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A 3D Cu-Naphthalene-Phosphonate Metal-Organic
Framework with Ultra-High Electrical Conductivity

Craig A. Peeples, Delf Kober, Franz-Josef Schmitt, Patrik Tholen, Konrad Siemensmeyer,
Quinn Halldorson, Biinyemin Cosut, Aleksander Gurlo, Ahmet Ozgur Yazaydin,

Gabriel Hanna,* and Giindog Yiicesan*

A conductive phosphonate metal-organic framework (MOF), [{Cu(H,0)}
(2,6-NDPA), 5] (NDPA = naphthalenediphosphonic acid), which contains a 2D
inorganic building unit (IBU) comprised of a continuous edge-sharing sheet of
copper phosphonate polyhedra is reported. The 2D IBUs are connected to each
other via polyaromatic 2,6-NDPA’s, forming a 3D pillared-layered MOF struc-
ture. This MOF, known as TUB40, has a narrow band gap of 1.42 eV, a record
high average electrical conductance of 2 X 102 S m™~ at room temperature based
on single-crystal conductivity measurements, and an electrical conductance

of 142 S m~" based on a pellet measurement. Density functional theory (DFT)
calculations reveal that the conductivity is due to an excitation from the highest
occupied molecular orbital on the naphthalene-building unit to the lowest
unoccupied molecular orbital on the copper atoms. Temperature-dependent
magnetization measurements show that the copper atoms are antiferromag-
netically coupled at very low temperatures, which is also confirmed by the

DFT calculations. Due to its high conductance and thermal/chemical stability,
TUB40 may prove useful as an electrode material in supercapacitors.

conductive materials such as perovskites
and graphene derivatives,™' which pos-
sess limited structural diversity around
their well-defined 2D layers. Recently,
there has been a great deal of interest in
creating novel conductive MOFs, as their
surface areas can be modified using well-
established reticular chemistry with longer
tethered organic linkers to provide opti-
mizable charge-holding capacities.-1¢!
Such MOFs have the potential to be used
as electrode materials in next-generation
supercapacitors.[t12]

Reticular MOF synthesis has evolved
around the use of longer tethered linkers
with molecular IBUs, which diminish
the interactions between the IBUs.7-20l
In addition, the use of conventional car-
boxylic acid metal-binding units typically

1. Introduction

Metal organic frameworks (MOFs) are composed of inorganic
building units (IBUs) that are linked together via organic
struts or linkers. Owing to all the possible coordination com-
binations of inorganic and organic components, they exhibit
extremely rich structural diversity compared to traditional 2D

leads to larger band gaps above 2.5 eV.2122]

The known conductive ortho-dimine,
ortho-dihydroxy, and azolate MOFs have conservative metal-
binding modes, thereby limiting further developments of these
systems.[131416.23.24 Alternative metal-binding units with rich
structural diversity and metal-binding modes that generate 1D
or 2D IBUs spawning continuous interaction of metal poly-
hedra along the IBUs, have been known to introduce semi-
conductive behavior in MOFs.[121316] (Comprehensive tables of
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Figure1. a) View of [{Cu(H,0)}(2,6-NDPA) 5] TUB40’s 2D copper phosphonate IBU composed of edge-sharing Cu—O—P—O—Cu—0O—P—0 polyhedra
(see Scheme 1 for the Lewis structure of 2,6-NDPA). b) Crystal structure of the 3D pillared-layered network of TUB40.

electrical conductivities of conductive MOFs may be found in
a recent review article.!¥)) The same approach is also known to
introduce magnetic interactions between the metal ions in the
MOF structure.>2>?1 Along these lines, organophosphonates
are known to possess rich structural diversity and metal-binding
modes!®2928-31 and readily form 1D and 2D IBUs under hydro-
thermal reaction conditions.®! In a recent study, we reported
the first semiconductive and magnetic phosphonate MOF
(known as TUBY75) composed of 1D antiferromagnetically cou-
pled Cu(Il) dimer chains and 1,4-naphthalenediphosphonic acid
linkers. We showed that the phosphonate polyhedra within the
1D IBU contributed to the electron delocalization throughout
the IBU. In the current study, we revisit our previously pub-
lished MOF TUB40,32 which is composed of 2D sheets of
corner-sharing copper and phosphorus polyhedra (see Figure 1
for a depiction of the 2D sheets and crystal structure of TUB40),
and explore its conductive and magnetic properties. In par-
ticular, we perform pellet conductivity, single-crystal conduc-
tivity, solid-state diffuse reflectance (to estimate the band gap via
Tauc plotting), temperature-dependent magnetization measure-
ments, and density functional theory (DFT) calculations.

2. General Information

The presence of the tetrahedral R-PO3;H, metal-binding unit
in phosphonate MOFs leads to certain advantages over con-
ventional MOFs.28-31 The phosphonic acid functional group
is known to have a high metal-binding affinity.’3-* Since fully
deprotonated, negatively (-2) charged phosphonates can form

OH
o=|ID OH
(l)H !’=O
c',H

Scheme 1. Lewis structure of 2,6-naphthalenediphosphonic acid

(2,6-NDPA).
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strong ionic bonds with divalent metal ions, phosphonate
MOFs have high thermal and chemical stabilities.*3] TUB40
was previously reported to be thermally stable up till =400 °C,3?
as it is composed of fully deprotonated phosphonate moieties.
In the absence of the coordinated water molecules, TUB40 is
estimated to have a Helium-accessible specific pore volume of
0.032 cm?® g7, corresponding to a 7% v/v void fraction, based
on a Monte Carlo simulation (see Supporting Information for
details). TUB40 was synthesized as single-phase (pistachio-
green) crystals under autogenic pressure in a 23-mL Teflon-
coated Parr hydrothermal reaction vessel at 180 °C.

3. Semiconducting and Magnetic Properties

3.1. Band Gap

CuO is known to be a good semiconductor with a band gap of
1.2 eV.8 Based on our findings in ref. [15], it is presumed that
the introduction of phosphonate groups throughout the copper
oxide framework retains the semiconductivity in the 2D IBUs.
In addition, the rich metal-binding modes found in phosphonate
MOFs allows for optimizable surface areas, which could expand
the range of semiconductor applications. Therefore, we sought to
estimate the band gap of TUB40 from the UV-vis diffuse reflec-
tance spectrum of handpicked crystals of TUB40. As seen in
Figure 2a, indirect Tauc plotting of the reflectance data reveals a
band gap of 1.42 eV, which lies in the semiconductive range.[***

3.2. Pellet-Based Conductivity

Given the narrow bandgap, we then used impedance spectros-
copy to measure the resistance of a 5 mm (diameter) X 0.5 mm
(thickness) TUBA40 pellet at room temperature and calculated
the resulting electrical conductivity (o). This was done using a
Zahner ZENNIUM impedance measurement unit in the poten-
tiostatic mode (with 20 mV amplitude between 100 mHz and
100 kHz). To reduce the influence of contact resistance between
the pellet surface and electrodes (stainless steel cylinders),
the impedance measurement was done under a mechanical
load of 1 MPa. In Figure 2b, the complex-valued impedance is

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. a) Tauc plot of UV-vis diffuse reflectance spectrum for TUB40, showing the indirect band gap of 1.4 eV. b) Impedance spectrum of TUB40
revealing purely ohmic behavior with |Z| =179.3 £ 0.2 mQ between 0.1 and =500 Hz. Above =500 Hz, |Z| and ¢ increase due to the increasing parasitic

contributions from the connectors and cables in the setup.

displayed in the Bode representation in terms of the magnitude
of the impedance, |Z], and the phase shift, ¢, between the input
potential wave and measured current wave (NB: ¢ = 0 for ohmic
resistors and ¢ # 0 for serial or parallel combinations of capaci-
tive, inductive, and resistive elements). From 0.1 to =500 Hz,
we see that |Z] and ¢ remain constant at 179.3 £ 0.2 mQ and
0°, respectively. This frequency independence is characteristic
of pure ohmic resistors. Above =500 Hz, the plot exhibits a
common feature of an impedance measurement setup, namely,
¢ increases with increasing frequency toward 90° (here, 80°
at 100 kHz). This artifact is caused by parasitic contributions
from the connectors and cables, which lead to measurable
inductances due to mutual induction or object- and wiring-
inductance. Thus, frequencies with ¢ values higher than 1°
were not considered in the calculation of the resistance, R, that
is, R was calculated from the mean |Z| between 0.1 and 200 Hz.
Finally, the conductivity, 0, was calculated to be

5%x10*m
0.1793Q+(0.25-7- (5% 107 m)?)

=142Sm™

At
e o)

3.3. Single-Crystal Conductivity

As measurements on polycrystalline pellets may underes-
timate the conductance of the MOF due to contact/grain
boundary resistances and anisotropic electrical conduction,
we also performed single-crystal measurements according to
the setup described in ref. [15]. The TUB40 crystals were hand-
picked under a microscope (see Figure S5, Supporting Infor-
mation) and a number of measurements were performed by
clamping the individual crystals in a flat alignment between
two gold surfaces of a relay (see Supporting Information for
more details). Assuming that the TUB40 crystal made per-
fect contact with the gold surfaces, the measured resistances
yielded a maximum conductance of =10* S m™! with an average
of =200 S m™. Since the main crystal body is surrounded by
smaller rectangular plates of TUB40 crystals (see Figure S5,
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Supporting Information), perfect contact with the gold surfaces
is probably not made and thus the reported average conduct-
ance may underestimate the actual average.

3.4. Magnetization Measurements

Temperature-dependent magnetization measurements of a
20 mg sample of TUB40 were conducted using a Squid-based
vibrating sample magnetometer (MPMS by Quantum Design)
in direct current mode. The magnetization data were obtained
in a temperature range between 2 and 380 K for applied
magnetic fields between 0.1 and 7 Tesla and the corresponding
susceptibilities [calculated from the magnetization (M) and
applied magnetic field (B)] are shown in Figure 3a. For low
applied fields up to 2 Tesla, the magnetic susceptibility shows a
broad peak with a maximum at T,,,, = 4 K, which is essentially
independent of field strength. Such a result is consistent with
short-range antiferromagnetic order in the 2D Cu planes./*#
For the higher applied field strengths, the peak maximum
shifts to lower temperatures with increasing field strength due
to the greater influence of the magnetic field over the short-
range interactions. Above T, the susceptibility decays with
increasing temperature to a small value at room temperature,
indicative of paramagnetic behavior.

The inverse susceptibilities, ¥, which are used to obtain
Curie-Weiss fits of the data, are shown in Figure 3b. As can be
seen, straight lines are only observed at high field strengths,
with deviations observed at low field strengths, namely, y (T)
curves downward at high temperatures due to paramagnetic or
ferromagnetic contributions. It should be noted that diamag-
netic contributions, if present, would bend y(T) upward at
high temperatures and be field-independent. A good fit to the
susceptibility, y, over the full temperature range from 10 K to the
highest temperature was obtained using the following function:

2= Cew!(T —Ocw)+ Yaa + Cu/B (2)

(30f7) © 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. a) Magnetic susceptibility, M/B, as a function of temperature for different values of the applied magnetic field, as obtained from the raw
magnetization data. The inset shows the magnetization as a function of the applied field at 2 K. b) Inverse susceptibility, 1/, (filled symbols) as a
function of temperature for different values of the applied magnetic field, along with fits to the data (solid lines). The deviations between the fits and

measured data are also shown (open symbols).

where Cew and Ocy are the Curie and Curie-Weiss constants,
respectively, and yy;, is the diamagnetic contribution. The last
field-dependent term, y; =Cy//B, is introduced to capture the
deviations from the Curie-Weiss behavior observed at high tem-
peratures, where Cy is a temperature-independent constant.
The observed square root behavior can arise from a small
amount of ferromagnetic impurity with soft magnetic proper-
ties.3 The fit gives Cey = 0.76 ugK/Iong, Tesla, Ocy =—4.13 K,
Xdia =110 X 107 pp/Ton, Tesla, and Cp=225x10"u; /Iong, \/Tesla .
Assuming Cu spins with g = 2, the obtained value of the Curie
constant, Ccy, suggests that =80% of the Cu spins per mole
of spins contribute to the magnetic interactions. The field
dependence of the magnetization at 2 K (see inset of Figure 3a)
shows a change in slope at 2.5 Tesla to paramagnetic behavior.
This value of the field corresponds to a Zeeman splitting of
3.4 K for Cu spins, which is consistent with T,,, = 4 K and
Ocw = —4.13 K. The negative sign of the latter indicates that the
interactions are antiferromagnetic. The magnitudes of the ferro-
magnetic (yp) and diamagnetic (yg,) backgrounds are very small
compared to the low-temperature susceptibility values, so they
can be safely treated within this fit. The diamagnetic background
can arise from the non-magnetic atoms in TUB40.

4, DFT Calculations

DFT calculations of the density of states (DOS), projected den-
sity of states (pDOS), band gap, band structure, and partial
charges of TUB40 were also carried out. The details of the
geometry optimization and DFT calculations can be found in
the Supporting Information. Figure 4 shows the optimized
structure of the antiferromagnetic (AFM) configuration of
TUB40 (the optimized structure of the ferromagnetic (FM)
configuration is negligibly different). As seen in Table S1,
Supporting Information, the structural differences between
the optimized structure and experimental crystal structure
are minimal. The exchange energy (i.e., difference between the
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energies of the AFM and FM configurations) was calculated to
be E, = Expm — Epm = —1.50 meV, suggesting that the zero-tem-
perature magnetic ground state is the AFM state (in agreement
with the magnetic susceptibility data below 5 K).

We first present and discuss the HOMO-LUMO gap and
pDOSs of the AFM configuration (the total DOS and band
structure may be found in Figure S1, Supporting Information).
The HOMO-LUMO gap was calculated to be 2.320 eV and, as
seen in the pDOS (Figure 5), the HOMO is predominantly dic-
tated by the carbon orbitals of the naphthalenes and the LUMO
by the orbitals on the copper and, to a lesser extent, the oxygen
atoms. These results suggest that the AFM configuration has
a spatially separated HOMO-to-LUMO transition. Further
insight into the HOMO-LUMO gap is provided by the pDOSs
in Figure 6, which show the contributions from the p-orbitals
of the carbon atoms and the d-orbitals of the copper atoms with
excess - (Figure 6A) and o~spins (Figure 6B). As can be seen,

Figure 4. Minimum energy structure of the 2 X 1 x 2 supercell of TUB40
in the AFM configuration, obtained at the DZP-PBE-D3 level of theory. The
orange box delineates the unit cell. The red and blue arrows denote the o
and f spins, respectively, of the unpaired electrons of the copper atoms.
For the FM configuration, all of the unpaired electrons are taken to be
spin-a (O — red; Cu — cyan; P — blue; C — black; H — white).

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 5. Spin-up (red arrow) and spin-down (blue arrow) projected density of states for TUB40 in the AFM configuration: carbon (A), copper (B),

oxygen (C), phosphorous (D).

the spin orientations of the copper d-orbitals contributing to the
LUMO depend on the copper atom under consideration (i.e., a
copper atom with an excess fB-spin or o-spin). Specifically, for
the copper atoms with the excess f/orspins, spin-up/down
electrons may populate the copper d-orbitals of the LUMO.
Due to the electronic transition selection rule that AS = 0 (i.e.,
the spin of the electron cannot change), our results suggest
the possibility of excitations of spin-up/down electrons from the
naphthalene 7 orbitals to the empty d-orbitals of copper atoms
with unpaired spin-down/up electrons, that is, a copper atom
with an unpaired spin-up electron will only accept an excited
spin-down electron into its empty d-orbitals and vice versa.
Given the small exchange energy, we next present and discuss
the HOMO-LUMO gaps and pDOSs of the FM configuration.
Based on the spin-up and spin-down band gaps, band structure
(Figure S2, Supporting Information), total DOS (Figure S2, Sup-
porting Information), and pDOS (Figure 7), we see that the FM
configuration's HOMO-LUMO gap is spin-dependent. More
specifically, the spin-down states have a band gap of 2.195 eV,
in the semiconductor regime, while the spin-up states have a
band gap of 3.913 eV, which is closer to that of an insulator. This
situation may be contrasted with that of a half-metal, where
one spin orientation has a zero band gap and the other has

40
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Figure 6. Spin-up (red arrow) and spin-down (blue arrow) projected den-
sity of states for TUB40 in the AFM configuration, showing the contribu-
tions from p-orbitals of the carbon atoms (black) and d-orbitals of the
copper atoms (cyan) with an excess B-spin (A) and an excess o+spin (B).
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a non-zero band gap.*** As can be seen in Figure S2, Sup-
porting Information, the HOMO is spin-independent while the
LUMO is spin-dependent. To understand how the various atoms
contribute to the spin-dependent HOMO-LUMO gap, we calcu-
lated the pDOS for carbon, copper, oxygen, and phosphorous
shown in Figure 7 The figure reveals that the HOMO of TUB40
in the FM configuration is predominantly dictated by the carbon
orbitals of the naphthalenes (as in the case of the AFM con-
figuration). On the other hand, the spin-down contribution to
the LUMO is mainly composed of copper orbitals with a small
contribution from the oxygen orbitals (as in the case of the AFM
configuration), while the spin-up contribution is due to carbon
orbitals. Based on these results, we see that the spin-down
states have a spatially separated HOMO-to-LUMO transition (as
in the case of the AFM configuration), while that of the spin-
up states is localized on the naphthalene carbon atoms. Further
insight into the HOMO-LUMO gap is provided by the pDOS in
Figure 8, which shows the contributions from the p-orbitals of
the carbon atoms and the d-orbitals of the copper atoms with
excess o-spins. As can be seen, spin-down electrons may popu-
late the copper d-orbitals of the LUMO. Due to the electronic
transition selection rule that AS = 0, this figure suggests the
possibility of excitations of spin-down electrons from the naph-
thalene 7 orbitals to the empty d-orbitals of the copper atoms,
that is, a fspin 7-d transition with a 2.195 eV gap.

Our smallest calculated HOMO-LUMO gaps (namely, 2.320
and 2.195 eV) are somewhat larger than the experimental esti-
mate of the band gap (namely, 142 eV). This may due to a
combination of reasons. First, our gaps were calculated at 0 K,
while the experimental gap was extracted from a UV-vis spec-
trum obtained at room temperature. Second, the HSE06 hybrid
functional that we used has a parameter that can be varied to
switch between the PBEO hybrid functional”* (@ = 0) and
the pure generalized gradient approximation PBE*)! functional
(as @ — o). Hybrid functionals include Hartree-Fock exchange,
which increases long-distance interactions and, in turn, increases
HOMO-LUMO gaps. Given that the default value of = 0.11 was
used in our calculations and that our calculated HOMO-LUMO
gaps overestimate the experimental one, it is possible that too
much Hartree-Fock exchange was included in the functional.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 7. Spin-up (red arrow) and spin-down (blue arrow) projected density of states for TUB40 in the FM configuration: carbon (A), copper (B),

oxygen (C), phosphorous (D).

Finally, the results of the electronic population analyses (see
Table S2, Supporting Information) show that the oxygen atoms
surrounding each copper atom have excess electron density
(namely, for every three oxygen atoms there is approximately an
excess electron), pointing to high electron delocalization within
the 2D IBU. The spin density isosurface of the AFM configura-
tion (Figure S4, Supporting Information) shows that the spin
density is delocalized onto the copper atoms and oxygen atoms,
suggesting that both of these atoms contribute to the magnetic
behavior of TUB40.

5. Conclusion
In conclusion, we reported on the conductive and magnetic
properties of TUB40, which is composed of 2D sheets of

Cu(II)-phosphonate polyhedra. TUB40 was found to have a
narrow band gap of 1.42 eV, well within the semiconducting
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Figure 8. Spin-up (red arrow) and spin-down (blue arrow) projected den-
sity of states for TUB40 in the FM configuration, showing the contribu-
tions from p-orbitals of the carbon atoms (black) and d-orbitals of the
copper atoms (cyan) with an excess o+spin.
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range. The single-crystal and pellet-based impedance meas-
urements yielded conductivities of 200 and 142 S m™, respec-
tively, at room temperature, making TUB40 one of the most
conductive 3D MOFs in the literature. Temperature-dependent
magnetization measurements showed that the Cu(II) atoms
are antiferromagnetically coupled at very low temperatures.
The DFT results suggested that the electrical conduction in
TUB40 is due to excitations between the spatially separated
HOMO and LUMO, which are primarily located on the aro-
matic naphthalene rings and the Cu(II) atoms, respectively.
Given their high thermal stability and extremely rich phospho-
nate metal-binding modes, phosphonate MOFs could become
the next generation of microporous semiconductors and super-
capacitor electrodes.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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