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The morphology of electrically conductive metal—organic frameworks strongly impacts their performance
in applications such as energy storage and electrochemical sensing. However, identifying the appropriate
conditions needed to achieve a specific nanocrystal size and shape can be a time-consuming, empirical
process. Here we show how partial ligand oxidation dictates the morphology of Cuz(HHTP), (HHTP =
2,3,6,7,10,11-hexahydroxytriphenylene), a prototypical 2D conductive metal-organic framework. Using

organic quinones as the chemical oxidant, we demonstrate that partial oxidation of the ligand prior to
Received 29th June 2022

Accepted 16th August 2022 metal binding alters the nanocrystal aspect ratio by over 60-fold. Systematically varying the extent of

initial ligand oxidation leads to distinct rod, block, and flake-like morphologies. These results represent

DOI: 10.1039/d25c036489 an important advance in the rational control of Cuz(HHTP), morphology and motivate future studies into
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Introduction

Over the past decade, electrically conductive metal-organic
frameworks (MOFs) have grown from a scientific rarity to
a rapidly expanding body of materials." As the number of
conductive MOF architectures continues to increase, the next
synthetic hurdle will be in the realm of morphological control.
With respect to device performance, the impact of changing
nanocrystal size and shape can be as powerful as altering the
underlying molecular structure. Tuning particle morphology to
enhance mass transfer has been shown to significantly increase
the specific capacitance of MOF-based energy storage devices™*
and the sensitivity of MOF-based electrochemical sensors.* In
addition to higher mass transport rates, downsizing bulk MOFs
to form colloidally stable nanocrystals may also provide
important processability advantages.>®

This study focuses on controlling the morphology of Cus(-
HHTP), (HHTP = 2,3,6,7,10,11-hexahydroxytriphenylene),
a prototypical 2D conductive metal-organic framework (Fig. 1).
Cuz(HHTP), is part of a larger family of isostructural frame-
works with varying metal identities (e.g., Fe, Co, Ni, Cu, etc.),
bridging heteroatoms (O, NH, S), and aromatic cores (e.g., tri-
phenylene, benzene, etc.)."””** Members of this family of
frameworks represent some of the most highly conductive
metal-organic frameworks reported to date.
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how ligand oxidation impacts the nucleation and growth of 2D conductive metal-organic frameworks.

Under solvothermal conditions, Cu;(HHTP), generally crys-
tallizes as thin nanorods, with the long axis in the m-stacking
direction.”*® The particle aspect ratio can be tuned by varying
multiple reaction parameters (e.g., metal precursor, presence of
modulators, solvent combination, etc.), and rod, block, and
aggregated flake-like particles of Cus(HHTP), have all been re-
ported.>*® Given the large number of reaction variables, iden-
tifying appropriate conditions for a given morphology is a time-
consuming, empirical process. Furthermore, in our hands, re-
ported literature morphologies have often been irreproducible.
Here, we sought to better understand the origins of irrepro-
ducibility in Cus(HHTP), synthesis, as well as identify which
reaction variables have the largest influence on nanocrystal
morphology.

An important step towards the rational control of Cuj(-
HHTP), nanocrystal morphology is a better understanding of
the key reactions involved in framework formation. In contrast
to traditional MOFs constructed from redox-inactive building
blocks, the synthesis of Cuz(HHTP), and its structural conge-
ners requires a unique ligand oxidation step (Fig. 1). A growing
body of evidence has underscored the importance of aerobic
oxidation to framework formation. For example, in the absence
of O,, electron-rich catechol ligands can reduce Cu(u) to form
Cu(0) nanoparticles.” No precipitate is formed during the
synthesis of Co(HITP), (HITP = 2,3,6,7,10,11-hexaimino-
triphenylene) if air is excluded,"” and continuous air sparging is
often required in the scale-up of Ni;(HITP),."® Surprisingly,
despite the well-established importance of air to the synthesis
of Cuz(HHTP), and other 2D conductive frameworks, ligand
oxidation remains a largely understudied reaction parameter.
We hypothesized that greater control over the oxidant identity,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Overview of Cusz(HHTP), synthesis and structure. The presence of a chemical oxidant is critical to framework formation, as the three
catechol units in HHTP must be oxidized by 1 e~ each (3 e~ per ligand). The synthesis is traditionally performed with air as the oxidant. This work
introduces a controlled oxidative synthesis that uses substituted quinones as the chemical oxidant.

stoichiometry, and rate of introduction would provide new
insights into how nanocrystal size and shape can be controlled
in this class of materials.

Here, we report a new synthetic route to Cuz(HHTP), that
uses easy-to-handle solids, specifically quinones, as the chem-
ical oxidant rather than air. With this route, we have discovered
that partial oxidation of the HHTP ligand prior to introduction
of a metal source dramatically alters the resulting particle
morphology. Keeping all other reaction variables constant,
tuning the extent of initial ligand oxidation leads to a 60-fold
change in the nanocrystal length : diameter aspect ratio. These
results represent an important advance in the rational control
of Cus(HHTP), morphology and motivate future studies into
how ligand oxidation impacts the nucleation and growth of 2D
conductive metal-organic frameworks.

Results and discussion
Ligand purity and synthetic reproducibility

In the synthesis of colloidal semiconductor and metal nano-
crystals, it is well-known that trace impurities in the metal
precursors, surfactants, and solvents can lead to large changes
in nanocrystal shape, size, and polydispersity.**"* Therefore,
before undertaking a deeper investigation of Cuz(HHTP),
nanocrystal formation, we first paused to examine the purity of
our reagents. In particular, special attention was paid to the
HHTP ligand. This air-sensitive ligand is sold commercially at
a relatively low purity level (95%) and is often received as a dark
grey to black solid, indicative of oxidation. In the presence of
air, catechol-containing compounds are known to undergo
darkening as a result of oxidative polymerization and cross-
linking, a process that has been exploited in both synthetic
and biological systems.**¢

The purity of four HHTP samples purchased from two
separate suppliers was determined using a combination of
thermogravimetric analysis (TGA), quantitative nuclear
magnetic resonance (NMR) spectroscopy, and quantitative
electron paramagnetic resonance (EPR) spectroscopy (see ESI

© 2022 The Author(s). Published by the Royal Society of Chemistry

for more details).T Significant variation in batch-to-batch purity
was observed. Across the four samples, water and HHTP
accounted for only 61.5-93.7% of the sample by mass; the
remainder was attributed to an NMR and EPR-silent impurity
(Table S1 and Fig. S21). We hypothesized that the impurity
could be a polymeric or oligomeric species formed by the
oxidative cross-linking of HHTP. Indeed, the presence of
extended structures was confirmed by dynamic light scattering
(DLS) studies, which showed particles ranging from 200-
800 nm in diameter (Table S27).

Given the significant impurities present in the as-received
commercial HHTP ligand, we developed a simple and
straightforward method to purify the compound. Oxidized
species could be completely removed via reduction of the
sample with excess Na,S,0, followed by filtration over activated
charcoal. The resulting light tan powder was >99% pure by
quantitative NMR.

We found that the initial HHTP purity level strongly influ-
ences particle morphology. Following previously reported
procedures for Cuz(HHTP), nanorods,” three batches of the
framework were synthesized using three different ligand sour-
ces: (1) purified HHTP (>99 wt%), (2) HHTP purchased from TCI
Chemicals (81 wt%), and (3) HHTP purchased from Acros
(68 wt%). While mixtures of nanorods and intergrown, aggre-
gated particles were obtained in all cases, significant differences
in particle diameter were observed (Fig. S4t). Both purified and
TCI Chemicals HHTP produced thin nanorods with average
diameters of ~90 nm, while the Acros HHTP led to a bimodal
distribution of thicker nanorods with diameters centered
around ~100 and ~300 nm (Fig. S51).

Quinone-based synthesis of Cu;(HHTP),

The investigations into ligand purity described above show that
organic impurities formed by the oxidative polymerization of
catechol-containing ligands can be a significant source of irre-
producibility in Cuz(HHTP), synthesis. Viewed from a different
perspective, these findings also imply that ligand oxidation

Chem. Sci., 2022, 13, 10472-10478 | 10473
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could be an important and previously overlooked parameter for
controlling particle size and shape. We hypothesized that, when
properly controlled, the redox activity of HHTP could serve as
a powerful handle for manipulating Cuz(HHTP), nanocrystal
morphology.

To evaluate whether oxidative control of Cu;(HHTP),
morphology is possible, we first needed a more precise means of
controlling oxidant stoichiometry, rate of addition, and
oxidizing strength. This motivated us to develop a quinone-
based synthesis of Cus(HHTP), (Fig. 2). Unlike air, quinones
are easy-to-handle solids. Furthermore, their 1 e~ reduction
potentials can be systematically tuned by >1 V simply by altering
the size of the conjugated ring system and the steric and elec-
tronic properties of the substituents.”” Finally, many quinones
readily sublime at either ambient or elevated temperatures,
giving us the flexibility to choose whether oxidant is added
quickly at the start of the reaction or slowly introduced over
several hours via sublimation.

Using UV-vis spectroscopy, we measured the rate at which
four quinones of varying oxidant strength sublimed from
a 20 mL scintillation vial into an interior 4 mL vial containing
dimethylformamide (Fig. S6 and Table S37). These studies were
carried out at ambient pressure and 80 °C, the standard Cus(-
HHTP), synthesis temperature. As depicted in Fig. S6 and Table
S371 the rate of sublimation was inversely correlated with the
molecular weight of the quinone. For example, under these
conditions, 1,4-benzoquinone sublimed with a rate of 9.7 + 3.9
x 10~* mmol min ', whereas 2,6-dimethyl-1,4-benzoquinone
sublimed with a rate of 1.6 & 0.2 x 10~* mmol min~" (Table
S37). The sublimation rate of 2,5-dichloro-1,4-benzoquinone
was nearly negligible.

Due to their differing sublimation rates and redox potentials,
quinones allow us to tune both the rate of oxidant introduction
and the overall oxidant strength. To probe how these factors
influence nanocrystal morphology, three Cu;(HHTP), syntheses
were carried out under an inert atmosphere using 1,4-benzo-
quinone, 2-methyl-1,4-benzoquinone, or 2,6-dimethyl-1,4-
benzoquinone as the oxidant (Fig. 2). In all cases, the quinone
was gradually introduced via sublimation, using the reaction set

A i)
v

Fig. 2
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up illustrated in Fig. 2a. The reaction scale was chosen such that
at least three equivalents of quinone per HHTP sublimed into
the interior reaction vessel over the course of the reaction. After
24 h, phase-pure Cuz(HHTP), was produced in all cases. When
the reaction was carried without any oxidant present, diffraction
peaks associated with Cu,O as well as an unidentified secondary
phase were observed in addition to Cuz(HHTP), (Fig. S7 and
S8t).

Scanning electron microscopy (SEM) images showed that the
resulting Cuz(HHTP), nanocrystal morphology and overall
sample uniformity strongly depended on the oxidant used.
Stronger oxidants with faster sublimation rates, such as 1,4-
benzoquinone, led to a complex mixture of individual rod-like
particles as well as larger spherical clusters composed of
many radially oriented nanocrystals (Fig. 2b). A significant
reduction in the number of intergrown aggregates was observed
when the milder oxidant 2-methyl-1,4-benzoquinone was used
(Fig. 2c). Finally, the weakest oxidant with the slowest subli-
mation rate, 2,6-dimethyl-1,4-benzoquinone, led to well-
defined, rod-like particles with no other competing morphol-
ogies or aggregates (Fig. 2d). Based on an analysis of over 250
particles, the rods were 1.15 4= 0.80 um in length and 0.13 £ 0.05
pm in diameter (Fig. 3b). Importantly, these syntheses were
highly reproducible. Similar morphologies were observed
across twenty repeat batches.

Impact of ligand pre-oxidation on nanocrystal morphology

After establishing that slow sublimation of a weak quinone
oxidant is required to achieve more uniform sample morphol-
ogies, we next turned our attention to the effect of ligand
impurities. Given that many commercial sources of HHTP
contain large quantities of oxidatively cross-linked HHTP, we
wanted to rigorously examine the effect of ligand oxidation on
Cu;(HHTP), formation.

The amount of oxidized ligand impurities present in solu-
tion can be dialed in by treating purified HHTP ligand with
varying equivalents of quinone prior to framework synthesis.
For these ligand oxidation studies, we used a stronger oxidant,
2,5-dichloro-1,4-benzoquinone, to ensure complete conversion.

(a) Standard sublimation reaction set-up. The quinone oxidant is placed in an outer 20 mL vial, whereas the copper salt, HHTP ligand, and

solvent are placed in the inner 4 mL vial. As the reaction is heated, the quinone oxidant sublimes into the inner 4 mL vial. (b—d) Scanning electron
microscopy images of Cuz(HHTP), prepared with 3 equiv. of (b) 1,4-benzoquinone, (c) 2-methyl-1,4-benzoquinone, and (d) 2,6-dimethyl-1,4-

benzoquinone.
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(a) Overview of two-step Cuz(HHTP), synthesis, consisting of initial ligand pre-oxidation with 2,5-dichloro-1,4-benzoquinone, followed

by framework formation. (b—d) Scanning electron microscopy images and length/diameter distributions for Cus(HHTP), synthesized using (b) O,
(c) 0.3, and (d) 0.5 equivalents of 2,5-dichloro-1,4-benzoquinone as a pre-oxidant. As the equivalents of pre-oxidant increases, three distinct
morphologies are observed: narrow, well-defined nanorods; thick, irregular hexagonal particles; and thin, intergrown flakes.

Based on quantitative NMR, EPR, and DLS studies, the impu-
rities formed by treatment of HHTP with 2,5-dichloro-1,4-
benzoquinone closely resemble the impurities found in as-
received, commercial HHTP. For example, upon addition of
0.3 equiv. of 2,5-dichloro-1,4-benzoquinone, 26.6% of the HHTP
ligand becomes NMR silent (Fig. S11t). Only trace radical
species were observed by quantitative EPR (<0.1 mol%).
Dynamic light scattering studies showed the presence of

© 2022 The Author(s). Published by the Royal Society of Chemistry

polymeric or oligomeric species with broad, bimodal distribu-
tions centered around 530 + 130 and 80 + 14 nm (Table S27).

To tease out the impact of oxidized ligand impurities on
particle morphology, Cu;(HHTP), was synthesized via a two-
step procedure composed of (1) ligand pre-oxidation followed
by (2) framework formation. In the first step, purified HHTP is
dissolved and treated with varying equivalents of 2,5-dichloro-
1,4-benzoquinone at room temperature. In the second step,
CuSO, is added to the reaction mixture, the reaction is heated to

Chem. Sci., 2022,13,10472-10478 | 10475
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80 °C, and additional oxidant (2,6-dimethy-1,4-Ibenzoquinone)
is slowly introduced via sublimation.

While the resulting Cus;(HHTP), samples are somewhat
polydisperse, a clear trend between the extent of ligand pre-
oxidation and the average length : diameter ratio is observed
(Fig. 3). Keeping all other reaction variables constant, tuning
the initial extent of ligand oxidation leads to an over 60-fold
decrease in the particle aspect ratio, from 8.85 to 0.13. When no
2,5-dichloro-1,4-benzoquinone is added, well-defined Cus(-
HHTP), nanorods with an average length of 1.15 + 0.80 pm and
diameter of 0.13 £ 0.05 um are observed, as discussed previ-
ously (Fig. 3b). Further increasing the amount of 2,5-dichloro-
1,4-benzoquinone to 0.3 equiv. produces thick, block-like
particles with an average length of 0.55 + 0.33 pm and diam-
eter of 0.33 + 0.18 pm (Fig. 3c). Finally, addition of 0.5 equiv.
2,5-dichloro-1,4-benzoquinone pre-oxidant leads to a further
reduction in the length dimension as thin, intergrown petal-like
flakes are produced (Fig. 3d). These flakes are approximately
0.06 £ 0.02 pm in length and 0.45 + 0.19 um in diameter.

Aside from differences in morphology, the three Cuz(HHTP),
samples are nearly indistinguishable by all other characteriza-
tion methods. All three powder X-ray diffraction patterns match
that expected for Cuz(HHTP), (Fig. 4a). Similar Brunauer—

a
—— Cug(HHTP), rods (x = 0 equiv)
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Fig. 4 (a) Powder X-ray diffraction patterns and (b) surface areas of

Cuz(HHTP), synthesized with 0, 0.3, and 0.5 equiv. of 2,5-dichloro-
1,4-benzoquinone pre-oxidant.
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Emmett-Teller (BET) surface areas of 560, 540, and 390 m> g~ *
are observed for the rod, block, and flake morphologies,
respectively (Fig. 4b). The slightly lower surface area observed
for the flake morphology may be a result of its more intergrown
nature (Fig. 3d). Nevertheless, all surface area values are
consistent with literature values, which generally range between
~300-500 m?> g '.?%2° Furthermore, no differences were
observed by either infrared spectroscopy (Fig. S18t) or X-ray
photoelectron spectroscopy (Fig. S19 and Table S671). Finally,
all materials exhibit conductivity values on the order of 102 to
107° S ecm ™' (Fig. S20 and Table S77).

The above findings establish a strong connection between
the Cuz(HHTP), length : diameter aspect ratio and the extent of
ligand oxidative polymerization, a previously overlooked
synthetic parameter. The interaction between the oxidized
HHTP polymer and the Cus(HHTP), precursors and crystal
surfaces is likely complex. In addition to chelating sites capable
of binding to specific facets, the redox-active polymer may also
serve as alternative oxidant source during synthesis. While the
exact mechanism by which the oxidized HHTP polymer alters
Cuz(HHTP), morphology is not yet understood, macromolec-
ular additives are well-known to influence crystal formation.*
For example, macromolecular additives have been shown to
promote the nucleation of many crystal types, including small
molecules and zeolites,**> as well as modulate the growth of
metal-organic frameworks.*** Future work will focus on
elucidating the structure of oxidized HHTP, and in situ studies
to better understand how the polymer impacts nucleation and
growth.

Conclusions

In conclusion, we have developed a new synthesis of Cus(-
HHTP), that relies on organic quinones rather than air as the
oxidant. Unlike air, quinones are easy-to-handle solids, allowing
the rate and timing of oxidant addition, as well as the overall
oxidant stoichiometry, to be carefully tuned. Using this new
synthetic route, we have shown how the controlled oxidative
polymerization of HHTP can serve as a powerful tool to
manipulate Cuz(HHTP), morphology. By varying the extent of
initial ligand oxidation, we can achieve diverse rod, block, and
flake-like morphologies. While more work is needed to under-
stand the exact structure and role of the polymeric species
formed upon ligand oxidation, we hypothesize that these
species may serve as coordination modulators or oxidant
reservoirs. Finally, our work highlights the importance of
reagent purity on the reproducibility of metal-organic frame-
work nanocrystal synthesis. Future work will focus on under-
standing the role of oxidized HHTP and determining whether
these findings can be generalized to other members of this class
of conductive 2D metal-organic frameworks.

Data availability

Additional experimental data supporting this article are
included in the ESL

© 2022 The Author(s). Published by the Royal Society of Chemistry
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