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Herein is reported the first semiconducting and magnetic phosphonate metal-organic
framework (MOF), TUB7S5, which contains a one-dimensional inorganic building unit
composed of a zig-zag chain of corner-sharing copper dimers. The solid-state UV-Vis
spectrum of TUB75 reveals the existence of a narrow band gap of 1.4 eV, which agrees well
with the 1.77 eV one obtained from DFT calculations. Magnetization measurements show that
TUB7S5 is composed of antiferromagnetically coupled copper dimer chains. Due to their rich
structural chemistry and exceptionally high thermal/chemical stabilities, phosphonate MOFs

like TUB75 may open new vistas in engineerable electrodes for supercapacitors.

Metal organic frameworks (MOFs) emerged as a new family of microporous materials at the

beginning of the 21% century.l!"] They are composed of inorganic building units (IBUs) and
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organic linkers, which combine to create microporous frameworks.['*%7]  Owing to the vast
range of organic linker geometries and functional groups, and the option of post-synthetic
modification of pore surfaces,®1% many diverse applications of MOF chemistry have emerged,

13,14

including small molecule storage,!'!! greenhouse gas sequestration,!'?! drug delivery,!'3!4] and

detoxifying agents!'”); and the presence of IBUs has led to applications in heterogeneous

21221 Among these applications, magnetic

catalysis,!®!7] magnetism,[!8-2!1 and conductivity.!
MOFs have recently attracted a great deal of attention due to the possibility of creating tunable
magnetic materials by varying the host-guest interactions at pore sites or exploiting structural
changes induced by MOF breathing; and conductive MOFs are expected to serve as next-

generation porous electrode materials with higher and customizable surface areas compared to

active carbon electrodes.[?!-23]

Traditional MOFs have primarily relied on molecular IBUs known widely as paddle wheel
patterns.!'3] To synthesize magnetic MOFs based on molecular IBUs, the IBUs must be close
enough to each other to generate the desired magnetic interactions. The design patterns for such
magnetic MOFs have been summarized in two recent review articles.['®!°] Typically, shorter
linkers such as CN or azolate linkers make magnetic interactions possible between the inorganic
components.?#?31 Also, linkers that can generate free radicals may be used to create

(2627] However, because MOF chemistry has evolved towards

magnetically significant MOFs.
the use of longer organic linkers for larger surface areas, the distances between the molecular
IBUs has increased and thereby diminished the possibility of constructing magnetic MOFs with

molecular IBUs.[28

! Thus, new architectural strategies for synthesizing magnetic MOFs are in
need. Along these lines, one-dimensional (1D) and two-dimensional (2D) IBUs can provide a
more suitable platform for magnetic interactions as the metal centers may come into close

proximity to each other in such geometries.[>-*!l MOFs, which are synthesized at high

temperatures and under hydrothermal reaction conditions, usually form 1D chain IBUs.[?234 [n
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contrast, conventional MOFs, which are synthesized at low temperatures in the presence of

[1-6

organic solvents,!!"% usually form molecular IBUs. One-dimensional magnetic chains are well

known,?°! but relatively few porous magnetic MOFs with 1D IBUs have been reported in the

literature.[1819-25-31.33]

The construction of conductive MOFs requires more subtle design elements. For example,
highly conjugated linkers such as phthalocyanine or porphyrins with ortho-diimine, ortho-
dihydroxy, and azolate metal-binding units connected via molecular IBUs composed of a single

21-231 However, due to the limited number of

metal ion, are known to give rise to conductivity.[
metal-binding modes for the single nitrogen and oxygen donating linkers and the highly
conservative nature of metal binding in these systems, progress in the design of conductive
MOFs has been limited. Alternative metal binding units capable of yielding both rich structural

diversity and conductivity are needed for constructing next-generation conductive MOFs.34:36]

Phosphonate MOFs are known for their high structural diversity due to the multiple metal-
binding modes and protonation states of the phosphonic acid group.*” They are known to

contain complex molecular clusters and 1D/2D IBUs.[30:33-36]

Recently, Yiicesan et al.
synthesized the phosphonate MOF TUB75 (where TUB stands for Technische Universitét
Berlin) at temperatures above 180°C and under hydrothermal reaction conditions.[*8] The
crystal structure revealed that this MOF contains 1D copper dimer chains linked by
polyaromatic 1,4-naphthalenediphosphonic acid linkers (see Figure 1). This chain structure is
unique compared to that of previously reported 1D IBUs in the literature with respect to the
presence of three different (and relatively short) characteristic Cu-Cu distances along the 1D
IBU (see Figure 1B).2%33-3¢1 Ag seen in Figure 1B, TUB75 is composed of zig-zag copper

dimer chains (one of which is portrayed in Figure 1B; the experimental and calculated Cu-Cu

distances are given in Figure S2 and Table S1, respectively). Its surface area was previously
3



(381 The thermal decomposition patterns of phosphonate MOFs

measured to be 132.1 m?/g.
constructed using 4,4’-bipyridine as the auxiliary linker with 1,4-naphthalenediphosphonic
acid, 2,6-naphthalendiphosphonic acid, and different aromatic phosphonic acids were also

38391 MOFs in this family have a general tendency to be thermally stable

previously reported.!
up to ~375 °C, after which thermal decomposition begins. In our previous work with 2,6-
naphthalendiphosphonic acid, we found that removing the 4,4’-bipyridines to obtain pure metal
phosphonates increases the thermal stability to ~400 °C.B7) As seen in Figure 1B, all of the
1,4-naphthalenediphosphonic acids in TUB75 are fully deprotonated, which leads to substantial

electron delocalization within the 1D IBU (see electronic population analyses in Table S2 of

the Supporting Information).

In light of the above, in this study, we revisit our phosphonate MOF TUB75 to explore its
conductive and magnetic properties. As we will discuss below, we find that TUB75 has an
indirect band gap of 1.4 eV (based on a Tauc plot of the UV-Vis spectrum), making it a
semiconductor. In addition, we find that TUB75 possesses an antiferromagnetic chain-type
IBU. Our density functional theory (DFT) calculations of TUB75’s band gap, band structure,
partial density of states, and relative energies of the ferromagnetic (FM) and antiferromagnetic
(AFM) configurations, provide detailed insight into its electronic structure. The details of our
calculations, which employed Slater-type orbital (STO) basis sets, can be found in the

Computational Details section of the Supporting Information.

In Figure 3B, we present a Tauc plot derived from the UV-Vis spectrum (shown in Figure S2)
of a sample of pure handpicked (under a microscope) crystals — thin green needles with an
average length of 0.5 mm. An optical band gap of 1.4 eV, typical of a semiconductor, was

determined by linear extrapolation of an indirect Tauc plot (see Figure 3B).[*%4!] Previous



reports on electrical conductivity in MOFs have been mainly based on conductance

[21

measurements on pellets.l?!! However, conductances obtained from pellet-based measurements

may sometimes be overrated due to the presence of minute amounts of conductive metal

21-23] Thus, measuring the UV-Vis spectrum

impurities originating from the starting materials.!
of a sample of handpicked crystals and extracting the band gap from a Tauc plot provides an
alternative way to gain insight into the conductivity. Such a measurement coupled with DFT

calculations can provide a comprehensive picture of the conductivity of a material.[2*]

To gain insight into the semiconductive nature of TUB75, we performed DFT calculations, the
details of which are provided in the Supporting Information. The density of states calculation
yielded a HOMO-LUMO gap of E, = 1.77 eV, which is in good agreement with the
experimental band gap of 1.4 eV. Based on the projected density of states (pDOS) in Figure
2, we see that the HOMO-LUMO gap is predominantly due to atomic orbitals associated with
the carbon atoms in the n-conjugated 1,4-naphthalenediphosphonic acid (1,4-NDPA) and 4,4’-
bipyridine (4,4’-bpy) auxiliary linker groups. It also appears that there is some contribution
from the nitrogen orbitals to the LUMO and a very small contribution from the oxygen orbitals
to the HOMO. As for copper, there is effectively no contribution from the copper orbitals to
the HOMO and LUMO. There is indication of spin dependence in the higher energy virtual
orbitals, primarily associated with the copper atoms and smaller contributions coming from
carbon, nitrogen, phosphorous, and oxygen. We further projected the carbon pDOS into the
individual contributions from the 1,4-NDPA and the 4,4’-bpy carbons (Figure 3). This
projection reveals that the HOMO and LUMO are spatially separated, with the HOMO localized
on the 1,4-NDPA carbons and the LUMO localized on the 4,4’-bpy carbons. In such a case, a
photo-excited electron (in the LUMO) would be spatially separated from its hole (in the

HOMO).



Next, we report the results of our magnetization measurements on TUB75 in Figure 4A (see
Supporting Information for the details of the measurements). The magnetization data exhibits
a Néel temperature of 7 = 30 K (i.e., the temperature corresponding to the maximum
magnetization) that increases with increasing field strength, a behavior that is characteristic of
a material with AFM correlations (see Figure S for a depiction of the AFM correlations of spins
in the geometry-optimized structure). This is corroborated by our DFT-calculated exchange
energy (i.e., the energy difference between the AFM and FM configurations) of E,, = Espy - Ery
=-37.3 meV, indicating that the AFM configuration is more stable than the FM one. Moreover,
the position of the maximum does not vary with temperature, which is characteristic of the
presence of short-range order in the 1D spin chains and is consistent with the zig-zag chains
observed in the crystal structure (Figure 1B). At 2 K, we observe a non-zero magnetization that
increases with increasing field strength and appears to plateau at higher fields; for the lower
field strengths, the magnetization initially decreases and then increases with increasing
temperature (up to 10 K), while for the higher field strengths the magnetization simply increases
with increasing temperature (up to 10 K). The upturn of the magnetization below 10 K (known
as a Curie tail) observed for the lower field strengths is suggestive of the presence of a small
amount of paramagnetic impurity, e.g., Cu ions that are not embedded in the TUB75 crystal
structure.®!! At high temperatures, the magnetization decreases to zero with increasing

temperature, as expected (see Figure 4A).

Given the underlying 1D chain geometry, we fit our high-temperature (> 30 K) magnetic
susceptibility data (Figure 4B) to Heisenberg chain and dimer chain models (depicted in
Figure 4D). As shown in Figure 4B, close fits to the data were obtained with coupling
constants of Jeuin = 16.8 K and J' = -22 K for the Heisenberg chain model,[***) and coupling

constants of Jyimer = 54 K and Jenain = -2.6 K for the dimer chain model.[*+#¢ The signs and



magnitudes of the Heisenberg chain coupling constants are consistent with those observed in
antiferromagnetically coupled 1D chains, while those of the dimer chain model are suggestive
of another type of coupling. The diamagnetic contribution is small in both cases. As the
temperature is lowered to 1 K from 30 K, the magnetic susceptibility predicted by the dimer
chain model drops rapidly (ultimately to negative values), in contrast with the experimental
susceptibility which drops less rapidly and remains positive. On the other hand, the magnetic
susceptibility predicted by the Heisenberg chain model drops less rapidly than the
experimental susceptibility and remains positive. As mentioned earlier, these deviations may
be due to the presence of impurity spins; thus, we fit the low-temperature (< 10 K) magnetic
susceptibility data to a field-dependent Brillouin function plus a baseline signal (dotted black
line) that is due to the 1D chains. From Figure 4B, we see that this combination of functions
(with an impurity content of ~8 %, S = 122 and g = 2) closely fits the low-temperature data.
Given that the magnetic susceptibilities of TUB75, the Heisenberg chain, and the dimer chain
are positive, positive, and negative, respectively, at very low temperatures (see Figure 4B), it
appears that its IBU is best described in terms of Heisenberg chains. A Curie-Weiss fit to the
high temperature portion of the inverse magnetic susceptibility is shown in Figure 4C. All

details of the data fitting are given in the Supporting Information.

Finally, in Fig. 6, we present the DFT-calculated spin density iso-surface, focusing on a portion
of the IBU in the AFM configuration. The antiparallel spin density along the copper dimer
chain is clearly seen and it is delocalized onto the coppers and their nearest-neighbor oxygens
and nitrogens. This result suggests that the magnetic behavior of TUB75 is likely dependent

on the shared spin density of these three atoms.

Herein, we have reported on the conductive and magnetic properties of the phosphonate MOF,

TUB75. With an experimental band gap value of 1.4 eV, TUB7S5 is the first semiconducting
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phosphonate MOF in the literature, paving the way for a new family of semiconductors with an
extremely rich structural chemistry. The metal-binding modes of the phosphonic acid group in
TUB75 support a 1D IBU composed of a zig-zag copper dimer chain, which was found to be
antiferromagnetically coupled. The temperature-dependent magnetic susceptibility data was
well fit using a combination of a Heisenberg chain model at higher temperatures and Brillouin
functions at very low temperatures. Our experimental measurements were accompanied by DFT
calculations, which yielded a band gap of 1.77 eV in good agreement with the experimental one
and support the AFM nature of the IBU. Given the high thermal/chemical stabilities of
phosphonate MOFs and the innumerous metal-binding modes of phosphonates, our findings
suggest that they could be used in next-generation electrodes and supercapacitors capable of
withstanding harsh operating conditions. The vast structural diversity of phosphonate MOFs
could lead to a new generation of porous materials with engineerable surface areas and
magnetic/conductive properties. Currently, we are working on the reticular chemistry of

phosphonate MOFs to explore these possibilities.

Supporting Information

Supporting Information is available.
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Figure 1. A) One layer of the [{Cux(4,4’-bpy)o.s}(1,4-NDPA)] (TUB-75) MOF, showing nine
1D copper dimer IBUs and four void channels (which extend into and out of plane). B) Side
view of the 1D IBU consisting of a zig-zag chain of corner-sharing copper dimers, with Cu-Cu
distances of less than 3 A. Dimers are colored based on their Cu-Cu bond distances. Color

definitions: O — red; N — orange; Cu — cyan; C — black; P — blue.
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carbons for TUB7S5 in the AFM configuration. B) Indirect Tauc plot derived from the UV-Vis

absorption spectrum of TUB75 (shown in Figure S2), revealing a typical semiconductor pattern

and a band gap of E; = 1.4 eV.
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Figure 4. Magnetic response data for TUB75. (A) Magnetization vs. temperature data for
TUB7S5 in different applied magnetic fields. (B) Magnetic susceptibility, i, (coloured circles)
obtained from the magnetization data along with fits (solid blue lines) to the Heisenberg chain
and dimer chain models. The upturn in the low-temperature signal (< 10 K), which is suggestive
of the presence of paramagnetic impurities, is fit by Brillouin functions (solid coloured lines)
with a baseline signal (dotted black line). (C) Magnetic susceptibility (green circles) obtained
ina 5 T magnetic field, corrected for the diamagnetic background, and the inverse susceptibility
(purple circles) on which a Curie-Weiss high-temperature linear fit is shown (solid purple line).

(D) Schematic pictures of Heisenberg chains and dimer chains, the models used to fit the
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magnetic susceptibility data. See Supporting Information for details.
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Figure 5. Minimum energy structure of the 1x3x1 supercell depicting the antiferromagnetic
configuration of the electrons on each copper (a-spin: red, B-spin: blue). Color definitions: O

—red; N — orange; Cu — cyan; C — black; P — blue; H — white.
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Fig. 6. Spin density iso-surface of a portion of the IBU. P/a spin density is shown in blue/red
and corresponds to a difference between the spin-up and spin-down density of 0.005 electrons

per A3. Color definitions: O —red; N — orange; Cu — cyan; C — black; P — blue; H — white.
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The first semiconductive metal organic framework (known as TUB75) derived from
arylphosphonic acids and a depiction of its antiferromagnetic one-dimensional inorganic

building unit composed of a zig-zag chain of corner-sharing copper dimers.
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Density functional theory calculations

All of the density functional theory (DFT) calculations on TUB75 were performed with the
Amsterdam Density Functional BAND (ADF2018) package.['"*) Since TUB75 is a bulk
material, periodic boundary conditions were applied to a 1x3x1 supercell (with unit cell lattice
parameters of a=17.907 A, b=13.931 A, ¢=10.086 A) containing six copper dimers and the
associated organic linkers (see Figure S3). All wave functions were expanded using atomic
Slater-type orbital (STO) basis sets, which are all-electron basis sets and are more similar to
“real” atomic orbitals than plane-wave basis sets (avoiding the use of pseudo-potentials and
effective core potentials). A geometry optimization of the experimental crystal structurel*!
was performed with the lattice vectors set to their experimental values. The optimization was
done using the fast inertial relaxation engine (FIRE) algorithm and spin-polarized,
unrestricted Kohn-Sham!>% DFT (as each Cu?" has an unpaired electron) at the PBE!")-D3-BJ-
damping!®-1% level of theory, with a triple-C polarized (TZP) STO basis set for the copper
atoms and a double-C polarized (DZP) STO basis set for the main group atoms, I"-point
sampling, and good numerical quality. Single-point calculations were then performed on the

11-14] functional to obtain the

optimized structure using the range-separated hybrid HSE06!
band gap, exchange energy, AFM spin densities, partial charges, band structure, and projected
density of states (pDOS), with basic numerical quality in order to reduce computational time
(as HSEO6 calculations on such large systems are very costly). Hybrid functionals such as

HSEOQ6 are known to more accurately calculate band gaps and describe the electronic structure

than the generalized gradient approximation (GGA) functionals.[!>16]

Electronic population analyses of the HSEO6-calculated density were performed using the
Hirshfeld,'”] Voroni, ' CM35,1%2%1 and Mulliken?!) methods. As seen in Table S2, each O

has, on average, less than -0.3 elementary charge units for a total of less than -0.9 elementary
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charge units on the three terminating oxygens in 1,4-NDPA. While the partial charges
obtained from the various methods differ considerably in magnitude in some cases, the signs
are all the same. Together, the results suggest that Cu, P, and H have slightly positive

charges, while N, O, and C have slightly negative charges.

The energy of the ferromagnetic (FM) configuration was calculated by enforcing all 12

unpaired electrons on the 12 copper atoms to have a-spins, and the energy of the

antiferromagnetic (AFM) configuration was calculated by enforcing 6 a-spins and 6 B-spins.

Magnetization measurements

Magnetization measurements were carried out on a 2.57 mg sample of hand-picked crystals of
TUB75 (equivalent to 6.06 gmol Cu ions), which was prepared according to the procedure
described by Bulut ef al./*/ The measurements were performed using a commercial VSM -
Squid magnetometer by Quantum Design (QD)?? with magnetic fields ranging from 50 mT to
7 T and temperatures ranging from 2 K to 380 K. The complete set of raw data will be
published online as a citable HZB publication. The sample was filled into a standard QD
squid measurement capsule, which is known to generate a diamagnetic background. The
magnetometer was operated in DC mode, with the sample signal measured at 200 points along
the second-order gradiometer detection coil. To determine the diamagnetic background (for
subsequent correction of the signals), two different datasets were collectedin 1 Tand 5 T

fields with an empty capsule.
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UV-Vis measurements

A solid-state diffuse reflectance UV-Vis spectrum of hand-picked TUB75 crystals was
obtained on a Varian Cary 300 UV-Vis spectrophotometer (see Figure S2). An indirect Tauc

plot was generated to extract the optical bandgap (see Figure 3B in main text).

Supplementary Text

Magnetic susceptibility fitting

To fit our magnetic susceptibility data, we considered a Heisenberg chain (HC) coupled to m
other chains. A numerical approximation!?¥] to the Bonner-Fisher model?¥ yields the

following expression for the susceptibility of the S=/ HC:

3C 0.25+0.14995x + 0.30094x° CPM
Xue = 2 7t * Cpia (D
T 1+1.9862x+0.68854x" +6.0626x T-6

where
JCh 1

x — ain 2
T (2

T is the temperature, and the Curie constant (in units of pg/ion) is

2
C= nug s(s+1) 3)
3k,

In the above equation, n is the number of Cu ions per formula unit and is treated as a fitting
parameter. The magnetic susceptibility, taking into account the interaction with the m other

chains, is given by (23]

24



XHe
In =7
_2mJ Xuc

1 2
npg8
where J’ is the inter-chain interaction. The best fit was obtained with a double chain (i.e.,
m=1), Jenain = 16.8 K, J"=-22 K, and a value of n that suggests the presence of two such

double chains, i.e., two independent HC’s as depicted in Figure 2B of the main text.

We also considered the dimer chain model to fit the magnetic susceptibility data. For this

model, the magnetic susceptibility is given by [252¢]
3C
— + Para + ) 5
ZDC J 4 J . T—H ZDla ( )
T 3+Exp Dimer + Chain
kT ) kT

where the Curie constant, C, is given by Equation 3, y4i. is a constant diamagnetic term, and

Cpara 1s the paramagnetic impurity term.

The best fit to the data above 10 K was obtained with Juimer = 54 K and Jepain = -2.6 K. We
found that the value of Juiner was quite stable with respect to changes within the fitted
(temperature) range, whereas the value of Jeiqin depended somewhat on the dataset and fitted
(temperature) range. Below 10 K, the susceptibility remains finite and positive, while the fit
yields small negative values. A Curie constant was obtained with g =2, n =2 Cu ions per

formula unit, and S = Y.

A Curie-Weiss fit to the high temperature portion of the inverse magnetic susceptibility is
shown in Figure 4C of the main text. Given Cu?" spins with S= % and g=2, we find from the
Curie-Weiss constant that 80% of the Cu?" ions in TUB75 contribute to the high-temperature
paramagnetic signal. The Curie temperature is found to be Tc = 25 K, above which the

material becomes paramagnetic.
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Figure S1. Schematic depicting key inter-atomic separations (distances given in Table S1) in
A) phosphonic acid group, B) naphthalene group, C) bipyridine group, and D) copper chain.
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Figure S2. UV-Vis absorption spectrum of TUB7S5.
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Figure S3. Top-down view of optimized AFM structure of the 1x3x1 supercell obtained at the
PBE-D3-BJ level of theory.
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Figure S4. (Left) Band structure of TUB75. The dashed blue and red solid lines correspond
to the spin down and spin up contributions, respectively. (Right) The corresponding total

density of states for spin up (red) and spin down (blue).
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Atom Pair Experimental Calculated
Figure S1 A

C-p 1.81 (0.001) 1.83 (0.006)
P-O 1.53(0.01) 1.56 (0.013)
Figure S1 B

C-C 1.40 (0.051) 1.41(0.024)
C-H 0.93 (0.001) 1.09 (0.007)
Figure S1 C

Cu-N 2.02 (0.001) 2.03 (0.007)
N-C 1.33 (0.027) 1.35(0.001)
Figure S1 D

Cu-O 2.06 (0.148) 1.97 (0.03)
Cu-Cu 2.74 (0.000) 2.78 (0.002)
Cu---Cu 2.97 (0.020) 2.84 (0.108)

Table S1. Comparison of experimental and calculated average inter-atomic distances (in A) in
TUB75. Standard deviations in distances are given in brackets. The calculated structure was
obtained from a geometry optimization of the experimental crystal structure at the PBE-D3-
BJ TZP/DZP level of theory.
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Atom Hirshfeld!'”! Voronil!¥! CM5119:20] Mulliken(2!)

Cu 0.536 0.561 0.867 0.921
N -0.090 -0.126 -0.369 -0.626
O -0.331 -0.376 -0.434 -0.836
P 0.456 0.484 0.393 1.858
C -0.022 -0.030 -0.043 -0.083
H 0.039 0.073 0.105 0.131

Table S2. Average partial charges obtained using several electronic population analysis
techniques.
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