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Redox-active metal-organic frameworks (MOFs) are promising materials for a number of next-generation
technologies, and recent work has shown that redox manipulation can dramatically enhance electrical

conductivity in MOFs. However, ligand-based strategies for controlling conductivity remain under-
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developed, particularly those that make use of reversible redox processes. Here we report the first use of

ligand n-doping to engender electrical conductivity in a porous 3D MOF, leading to tunable conductivity
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Introduction

Electrically conductive porous metal-organic frameworks
(MOFs) have emerged as a fascinating class of materials with
potential impact in a wide variety of applications, enabled by
the development of chemical design strategies that overcome
the longstanding problem of inherent insulating behavior in
porous crystalline solids." For example, the development of
layered 2D MOFs with extended m-d conjugation has led to
record-setting conductivity values while maintaining perma-
nent porosity in some cases.”> Engendering conductivity in 3D
MOFs has been significantly more challenging, but recent work
has shown that open-shell metal centers and/or organic ligands
can be used to increase charge carrier density, coupled with
either through-bond or through-space charge transport path-
ways.'*® Guest@MOF strategies have also been developed to
impart conductivity on otherwise insulating framework mate-
rials, by insertion of electroactive guest molecules or polymers
into the MOF pores.*

One strategy, with the potential to be quite general, is to make
use of redox-active components in the MOF.” Redox manipulation
of a stable, insulating MOF can be used to increase electrical
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values that span over six orders of magnitude. Moreover, this work represents the first example of redox
switching leading to reversible conductivity changes in a 3D MOF.

conductivity while maintaining structural integrity, and both
chemical and electrochemical doping approaches can be envi-
sioned. Examples of this strategy to date have been dominated by
redox-active metal centers in the secondary building units (SBUs),
and iron-based SBUs have shown particular promise.® For
example, partial reduction of the Fe(u) centers to Fe(u) in the
material Fe,(BDP); (BDP = 1,4-benzenedipyrazolate) results in
electrical conductivity increases up to four orders of magnitude.”
Similarly, partial aerobic oxidation of Fe(u) centers in Fe,(BDT);
(BDT = 1,4-benzeneditetrazolate) leads to tunable conductivity
values that span five orders of magnitude.® Analogous approaches
that make use of ligand-based redox activity in 3D MOFs are less
developed, and have focused primarily on materials with non-
innocent semiquinone or dithiolene-type linkages.” Further-
more, there have been no examples of reversible redox processes
that can be used to reversibly modulate conductivity in a 3D MOF,
for either metal- or ligand-based approaches.

In this work, we show that n-doping of the redox-active
naphthalene diimide (NDI) organic ligands in the micropo-
rous pyrazolate MOF ZnNDI (Fig. 1a) can produce a greater than
one-million-fold enhancement in conductivity. The ligand-
based reduction can be performed reversibly without altering
the structure of the framework, and the extent of ligand
reduction can be used to tune the material's conductivity over
several orders of magnitude. To the best of our knowledge, this
represents the first example of appreciable electrical conduc-
tivity in a 3D MOF as a result of reductive ligand doping.
Furthermore, while redox switching has been used to control
conductivity in 1D and 2D coordination polymers,* this is the
first demonstration of reversible switching between two
different stable redox states with dramatically different
conductivity values for a 3D MOF.

This journal is © The Royal Society of Chemistry 2020
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(a) Structure of the microporous MOF ZnNDI; (b) PXRD data demonstrating that the MOF structure remains intact after ligand reduction;

(c) the ordered stacks of NDI ligands undergo reversible reduction to their radical anion form, creating a through-space charge transport pathway

via NDI hopping that results in increased electrical conductivity.

Redox activity of NDI-based ligands in MOFs has previously
been used for applications such as electrochromic devices.™
The NDI subunits of the ligands typically exhibit well-behaved
electrochemistry, displaying reversible reduction processes to
their NDI'~ radical anion and NDI*~ dianion states. In this
work, we make use of the known fluoride-induced reduction of
NDIs as a mild chemical doping strategy that can reversibly
transform the neutral ligands in ZnNDI to their radical anion
form;"* while the specific mechanism of NDI reduction in the
presence of fluoride is still a matter of debate in the literature,
recent work suggests a complex solvent-mediated pathway.**
The ordered stacks of NDI'™ ligands generated in this manner
form a charge transport pathway that dramatically increases the
framework's conductivity (Fig. 1c). Supramolecular organiza-
tion has been shown to both promote and stabilize the forma-
tion of NDI radical anions," and the rigid ordering provided by
the crystalline MOF provides advantages compared to solution-
phase approaches toward conductive stacks of NDI radicals.*®

Results and discussion

ZnNDI was synthesized according to the reported procedure as
a microcrystalline tan/yellow powder; PXRD analysis confirmed
the expected structure (Fig. 1b)."” Ligand reduction was carried
out by soaking ZnNDI in DMF solutions of tetra-n-

This journal is © The Royal Society of Chemistry 2020

butylammonium fluoride (TBAF). In order to qualitatively
evaluate the effect of soaking time on ligand reduction, we
performed UV-vis measurements using thin films of ZnNDI
grown on the surface of glass slides (Fig. 2). The pale films of as-
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Fig. 2 UV-vis data of a ZnNDI thin film before and after soaking in
a TBAF solution (60 mM in DMF, 14 hours), showing conversion of the
neutral NDI ligands to their radical anion form; the inset shows optical
images of the films.
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synthesized ZnNDI display absorption maxima at 360 and
380 nm, assigned to ® — m* transitions in the neutral NDI
ligands. Upon placing the film into a TBAF solution the color
gradually darkens, accompanied by a decrease in intensity for
the neutral NDI features and the appearance of new features
throughout the visible region (An.x = 471, 607, 701, 784 nm).
These features are characteristic of NDI'~ radical anions,*® and
correspond well to spectroelectrochemical data for reduction of
ZnNDI."* Time-lapse UV-vis data shows a rapid initial reaction
followed by a slower reduction process over several hours
(Fig. S4t). After approximately 14 hours no further spectro-
scopic changes are observed. This is likely due to initial
reduction of surface-exposed NDI ligands, followed by slower
reduction of ligands throughout the framework, limited by
diffusion of charge-balancing TBA" cations into the pores;'**
consistent with this interpretation, the mesoporous MOF-74
analogue Ni-NDISA (33 A pore diameter, compared to 16 A for
ZnNDI) undergoes complete reaction with TBAF in minutes
rather than hours.{* In contrast to data reported for NDI-based
small molecules in solution,’> we do not observe further
reduction to the NDI*~ dianion form in ZnNDI upon longer
soaking times or with increased amounts of fluoride, even
though the ligand dianion is electrochemically accessible.***
The spectral features for the reduced MOF persist after removal
from the TBAF solution if kept under an inert atmosphere, but
rapidly decrease in intensity upon exposure to air (Fig. S51). The
spectrum of neutral ZnNDI is recovered after brief soaking in
DMF that has not been deoxygenated (Fig. S67).

Neutral, as-synthesized ZnNDI is an electrical insulator, with
a conductivity value below the limit of detection for our
instrumentation (=107'* S cm™"). To examine the effect of
ligand reduction on conductivity, bulk samples were soaked in
DMF solutions of TBAF for 24 hours. Different degrees of ligand
reduction were achieved by soaking with varying amounts of
fluoride (designated samples A-C; details given in the ESIT).
Similar to the thin films, bulk powder samples of ZnNDI
exhibited a color change from tan/yellow to black after reduc-
tion. After isolation by filtration, washing with fresh DMF and
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characterized by PXRD to ensure that no structural changes or
degradation occurred (Fig. 1b). Scanning electron microscopy
also showed no significant changes in morphology after
reduction (Fig. S7 and S8%). Reduced ZnNDI is stable for at least
1 month after isolation if kept under an inert atmosphere.

The extent of ligand reduction in ZnNDI was evaluated using
quantitative EPR, with samples prepared as a 5% w/w mixture in
an eicosane matrix. Quantitation of spins in this manner led to
values of 7.5 x 10" spins per mg for ZnNDI-A, 5.0 x 10" spins
per mg for ZnNDI-B, and 2.0 x 10" spins per mg for ZnNDI-C.
Calculating based on the general formula [(TBA),(ZnNDI)],
where one TBA" cation is incorporated per NDI ligand reduced
to its radical anion form, the EPR data indicates the extent of
ligand reduction to be approximately 90%, 50%, and 20% for
samples A, B, and C, respectively (details of EPR data collection
and analysis are given in the ESIt). The ability of NDI-based
MOFs to accommodate high degrees of ligand reduction while
maintaining structural stability is also supported by previous
studies on electrochemical reduction.™

Room temperature conductivity values (pressed-pellet, 2-probe)
for the reduced samples were measured, as shown in Fig. 3. Pellets
of ZnNDI-A, with 90% of its ligands reduced to their radical anion
form, displayed an average conductivity value of 2 x 1077 S cm ™},
with a maximum observed value of 6 x 10”7 S cm™ . All measured
samples of ZnNDI-A displayed conductivity values at least 10°
higher than the neutral material. Samples ZnNDI-B and ZnNDI-C,
with lower degrees of ligand reduction, displayed average values of
1 x 102 and 3 x 107 '° S em ™', respectively, demonstrating that
the doping level can be systematically varied in order to tune the
conductivity of the material. While the maximum conductivity
observed for ZnNDI-A does not approach record values for
conductive MOFs, it is commensurate with other 3D MOFs
featuring electroactive ligands and redox-inert metal centers. The
most direct point of comparison is the well-studied family of
porous tetrathiafulvalene (TTF)-based MOFs, which display
average pressed-pellet conductivity values ranging from 10~ to
10°°S cm 1§

To examine the stability of ZnNDI toward repeated redox

Et,0, and vacuum drying, the reduced samples were cycling, the sample of ZnNDI-A displaying the highest
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Fig. 3 Pressed-pellet conductivity measurements (2-probe, room temperature) on samples of ZnNDI after varying degrees of ligand reduction:
(a) representative /-V curves, normalized for pellet size (extent of ligand reduction indicated in parenthesis); (b) conductivity values taken from
multiple synthetic batches, showing systematic variations in conductivity as a function of ligand reduction; (c) conductivity of a single sample of
ZnNDI-A that was subjected to three cycles of ligand reduction followed by aerobic re-oxidation. The neutral, as-synthesized MOF displays

conductivity <107 S ecm™.
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Fig. 4 Calculated electronic band structure and density of states for
ZnNDIL. In its neutral form, ZnNDI has a 2.2 eV band gap, which red-
shifts to 1.6 eV upon population of the conduction band by ligand
reduction.

conductivity value was subjected to three consecutive cycles of
aerobic oxidation followed by fluoride-induced ligand reduc-
tion. Following each cycle of reduction and conductivity
measurement, the sample was washed with aerated DMF under
ambient atmosphere, followed by washing with acetone and
vacuum drying. PXRD indicates that the structure remains
unchanged after the reduced sample is air-exposed. As shown in
Fig. 3c, only slight decreases in conductivity were observed over
the course of three reduction cycles, with the overall order of
magnitude of conductivity maintained.

Density functional theory calculations were used to further
probe the electrical conductivity increase upon ligand reduction.
The electronic band structure and projected density of states for
the optimized ZnNDI structure are shown in Fig. 4, and detailed
in the ESI.f The conduction band is defined by the NDI ligand
orbitals, as clearly shown in orbital images of the DOS-labeled
structure (Fig. S9af). Curvature of the conduction band indi-
cates electron mobility in that direction upon population via
reductive doping (shown in the figure inset; Z corresponds to an
out-of-plane 0, 0, 1/2 vector). Explicit calculation of ZnNDI with
a single electron added to the system indicates spin delocaliza-
tion over the NDI ligands (Fig. S9bt). Overall, these calculations
support that electron conduction occurs via NDI hopping in the
reduced ZnNDI materials. Furthermore, NDI reduction results in
the emergence of super-gap excitations (Fig. 4, red), indicating
a shift to a narrow gap material as the conduction band is
populated; this is consistent with our experimental observation
of new red-shifted bands in the UV-vis data.

Conclusions

We have reported the first example of electrical conductivity
enhancement in a porous 3D MOF via ligand n-doping. The

This journal is © The Royal Society of Chemistry 2020
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extent of ligand reduction in the redox-active MOF ZnNDI can
be rationally varied, resulting in electrical conductivity values
that span over six orders of magnitude. Notably, this work also
represents the first demonstration of a 3D MOF that can be
reversibly switched between two different stable redox states
with dramatically different conductivities. Future work will aim
to improve both switching times and maximum conductivity
values.
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