ACCEPTED VERSION

Christopher N. Coleman, Patrick C. Tapping, Michael T. Huxley, Tak W. Kee, David M.

Huang, Christian J. Doonan and Christopher J. Sumby

Structural modulation of the photophysical and electronic properties of pyrene-
based 3D metal-organic frameworks derived from s-block metals

CrystengComm, 2021; 23(1):82-90

This journal is © The Royal Society of Chemistry 2021

Published at: http://dx.doi.org/10.1039/d0ce01505a

PERMISSIONS

http://www.rsc.org/journals-books-databases/journal-authors-reviewers/licences-copyright-

permissions/#deposition-sharing

Deposition and sharing rights

When the author accepts the licence to publish for a journal article, he/she retains certain rights
concerning the deposition of the whole article. This table summarises how you may distribute the

accepted manuscript and version of record of your article.

Sharing rights

Share with individuals on request, for personal use

Use for teaching or training materials

Use in submissions of grant applications, or academic requirements such as
theses or dissertations

Share with a closed group of research collaborators, for example via an intranet
or privately via a scholarly communication network

Share publicly via a scholarly communication network that has signed up to STM
sharing principles

Share publicly via a personal website, institutional repository or other not-for-
profit repository

Share publicly via a scholarly communication network that has not signed up to
STM sharing principles

Accepted
manuscript

v

v

e

Version of
record

v

v

2 February 2022

http://hdl.handle.net/2440/130317



http://dx.doi.org/10.1039/d0ce01505a
http://hdl.handle.net/2440/130317
http://www.rsc.org/journals-books-databases/journal-authors-reviewers/licences-copyright-permissions/#deposition-sharing
http://www.rsc.org/journals-books-databases/journal-authors-reviewers/licences-copyright-permissions/#deposition-sharing

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Structural modulation of the photophysical and electronic
properties of pyrene-based 3D metal-organic frameworks derived
from s-block metals

Christopher N. Coleman, Patrick C. Tapping, Michael T. Huxley, Tak W. Kee, David M. Huang*,
Christian J. Doonan* and Christopher J. Sumby*

Materials in which charge delocalization and migration can be tuned are critical for electronic applications. Crystalline
framework materials containing m-rich polycyclic aromatic moieties, such as pyrene, can provide a pathway for fast
anisotropic charge transport. The extent of interchromophore interaction for structurally distinct assemblies of the m-
conjugated aromatic ligand 4,4',4",4"'-(1,3,6,8-pyrenetetrayl) tetrabenzoic acid (HsTBAPy) was studied within two novel
metal-organic frameworks (MOFs), Na(TBAPy)(DMF) and K(TBAPy)(DMF), via steady-state and time-resolved spectroscopic
techniques. Single-crystal X-ray diffraction was used to determine the structures of K(TBAPy)(DMF) and Na(TBAPy)(DMF),
which both form 3D MOFs comprising 1D rod-like SBUs surrounded by columnar stacks of TBAPy that are aligned in an
eclipsed or x-shaped (staggered) geometry, respectively. Spectroscopic and computational results indicate significant
chromophore interactions and potentially fast charge transport. Furthermore, distinct transient emission decay profiles are
observed and are attributed to significant differences in the stacking orientation of the organic ligands in the two MOFs.
Lastly, the study identifies design principles that may be exploited in the rational construction of s-block based MOFs for

microelectronic and sensing applications.

Introduction

Metal-organic frameworks (MOFs) are a class of porous
materials that are synthesized via a “building-block” approach
from organic links and metal-based nodes.! They have been
investigated for their potential applications in catalysis,? gas
storage/separation,3 biotechnology* and sensing.> However, in
recent years, there has been a growing interest in the synthesis
of electrically active MOFs.® One strategy that has been
employed in the exploration of charge transport in both MOF,
and related COF (covalent-organic framework) materials,” is to
construct networks that possess m-rich organic components.8 A
design imperative of this approach is to position the organic
linkers close enough together within the framework to allow for
through-space charge transport.® However, this strategy
represents a significant challenge for MOFs synthesized from
carboxylate-functionalized linkers as they typically react with
transition metal salts to form discrete inorganic nodes that
engender 3D net topologies!® in which the organic units are
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separated on length scales that preclude orbital overlap. An
instructive example is the Zr-based MOF NU-1000, which is
constructed from m-rich 4,4',4",4"'-(1,3,6,8-pyrenetetrayl)
tetrabenzoic acid (TBAPy) linkers that are separated by a
minimum of 10.94 A (centroid to centroid) due to the eight-
coordinate ZrgOg secondary building units (SBUs).11 To
overcome the geometrical constraints imposed by 0D nodes, 1D
rod-like SBUs can be employed to facilitate close contact of the
organic moieties. Although there are examples of infinite rod
SBUs composed of transition metals (e.g. MIL-5312 and MOF-
74(M)*3), we sought to synthesize TBAPy-based MOFs from s-
block metals which are known to form 1D SBUs. The alkali
metals sodium and potassium are particularly attractive
precursor elements due to their availability, low cost and
ecological compatibility.2* Further, the network topologies of
alkali metal MOFs are typically dominated by densely packed
metal-O, [n = 6-10] polyhedra, forming chains or layers,
interconnected by organic linkers.’> Nevertheless, the non-
directional, ionic nature of s-block carboxylate bonds renders
rational design of s-block MOFs a challenging task. The net-
topologies of the s-block MOFs are heavily influenced by the
shape and steric bulk of the ligands, m orbital interactions, as
well as solvent polarity.16 Thus, we surmised that an organic
linker that has a strong preference to form mn-stacked
structures!’” may drive the formation of a network architecture
with closely spaced or “stacked” TBAPy moieties. This
hypothesis is supported by recent work showing that TBAPy is
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capable of forming a robust hydrogen-bonded organic
framework (PFC-1)18 that displays permanent porosity with a
surface area of 2122 m?g-1, and exceptional chemical stability.
It is noteworthy that computational analysis on PFC-1 clearly
indicates significant pyrene—pyrene 1 orbital interactions that
are responsible for the exceptional stability of this material.

Previously reported MOFs based on TBAPy (NU-1000, NU-
901, ROD-7)1920.21 have been studied for their solid-state
photophysical properties with a focus on interchromophoric
interaction.22 However, in these examples the chromophore
spacing is larger than optimal (<4 A), with the closest being an
8.76 A centroid to centroid distance in the case of ROD-7. Thus,
despite the intrinsic photoactivity of TBAPy, these MOFs are
insulators and provide limited capacity for
delocalization or charge transport. In this study we report the
synthesis of two new 3D MOFs based on TBAPy organic linkers
and the s-block metal ions Na* and K*, Na(TBAPy)(DMF) and
K(TBAPy)(DMF), respectively. Structure determination, by
single crystal X-ray diffraction (SCXRD), reveals that in these
materials the pyrene moieties are positioned <4 A apart with
distinct eclipsed and x-shaped (staggered) arrangements,
allowing for significant amplification of the pyrene—pyrene
electronic coupling. Thus, given the close stacking arrangement
observed for Na(TBAPy)(DMF) and K(TBAPy)(DMF) we
examined their photoemission and charge-transport
properties. Furthermore, Na(TBAPy)(DMF) and K(TBAPy)(DMF)
offer the unique opportunity to compare how the relative
alignment of the chromophores, “eclipsed” in K(TBAPy)(DMF)
and a novel “x-shape” or staggered arrangement in
Na(TBAPy)(DMF), influence the photophysical properties of the
material. Indeed, time-resolved fluorescence spectroscopy,
supported by computational analysis, suggests that energy
transfer is sensitive to the orientation of the chromophores. In
addition, to assess the viability of using these materials as semi-
conductors, we fabricated a light-emitting diode (LED) that
successfully integrates Na(TBAPy)(DMF) as a hole-transport
layer.

exciton

Experimental

General details

All chemicals were obtained from commercial vendors (1,3,6,8
tetrabromopyrene, Sigma  Aldrich, purity >97%; 4
ethoxycarbonylphenyl boronic acid, Boron Molecular, purity
>97%) and used without further purification, unless otherwise
stated. Dioxane was degassed with Ar prior to use. Tetraethyl
4,4'4",4"-(pyrene-1,3,6,8-tetrayl) tetrabenzoate and the free
carboxylic acid, H4TBAPy, were synthesized using previously
reported method??® with some minor modification (see ESI
Section 2). Powder X-ray diffraction data were collected on a
Bruker Advance D8 diffractometer equipped with a capillary
stage using Cu Kq radiation (A = 1.5418 A). NMR spectra were
recorded on a Varian 500 MHz spectrometer operating at 23 °C
and equipped with a 5 mm probe.

Single crystal X-ray diffraction (SCXRD)
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Diffraction data were collected for single crystals mounted on
nylon loops in Paratone-N at 100 K on the MX1 beamline of the
Australian Synchrotron using the Blulce software interface,?* A
=0.71073 A. Niot reflections were merged to Nynigue (Rint quoted)
after a multi-scan absorption correction (proprietary software)
and used in the full matrix least squares refinements on F2, N,
with F > 40(F) being considered 'observed'. The structure was
solved using SHELXT?®> and refined using SHELXL2®, interfaced
through the programs X-Seed?’ and Olex.28 Unless otherwise
stated, anisotropic displacement parameter forms were refined
for the non-hydrogen atoms; hydrogen atoms were treated
with a riding model [weights: (02(Fo)2 + (aP)2 + (bP))1; P = (Fo? +
2F:2 )/3]. Neutral atom complex scattering factors were used.
Additional refinement details, crystallographic data and
refinement parameters are found in the ESI (Section 4, Table
S2).

Spectroscopy

Diffuse reflectance spectra were measured on solid samples
using a Varian Cary 5000 spectrophotometer fitted with a
Praying Mantis Diffuse Reflectance Accessory. Steady-state
fluorescence measurements on solid samples were conducted
on a Perkin Elmer LS 55 Spectrometer (slit widths: ex 2.5, em.
2.5 nm). Time-resolved fluorescence data were obtained using
time-correlated single photon counting (TCSPC) on a Halcyone
spectrometer sourced from Ultrafast Systems. Solid MOF
samples were mounted inside 0.8 mm glass capillaries and
measured in reflection mode. The 400 nm excitation light was
generated by frequency doubling a portion of the output of a Ti-
sapphire laser (Tsunami, Spectra Physics), with a pulse duration
of ~100 fs. The repetition rate of the laser pulses was reduced
from 80 MHz to 6.7 MHz with a Pockels cell pulse-picker.
Multiexponential fits of the decay kinetics were performed
using a function of the form I(t) = 5, Asexp(-t/t,) convoluted
with a Gaussian instrument response function of 0.65 ns.
Amplitudes are normalized so that 3,|A,| =1 (see ESI Section 3).

Quantum-chemical calculations

Density functional theory (DFT) calculations were performed
with Q-Chem version 5.1.1.2° Calculations of excited electronic
states used time-dependent DFT (TD-DFT), while charge-
transfer calculations used constrained density functional theory
(CDFT)30 and CDFT configuration interaction (CDFT-CI).31.32 All
geometries were optimized at the wB97X-D/6-31G* level,33
using DFT for ground states and TD-DFT for excited states.
Single-point calculations were performed on optimized
geometries at the wB97X-D/6-31+G* level. All calculated
electronic properties are at this level unless otherwise stated.

Carboxylate carbon and oxygen atom positions were
constrained to their positions in the experimental crystal
structure (carboxylate groups from the crystal structure were
terminated by hydrogens to neutralize the charge). Ground-
state geometry optimizations were initiated from the
experimental crystal structure, while optimizations of excited
states and charge-localized states were initiated from the
optimized ground-state geometry.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1. Perspective views of the structures of the TBAPy-based MOFs obtained by single crystal X-ray diffraction (hydrogen and solvent molecules omitted for clarity). The extended
structures of (a) Na(TBAPy)(DMF) and (b) K(TBAPy)(DMF), and their 1D SBUs (c) and (d), respectively, are provided. The materials used for all analyses were synthesised in the two-
step procedures shown. Atoms are represented as: carbon (grey), oxygen (red), sodium (purple) and potassium (orange); hydrogen atoms and the non-coordinated atoms of solvate

molecules are omitted.

MOF synthesis

Preparation of Na(TBAPy)(DMF). H,TBAPy (50 mg, 73 umol)
and NaHCOs (25 mg, 0.29 mmol) were suspended in water (30
mL) and the solution was heated at reflux for 24 hours. The
reaction mixture was allowed to cool, and the water was
removed under vacuum. The yellow solid was then dissolved in
a mixture of DMF (5 mL) and water (5 mL) which was allowed to
slowly evaporate over several days resulting in the formation of
needle-like yellow crystals of Na(TBAPy)(DMF), which were
washed with DMF (see Fig. S10).

Crystals suitable for SCXRD were grown by slow vapor diffusion
of acetone into a concentrated solution of Na(TBAPy)(DMF) in
DMF/H,0 (1:1). The resulting yellow rod-shaped crystals
(Na(TBAPy)(acetone) were suitable for SCXRD. These were then
transferred to a solution of DMF and allowed to soak for several
days in order to exchange the coordinated acetone for DMF and
give Na(TBAPy)(DMF). IR (Vmax, cm™): 1675 (s, CO), 1603 (m,
CO), 1374 (s, C=C), 1269 (s, CO).

Preparation of K(TBAPy)(DMF). H,TBAPy (50 mg, 73 umol) and
K,CO3 (40 mg, 0.29 mmol) were dissolved in water (30 mL) and
the solution was heated at reflux for 24 hours. The reaction
mixture was allowed to cool, and the water was removed under
vacuum. The yellow solid was then dissolved in a mixture of
DMF (5 mL) and water (5 mL) and the solution was allowed to
slowly evaporate over several days resulting in the formation of
needle-like yellow crystals of K(TBAPy)(DMF) which were
washed with DMF (see Fig. S10). Crystals suitable for SCXRD
were grown by a solvothermal method. TBAPy (25 mg, 37 umol)
and K,CO3 (20mg, 0.14 mmol) were added to DMF (4 mL), water
(2 mL) and conc. HCL (80 pL) in a 20 mL glass vial. The solution
was heated at 100°C for 24 hours to give yellow rod-shaped

This journal is © The Royal Society of Chemistry 20xx

crystals of K(TBAPy)(DMF). IR (Vmax, cm2): 3290 (br, C-H), 1685
(m, CO), 1608 (s, CO), 1401 (s, C=C).

Preparation of LED Device

An glass indium-tin oxide (ITO) glass substrate was coated with
Na(TBAPy)(DMF) and a light emitting copolymer (PDOF and
MEH-PPV). Details of the device fabrication are in the ESI (Fig.
S11).

Results and discussion

MOF synthesis and structures

Na(TBAPy)(DMF) and K(TBAPy)(DMF) were synthesized by
reacting an aqueous suspension of HsTBAPy with sodium
carbonate or potassium carbonate, respectively, under reflux
for 24 hours to form the TBAPy salts (Fig. 1). Removal of water
afforded pale-yellow powders that were recrystallized via slow
evaporation from DMF/H,0 to yield pure crystalline material
(see Figs. S2 and S10). Single crystals for an acetone-solvated
form of the sodium MOF were obtained by vapor diffusion of
acetone into a concentrated 1:1 DMF/H,O solution of
Na(TBAPy)(DMF), followed by solvent exchange with DMF to
form the DMF solvate, Na(TBAPy)(DMF) (see Fig. S4 for a
structural comparison); single crystals of K(TBAPy)(DMF) were
obtained by a solvothermal method.

Na(TBAPy)(DMF) crystallizes in the monoclinic space group
P21/n. The ligand occupies two distinct chemical environments,
with an asymmetric unit consisting of two partial ligands (one
complete TBAPy molecule), four sodium atoms and two
coordinated DMF molecules; this gives the formula
[Nas(TBAPy)(DMF);]. The structure of Na(TBAPy)(DMF)

J. Name., 2013, 00, 1-3 | 3
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comprises a 1D SBU extending along the b axis (Fig. 1c), with the
ligand acting as a four connecting centre. Within the linear SBU,
the metal centres are present in trigonal prismatic and distorted
octahedral coordination geometries. The coordination
environment of the sodium SBU includes ionic bonding to
oxygen atoms of carboxylate and solvent molecules, as well as
bridging water molecules. The orientation by which the linkers
stack is unique. As opposed to an eclipsed or “slip stacked”
arrangement, the pyrene cores form an x-shape (see Figs. 1a
and 4b) and the 4 benzoate groups on each ligand form two co-
facial and two edge-to-face m-stacking interactions with
neighbouring ligands. Furthermore, subtle structural changes
can be induced for the Na-based material by exchanging the
solvent and altering the crystallization methods. Powder X-ray
diffraction (PXRD) (Fig. S3) shows two distinct forms of the
sodium-based MOF can be obtained, namely Na(TBAPy)(DMF)
and Na(TBAPy)(acetone). Sodium is prone to coordinate a
variety of solvents, and well-defined solvent molecules appear
as integral features of the molecular composition, with
Na(TBAPy)(acetone) featuring coordinated acetone in place of
DMF but also coordinated water which subtly modifies the
diameter of the SBU (see Fig. S4) and the unit cell.
K(TBAPy)(DMF) crystallizes in monoclinic space group P2,/c.
The asymmetric unit consists of two ligand molecules, nine
potassium atoms, coordinated solvent (DMF and water), and a
50% occupied carbonate anion:
[Ko(TBAPY)2(H20)s.25(DMF)3.25(CO3)os]. A salient feature of
K(TBAPy)(DMF) is that, in contrast to Na(TBAPy)(DMF), the
TPABY links are aligned in an eclipsed formation (Fig. 1b). This
arrangement results in all carbon atoms in the stacked pyrene
moieties separated by ca. 3.85 A, with the ligands aligning in an
extended H-aggregate configuration.3#35 The larger unit cell in
the potassium MOF is the result of disordered solvent
molecules which alter the dihedral angles on adjacent TBAPy
molecules (see Fig. S9). However, despite these
crystallographic differences and in contrast to Na(TBAPy)(DMF),
the linkers of K(TBAPy)(DMF) are stacked directly on top of each
other with all
environments. This is an important consideration in the analysis
of the spectral data. The SBU in K(TBAPy)(DMF) comprises 1D
potassium oxide chains (Fig. 1d).

ligands having almost identical chemical

The potassium ions co-
ordinate with up to 7 oxygen atoms that include carboxylate
groups, DMF and water molecules. PXRD data for a sample of
K(TBAPy)(DMF) obtained by slow evaporation matches the
structure determined by single crystal diffraction, thus
confirming bulk purity (see Fig. 2).

Due to the 1D rod-like SBUs that feature in Na(TBAPy)(DMF)
and K(TBAPy)(DMF), close-packing of the pyrene moieties is
observed. This, in theory, has the potential to facilitate charge
transfer through m-orbital overlap as well as trigger noticeable
interchromophoric interactions. The close packing of linkers
also appears to confer some stability to the MOFs. The result is
that both structures are stable and retain their crystallinity for
months after being removed from solvent, provided they are
kept in an environment devoid of excess moisture.

4| J. Name., 2012, 00, 1-3
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Fig. 2. Simulated (sim) and experimental (exp) PXRD patterns of Na(TBAPy)(DMF) and
K(TBAPy)(DMF).

Photophysical properties

In terms of fluorescence quantum yield and excited state
lifetime, pyrene ranks considerably higher than many well-
known and commonly employed chromophores.36 Additionally,
its spectral signature is well known to be sensitive to its
environment.3” Pyrene-based MOFs have been investigated for
their photophysical performance characteristics; however,
Na(TBAPy)(DMF) and K(TBAPy)(DMF) provide an
unprecedented opportunity to examine the effects of
chromophore alignment in two close-stacked systems. Thus, to
understand the nature of the chromophoric interactions we
carried out steady-state and time-resolved spectroscopic
studies on each MOF. We anticipated that the different
stacking arrangements present in Na(TBAPy)(DMF) and
K(TBAPy)(DMF) would manifest distinct emission decay profiles
as a function of their topology. Previously reported spectral
data for pyrene derivatives showed solvent-dependent
emission peaks for the same materials.383940 To avoid the
effects of solvent polarity on the excited state energy we
conducted spectroscopic studies on dried material.

The high chromophore density in Na(TBAPy)(DMF) and
K(TBAPy)(DMF) should result in effective photon absorption.
The calculated molar density of TBAPy in each framework was
1.62 mol dm=3 for Na(TBAPy)(DMF) and 1.40 mol dm=3 for
K(TBAPy)(DMF). We note that both values are considerably
higher than that of the zirconium-based MOF NU-1000 (0.41
mol dm-3).32 Close positioning of photoactive ligands typically
leads to nonradiative pathways that can quench fluorescence.!
However, despite the proximity of the pyrene groups in
Na(TBAPy)(DMF) and K(TBAPy)(DMF), both MOFs are
fluorescent in the solid state. The solid-state absorption profile
features distinct peaks and troughs ranging from 225 to 450 nm
(with a maximum ca. 405 nm). Despite the different relative
orientations of the TBAPy ligands in the two MOFs, both show
almost identical absorption profiles, as shown in Fig. 3a.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. (a) Solid-state absorption spectra (measured by diffuse reflectance) of K(TBAPy)(DMF) (blue) and Na(TBAPy)(DMF) (red). (b) Emission spectra for solid-state K(TBAPy)(DMF)
(blue) and K(TBAPy)(DMF) (red) using 405 nm excitation, with the HsTBAPy linker in DMF solution (yellow) for reference. Calculated (c) absorption and (d) emission spectra for the
same species, with spectra for NU-1000 (green) and pyrene (grey) included for reference (computed spectra have been red-shifted by 0.4 eV and convoluted with a Gaussian of full
width at half maximum (FWHM) of 0.2 eV in all cases). Time-resolved fluorescence kinetics at different detection wavelengths for (e) K(TBAPy)(DMF) and (f) Na(TBAPy)(DMF). Fits to
a multiexponential decay model are shown with solid lines, with fitting parameters given in Table S1. The experimentally determined instrument response is indicated with the grey

shaded region corresponding to a Gaussian function of 0.65 ns FWHM.

The solid-state emission spectra for K(TBAPy)(DMF) and
Na(TBAPy)(DMF) are shown in Fig. 3b. The emission peak of
K(TBAPy)(DMF) is centred at 515 nm and largely featureless but
is significantly red shifted compared to that of the free H,TBAPy
linker in solution. In contrast, the Na(TBAPy)(DMF) emission
band exhibits distinct spectral structure, with the main peak at
490 nm and shoulder around 530 nm. The shift of the emission
peaks to lower energies relative to the free H,TBAPy linker in

This journal is © The Royal Society of Chemistry 20xx

solution is indicative of electronic coupling between the
chromophore units resulting from close packing of the aromatic
pyrene cores of the TBAPy linkers in the solid-state. This
molecular architecture allows significant t— interactions, and
thus delocalization of the excitation. The spectral structure
evident in the Na(TBAPy)(DMF) emission can be attributed to a
vibronic progression. The shoulder is lower in energy than the
main peak by approximately 1600 cm~1, which can be assigned
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to the aromatic C=C bond vibration in the pyrene cores. The
absence of structure in the K(TBAPy)(DMF) emission can be
attributed to the distinct alignments of the pyrene units
observed in the two MOFs. The packing of the linkers in
K(TBAPy)(DMF) resembles that of an ideal H-aggregate,3>42in
which the eclipsed arrangement of the chromophore pairs
suppresses the 0—0 vibronic transition, leaving the 0—1 peak to
dominate the spectrum. The x-shaped stacking of the linkers in
Na(TBAPy)(DMF) results in coupling that is intermediate
between that of a J- and an H-aggregate, and thus the 0—0 and
0-1 vibronic peaks are both present. This aggregate behaviour
can also account for the differences between the absorption
spectra of the MOFs (Fig. 3a), which show that absorption in the
Na(TBAPy)(DMF) extends further into the low-energy region,
while the lowest energy 0-0 vibronic absorption peak is
attenuated in K(TBAPy)(DMF).

Fluorescence decay kinetics were obtained for the two
MOFs at several emission wavelengths, shown in Figs. 3e and
3f. The data were fit to a multiexponential decay model, with
parameters given in Table S1. For K(TBAPy)(DMF), the kinetic
profiles are almost identical at all detection wavelengths. The
slightly faster decay at 490 nm is at the blue edge of the
absorption peak and is indicative of spectral migration to lower
energies due to excited-state structural relaxation or exciton
migration. Na(TBAPy)(DMF), however, displays significantly
different kinetics at each detection wavelength, with noticeably
faster decays at shorter wavelengths, particularly at short times
(S5-10 ns), which also indicates time-dependent spectral
migration, but to a greater extent and at a faster rate than that
observed in K(TBAPy)(DMF). The longer time (=5-10 ns) decay,
which occurs approximately uniformly across all wavelengths in
both MOFs, can be attributed to relaxation to the ground state.
The faster decays on both time scales in Na(TBAPy)(DMF)
compared with K(TBAPy)(DMF) can again be attributed to the
arrangement of the chromophores within the MOFs, as the H-
aggregate3® nature of K(TBAPy)(DMF) is expected to result in
slower emission and reduced exciton migration by resonance
energy transfer.

Although pyrene dimers stacked directly on top of each
other have been observed and probed previously,*3 to the best
of our knowledge the x-shaped or staggered configuration of
pyrene present in Na(TBAPy)(DMF) (Fig. 4) has not been
documented. To clarify how the configuration of ligands
influences the electronic coupling and excited-state properties
in the two s-block MOFs, we performed density functional
theory (DFT) calculations on the two closest ligand pairs in each
MOF, with which the carboxylate C and O atoms fixed at their
positions in the experimental SCXRD structure to mimic the
coordination constraints in the MOF. For comparison,
analogous calculations were performed on the closest ligand
pair in NU-1000 and similar calculations were performed on the
TBAPy monomer and on pyrene without geometric constraints.
Absorption and emission spectra were calculated using time-
dependent DFT (TD-DFT) on the optimized geometry of the
electronic ground state and first excited state, respectively.
Details of the calculations are given in the ESI.
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Fig. 4. Relative orientation of the TBAPy ligand in (a) K(TBAPy)(DMF), eclipsed, and (b)
Na(TBAPy)(DMF), x-shaped. The TBAPy ligands are viewed along the crystallographic b
axis (top) and a axis (below).

Consistent with experiment, the absorption spectra of the
K(TBAPy)(DMF) and Na(TBAPy)(DMF) MOFs calculated by TD-
DFT on the optimized ground-state geometries of the
constrained ligand dimers have similar peak positions but are
blue-shifted (by ~0.4-0.6 eV) compared with experiment, as
shown in Fig. 3c. However, the lowest energy absorption
transitions are shifted to lower energy compared with those the
NU-1000 MOF and the TBAPy monomer (by ~0.2 eV in both
cases), indicating substantially stronger electronic coupling
between the ligands in K(TBAPy)(DMF) and Na(TBAPy)(DMF)
compared with NU-1000. The discrepancy between the
calculations and experiment can be partly attributed to using a
dimer model in the calculations, which neglects coupling
between multiple ligands in the MOF. Also calculated is the
absorption spectrum of pyrene, which is significantly blue
shifted compared with the TBAPy monomer,
significant electron delocalization between the pyrene and
phenyl groups in H;TBAPy.

The calculations show that the transition dipole moment
(TDM) of the lowest energy transition of the TBAPy monomer is
aligned in the plane along the long axis of the pyrene core, as
shown in Fig. S13a. The orientation of the ligands in the
Na(TBAPy)(DMF) MOF dimer at an angle to one another (105°)
results in an

indicating

excited-state electronic coupling that is
intermediate between a H and a J-type interaction, producing
two almost degenerate lowest energy absorption transitions
(separated by ~0.08 eV) with significant TDMs that are almost
orthogonal to one another, as shown in Fig. S13b. On the other
hand, confirming our interpretation of the spectroscopic data,
the parallel orientation of the monomers in the K(TBAPy)(DMF)
MOF dimer yields an H-type interaction, with the lowest energy
absorption transition having negligible oscillator strength and
the most intense transition being the second lowest, which has
a TDM aligned in the same direction as that of the TBAPy
monomer (Fig. S13c).

Also consistent with the experiment, the emission of the
Na(TBAPy)(DMF) MOF dimer is red-shifted by ~0.4 eV with
respect to absorption due to structural relaxation of the excited
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state (Fig. 3d), but the Stokes shift is about half that observed
experimentally. This discrepancy is likely due to the strong
geometric constraints placed on the carboxylate atom positions
in the calculations, which neglect flexibility of the MOF. As
shown in Fig. S12, the atoms in the Na(TBAPy)(DMF) MOF dimer
hardly move between the ground and excited-state geometries.
The Stokes shift calculated for the TBAPy monomer, for which
no geometric constraints were applied, is significantly larger, at
~0.6 eV. This larger shift appears to be related to the larger
change in the dihedral angle between the pyrene core and
phenyl substituents in the excited state of the monomer
compared with the MOF dimers, which leads to greater electron
delocalization due to the more planar geometry. Calculations on
the K(TBAPy)(DMF) MOF dimer indicate that the purely
electronic S;—Sp transition does not occur, which is consistent
with the presence of H-type coupling, with emission made
possible by vibronic coupling that is neglected in our purely
electronic calculations.

Unlike previous reports examining the topology-dependent
emissive properties of MOFs containing the TBAPy ligand, 4422
we were reluctant to classify the emission as resulting from
excimer formation. Although our model overestimates how
rigidly the ligands are held in position, we see no strong
evidence to suggest that the experimentally observed steady-
state or time-resolved emission are a result of significant
geometric rearrangement of the ligands within the lattice that
would be associated with excimer formation . The Stokes shift*
and peak width of the steady-state emission of both s-block
MOFs is much smaller than that associated with excimer
formation in pyrene, and the emission is not substantially
broadened compared with the isolated TBAPy ligand, as shown
in Fig. 3b. In addition, the shortest decay times measured in the
time-resolved emission are an order of magnitude longer than
that of excimer formation in crystalline pyrene.*> Furthermore,
the calculated changes in the excited-state geometry compared
with the ground-state geometry are much smaller than those
calculated for pyrene excimers.4643

Charge-transport properties

Although most MOFs are insulators with no capacity for exciton
delocalization between ligands,
within a MOF is still an area of emerging interest.#” A design

intrinsic charge transport

challenge for electrically conductive MOFs is that charge
transport decreases exponentially with increased
intermolecular distance between frontier orbitals.*® We have
shown that the two s-block MOFs presented in this work
possess a close packed arrangement of m-rich chromophores
and thus may facilitate exciton delocalization and charge
mobility. However, conductivity experiments on
microcrystalline materials are notoriously unreliable and can
differ by orders of magnitude.*® For this reason we decided to
use quantum-chemical calculations to estimate the effect of the
relative position and orientation of the ligands on charge-
transfer rates in the s-block MOFs and a related pyrene-based
MOF. Charge-transfer parameters for hole transfer in the
K(TBAPy)(DMF) and Na(TBAPy)(DMF) MOFs were calculated
and compared with those for NU-1000. Constrained density

This journal is © The Royal Society of Chemistry 20xx

functional theory (CDFT) was used to localize a +1 charge on one
of the monomers in each MOF dimer and CDFT-Cl was used to
calculate the electronic coupling V4, and reorganization energy
A for the process of transferring this +1 charge from one
monomer to the other. The hole transfer rate constant kn was
also calculated using Marcus theory®% according to

21 1 (AG°+1)?
kn = n IVdallekam €Xp [_ 4AkgT ] (1)

where AG° is the free-energy change for the process (which is
zero here because the hole donor and acceptor are the same),
T is the temperature, kg is the Boltzmann constant and # is the
reduced Planck’s constant. As shown in Table S3, although the
reorganization energy for all three MOFs is similar, the
electronic couplings in the K(TBAPy)(DMF) and Na(TBAPy)(DMF)
MOFs are both an order-of-magnitude larger than that of NU-
1000, as a result of the much closer spacing between the ligands
in these MOFs (<4 A). Consequently, the calculated hole-
transfer rate constants for K(TBAPy)(DMF) and Na(TBAPy)(DMF)
are two orders of magnitude larger than that of NU-1000, due
to the quadratic dependence of the rate constant on the
coupling (see Table 1). Furthermore, the different relative
orientation of the ligands in the K(TBAPy)(DMF) and
Na(TBAPy)(DMF) MOFs results in the electronic coupling and
hole-transfer rate constant being respectively a factor of two
and four larger for Na(TBAPy)(DMF) compared with
K(TBAPy)(DMF). This result suggests that charge-transfer
properties can be strongly modulated by ligand configuration in
these closely related MOFs.

Table 1. Calculated electronic couplings, reorganization energies,
and hole-transfer rate constants for MOF TBAPy dimers.

MOF hole transfer rate two closest ligands
constant ki (s?) (centroid to centroid)
Na(TBAPy)(DMF) 5.7 x 1012 3.93A
K(TBAPy)(DMF) 1.5 x 1012 3.86 A
NU-1000 3.3x10%° 10.94 A

Given the encouraging results from quantum-chemical calculations,
coupled with the well documented ability of pyrene moieties to
facilitate hole transfer in several electronically active polymers and
composites,”> we examined the semiconducting properties of
Na(TBAPy)(DMF) by using it to construct a light emitting diode (LED).
LEDs generally consist of a conductive substrate, a hole transport
layer, and a light-emitting layer.52 Poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) can be used as an effective hole
transport layer®3 that can prevent the LED from shorting, and
transports positive charge to the active light emitting polymer
layer.>* While the PEDOT:PSS layer does not itself emit any light, such
hole transport layers have been found to dramatically improve the
efficiency of polymer-based LEDs.>> To this end, we substituted
PEDOT:PSS for Na(TBAPy)(DMF) to yield a functioning LED which
emitted at 580 nm with a voltage of 4.45 V (24 mA) (see Fig. S11).
Control devices that consisted of just the conductive substrate and
the light emitting layer, with no hole transport layer, failed to
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function. Upon introduction of an electric current, these devices
immediately began to heat and did not emit any light. The
functioning device represents the first time a sodium-based MOF has
been used as a semiconducting hole transport layer in a functioning
LED.

Conclusion

We successfully synthesized two new, stable, non-
interpenetrated s-block-based MOFs, Na(TBAPy)(DMF) and
K(TBAPy)(DMF), containing a m-rich photoactive organic linker.
As anticipated, the non-directional, ionic metal-ligand bonds
yields MOFs possessing rod-like SBUs and close proximity of the
pyrene moieties. Interestingly, the pyrene chromophores adopt
different relative packing arrangements (eclipsed and x-shaped)
that according to computational and spectral data give rise to
significantly different electronic coupling. We note that this is
the first time an x-shaped (staggered) alignment of pyrene cores
has been examined in the solid-state. This work shows that
there is broad scope for using s-block MOFs composed of rt-rich
chromophores for a variety of sensing and electronic
applications. Furthermore, they are ideal candidates for
fundamental studies on how the level of solvation, solvent
polarity, ion exchange, guest molecules, chromophore packing
and alignment, and photoinduced structural changes influence
the electronic properties of a material.
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