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ABSTRACT: The development of conductive metal-organic frameworks (MOFs)
presents a unique challenge in materials chemistry because it is unclear how to
dope them. Here, we demonstrate that the inclusion of pendant amines on
hexahydroxytriphenylene linkages results in two-dimensional (2D) polycrystalline
frameworks Cuy(HHTATP),, isostructural to its Cuy(HHTP), parent, and
exhibits the highest electrical conductivity of 1.21 S/cm among 2D MOFs
featuring CuO, metal nodes. Moreover, the bulk material can be treated with acid,
resulting in a protonation-dependent increase in the conductivity. By spin-coating

the acidic solution, we fabricated large-area thin films and collectively
demonstrated an intuitive route to solution-processable, dopable, conductive MOFs.

B INTRODUCTION

Two-dimensional (2D) electrically conductive metal-organic
frameworks (MOFs) are a subset of porous materials that are
emerging as useful materials in electrocatalysis,"> energy
storage,3_5 sensing,6 and electronic devices’ due to their
outstanding charge-transport properties paired with their high
porosity.” Yet, these materials face significant challenges in
establishing design strategies to control both electrical and
chemical properties, including limited methods to dope them.”
The development of MOFs with synthetically intuitive handles
to control the Fermi level is a major milestone.

Toward this effort, the champion materials comprise of
planar, tritopic ligands, and studies have probed both the effect
of substituting ligating heteroatoms (i.e., substituting S—, O—,
and NH— of)'°”"? and their interplay with ligated metal (i.e.,
analogues made from Co, Ni, Cu, Fe, Zn, Pd, Pt, etc.).*71
Previous studies have emphasized the importance of
introducing electron-rich chelating motifs (—NH,, —SH) to
organic linkers to enhance orbital overlaps between the metal
cations and linkers.*'®"” There remains burgeoning interest in
designin% new tritopic linkers with dissimilar conjugated
cores’””" and points to a central design principle: in-plane
metal ligand covalency dictates bulk electrical conductivity.
Thus, beyond substitution of metal and/or heteroatom, there
is value in exploring other chemical handles that affects their
interfacial chemistry.””

In addition to their electrical properties, the facile processing
of 2D MOFs into thin films is crucial for their application in
electronic devices.”> To achieve this, various fabrication
techniques, including chemical vapor deposition,”* layer-by-
layer,”® and microfluidic synthesis,”® have been employed to
craft high-quality thin films. In contrast, widely used
solvothermal methods for synthesizing MOFs result in reduced
solution processability due to limited control over crystallite
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size.”’ Hence, the development of design strategies for
achieving processable bulk materials is essential to ensure the
suitability of 2D MOFs for device-friendly applications.

Considering both the compositional and synthetic studies,
the resultant electrical conductivity of 2D MOFs is largely
dictated by stacking faults, adatoms, and vacancies,”***’ and
only a limited amount of attention has been devoted to the
control of electrical conductivity and chemical properties
through modifications during and after the synthesis.'”” Here,
we present a general approach to providing a chemical handle
for doping: the inclusion of electron-donating, Brensted-basic
pendant aromatic amines on otherwise planar 7-conjugated
linkers (Figure 1b). Like other aminated multitopic linkers,
amino-functionalization should result in maintained 2D crystal
connectivity while providing a pH-dependent chemical handle
to modify the 7—electron energy.’

Motivated by this, we developed a Cu-based MOF
composed of the HHTATP linker (HHTATP =
2,3,6,7,10,11-hexahydroxy-1,5,9-triaminotriphenylene). Build-
ing upon a previous study that suggested that linker
antiaromaticity is a predictor of bulk electrical conductivity,
we first sought to determine whether amination of the HHTP
linker was expected to negatively impact the linker
aromaticity.”” Using the NICS-xy formalism, aromaticity was
probed by sampling the NMR shielding of a dummy atom
located 1.7 A above the ring faces (Figure S3). Both HHTP
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Figure 1. (a) Chemical structure of HHTATP and schematic of the conductive 2D MOF. Hydrogens are omitted for clarity. (b) Molecular
approach toward conductive and porous 2D scaffolds. (c) TEM images of Cu;(HHTATP), nanoflakes. Left scale bar: 25 nm; right scale bar: 10
nm (inset: FFT image of the micrograph with scale bar: 1 nm™"). (d) PXRD patterns and corresponding Le Bail fittings for the Cuy(HHTATP),

nanoflake (1: 1.5406 A) and the nanorod (4: 1.5309 A).

and HHTATP show comparable antiaromaticity, suggesting
that the aromaticity of the rings is not greatly affected by the
amino substituents and should yield similarly conductive
frameworks made therefrom. However, the HHTATP linker
has explicit —NH,, which can be used as allosteric handles to
affect the aromaticity.

B RESULTS AND DISCUSSION

Cuy(HHTATP), was synthesized via a solvothermal reaction
involving HHTATP and a copper(II) source (either sulfate
pentahydrate (CuSO,-5H,0) or nitrate trihydrate (Cu(NO;),-
3H,0)). The reactions were carried out in air using N,N-
dimethylformamide and aqueous NH; as crystal growth
modulators (Figure 1a). Both copper sources produce dark
powders, with the sulfate precursor yielding nanorods and the
nitrate precursor yielding stacked nanoflakes, as measured by
scanning electron microscopy (Figure S4). Powder X-ray
diffraction (PXRD) patterns of the two nanocrystal morphol-
ogies (Figures 1d and SS) reveal crystallinity with sets of peaks.
Both (100) and (200) reflections at 20 = 4.7 and 9.5°,
respectively, are positioned similarly to the previously reported
Cu,(HHTP), and Ni;(HITP),.'>*

The Fourier-transform infrared (FTIR) spectrum of both
free linker, HHTATP, and Cuy(HHTATP), (Figure S6)
revealed aromatic amine C—N stretching at 1296 cm™', with
both rod and flake crystals exhibiting an identical pattern,
indicating the retention of amines during synthesis. To
ascertain the oxidation states of nitrogen, X-ray photoelectron
spectroscopy (XPS) data was collected (Figure S7), revealing a
broad N(1s) signal around 399.5 eV. This suggests slight
variations in oxidation states due to electronic interactions with
the aromatic centers.”* This feature is more pronounced in the
near-edge X-ray absorption fine structure (NEXAFS) pattern
of nitrogen K-edge (Figure 2a), displaying peaks at 399.4 eV

(Is > my_c) and 400.7 eV (ls — 7c_c), indicating the
participation of lone pairs in p-orbitals of amine groups in a 7-
conjugated system.”

Although the free linker is achiral, its incorporation into the
material can result in various ligand configurations, some chiral

and some achiral (Figure S3). Density functional theory
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Figure 2. (a) N K-edge soft XAS and (b) DRUV—vis spectra of
Cu;(HHTATP), (inset: Tauc plot). (c) Cu K-edge XANES and (d)
O K-edge soft XAS spectra.
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(DFT) calculations were performed on four candidate model
structures (Supporting Information (SI)), and their relative
energies, predicted PXRD patterns, and electronic properties
were compared. DFT predicts that the MOF is an out-of-plane
(i.e., 7-conducting) metal, Figure 3, and is anticipated to have a
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Figure 3. Band structures for monolayer and bulk Cu;HHTP, and
Cu;HHTATP,. Monolayer HHTATP has a smaller workfunction
associated with amination of the triphenylene core. The bulk structure
features out-of-plane metallicity in the eclipsed configuration and
results in a marginal increase in the in-plane electronic gap, accessible
upon stacking disorder. The density of states is presented at the y-
point only.

slightly wavy structure (Figure S8) associated with the
propensity for Cu to distort and oxidation of the linker.
Further, the lowest energy amine configuration was isolated,
together predicting a near-eclipsed (AA) stacking. Other
configurations exhibited similar electronic properties inde-
pendent of ligand orientation. This excellent agreement with
experiment bolsters the Le Bail fitting for both the nanoflake
and the nanorod (Figure 1d and Table S1).

Cryogenic electron microscopy (Figure S9) reveals an
interlayer stacking structure with slightly diffusive arcs,
approximately 0.32 nm in real space, representing the
interlayer distance of Cu;(HHTATP),. This value aligns
with the digy) = 0.324 nm in the PXRD pattern and the
interlayer spacing predicted from DFT (0.334 nm). Addition-
ally, the transmission electron microscopy (TEM) images
depict the expected honeycomb lattices viewed along the [001]
direction (Figures 1c and S10). The corresponding Fourier
transform reveals a lattice parameter of 1.9 nm, matching with
the d(;o9) = 1.88 nm in the PXRD, and the DFT result (1.87
nm). The structure’s porosity was further explored through N,

adsorption isotherm at 77 K (Figure S11 and Table S2),
displaying Brunauer—Emmett—Teller (BET) surface areas of
239 mz/g for the rod and 302 mz/g for the flake, with the pore
diameter derived from nonlocal DFT being 1.4 nm, with a
theoretical maximum specific surface area of 956 m*/g. While
the pore aperture is in good agreement with the theoretical
pore size (1.43 nm), the reduced accessible surface area is
likely due to stacking faults and pore occlusion. Nonetheless,
the experimental values are in line with those of other
isostructural 2D MOFs. ¢

To gain insights into the electronic structure, we invoked X-
ray absorption near-edge spectroscopy (XANES) to observe
the copper K-edge for both MOFs (Figure 2c). These
experiments revealed a slightly broader rising edge around
8.997 keV, indicating greater delocalization of the outer
electronic shells of Cu** in Cuy(HHTATP),.*”** Concur-
rently, NEXAFS spectra of oxygen K-edge (Figure 2d) were
obtained, featuring an intensified O 1s — Cu 3d peak at 531.1
eV, signifying enhanced covalency in the Cu—O bond.***
This is also underpinned by the more thermally robust
structure of Cuy(HHTATP), compared to that of
Cu;(HHTP), (Figure S12). Meanwhile, a decreased, blue-
shifted 1s — 7mc_o peak at 533.6 eV suggests that the ligand-
centered lowest unoccupied molecular orbital (LUMO) level is
above that of Cu;(HHTP),.>” DFT electronic band structure
calculations of the monolayer align with this measurement
(Figure 3), implying that the narrower optical gap is a result of
destabilized d-orbitals in a Cu** with a z-character rather than
the effects of LUMO states in the organic linkers.

In contrast to the Cuy(HHTP),, a diffuse-reflectance UV—
vis (DRUV—vis) spectrum of Cuy(HHTATP), (Figure 2b)
exhibits multiple broad absorptions at ~1200, ~1700, and
~2200 nm*' when represented in Tauc coordinates for direct
allowed transitions, as expected from the DFT band structure
for the in-plane electronic gap (Figure 3). The DFT-computed
in-plane gap from the bulk calculation (0.51 eV) matches
closely with the experimental value (0.49 eV, Figure 2b)."'

The Cuy(HHTATP), crystallites are readily dispersed in
various solvents, forming stable suspensions persisting beyond
1 week, exceeding Cuy(HHTP), suspensions which tend to
reaggregate (Figures S13 and S14). Treating the
Cuy(HHTATP), suspension in DMSO with trifluoroacetic
acid (TFA) results in a homogeneous dark blue solution
(Figure S15), a phenomenon unprecedented in any electrically
conductive 2D MOFs to our knowledge. To investigate the
relationship between solvation and the amine group, NEXAFS
for the nitrogen K-edge (Figure S16) was conducted. The
spectrum of the reprecipitates exhibits a 1s — o%y_y peak at
401.6 eV, absent in the pristine material.*> Additionally, this
signal gradually diminishes when the reprecipitate is washed
with reagent alcohol or Et;N/THF solution, indicating that the
solvation process involves protonation of the amine groups.
The dissolving nature without a structural deformation was
initially confirmed by a PXRD measurement of reprecipitates
from the solutions (Figure S17), retaining the (100), (200),
and (002) reflections. The slightly amorphized PXRD profile,
manifesting as a broad hump over 260 = 15—25° may result
from the rapid recrystallization process over ethyl acetate,
causing disordered stacking and resembling the acid-mediated
exfoliation reported in covalent-organic frameworks.”**

With the framework suspended, we fabricated large-area thin
films of Cuy(HHTATP), through spin-coating the viscous
DMSO/TFA solution (Figure 4a). To analyze the quality of
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Figure 4. (a) SEM image (scale bar: 2 ym) and (b) a two-dimensional GIWAXS pattern of the Cuy(HHTATP), proton-doped thin film. (c)
Optical microscopic image of the thin film device (scale bar: 100 ym). 4-Point probe resistance measurements of (d) the Cu;(HHTATP), rod
pellet and (e) the film devices. (f) Plots of In ¢ versus 1/T well fit to the thermally activated charge transport.

the film, atomic force microscopy (AFM) was performed on a
film scratched by a razorblade (Figure S18), showing a
thickness of 85 nm with a 19.6 nm root-mean-square
roughness of the total area. For further analysis, grazing-
incidence wide-angle X-ray scattering (GIWAXS) measure-
ment was performed on these films (Figures 4b and S19),
displaying ring signals at ¢ = 0.34 A™ and q = 0.67 A7,
corresponding to the (100) and (200) reflections found in the
PXRD pattern of the pristine MOF. Signals around g = 1.93
A™' aligned with the (002) reflection and were more
pronounced along the in-plane direction than out-of-plane,
suggesting a slight edge-on orientation of the crystallites.
Furthermore, an in-plane diffraction profile of the film washed
with aprotic solvents (proton-doped) exhibited a shift of the
(002) reflection to a lower q value compared to the film
washed with a basic solution, 0.1 M Et;N/THF (proton-
removed, Figure S20), and the pristine powder, indicating a
widened stacking distance in the protonated framework.

To assess the electrical properties, we conducted a four-
probe resistivity measurement on both a pressed pellet and
representative spin-coated films. While the bulk electrical
conductivity of the Cu;(HHTATP), flake showed 3.9 (+0.4)
X 107* S/cm (Figure S21), which is comparable with the
Cuy(HHTP),, the Cuy(HHTATP), rod exceeded that of
Cu;(HHTP), by 18—54 times,”*>* ™" reaching as high as
1.21 (£0.01) S/cm at room temperature (RT) (Figure 4d).
This conductivity stands as the highest among pellets of 2D
MOFs featuring CuO, metal nodes (Tables S3 and S4). To
identify the major charge carrier in the framework, four-probe
measurements were performed on the proton-doped and
removed films (Figure 4c,e). The proton-doped films exhibited
almost S-fold higher conductivity of 0.12 (+0.04) S/cm than
the proton-removed films of 2.5 (+£0.5) X 107> S/cm at RT,
suggesting that charge transport in Cu;(HHTATP), predom-
inantly occurs through hole conduction rather than electrons.
The hypothesis further bolstered the NICS-xy scans of the

linker in various protonation states. Aligning with our
hypothesis that conductivity was proportional to the extent
of linker antiaromaticity,”” our calculations presented in Figure
S3 suggest that protonation marginally increases antiaroma-
ticity.

Variable-temperature conductivity measurements in the
high-temperature range (Figure 4f) reveal thermally activated
charge-hopping, with a lower activation energy E, = 138 meV
for the proton-doped film compared to the proton-removed
film (E, = 191 meV). These activation energies imply that
thermally activated carriers have a weaker impact on charge
transportation in the proton-doped film, while phonon
scattering operates vice versa. Despite nanoscale responses in
current to external electrical fields in the transistors (Figure
S22), the transfer curves indicate a slight amplification of drain
currents along the negative gate voltage, suggesting p-type
conduction in Cuy(HHTATP),, possibly due to the electron-
enrich%iwframework facilitated by pendant amines in the
linker.™™

Bl CONCLUSIONS

In summary, our study demonstrates that modifying non-
coordinating functional groups can alter the electronic
structure of a conjugated m-system within the framework,
influencing its chemical properties with guest species. The
introduction of amine groups resulted in enhanced charge
delocalization and inevitably resulted in highly conductive
samples as measured using a 4-point probe method. The
addition of the amines resulted in the material dispersed in
polar solvents with acid, enabling the straightforward
fabrication of large-area thin films through a simple spin-
coating process. The same conditions lead to the formation of
a tunable p-type conductor and generally offer valuable insights
for developing synthesis-friendly strategies to tailor electrical
and chemical properties in 2D MOFs. Moreover, we anticipate
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that functionalizations into other groups (electron-withdraw-
ing, redox-active, etc.,) will yield novel framework properties
and enable access to readily doped MOFs.
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