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Electrically Conductive Photoluminescent Porphyrin
Phosphonate Metal-Organic Frameworks

Yunus Zorlu, Lukas Wagner, Patrik Tholen, Mehmet Menaf Ayhan, Ceyda Bayraktar,
Gabriel Hanna, A. Ozgur Yazaydin, Ozgiir Yavuzgetin, and Giindog Yiicesan*

Herein, the design and synthesis of a highly photoluminescent and electri-
cally conductive metal-organic framework [Zn{Cu-p-H¢TPPA}]-2[(CH;),NH]
(designated as GTUB3), which is constructed using the 5,10,15,20-tetrakis
[p-phenylphosphonic acid] porphyrin (p-HgTPPA) organic linker, is reported.
The bandgap of GTUB3 is measured to be 1.45 and 1.48 eV using dif-

fuse reflectance spectroscopy and photoluminescence (PL) spectroscopy,
respectively. The PL decay measurement yields a charge carrier lifetime of
40.6 ns. Impedance and DC measurements yield average electrical conduc-
tivities of 0.03 and 4 S m™', respectively, making GTUB3 a rare example of
an electrically conductive 3D metal-organic framework. Thermogravimetric
analysis reveals that the organic components of GTUB3 are stable up to
400 °C. Finally, its specific surface area and pore volume are calculated to be

622 m? g7' and 0.43 cm3 g7, respectively, using grand canonical Monte Carlo.

Owing to its porosity and high electrical conductivity, GTUB3 may be used as
a low-cost electrode material in next generation of supercapacitors, while its
low bandgap and high photoluminescence make it a promising material for

as paddle wheel patterns.®”] The ligand-
binding modes around such molecular
IBUs form large angles, ensuring sepa-
ration between the organic struts and, in
turn, resulting in large void spaces.'! On
the other hand, such separation limits
the electrostatic interactions between the
organic linkers. Therefore, traditional
MOFs lack the required electron hopping
and extended conjugation mechanisms
between the bridging ligands to support
electron mobility.12 Although high sur-
face area MOFs are ideal platforms to host
electrons for supercapacitor applications,
due to the lack of such mechanisms, con-
ventional arylcarboxylate MOFs are gener-
ally known to be insulators. In addition
to electrically conductive MOFs, photolu-
minescent MOFs have been the subject
of active research due to their applica-

optoelectronic applications.

1. Introduction

Metal-organic frameworks (MOFs) are microporous com-
pounds with a wide range of surface areas, some of which
exceed 7000 m? g .13 The majority of MOFs in the litera-
ture are synthesized using derivatives of arylcarboxylic acid
linkers.*1 Traditional arylcarboxylate MOFs often contain
well-defined molecular inorganic building units (IBUs) such

tions in sensing and light emitting diodes

(LEDs).>) In most cases, the photolumi-

nescence is achieved either by the use of

photoluminescent metal ions such as lanthanides, addition of

fluorescent dyes to the MOF pores, or ligand exchange.[7-?") On

the other hand, the photoluminescence in MOFs originating

purely from the organic moieties is extremely rare and, to the

best of our knowledge, there are no electrically conductive
MOFs with high photoluminescence in the literature.
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have exhibited very high electrical conductivity.2#21-261 Dye
to the conservative, strongly chelating metal-binding modes
of ortho-diimine and ortho-dihydroxy linkers, these systems
are limited to the planar X- and Y-shaped linker geometries.
Therefore, efforts to optimize the surface areas and conduc-
tivities of these systems have been rather limited. In a similar
fashion, it has been very difficult to covalently modify graphene
and activated carbon electrode materials to optimize their
conductivities and surface areas.’’ MOFs with metal-binding
groups that provide higher structural diversity are required
to produce next-generation electrode materials for superca-
pacitor applications, e.g., use of supercapacitors to reduce the
charging time in electrically powered vehicles.?$2! In this
connection, phosphonates are the most structurally diverse
metal-binding groups with three oxygens available for metal-
binding in various coordination modes (as shown in Harris
notation).?%33 In addition, several phosphonate MOFs are
known to have exceptionally high thermal and chemical sta-
bilities, which would be beneficial for their use in the pres-
ence of water, electrolytes, or even acids.}*3% To the best of our
knowledge, less than 0.003% of all known MOFs reported in
the structural databases are phosphonate MOFs, which are con-
structed using aromatic phosphonic acid linkers.13%37:38 Owing
to the aforementioned advantages, phosphonate MOFs may
allow for structural variations that generate high electrical con-
ductivity, high photoluminescence and high surface areas for
charge holding, and be sufficiently stable for use in industrial
applications.

Recently, we reported the first highly stable semiconductive
copper-phosphonate MOFs TUB75 and TUB40 with direction-
ally and non-directionally dependent electrical conductivi-
ties, respectively, in the 107 to 10° S m™! range.’>* We also
reported the first semiconductive permanently microporous
hydrogen-bonded phosphonic acid framework (constructed
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using the p-HgTPPA linker) with a bandgap of 1.54 eV.*2 As
summarized in a recent review article, the number of three-
dimensional electrically conductive MOFs in the literature is
limited. Thus, one of the important goals in MOF chemistry is
to synthesize three-dimensional electrically conductive MOFs.
Moreover, existing conductive graphene and activated carbon
derivatives are known to be carcinogenic and may pose envi-
ronmental risks.3] Thus, another important goal is to synthe-
size electrically conductive and photoluminescent MOFs that
are composed of environmentally safe linkers and metal ions.
In this study, we used a porphyrin-cored linker p-HgTPPA (only
phosphonic acid protons are included in the formula), which
was found to be non-toxic for the osteogenic C2C12 and Caco-2
cell lines,** and zinc, which is the second most abundant
metal ion found in living systems,*’) to synthesize a semicon-
ductive zinc-phosphonate MOF named GTUB3. To produce
mono-deprotonated phosphonic acid metal-binding groups, we
carried out a pH-controlled deprotonation of the Cu-p-HgTPPA
linker.) The two mono-deprotonated phosphonate groups
in {Cu-p-H¢TPPA}~ are involved in the formation of the iso-
lated tetrahedral zinc atoms. Therefore, the zinc atoms can
make strong coordinate covalent bonds with non-depro-
tonated phosphonic acids through the P = O bond and ionic
bonds with the mono-deprotonated phosphonic acid tether of
{Cu-p-HgTPPA}, giving rise to the simplest tetrahedral ZnO,
metal-binding modes (where the tetrahedral ZnO, IBUs bind
to the polyaromatic {Cu-p-H¢TPPA}™ linker). The orientation
of {Cu-p-H¢TPPA} in the crystal lattice generates m-stacking
between the planar porphyrin units (4.2 A apart), which may
also promote electron hopping (see Figure 1C). Together, these
features result in a low bandgap of 1.45 eV and a relatively high
average DC electrical conductivity of 4 S m™ (see ref. [14] for a
comprehensive list of three-dimensional MOFs and their elec-
trical conductivities).
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Figure 1. A) Crystal structure of Cu-HgTPPA and the zinc coordination modes around the phosphonic acids. B) 3D structure and view of pores in
GTUBS3. ¢) Domino-like packing of the porphyrin units in GTUB3, which are separated by 4.2 A.
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2. Results and Discussion

2.1. Synthesis of GTUB3

Due to the rich metal-binding modes of arylphosphonic acids,
M-O-M condensations result in unpredictable oligomerizations
of metal-phosphonate polyhedra in one, two, and even in three
dimensions.®#1 Therefore, to achieve predictable synthesis
in metal phosphonate chemistry, it is important to restrain
the metal-binding modes of phosphonic acids. Many different
strategies have been employed to restrain their metal-binding
modes such as using phosphonate monoesters and phosphi-
nates.}1-335051 Recently, we performed the selective mono-
deprotonation of arylphosphonic acid using a pH-controlled
synthesis to achieve carboxylate-like metal-binding modes in
phosphonate MOFs. We adapted the same strategy in this work
to reproduce the simplest metal-binding modes observed previ-
ously in GTUB4.19

The Cu(p-HgTPPA) linker (see Figure 1A) was synthesized
according to our previously reported method (see Figure S3
for the synthetic pipeline).*! The single crystals of [Zn{Cu-p-
H¢TPPA}]-2[(CH3),NH] (GTUB3) were synthesized in scintil-
lation vials after the reaction of 0.03 mmol Zn(NO3), - 6H,0,
0.01 mmol {Cu-p-HgTPPA}, and 1.5 mmol phenylphosphonic
acid at 80 ° C in the presence of 10 ml:75 ml DMF/H,0 and pH
values between 1.7 and 7 (to ensure the limited deprotonation
of the phosphonic acids). The yield of the reaction was 90%
and the purity of the crystals was confirmed by EDX elemental
analysis, ICP-MS, and powder XRD (see Figures S4, S11, and
S12-S13, respectively).

2.2. Structure of GTUB3

One of the preferred coordination environments for a zinc
atom is tetrahedral. Thus, it is expected that the square planar
{Cu-p-HgTPPA} linker will produce a 3D MOF structure when
it coordinates to the tetrahedral zinc atom (following the sim-
plest Harris notation).1?% Figures 1A,B, and C show the struc-
ture of GTUB3, which was solved using single-crystal X-ray
diffraction (see SI for crystallographic refinement details and
Tables S1 and S2 for bond distances). As seen in Figure 1C, the
selectively mono-deprotonated phosphonate groups of the {Cu-
p-HgTPPA}? linker coordinate with the tetrahedral zinc atoms
to generate a 3D structure. Zinc makes coordinate covalent
bonds with the O = P oxygens of the two non-deprotonated phos-
phonic acid groups, while the mono-deprotonated phosphonate
groups of {Cu-p-HgTPPA}?~ make ionic bonds with zinc atoms.
GTUB3 is unique compared to other 3D phosphonate metal-
organic solids with isolated tetrahedral molecular IBUs, as
phosphonates are well known to produce complex 1D and 2D
IBUs.B"33 It has a neutral framework of [Zn(Cu-p-H TPPA)]
and two DMF solvent molecules in the pore sites. The presence
of sp2-bound phenylphosphonic acid around the porphyrin core
results in extended conjugation throughout the 3D framework.
Furthermore, as seen in Figure 1B, the conjugated porphyrin
cores of the {Cu-p-H,TPPA}?" linkers in GTUB3 are separated
by a distance of ca. 4.2 A, which leads to electrostatic interac-
tions between each of the porphyrin units and possibly electron
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hopping. In addition, the pyrrole ring of the {Cu-p-H,TPPA}*~
linker in GTUB3 has a square planar Cu(Il) atom, which is
known to provide high energy electrons. Finally, the textural
properties of GTUB3 were calculated using the Poreblazer
v4.0 software.’’l The N,-accessible geometric surface area and
helium-accessible pore volume of GTUB3 without the solvent
molecules are 622 m? g! and 0.43 cm? g7}, respectively. The
computed pore size distribution shows that GTUB3's pore
widths range from 4 to 7 A in diameter (see Figure S6).

2.3. Photoluminescence and Bandgap of GTUB3

Photoluminescence (PL) is a process of fundamental impor-
tance in solid-state optics. When a photon is absorbed by a
semiconductor, an electron can be excited from the ground to
an excited electronic state. If the electron and hole recombine
radiatively, a photon with energy corresponding to the bandgap
is emitted.”” In an ideal crystal, all photoexcited charge car-
riers recombine radiatively, resulting in high PL intensities.
In most crystals, however, non-radiative recombination due to
high crystal defect densities or indirect bandgaps represents the
dominating recombination mechanism (as reflected in reduced
PL intensities).’>*¥ In the development of novel semiconductor
materials for optoelectronic applications such as light emitting
diodes (LEDs) or solar cells, high PL intensities (and hence low
non-radiative recombination rates) are essential to achieving
high power conversion efficiencies. In this regard, GTUB3 pos-
sesses a remarkably high PL intensity. When measured under
a PL microscope, the brightest GTUB3 crystals yielded a PL
intensity that was more than twice as high as that of a highly
efficient perovskite solar cell and six times higher than that of
a highly efficient III-V (GalnAsP) solar cell probed under the
same setup (see Table 1). However, it should be noted that the
PL intensities of full solar cell stacks are usually lower than
those of pristine crystal powders. For example, compared to
the highly luminescing pristine perovskite (MAPbI;) powder,
the PL of GTUB3 is five times lower. Nevertheless, this is still
a highly encouraging result, especially if one considers that
GTUB3 has not yet been optimized for optoelectronic appli-
cations. Furthermore, we measured the PL quantum yield,
defined as the ratio between the radiatively emitted photons
and the absorbed photons from the excitation light source. The
PL quantum yields of the GTUB3 powder, MAPbI; perovskite
powder, and perovskite solar cell were found to be 0.091%,
0.698%, and 0.044%, respectively.

Table 1. Photoluminescence (PL) intensities of GTUB3 and other known
highly photoluminescent samples, as measured under a PL microscope
using a red LED (623 nm peak wavelength) with an intensity of approx-
imately 1 sun (100 mW cm™2) to illuminate the sample, and detected
through a 760 nm high-pass filter.

Sample Maximum PL intensity
(detector counts, a.u.)

GTUB3 crystal powder 64 744
MAPbI; perovskite crystal powder 321015
Highly efficient perovskite solar cell 28 217
Highly efficient I11-V (GalnAsP) solar cell 11085
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Figure 2. A) Photoluminescence spectrum of GTUB3 crystals upon excitation with a 532 nm laser. B) Measurement of the photoluminescence decay
after the excitation laser (515 nm) has been switched off. C) Photoluminescence microscopy image of the GTUB3 crystals displaying the luminescence
emission for wavelengths above 760 nm, excited by a red power LED with a peak emission at 623 nm.

Figure 2A displays the PL spectrum of the GTUB3 crystal
powder, showing a broad emission with a peak wavelength at
837 nm (1.48 eV). For comparison, the PL spectra of the perov-
skite powder and perovskite solar cell possess much narrower
PL peaks (see Figure S15). Figure 2B displays the results of a
PL decay measurement for GTUB3, yielding a PL lifetime of
40.6 ns (assuming a mono-exponential decay) — a promising
result for implementation in optoelectronic devices. In com-
parison, the PL lifetimes of the MAPbI; perovskite powder and
perovskite solar cell were measured to be 93 ns and 211 ns,
respectively (see Figure S14). Such long PL lifetimes are reflec-
tive of the long diffusion lengths (on the order of 100 nm to
1 um) inherent to perovskites.”! Long diffusion lengths
exceeding the optical absorption depth are an essential criterion
for the use of photoabsorber materials in solar cells. A repre-
sentative PL microscopy image of the GTUB3 crystal powder is
shown in Figure 2C.

In addition to the PL work, we generated a Tauc plot of the
solid-state diffuse reflectance spectrum (DRS) of the GTUB3
crystal powder to estimate its bandgap (see Figure 3B).°%l
The Tauc plot reveals a bandgap of 1.45 eV, which is in excel-
lent agreement with that extracted from the PL spectrum. The

details of the DRS measurement and Tauc plot fitting may be
found in the SI.

2.4. Electrical Conductivity Measurements

To measure the electrical conductivity of GTUB3, we developed
a new technique that can quantify the average thickness of the
crystals during impedance spectroscopy (the full details of the
experimental setup may be found in the SI). This technique
is especially useful when the crystal size is less than 1 mm?
and the crystals are randomly oriented and not uniformly cov-
ering the electrode surface, which is the case for GTUB3 (see
Figure 3A). We used a two-electrode jig system made of mirror-
polished and gold-coated copper discs of diameter 12.7 mm and
height 6.35 mm. The electrodes were placed between the anvil
and spindle of a standard micrometer, insulated by PLA (3D
printer filament), and heat-treated for the optimal alignment of
the electrodes. We recorded the impedance values (using the
Digilent Analog Discovery 2 with impedance analyzer) before
and after mounting the samples, for each electrode separa-
tion increment/decrement of 0.0lmm, between 100Hz-1MHz

O
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Figure 3. A) SEM pictures of GTUB3 crystals non-uniformly arranged on a surface with random orientations. B) Tauc plot of the diffuse reflectance
spectrum of GTUB3, showing an estimate of the bandgap. C) Real and imaginary Nyquist plots of impedance sweeps as a function of electrode spacing
(non-offset values). The red- and blue-colored circles correspond to when the electrode gap is closing and opening, respectively.
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(as seen in Figure 3C). We estimated the parallel capacitance
(which is ca. 8 pF) and offset distance of the electrodes at close
proximity and compensated for these factors in the measured
values when the sample is mounted. The extrapolation of the
Nyquist plots to the real axis yielded a resistance of ~ 200 Q
(see Figure 3C). Since the conductivity is given by o = LRA
(where L is the length of the sample, R is the resistance, and A
is the contact surface area) and L =0.08 mm and A =13 mm? in
our case (estimated from an optical microscope image), we find
the conductivity to be o= 0.03 S m™". This value represents an
estimate of the lower limit of the actual electrical conductivity,
as the contact surface area is less than the total surface area of
the crystals.

We also performed DC measurements under an optical
microscope, by directly pressing on the GTUB3 crystals with
a stainless-steel probe attached to a three-axis micromanipu-
lator system connected to a Keithley DMM4050 digital multi-
meter. After compensating for the probe/wire resistance, we
performed ~200 random measurements on both single crys-
tals and small crystal bundles in random orientations, yielding
resistance values between 100 Q and 300 Q. Due to the small
size and fragile nature of the crystals, it was not possible to
make measurements exactly along the a-, b-, c-axes of the
single crystals; nevertheless, our results show that low resist-
ance values are possible along many (random) directions.
Taking this range of resistance values and the surface area of
a single crystal to be ca. 0.1 mm? (estimated from an optical
microscope image), the electrical conductivities were calculated
to range between 0=2 S m™' and 0 =8 S m™! with an average
of 4 S m™ (based on the average resistance of 200 Q). The rela-
tively high conductivity of GTUB3 may be due to a combination
of factors, including electron hopping between the redox active
porphyrin units, extended conjugation throughout its 3D struc-
ture, the presence of redox-active p-HgTPPA ligands, and high
energy square planar Cu(II) d° electrons. However, due to the
extremely large unit cell of GTUB3 (viz., 13 189 A%), it would
have taken too much computational time/resources to perform
electronic structure calculations (at a sufficiently high level of
theory for reliable results) to gain deeper insight into these pos-
sible factors.

2.5. Thermal Properties

Thermogravimetric analysis (TGA) of GTUB3 shows a two-
step weight loss of solvent molecules (DMF) totaling 12.4%
(13.8% calculated) until ca. 300 ° C (see Figure S5). The sharp
weight loss beginning at ca. 400 ° C, as seen in the previously
reported porphyrin-phosphonate MOFs, indicates the decom-
position of the p-HgTPPA linker. The thermal decomposition
of GTUB3 continues above 900 ° C, which might be indica-
tive of the formation of heat-stable organophosphide species
between 400 and 450 © C.P738 Therefore, it was not possible
to compare the theoretical and calculated weight losses at tem-
peratures above 400 ° C. This unusual decomposition pattern is
unique to p-HgTPPA and MOFs constructed using p-HgTPPA.
For example, similar TGA patterns have also been observed in
the thermal decomposition profiles of the starting materials
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{Ni-p-HgTPPA} and p-HgTPPA, and also GTUB4, a nanotubular
[Ni{Cu-p-H,TPPA}|*2[(CH;),NH,]" MOF (for a comparison,
see Figure S5).140-%%

3. Conclusions

Herein, we report on the synthesis and characterization of
GTUB3, a semiconductive and photoluminescent 3D zinc-
phosphonate MOF. The crystal structure of GTUB3 shows
that the polyaromatic {Cu-p-H¢TPPA}?~ is coordinated to
four tetrahedral zinc IBUs and indicates the presence of
m-stacking between the porphyrin units. The pyrrole ring of
the {Cu-p-H¢TPPA}>" core has a square planar Cu(Il) atom,
which is known to provide high energy electrons. DC meas-
urements reveal a high average electrical conductivity of 4 S
m!, based on measurements along different orientations of
the GTUB3 crystals. This makes GTUB3 the first example of
an electrically conductive zinc-phosphonate MOF in the lit-
erature and a rare example of an electrically conductive 3D
MOF. Furthermore, GTUB3 is a highly photoluminescent
MOF whose PL exceeds the perovskite solar cells considered
in this work. We are currently working on expanding our
zinc-phosphonate MOF library using different linker geome-
tries. Due to its porosity, high electrical conductivity, high PL,
high-yield synthesis, and low cost, GTUB3 may be used as an
electrode material for supercapacitors and in optoelectronic
applications.

4. Experimental Section

Data and Materials Availability: All data and details of the synthesis,
EDS spectra, electrical conductivity measurements, molecular
simulations, X-ray refinement, and bandgap measurement are
available in the main text and Supplementary Information. The X-ray
crystallographic coordinates for the structure reported in this study
can be obtained free of charge from the Cambridge Crystallographic
Data Centre (CCDC) [under the deposition number CCDC: 2 052 211 for
GTUB3] via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information

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