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Cu;(hexaiminotriphenylene),: An Electrically Conductive 2D Metal-
Organic Framework for Chemiresistive Sensing™*
Michael G. Campbell, Dennis Sheberla, Sophie F. Liu, Timothy M. Swager, and Mircea Dinca*

Abstract: The utility of metal-organic frameworks (MOFs) as
functional materials in electronic devices has been limited to
date by a lack of MOFs that display high electrical conduc-
tivity. Here, we report the synthesis of a new electrically
conductive 2D MOEFE, Cu;(HITP), (HITP =2,3,6,7,10,11-hex-
aiminotriphenylene), which displays a bulk conductivity of
0.2 Scm™ (pellet, two-point-probe). Devices synthesized by
simple drop casting of Cus;(HITP), dispersions function as
reversible chemiresistive sensors, capable of detecting sub-ppm
levels of ammonia vapor. Comparison with the isostructural
2D MOF Ni;(HITP), shows that the copper sites are critical for
ammonia sensing, indicating that rational design/synthesis can
be used to tune the functional properties of conductive MOFs.

I n recent years, there has been increasing interest in using
metal-organic frameworks (MOFs) as next-generation func-
tional materials in electronic and optoelectronic devices.'™!
Owing to their high surface area and robust chemical
tunability based on a “bottom-up” synthetic approach,
MOFs have been especially targeted for use in sensors.[! An
ongoing challenge, however, has been a lack of efficient signal
transduction due in part to the fact that the vast majority of
MOFs are insulators. The emergence of MOFs with high
intrinsic charge mobility or electrical conductivity provides an
opportunity for the development of a new class of MOF-
based sensory devices. Herein, we report the synthesis of
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a new 2D MOF with high electrical conductivity and its
application to chemiresistive sensing of ammonia vapor. To
our knowledge, this work represents the first successful use of
conductive MOFs in chemiresistive sensors.

Among the handful of electrically conductive MOFs
reported to date,*” 2D MOFs have shown the highest
conductivity values, likely as a result of in-plane charge
delocalization and extended m-conjugation in the 2D
sheets,'”) mediated by electronic communication through
the metal nodes. Part of our team has recently reported the
2D MOF Ni;(HITP), (HITP =2.3,6,7,10,11-hexaiminotriphe-
nylene), which displays the highest conductivity of any
microporous MOF reported to date."] These results indicate
that 2D MOFs with o-phenylenediamine linkages are attrac-
tive material candidates along with structurally related 2D
MOFs with dithiolenel'>" or o-semiquinone!™ linkages.
Therefore, we have targeted a family of MOFs based on the
Ni;(HITP), framework, to probe the effect of structural
changes on resulting electronic properties. We postulated that
through systematic variation of the metal center, the overall
electronic structure of the 2D sheets may be tuned, leading to
diverse properties and functionality. In this work, we describe
that replacement of the Ni sites in Niy(HITP), with Cu results
in an isostructural material that maintains high electrical
conductivity. The choice of metal has a dramatic effect on the
response of conductivity to analytes such as ammonia vapor,
highlighting the potential for rational tuning of conductive
MOFs.

The synthesis of Cuy(HITP), was accomplished using
similar conditions as for Ni;(HITP),. A solution of CuSO, in
dilute aqueous ammonia was combined with 2,3,6,7,10,11-
hexaaminotriphenylene hexahydrochloride (HATP-6HCI)
under ambient atmosphere at 23°C, resulting in rapid
precipitation of a black solid. After washing with water and
acetone, followed by drying under vacuum, Cu;(HITP), was
isolated as a black crystalline solid in 95% yield (Figure 1).
Powder X-ray diffraction (PXRD) analysis revealed that
Cu,(HITP), is isostructural with Ni;(HITP), and adopts
a hexagonal 2D structure with a slipped-parallel stacking of
the 2D sheets (Figure 2). The unit cell parameters for the
simulated structure are a=bh=223 A and ¢=6.6 A. The
broadness of the peak at 20=27.8°, corresponding to the
[001] reflections, suggests poorer long-range order along the ¢
direction as compared to the ab plane, which is typical for
layered 2D materials.'"*!*) A two-point-probe measurement
of a pressed pellet of bulk Cu;(HITP), at room temperature
revealed an electrical conductivity of 0.2 Scm'. This value is
slightly lower than measured for Ni(HITP), (2 Scm™) but is
higher than for the majority of conductive MOFs reported to
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Figure 2. Experimental and simulated PXRD pattern for Cu;(HITP),,
displaying a slipped-parallel packing structure of the 2D sheets. Inset:
structure of Cu;(HITP), viewed down the ¢ axis (gray: carbon, white:
hydrogen, blue: nitrogen, red: copper).

date,**! including 2D MOFs with dithiolene™ ™! or o-
semiquinone!" linkages.

The elemental composition of Cu;(HITP), was analyzed
using X-ray photoelectron spectroscopy (XPS), which
revealed a charge-neutral material, as also previously
observed for Ni;(HITP), (see Figures S1,S2). Thus, after
washing with water, no residual SO,*~ or ClI~ anions were
detected by XPS, and high-resolution scans of the N(1s)
region showed a single type of N atom, confirming that
additional NH," cations are also absent. We note that
although the chemical structure of Cu;(HITP), shown in
Figure 1 is drawn in a closed-shell configuration for simplicity,
each of the o-phenylenediimine linkages is expected to be
oxidized to a radical anion form, which results in a charge-
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neutral complex with the Cu®* centers.” Interestingly, a high-
resolution XPS spectrum of the Cu(2p) region suggests
a mixture of Cu' and Cu" centers in Cu;(HITP),, which
contrasts with Niz(HITP),, for which a single type of Ni atom
is observed. The lack of charge-balancing counterions indi-
cates that the variation from Cu®*' is compensated by the
redox-active HITP ligands; hexaaminotriphenylene deriva-
tives are well known to accommodate a wide range of redox
states.’!l Although the observed XPS data would also be
consistent with the co-deposition of Cu metal during Cus-
(HITP), synthesis, and Cu metal formation has been reported
as a side reaction in the synthesis of complexes of Cu** with o-
phenylenediamine,” no Cu metal was observed by PXRD
(see Figure S3 for comparison). Furthermore, additional
control experiments using Cu' precursors for Cuy(HITP),
synthesis show conclusively that Cu metal is not formed
during the synthesis of Cu;(HITP), (Figures S5 and S6; see
the Supporting Information (SI) for a detailed discussion). We
therefore interpret the XPS data as to indicate an inherent
mixed valency of the Cu centers in Cu(HITP),.

Scanning electron microscopy (SEM) was used to probe
the morphology of bulk Cu;(HITP),, and revealed submicron-
sized crystallites that pack together to form a denser poly-
crystalline material (Figure 3). Films obtained by drop casting
a suspension of Cu;(HITP), in acetone onto substrates such as
indium-tin-oxide (ITO)-coated glass are mechanically robust
and do not separate from the substrate upon vigorous washing
in an ultrasonic bath. The ability to process films of
conductive MOFs by simple methods such as drop casting is
potentially valuable for device manufacturing, as we demon-
strate here for the fabrication of chemiresistive sensors with
Cu,(HITP),.

The use of MOFs as chemical sensors has been a topic of
great interest in recent years** but the lack of electrical
conductivity in most MOFs presents a hurdle to efficient
signal transduction. Therefore, the majority of MOF-based

chemical sensors have been limited to transduction mecha-
t,[zsfzs]

nisms such as luminescence quenching or enhancemen

or more complicated device architectures such as MOF-
[29]

coated microcantilevers'™! or quartz crystal microbalan-

Figure 3. SEM images at various magnifications for Cu;(HITP),, drop-
cast onto an ITO glass slide from a suspension in acetone.
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ces.’"*?l To our knowledge, only one example of chemical
sensing based on the innate electrical response of MOFs has
been reported to date, using impedance spectroscopy.”®! We
demonstrate here that a simple device, fabricated by drop
casting an acetone suspension of Cuy(HITP), onto interdigi-
tated gold electrodes, can be used for the reversible chemi-
resistive sensing of ammonia vapor.

The Cuy(HITP), device was encased in a Teflon gas flow
chamber, with its electrodes connected to a potentiostat (Fig-
ure 4a). During a measurement, a constant potential of
100 mV was applied, and the current was monitored while
a continuous gas stream was passed over the device at
a constant flow rate, which could be switched between N,
and an ammonia/N, mixture. A stable baseline current was
established under N, flow, and a sharp increase in current was
observed within seconds upon exposure to dilute ammonia
vapor (Figure 4b). The starting current level was recovered
when the ammonia flow was replaced with pure N,. The
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Figure 4. a) Schematic of experimental apparatus; MFC=mass flow
controller. b) Relative responses of a Cu;(HITP), device to 0.5, 2, 5,
and 10 ppm ammonia diluted with nitrogen gas. c) Device response as
a function of ammonia concentration (R? value for linear fit: 0.99).
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reversible change in current was reproducible over more than
10 cycles. Ammonia concentrations of < 0.5 ppm were detected
even after exposure to higher concentrations (0.5 ppm was the
lowest experimentally accessible concentration of ammonia for
our apparatus). Because the ability to sense ammonia under
ambient conditions, rather than an inert N, atmosphere, is
important for potential applications, we have also demon-
strated that the Cuy(HITP), devices perform comparably
when the N, carrier gas is replaced with an air stream
containing atmospheric oxygen and natural humidity (9%
relative humidity was measured for our in-house air stream).
Increasing the relative humidity to significantly higher levels
had only a small detrimental effect on the sensing perfor-
mance with Cuy(HITP), devices, which were still able to
reliably detect ammonia concentrations of <5 ppm under air
with 60 % relative humidity (see Figure S11).

The sensitivity observed for our material toward ammonia
vapor is competitive with values reported for chemiresistive
sensors based on pristine carbon nanotubes (CNTs)?* and
conductive polymers such as PEDOT,*>* as well as recently
reported chemical sensors based on transistors fabricated
from monolayer 2D crystals of MoS, grown by chemical vapor
deposition (CVD).P! Furthermore, detection of sub-ppm
levels of ammonia is sufficient for air quality monitoring
according to EPA guidelines®™ as well as for typical
agriculture and livestock applications.”*! Within the mea-
sured range of ammonia concentrations, the change in relative
response was linear, indicating that devices fabricated from
Cu;(HITP), could be used for quantitative sensing (Fig-
ure 4c¢). The “turn-on” response to ammonia vapor observed
for Cu;(HITP), devices is also of interest: in many reported
chemiresistive sensors, such as those based on CNTs and
conductive polymers, ammonia exposure results in decreased
conductance due to hole quenching.’*#:#! Sensors based on
metal chalcogenides, on the other hand, typically exhibit
a turn-on response similar to Cuy(HITP),.”*! Our data
therefore indicate that Cu;(HITP), is likely not a hole
conductor, and may find complementary uses to existing
CNT and polymer sensor materials.

In contrast to the results obtained for Cu;(HITP),, devices
fabricated from Ni;(HITP), did not display any observable
response to ammonia vapor exposure under identical exper-
imental conditions. These results indicate that rational
synthetic variation of conductive MOFs can have a direct
impact on functionality such as chemiresistive sensing.
Although further work will be needed to elucidate the
difference in behavior between the Cu- and Ni-based
materials, recent theoretical studies have described how the
identity of the metal center is expected to impact the
electronic properties of M;(HITP), materials (M = transition
metal). For example, replacement of Ni with metals of higher
d-electron count, such as Cu, is predicted to significantly
increase the energy of the Fermi level as compared to
Ni;(HITP),.*¥! Such changes in electronic structure are likely
related to observed differences in chemiresistive response,
and point to a potential strategy for tuning the selectivity of
the material toward different types of analytes.

In conclusion, we have reported the synthesis of Cus-
(HITP),, a new 2D MOF with high electrical conductivity.
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Our results demonstrate that targeting 2D frameworks based
on o-phenylenediamine linkages is a general strategy for the
synthesis of conductive MOFs. We also establish for the first
time that such materials can be used for the fabrication of
simple chemiresistive sensor devices, and that the response of
isostructural MOFs to an analyte can be tuned by choice of
metal node. These results suggest a promising approach
toward the targeted synthesis of new sensing materials based
on rational synthetic variation of conductive MOFs. The
relationship between a framework’s chemical structure,
electronic structure, and selective chemiresistive response is
a topic of ongoing investigation in our team.

Experimental Section

Synthesis of Cu;(HITP),: Under air, a solution of HATP-6HCI
(10 mg, 1.9x10>mmol, 1.0 equiv) in distilled water (3 mL) was
added all at once to a standing solution of CuSO,-5H,0 (7.0 mg, 2.8 x
1072 mmol, 1.5equiv) in distilled water (2mL) and concentrated
aqueous ammonia (14 m; 100 uL) at 23 °C. Immediate precipitation of
dark solids was observed, and the reaction mixture was allowed to
stand for 3 h. The mixture was then centrifuged and the supernatant
decanted. The solids were vigorously stirred with distilled water
(15 mL) at 23°C for three days, and the water exchanged twice daily.
Finally, the solids were stirred with acetone (15 mL) at 23°C for one
day, isolated by centrifugation, and then dried under vacuum (<
20 mTorr) at 23°C, affording Cu;(HITP), as a black solid (7.2 mg,
95 % yield). Anal calcd for Cuy(CigH,Ny),: C, 53.03; H, 2.97; N, 20.62.
Found: C, 52.95; H, 2.91; N, 20.44.

Keywords: ammonia - conductivity - copper - metal—
organic frameworks - sensors
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