380 nm (blue, right axis). b) Comparison of
normalized photoluminescence intensity spectra for excitation with 380 (black) and 632 nm (blue).
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Figure 5. A) Magnetization of [Cu(H2O)2V(μ-O)(PPA)2] as a function of magnetic field and temperature. B) Susceptibility and its inverse for a selection
of field values. For both, A and B, the signal is given in μB for one formula unit [fu]. The solid black line in A is a calculated phase boundary with parameters
given in the text. The black solid line in B shows the Curie–Weiss fit obtained on the 7 T data set.

manufacturer of the instrument. The sample mass was 3.74 mg.
For simplicity the data are referred to one magnetic ion per for-
mula unit assuming a gyromagnetic ratio g = 2. The magnetiza-
tion data are shown in Figure 5a. The maximum of the magneti-
zation is observed at T = 18 K. Up to 7 Ta, this maximum is not
affected by the magnetic field. Below T = 7 K, the magnetic be-
havior gets more complex. In low fields, a sharp kink is observed,
and the field dependence is well described by a mean field phase
boundary given by 1 = (B∕Bc)

2 + (T∕Tc)
2with Bc = 90 mT and Tc

= 6.4 K. In the higher field, the low-temperature magnetization
shows paramagnetic behavior, it increases with decreasing tem-
perature. At the highest field of 7 T, saturation is observed.

The susceptibility confirms the independence of the magne-
tization maximum at 18 K on the magnetic field for large field
values. The inverse susceptibility (Figure 5) shows a decrease in
slope in low fields, which may be attributed to a small ferromag-
netic impurity. For a Curie Weiss fit the 7 Tesla data set was used
because there the impact of an impurity is expected to be negli-
gible. It gives an effective angular momentum of J = 0.84 and a
Curie Weiss temperature of 𝜃CW = − 11 K.

Some conclusions concerning the magnetism of
[Cu(H2O)2V(μ-O)(PPA)2] are possible. The effective angular
momentum of J = 0.84 is much larger than the S = ½ momen-
tum expected when only the Cu ions carry a magnetic moment.
Looking at the chemical composition of [Cu(H2O)2V(μ-O)(PPA)2]
– C12 H18 Cu O9 P2 V – there is in addition the unpaired electron
of the V(IV) ions, they can carry a magnetic moment as well.
Both the Cu and the V ions reside on parallel chains along the
crystallographic c-axis. Along the chain the Cu ions are linked by
two oxygen atoms and the V ions have a direct link only by one
oxygen atom. Thus, the magnetic behavior of Cu- and V-chains
can be different. The broad maximum of the susceptibility at
18 K likely results from short-range order along the chains. It is
not possible to say which ion-chain is responsible for short-range
order, it could as well be both.

Similarly, it is impossible to assign the ordering observed at
low temperatures in a low field to one of the potential mag-
netic species. The observed Curie–Weiss temperature, however,
appears quite consistent with the characteristic temperatures of
the observed magnetic features and indicates dominant antifer-
romagnetic interactions. In summary, [Cu(H2O)2V(μ-O)(PPA)2]
shows complex magnetic behavior based on the presence of Cu-

and V-ions in this material. More detailed information requires
element-selective methods, for example, using synchrotron
radiation.

2.7. Thermal Stability

[Cu(H2O)2V(μ-O)(PPA)2] was synthesized under hydrothermal
reaction conditions at 150 °C and under autogenous pressure. We
characterized the thermal stability of [Cu(H2O)2V(μ-O)(PPA)2]
under N2 flow at a temperature ramp rate of 10 °C min−1 from
room temperature until 900 °C. TGA results in Figure S12,
Supporting Information, indicated 7.1% mass loss between 100
and 150 °C, which indicates the evaporation of two copper-
coordinated water molecules. This weight loss matches perfectly
with the calculated 7.1% mass loss. 22.5% weight loss at ≈400 °C
indicates that the organic components of PPA (C6H5) has started
to decompose (calculated 26.9%). The decomposition of the re-
maining 4.4% PPA units continues slowly until ≈800 °C. Resid-
ual mass correspond to CuV(PO4)2.

2.8. Electrochemical Stability

The electrochemical stability of [Cu(H2O)2V(μ-O)(PPA)2] was
investigated using cyclic voltammetry, galvanostatic charge-
discharge, and electrochemical impedance analysis in both aque-
ous and organic electrolytes. Supporting information S15 and
S16 presents all details and results. The material demonstrated
electrochemical stability, with no signs of irreversible reactions.
Also, it exhibited superior performance in an organic half-cell
compared to aqueous, as evidenced by higher specific current.
Figure 3A elucidated the electrochemical behavior with two CV
cycles, where the first cycle showed the formation of a solid elec-
trolyte interface (SEI) in the potential window of 0.1–0.3 V ver-
sus Li/Li+ and subsequent copper oxide formation and lithia-
tion: at 1.21 V (Cu1−x

IICu1−x
IO1−x/2 → Cu2O) and 1.49 V (Cu2O

→ Li2O).[40,41] However, the second cycle displayed lower current
values, indicating irreversible SEI formation, though the mate-
rial still underwent lithiation and de-lithiation. The same behav-
ior was observed in higher scan rates which are presented in
FigureS14A, Supporting Information.

Small 2023, 19, 2304057 © 2023 The Authors. Small published by Wiley-VCH GmbH2304057 (6 of 8)
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Figure 6. Electrochemical characterization [Cu(H2O)2V(μ-O)(PPA)2] in organic electrolyte LiPF6 1 m in EC:DMC (1:1) versus Li/Li+ as reference and
counter-electrode. A) Cyclic voltammogram at 0.1 mV s−1. B) Galvanostatic cycling with potential limitation at 100 mA g−1 for 100 cycles.

To further understand the electrochemical behavior and sta-
bility of [Cu(H2O)2V(μ-O)(PPA)2], 100 cycles of GCPL were
conducted at a specific current of 100 mA g−1 and are pre-
sented in FigureS14B, Supporting Information. Figure 6B shows
that the specific capacity values were not comparable to state-of-
the-art materials, nevertheless, the material exhibited stable effi-
ciency, suggesting its stability during redox processes in organic
electrolytes.

3. Conclusions

Herein, we report a new family of layered semiconductive, anti-
ferromagnetic and photoluminescent metal organic compound
[Cu(H2O)2V(μ-O)(PPA)2]. it has collected 5 exceptional charac-
teristics of electrical/ionic conductivity, semiconductivity, short
range antiferromagnetic order, photoluminescence and stability
(chemical, electrochemical and thermal) on the same platform.
[Cu(H2O)2V(μ-O)(PPA)2] exhibit high ionic/electrical conductiv-
ity between 0.13 and 0.60 S m−1. Although, its specific capac-
ity of 160 mAh g−1 in the first cycle is not comparable to the
state-of-art, electrochemical data suggests a rare observed rapid
stability in organic media, due to the formation SEI layer that
protects the bulk material without hindering the lithiation pro-
cess. Therefore, [Cu(H2O)2V(μ-O)(PPA)2] family of compounds
provide rich potential to produce stable Li+ ion batteries in the
future. Its synthesis at 150 °C under autogenous pressure at
pH 1.5 proves that [Cu(H2O)2V(μ-O)(PPA)2] is a stable com-
pound in water and acidic conditions. Furthermore, TGA indi-
cates that [Cu(H2O)2V(μ-O)(PPA)2] organic components starts to
decompose at 400 °C. [Cu(H2O)2V(μ-O)(PPA)2]. Our result indi-
cates that layered Cu/V/P/O-based metal organic semiconductors
can perform diverse applications ranging from optoelectronics
to energy storage systems. Due to the rich structural diversity
and plethora of phosphonate metal oxide oligomerizations, thou-
sands of new compounds of this family can be produced in near
future to optimize the above-mentioned applications. Further-
more, such stable [Cu(H2O)2V(μ-O)(PPA)2] building units can be
hypothetically used as layered SBUs to generate semiconductive
and magnetic MOFs, and they can be extended into porous MOFs
via post synthetic modifications or using bridging linkers such

as 1,4-phenyldiphosphonic acid, 4,4-biphenlydiphosphonic acid,
and their longer tethered versions. We are currently working on
this hypothesis to generate microporous 3D MOFs with layered
SBUs such as [Cu(H2O)2V(μ-O)(PPA)2].

[CCDC 2 257 417 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif .]
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the author.

Acknowledgements
P.T., L.W., and J.R. contributed equally to this work. G.Y. acknowledges
funding from the German Research Foundation (YU-267/2). J.G.A.R. and
V.P. acknowledge funding from the German Research Foundation (PR-
1173/29). [Correction added after publication 22 November 2023: Affili-
ations were corrected.]

Open access funding enabled and organized by Projekt DEAL.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available in the sup-
plementary material of this article.

Keywords
layered magnetic materials, layered metal organic semiconductors, metal
organic frameworks

Received: May 15, 2023
Revised: July 10, 2023

Published online: July 25, 2023

Small 2023, 19, 2304057 © 2023 The Authors. Small published by Wiley-VCH GmbH2304057 (7 of 8)

 16136829, 2023, 47, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202304057 by U
niversitaet U

nd L
andesbibliot, W

iley O
nline L

ibrary on [22/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.small-journal.com

[1] D. Y. Lee, I. Lim, C. Y. Shin, S. A. Patil, W. Lee, N. K. Shrestha, J. K.
Lee, S. H. Han, J. Mater. Chem. A 2015, 3, 22669.

[2] Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N. Coleman, M. S. Strano,
Nat. Nanotechnol. 2012, 7, 699.

[3] M. Gutiérrez, C. Martín, M. Van der Auweraer, J. Hofkens, J.-C. Tan,
Adv. Opt. Mater. 2020, 8, 2000670.

[4] H. H. Hsu, C. Y. Chang, C. H. Cheng, S. H. Chiou, C. H. Huang, IEEE
Electron Device Lett. 2014, 35, 87.

[5] Y. Liu, H. Zhou, N. O. Weiss, Y. Huang, X. Duan, ACS Nano 2015, 9,
11102.

[6] B. Sun, C. H. Zhu, Y. Liu, C. Wang, L. J. Wan, D. Wang, Chem. Mater.
2017, 29, 4367.

[7] D. Sheberla, J. C. Bachman, J. S. Elias, C. J. Sun, Y. Shao-Horn, M.
Dinca, Nat. Mater. 2017, 16, 220.

[8] T. Chen, J. H. Dou, L. Yang, C. Sun, N. J. Libretto, G. Skorupskii, J. T.
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