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ABSTRACT: This paper describes a novel synthetic approach for ~Macroscale Microscale
the conversion of zero-valent copper metal into a conductive two- v, MOF e-textile v robust coating
v patterning v' strong adhesion
dimensional layered metal—organic framework (MOF) based on = y Cu,(HHTP)
2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) to form e g Sl on cotton’
Cu;(HHTP),. This process enables patterning of Cuy(HHTP), : jiber
onto a variety of flexible and porous woven (cotton, silk, nylon,
nylon/cotton blend, and polyester) and non-woven (weighing
paper and filter paper) substrates with microscale spatial
resolution. The method produces conductive textiles with sheet
resistances of 0.1—10.1 MQ/cm?, depending on the substrate, and
uniform conformal coatings of MOFs on textile swatches with
strong interfacial contact capable of withstanding chemical and physical stresses, such as detergent washes and abrasion. These
conductive textiles enable simultaneous detection and detoxification of nitric oxide and hydrogen sulfide, achieving part per million
limits of detection in dry and humid conditions. The Cu;(HHTP), MOF also demonstrated filtration capabilities of H,S, with
uptake capacity up to 4.6 mol/kgyop. X-ray photoelectron spectroscopy and diffuse reflectance infrared spectroscopy show that the
detection of NO and H,S with Cu;(HHTP), is accompanied by the transformation of these species to less toxic forms, such as
nitrite and/or nitrate and copper sulfide and S, species, respectively. These results pave the way for using conductive MOFs to
construct extremely robust electronic textiles with multifunctional performance characteristics.

[l Metrics & More | e Supporting Information

Nanoscale
v detection
v detoxification

Cuy(HHTP),

B INTRODUCTION

of materials capable of sensitive chemical detection with a
broad dynamic range and simultaneous adaptive function

Multifunctional electronic textiles that sense and adapt to
environmental stimuli hold promise for enhancing health-
care,'~* protecting against environmental pollution®® and
safeguarding from exposure to toxic chemicals and threat
agents.”® The recent drive to advance the “Moore’s Law of
fibers” posits that progress in textile electronics necessitates
increasing the functional utility of fabrics at the fiber level.”™ "'
While recent innovations have produced textiles capable of
physical and chemical detection or detoxification,"*™"° with
few exceptions,”'®™'® these functions typically remain
disparate, with limited multifunctional performance that
includes real-time assessment of the chemical environment
accompanied by a tunable response (e.g., filtration, detox-
ification, or therapeutic delivery) to the chemical threat.'”~**
Despite these advances, three key challenges currently limit the
functional performance of textile-integrated chemically re-
sponsive materials. First, chemically reactive interfaces are
often insufficiently stable once they are integrated onto
textiles.”>™*” Second, textile-integrated chemical sensing
materials are typically sensitive to and have difliculty
withstanding physical changes, such as heat, abrasion, and
detergent-based laundering.28 Third, there is a general dearth

© 2022 The Authors. Published by
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applicable to personal protection, environmental application,
or healthcare.””*" Overcoming these challenges requires
conceptual advances and technological approaches that
merge the development of exceedingly stable multifunctional
sensing materials—capable of maintaining their performance
in wearable devices—with robust device integration strat-
egies.12

We reasoned that combining water-stable two-dimensional
(2D) metal—organic framework (MOF) materials with a
proven capacity for multifaceted function in the context of
chemical detection,'>*'** filtration,'” electronic transduc-
tion,”*® energy conversion,”’ "’ and storage' with an
exceptionally robust and scalable methodology for textile
integration can pave the way toward mechanically robust
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multifunctional conductive textiles with adaptive func-
tion.'”*>*"** We and others have employed templated self-
assembly to install MOFs on textile substrates such as
cellulose,'”">** =% polyester,"*****" linen," polzracryloni-
trile,”" silk,*”** polypropylene, and nylon.> Despite
the rich progress in general methodology for MOF—textile
integration, the development of MOF-based electronic textiles
has remained extremely limited. While the current examples of
conductive MOF e-textiles have demonstrated their potential
in chemical sensing,lz’21 energy storage,42’43 and filtration,'>*!
at least three major limitations currently hinder their
applicability. First, the reliance on the in situ growth method
has been found to be applicable only to a limited set of
substrates (cellulose, polyester, and polyacrylonitrile)."**"*>*
This limitation may pose a challenge to broad applicability of
this method on a variety of substrates. Second, the
demonstrations of MOF-based electronic textiles are currently
limited to only two conductive MOFs: Niy(2,3,6,7,10,11-
hexahydroxytriphenylene), and Ni;(2,3,6,7,10,11-hexaimino-
triphenylene), (Niy(HHTP), and Ni;(HITP),).">*"**** This
limitation in composition of conductive MOF materials
severely restricts the functional utility of MOF-based e-textiles.
Third, current processes for generating conductive MOF-based
textiles lack simplicity, scalability, efficiency, and atom
economy. All of the existing methods require heating for in
situ growth and suffer from ineflicient surface attachment, and
some methods require chemical pretreatment of the fabrics for
promoting MOF adhesion, thus limiting the scalability and
efficiency of the synthetic process.'”*"*** Developing a novel
strategy with features of efficiency and scalability that allows
for the integration of a diverse set of conductive MOFs onto a
variety of textile surfaces with strategic control over their
patterning on a broad range of substrates has the potential to
advance the “Moore’s law of fibers” through the development
of MOFs as active components in smart fabric sensors,
wearable electronics, and personal protective equipment.

This paper describes a new synthetic method—termed
oxidative restructuring—that offers at least five unique
attributes for the integration of conductive framework
materials into textiles (Figure 1). First, this method
demonstrates a new chemical process to install and pattern
Cus(2,3,6,7,10,11-hexahydroxytriphenylene), Cuy(HHTP),
MOF on textile substrates using patterns of Cu’ as a starting
material. Restructuring pre-patterned regions of copper metal
into MOF generates multifunctional electronic textiles with
control over patterns on areas of square centimeters with gm-
scale resolution. Second, the method is extremely versatile in
substrate scope. This method leads to conductive coatings of
MOFs with sheet resistances of 0.1—10.1 M/cm? on cotton,
paper, nylon, polyester, silk, and nylon/cotton blend over areas
exceeding 100 cm”® with control over the pattern, morphology,
and orientation of MOFs on these substrates. Third, the
MOF/textile composites generated using this approach are
extremely robust and are capable of withstanding a variety of
physical (abrasion, heat, and laundering) and chemical washes
with detergent and bleach, while maintaining their chemical
sensing performance. Fourth, oxidative restructuring proceeds
under mild aqueous conditions that are consistent with several
requirements for green chemical processes. Fifth, this method
is rapid. The rate of oxidative restructuring can be tuned by
adjusting the oxidant, with transformation reaching completion
within 15 min (in the presence of H,0, oxidant) or within 12
h under ambient conditions. The chemical transformation in

16,53,54
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Figure 1. (A) Synthetic scheme for the formation of Cuy(HHTP),
MOF using oxidative restructuring. (B) Conversion of patterned Cu®
on cotton into patterns of textile-integrated MOF. The Dartmouth
logo is reproduced with permission from the university. (C) Scanning
electron micrographs showing Cu;(HHTP), MOF on cotton at
10,000% and 60,000X magnification.

the presence of the H,O, is the most rapid technique for MOF
formation reported to date.'””'¥*>* Taken together, these
unique attributes of oxidative restructuring enable rapid,
efficient, and scalable fabrication of extremely robust electronic
textiles that detect NO and H,S with experimentally
determined detection limits of 1 ppm, while additionally
demonstrating the capability for decontaminating these gases
into less toxic products (NO,” or NO;~ and S° or copper
sulfide, respectively). The oxidative restructuring method
enables the development of multifunctional devices with
synergistic effects, afforded by the strategic combination of
MOFs and textiles, and has the potential to advance wearable
electronic applications by harnessing the capability for
simultaneous chemical detection and detoxification.

B RESULTS AND DISCUSSION

Oxidative Restructuring of Cu® into Cu3(HHTP),. In
traditional solvothermal synthesis of Cu;(HHTP), MOF, the
metal salt, organic ligand, solvent, temperature, and oxidant are
all important factors in achieving the formation of the
framework material. "% Compared to the solvothermal
method, oxidative restructuring has two important distinctions:
(i) the source of metallic nodes comes from a zero-valent metal
pre-patterned on a porous substrate and (ii) this method forms
MOF at room temperature with the oxidant influencing the
rate of MOF formation (within 12 h with O, as the oxidant or
within 15 min using H,O, as the oxidant) (Figure 1A).

https://doi.org/10.1021/jacs.2c05510
J. Am. Chem. Soc. 2022, 144, 23297-23312
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Oxidative restructuring capitalizes on the ability to deposit
and pattern zero-valent metallic features on substrates and
convert these features into MOFs in the presence of the
appropriately chosen organic linkers and oxidants. The metal-
coated substrate, when added to a solution containing an
oxidizing agent and ligand, can generate metal cations that can
coordinate to the deprotonated organic ligands. While
restructuring Cu’ to form three-dimensional MOFs has been
previously applied to generate Cu-BTC MOFs (BTC =
benzene-1,3,5-tricarboxylic acid) on solid copper clad plates,*
copper wires,” glass,’” and polyethylene terephthalate
surfaces,”" this strategy has remained entirely unexplored for
2D conductive MOFs and has not been previously adapted to
textiles. Although Bradshaw and coworkers demonstrated the
first example of anodic electrosynthesis of Cuy(HHTP), from
electrodeposited Cu on conductive substrates (fluorine tin
oxide and Au/SiO, glass) % this electrosynthetic strategy is not
extendable to non-conductive substrates. Inspired by the initial
feasibility of restructuring Cu’ features on solid substrates into
Cu-containing MOFs, this study expands this concept for the
first time to the integration of the conductive Cu;(HHTP),
MOF on a variety of textile substrates. The mild and rapid
approach described herein is capable of producing extremely
robust patterned multifunctional electronic textiles on diverse
substrates for simultaneous detection, filtration, and detox-
ification of toxic reactive gases.

Conversion of Cu® Particles into MOFs. In our initial
studies, we employed Cu’ nanoparticles (d = 25 nm) and
microparticles (d = 45 pm) to demonstrate the feasibility of
conversion of zero-valent Cu into Cu;(HHTP), MOF
(Figures S1 and S2). While the Cu’ microparticles in the
presence of oxidant (O, or H,0,) in H,O:EtOH (1:1 volume)
solution containing HHTP reacted to produce Cuy(HHTP),
MOF, they also contained residual Cu’, as evidenced by the
Cu’ diffraction peak in powder X-ray diffraction (PXRD)
located at 43 and 50° 26 (Figure S1). In contrast, the use of
Cu’ nanoparticles under indistinguishable conditions led to
their complete conversion to Cuy(HHTP), MOF, as
evidenced by the lack of detectable Cu® diffraction peaks by
PXRD. The size of the Cu’ particles not only influenced the
extent of conversion of Cu’ into MOF, but also the overall
morphology of the MOF crystallites. Scanning electron
microscopy (SEM) showed that Cu’ microparticles led to
irregular crystallite formation, whereas the Cu’ nanoparticles
yielded uniform and regular rod-like morphology of the MOF
(Figure S2). We attributed the complete conversion of the
copper nanoparticles to Cu;(HHTP), to the higher surface to
volume ratio of the smaller nanoparticles when compared to
the microparticles. The initial formation of MOF crystallites on
the Cu microparticle surface could have precluded access of
the solvent and dissolved ligand to the metal source due to the
larger particle size, inhibiting further MOF formation.”” After
confirming the feasibility of forming layered 2D MOF through
the conversion of Cu’ nanoparticles using oxidative restructur-
ing, we proceeded to expand this concept by restructuring
patterns of Cu’ films having nanoscale thickness, pre-deposited
on porous and flexible substrates into MOF coatings.

Integration of Cu3(HHTP), MOF onto Cotton Using
Oxidative Restructuring. To achieve the growth of
Cu;(HHTP), on porous and flexible substrates using oxidative
restructuring, we first thermally evaporated a thin layer of Cu
metal (120 nm) onto the cotton surface (4.0 cm X 2.5 cm) to
form a template for MOF synthesis (Figure 1B). Subsequent

placement of the Cu-coated cotton into a solution of 10 mg of
HHTP dissolved in 10 mL of H,O:EtOH (1:1 volume) open
to ambient air for 12 h led to the formation of MOF directly
on the cotton [S—7% Cuy(HHTP), mass loading for 0.75 cm*
and 049 + 0.1 mg of Cuy(HHTP),/cm?] (Figure 1B and
Table S1). SEM analysis demonstrated conformal coating of
cotton fibers by radially oriented MOF crystallites (Figures 1C
and S3) and uniform coating on the microscale (Figure S4).
Characterization of Restructuring Cu® into MOF on
Cotton. PXRD analysis showed complete conversion of Cu’
to Cuy;(HHTP), within 12 h, as evidenced by the
disappearance of the Cu (111) and Cu (200) planes located
at 43 and 50° 20 and increasing intensity of the (100) plane of
Cuy(HHTP), at 4.7° 20 (Figure 2).#139%% Before the 12 h
time mark, PXRD showed the presence of residual Cu’ (Figure
SS). No copper oxide intermediate was observed by PXRD.

6

(100)(200)(320) (001) (111)

M Cu;(HHTP), on cotton
A 120 nm Cu® on cotton
o Mt LB L)

L L~

T 1 simulated Cuz(HHTP), (slipped parallel)
A

(3]

H

cotton

N

Normalized Intensity
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Y

o
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20°

Figure 2. Characterization of Cu;(HHTP), on cotton using PXRD.
Gray shading denotes MOF diffraction peaks, purple shading
represents cotton diffraction peaks, and orange shading shows the
Cu® diffraction peak at 43° 26. The simulated powder pattern of
Cuy(HHTP), calculated using Materials Studio is presented for
comparison. The structure of the simulated MOF has been optimized
for the geometry and lowest energy state.

Bubbling pure O, resulted in the onset of MOF conversion
at S min (Figure S6). Hydrogen peroxide (H,O,) also worked
to increase the rate of MOF formation, which was confirmed
by PXRD analysis to be complete within 15 min (Figure S7).
However, the use of H,0, as an oxidant diminished the
morphological uniformity of the MOF on textile (Figure S8).
All oxidant conditions examined produced conductive MOF
coatings on textiles with sheet resistances in the range of 2.4—
6.0 MQ/cm?; see Section S2.2. for more details (Tables S2—
S4). The resistance of Cu;(HHTP), on cotton, obtained under
ambient conditions, O, bubbling, or addition of H,O,, was
measured using a two-point probe method at time points
throughout the formation process (Tables S2—S4 and Section
S4.6). The resistance measurements for the formation of
Cuy(HHTP), on cotton after the reaction period under
ambient conditions, bubbling O,, and H,0, were all in the low
MQ/cm? range (Tables S2—S4).

Surface analysis of MOF on cotton using X-ray photo-
electron spectroscopy (XPS) confirmed the elemental
composition of Cu;(HHTP),, matching reported literature
with the elements O, C, and Cu; XPS also confirmed mixed
valency of Cu (Cu® = 68.6%, Cu’ = 31.4%) within the
framework (Figure $9).°* The surface area of Cuy(HHTP),

https://doi.org/10.1021/jacs.2c05510
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Oxidation of Linker

Figure 3. Proposed mechanism of oxidative restructuring of Cu® metal into Cuy(HHTP), MOF. The presence of oxygen promotes the oxidation of
copper metal, while the HHTP linker is transformed from a tris-catechol to a tris-semiquinone monoradical.

MOF coated on cotton and Cu;(HHTP), restructured from
Cu® nanoparticles (d = 25 nm) was measured using N, gas
adsorption isotherms and calculated using Brunauer—
Emmett—Teller (BET) theory. The isotherm for the
Cuy(HHTP), on cotton was a type IV adsorption—desorption
curve, indicating that the MOF cotton composite is a
mesoporous material and the calculated surface area for the
composite was 9.03 + 0.02 m*/g** ™ and has an enhanced
surface area over bare cotton (Figure S10A)."” The calculated
surface area from the BET analysis of Cuy(HHTP),
restructured from Cu® nanoparticles (Section S$4.8.) was
191.65 + 0.01 m*/g (Figure S10B), which is in congruence
with the calculated surface area of Cu,;(HHTP), formed from
the standard solvothermal synthesis.®®

Thermogravimetric analysis of Cu;(HHTP), on cotton
displayed one distinct mass loss step (Figure S11). The mass
loss step with an onset temperature of ~319 °C with a mass
change of 4.3 mg was attributed to the thermal decomposition
of the Cuy(HHTP), framework and cotton (Figure S11).%
Cotton and Cuy(HHTP), bulk powder both showed one
major mass loss step with onset temperatures of 330 and 258
°C, respectively (Figure S11). Cuy(HHTP), in composite with
the cotton has an onset temperature that is between cotton and
bulk MOF and a large change in mass that is comparable to
cotton.

Substrate Scope. The versatility of oxidative restructuring
lies in the ability to deposit the metal precursor onto a variety
of substrates. To demonstrate the general applicability of the

method, we thermally evaporated Cu® (thickness = 120 nm)
and investigated its restructuring into MOF on seven
substrates with different chemical compositions and surface
chemistries ranging from natural to synthetic polymers and
woven (cotton, silk, nylon, nylon/cotton blend, and polyester)
to non-woven (weighing paper and filter paper) fiber structures
(Figure S12). Reaction conditions (Section S2.2) were kept
constant for all substrates. The lateral features of Cu patterns
with mm- to cm-scale dimensions generated by thermal
evaporation were effectively converted to Cu;(HHTP), MOF
to generate patterns with dimensions indistinguishable from
the initially patterned Cu at the sub-mm scale (Figure S12).
The oxidative restructuring method was also tested on glass,
mica, and polymethyl methacrylate (PMMA) plastic. While the
chemical transformation was successful, the MOF did not
adhere strongly to the glass, mica, or PMMA. This test
demonstrated that the MOF adhesion on porous substrates
was more robust than on non-porous surfaces (Figure S12).
We attribute the robust adhesion of Cuy(HHTP), MOF to
porous polymeric substrates to the combination of mechanical
interlocking of MOF crystallites on fibrous substrates and to
the molecular level adhesion that can be promoted by the
copper—polymer interphase that can form during thermal
evaporation of metal on polymeric surfaces.””

SEM analysis after deposition of the Cu’ layer on various
textile substrates showed a smooth coating of copper film that
subsequently converted into Cuy;(HHTP), MOF (Figure S13).
The MOF exhibited nanowire morphology on all substrates
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examined. The sheet resistance readings for MOF patterned on
cotton ranged from 1.0 to 10.1 MQ/cm® across 1.5 cm on
swatches (1.5 cm X 0.5 cm) (n = 31). All woven textiles with a
layer of 120 nm of Cu’ were not conductive on the
macroscopic scale (R > S0 MQ over 0.75 cm) due to the
discontinuity of the Cu’ coating evaporated on a woven
substrate, whereas smooth and non-woven Cu-coated surfaces,
such as weigh paper and filter paper, showed low resistances
(<100 Q over 0.75 cm) (Table SS) commensurate with a
continuous film of Cu’’ For further analysis of the
characterization and performance of MOF-patterned surfaces,
we chose cotton—which is ubiquitously used in the textile
industry—as a model system to demonstrate the capabilities of
oxidative restructuring for integration of MOFs on textiles.”"

Controlled Patterning of MOF on Cotton. Oxidative
restructuring allowed for intricate patterns of Cu’ to be
restructured into Cu;(HHTP), MOF with microscale fidelity
(Figures 1B and S14). Cuy(HHTP), selectively grew only on
pre-deposited patterns of Cu’ (Figure S14). We observed no
MOF formation on bare cotton regions (Figure S14C) via
PXRD. Energy-dispersive X-ray spectroscopy (EDS) mapping
supported the precise growth of Cuy;(HHTP), within regions
of pre-deposited Cu’ (Figure S15). The precise location for
Cu’ deposition and conversion to Cuy(HHTP), was
confirmed through the spatial mapping of Cu, C, and O
emission lines by EDS. To quantify the fidelity of pattern
conversion from Cu® to Cu,;(HHTP), MOF, we evaporated a
set of Cu’ interdigitated electrodes (IDEs) on cotton and
observed the transformation after oxidative restructuring using
a digital microscope and EDS mapping (Figures S16 and S17).
The average lateral area of the Cu;(HHTP), pattern was ~0.1
and 0.2 mm?” greater than the average lateral area of the Cu’
IDE for the analyzed optical and EDS mapped image,
respectively (Figure S17C and Section $4.15). Thus, while
the overall pattern of IDEs was preserved, some blurring of
features occurred on the microscale.

Proposed Mechanism of Oxidative Restructuring of
Cu;(HHTP), MOF on Porous Substrates. Oxidative
restructuring is conceptually analogous to electrochemical
reactions that restructure Cu® metal to Cu oxides and other Cu
species.”” The proposed mechanism, detailed in Figure 3,
features three key steps: (1) the transformation of zero-valent
copper to divalent copper; (2) the reduction of O, to H,0,
that is coupled to the oxidation of copper; (3) the oxidation of
the tri-catechol linker to the tris-semiquinone, followed by the
coordination to the divalent copper to form the Cuy(HHTP),
MOEF.”>~"° Based on this proposed transformation, oxidative
restructuring is contingent on at least three key experimental
parameters: (1) the thermodynamic favorability of Cu’
corrosion to cationic copper species under aerated ambient
conditions at an acidic pH;’® (2) the reduction potential of
oxygen (the oxidizing agent), which is more favorable in acidic
conditions;”” and (3) a high ratio of ligand to metal (~12:1)
because the deprotonation of ligand contributes to the acidity
of the solution and maintains a highly effective concentration
of ligand near the metal surface to ensure the formation of
Cus(HHTP), on textiles, rather than aggregation and
precipitation of MOF crystallites.

O, plays a critical role in oxidizing Cu® to Cu®* (E, = 0.337
V), which is possible in acidic solution,”® or copper oxide
intermediates (E, = 0.26 V for Cu,O and E, = 0.06 V for CuO/
Cu(OH),), which is possible in alkaline conditions.”” The
standard reduction potential of O, is drastically different in

acidic conditions (E, = 1.229 V, pH = 0) compared to basic
conditions (E, = 0.401 V, pH = 14).”>”® The crucial function
of oxygen in the oxidative restructuring mechanism was
confirmed by excluding oxygen from the reaction; air-free
conditions led to no observable MOF formation and complete
retention of Cu’ on cotton (Figure S18). Expanding this
method to restructure thermally evaporated patterns of Ni’
into Ni;(HHTP), under conditions developed in this study
were unsuccessful, leading to retention of Ni’ on cotton upon
exposure to O,(g) and HHTP (Figure S19). We, therefore,
conclude that the conditions presented herein are optimized
for Cu;(HHTP), and are not optimized for the formation of
Ni;(HHTP),, possibly due to the passivation of Ni’ through
the formation of a nickel oxide layer that could be inert to
MOF formation.”

The choice of solvent is critical for promoting the process of
oxidative restructuring of Cu metal into MOF. The
deprotonation of the HHTP ligand under reaction conditions
can contribute to the decrease in the pH range to 5.0—5.7 pH,
which can increase the reduction potential of O,.°® The ability
to deprotonate the linker also promotes proton coupled
electron transfer (PCET) during the reduction of oxygen
(Figure 3). To determine the role of protic and aprotic
solvents in promoting the conversion process, we performed
oxidative restructuring in different solvents. We corroborated
that Cuy(HHTP), on cotton forms favorably in ethanol, water,
and H,0:EtOH (1:1 volume) (Figure S20). However, the
MOF on cotton did not form in acetone, H,O:acetone (1:1
volume), or DMSO (Figure S20). We attribute this
observation to the favorable role of ethanol and water in
promoting PCET and encouraging the deprotonation of the
HHTP ligand.

In oxidative restructuring, the in situ generated cationic
Cu'/Cu®" species can react with the oxidized deprotonated
ligand to form Cu;(HHTP), MOF. In a traditional
solvothermal system, the metal-to-ligand ratio conditions
typically employ a 2:1 ratio to ensure that all of the ligand is
consumed by Cu?** to form the Cuy(HHTP), MOE.*
However, a successful reaction utilizing oxidative restructuring
resulting in full coverage of the textile swatch required a metal-
to-ligand ratio of 1:12; a higher ratio of metal to linker results
in MOF precipitation instead of deposition on the textile.

We considered at least three pathways that can lead to
oxidative restructuring: (i) oxidation of copper metal to the
cationic Cu species that can then react with the oxidized linker
to form MOFs or (ii) formation of MOFs from a copper oxide
intermediate, and (iii) the possibility of oxidation of HHTP by
dissolved oxygen and its subsequent contribution to the
corrosion of Cu. While we did not observe any copper oxide
intermediate during our investigation of oxidative restructuring
under optimized conditions, we decided to probe the feasibility
of restructuring copper oxide and copper hydroxide powder
precursors into Cuy(HHTP), (Figure S21). Restructuring of
copper hydroxide, Cu(OH),, resulted in favorable MOF
formation (Figure S21AD), as confirmed by SEM and
PXRD (Figure S21E). In contrast, we did not observe MOF
formation from Cu,O. This result may be due to poor
solubility of Cu,O and kinetic inhibition of the oxidative
restructuring with monovalent copper (Figure S21B,E). While
MOF formation did occur from CuO, the transformation into
Cu;(HHTP), was incomplete, as evidenced by residual peaks
in PXRD corresponding to (111) and (202) of CuO (Figure
S21C,E). To corroborate the formation of Cu oxides on cotton
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Figure 4. Sensing performance of Cuy(HHTP), on cotton devices exposed to gaseous analytes. Representative sensing traces showing the change
in conductance —AG/Gy(%) over time (min) upon exposure of devices to (A) NO and (B) H,S ranging from 1 to 80 ppm diluted with N, at room
temperature. The gray region represents the duration of exposure to the analyte, and the white region represents baseline and recovery in N,. (C)
Concentration dependence plot of sensing response of the Cu;(HHTP), MOF on cotton to NO (1—80 ppm) reveals a linear response from 1 to
40 ppm for NO (solid line y = —1.75x + 18.16 R* = 0.98) with saturation occurring after 40 ppm. (D) Concentration dependence plot of sensing
response of the Cu;(HHTP), MOF on cotton to H,S (1—80 ppm) reveals a linear response from 1 to 20 ppm for H,S (solid line y = 7.65x +
0.899, R* = 0.93) with saturation occurring after 20 ppm. The initial rates of response —AG/G(%)/s, measured in first 2 min of exposure, as a
function of concentration toward (E) NO 5—20 ppm (y = —0.0096x — 0.0693, R> = 0.99), NO 20—80 ppm (y = —0.0941x + 1.638, R* = 0.99), and
(F) H,S (y = 0.17x + 0.19, R* = 0.99). (G) Saturation sensor response at 40 ppm of NO in dry nitrogen (solid bar) and in the presence of 5000
ppm water (with water droplet). (H) Saturation sensor response at 40 ppm of H,S in dry nitrogen (solid bar) and in the presence of S000 ppm

water (with a water droplet).

during oxidative restructuring, a control reaction was
conducted with H,O:EtOH (1:1 volume) in the absence of
a HHTP linker under ambient conditions. After a 12 h period,
there was no evidence of copper oxide formation, based on
PXRD and XPS analysis (Figure $22). In summary, while the
possibility of a copper oxide intermediate during oxidative
restructuring cannot be excluded, this intermediate was not
directly detected in the optimized reaction conditions.

To confirm the formation of Cu ions in solution during the
oxidative restructuring process, we used inductively coupled
plasma mass spectrometry (ICP-MS) to quantify the amount
of Cu ions in solution during the course of the reaction (Figure
$23). We performed ICP-MS analysis of copper in solution
under three conditions: (1) under optimized reaction
conditions that included evaporated Cu on cotton, HHTP
linker, and O, gas, (2) in the absence of a HHTP linker, and
(3) in the absence of oxygen. Under optimized reaction
conditions, ~130 uM of copper ions was present in solution,
confirming that in situ generated Cu ions play a critical role in
the oxidative restructuring process. This concentration of Cu
ions accounts for 50% of all Cu species in the reaction vessel,
which suggests that the remainder of the copper metal is
maintained at a high effective concentration near the surface of
the cotton contributing to the templation of the MOF on the
surface and retention of the original Cu pattern as it
restructures into MOF. The concentration of in situ generated
copper ions in the solution remained at ~110 to 160 uM for
standard reaction conditions and conditions without HHTP,
suggesting that the presence of the linker likely does not

23302

compete with oxygen to promote extraction of copper metal
into solution (Figure S23). The absence of oxygen reduced the
concentration of in situ generated Cu ions in solution to 59
UM on average (Figure $23), such that only 25% of the copper
that was originally on the cotton partitioned into solution
during the reaction time (12 h). Taken together, these findings
confirm that oxygen plays a key role in the transformation of
Cu’ into in situ generated cationic copper species during the
oxidative restructuring process.

Device Yields. Oxidative restructuring is capable of
generating electrically conductive swatch-based devices across
large surface areas of textiles. This synthetic method afforded
high yields of Cu;(HHTP), MOF-coated cotton devices with
>96% (n = 50). These devices were considered functional
when two-point resistance readings had an average of
approximately 2 M across 1.5 cm devices and PXRD showed
evidence for MOF growth. Cuy(HHTP), devices with
resistances five times greater than the average of 2 MQ were
discarded (around 10 MQ) in the calculation of the yield. The
selected devices were assessed by chemiresistive sensing and
detoxification of gases.

Chemical Detection of Gases. To demonstrate the
synergistic effects of multifunctional 2D MOFs on porous
textiles, we measured the performance of these materials in the
context of chemiresistive detection. We focused on the
detection of two representative gases NO and H,S that play
multifunctional roles as toxic gases®”®' as well as gasotrans-
mitters.*”*> While Cu;(HHTP), MOFs in the composite with
graphite either in a ball-milled blend®® or on a shrinkable
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polymer film*® have also been reported by our group for the
detection of H,S and NO, the responses in normalized
conductance were approximately 10 times lower than the
sensing response reported in this paper for both analytes
(Figure 4). This paper provides the first report of a
comprehensive investigation of the sensing response to H,S
and NO through spectroscopic analysis of the interactions
between Cu;(HHTP), with these analytes.

To achieve chemical detection, conductive textile swatches
coated with the Cuy(HHTP), MOF (1.5 cm X 0.5 cm) were
placed into an airtight custom Teflon enclosure equipped with
gold-coated pins that formed electrical contacts to the flexible
devices (Figure $24). Sensing was performed under a constant
applied potential of 1.0 V across each device and through the
measurement of the resulting current with a potentiostat in
chronoamperometric mode. We delivered controlled doses of
desired analytes to the enclosure using mass flow controllers by
diluting the gaseous analytes (H,S and NO) with N,. Each gas
at a specific concentration (80 ppm, 40 ppm, 20 ppm, 10 ppm,
S ppm, 2 ppm, or 1 ppm) was delivered for 2 hours, followed
by a recovery period of 2 hours with a N, stream. The devices
with Cuy(HHTP), MOF exhibited a concentration-dependent
response to H,S and NO, as illustrated in Figure 4, with the
normalized response (—AG/G,).

Quantitative Assessment of Chemical Detection. NO
and H,S delivered at a concentration of 80 ppm exhibited
dosimetric responses of —87 and 98% —AG/G,, respectively
(Figures 4A,B and S25). The dosimetric response revealed that
the interaction of Cu;(HHTP), with NO irreversibly
decreased the resistance of the devices, whereas exposure to
H,S irreversibly increased the resistance of the devices. The
directionality of response to NO and H,S at 80 ppm was
consistent with previous studies of Cu;(HHTP), by our
group,” but showed an increase by 2 orders of magnitude,
potentially arising from favorable dispersion of Cu;(HHTP),
on cotton. Concentration-dependent studies of analytes
between 1 and 80 ppm showed linearity of —AG/G, response
at 1-20 ppm NO and 1-10 ppm H,S after ~110 min
exposure, with higher concentrations leading to saturation of
devices (Figures 4C,D and S25). The overall percent response
of the devices to H,S and NO gave an experimentally
determined limit of detection of 1 ppm (Figure S25).
Compared to Ni;(HHTP), on cotton, the only other reported
MOF-based textile device for chemiresistive detection of H,S
and NO, the overall % response was similar for both gases."”

While reaching the saturation point in a chemiresistive
device may be time-consuming, the analysis of the initial rates
of response (initial rate of response within 2 min) can offer a
rapid method of analysis.**"*° Figure 4E,F shows the initial
rates of response (—AG/G,/s) of Cu;(HHTP), fabric devices
upon 2 min exposure to H,S and NO. This approach provides
a rapid strategy for concentration-dependent detection of
gases. The plot in Figure 4E shows two distinct linear regions
from 5—20 to 20—80 ppm, indicating two different processes;
at lower concentrations, there is a low rate indicating an
induction period in which an autocatalytic process is taking
place. The slope of the linear regression line in Figure 4F
represents the rates of response in the concentration range of
1-80 ppm H,S, showing a linear correlation with concen-
tration. The analysis of initial rates of response in the detection
of H,S occurs more rapidly compared to NO; the slope
(=(AG/Gy)/[analyte]At) in Figure 4F is an order of
magnitude higher than the rate of response to NO (Figure

4E). This observation indicated that the initial rate of response
was dependent on the type of interaction of the analyte with
the MOF (vide infra). The rate constants for chemiresistive gas
sensing of NO and H,S were determined to be 7.82 X 107°
and 1.25 X 107* 57!, respectively (Figure S26). Studies of user-
to-user reproducibility showed that the saturation of two
different Cuy(HHTP), on cotton devices with 40 ppm H,S
between two different users was indistinguishable (Figure
$27). Cu® on weigh paper did not respond to 80 ppm NO and
H,S in N,, whereas Cu;(HHTP), on weigh paper did respond;
this result confirmed that the Cuy(HHTP), MOF has an
enhanced sensing response over Cu’ (Figure S28).

Chemiresistive Sensing of Gases in Humid Condi-
tions and in Air. Encouraged by the sensing responses to NO
and H,S in N,, we evaluated the ability of the devices to detect
NO and H,S in a humid environment (18% relative humidity,
5000 ppm H,O) (Figure S29). The detection of NO in 18%
relative humidity surpassed the detection of this analyte in dry
conditions: an increase of response by 136% for 40 ppm
(Figure 4G) and by 92% for 80 ppm. (Figure S30A). We
attributed the increase in response to NO and H,S in humid
conditions to the stabilizing effects of Brensted acid site
interactions upon adsorption of these target exnell)ftes.87’88 BET
analysis of Cuy(HHTP), MOF bulk powder confirmed its
excellent capacity for water uptake (0.35 ¢ H,0/g MOF) and a
high specific surface area for water adsorption (881.31 + 55.6
m*/g) (Figure S30C). These results for water uptake were
comparable to a water harvesting COF material reported by
Yaghi and coworkers.”” To simulate NO detection in the
presence of oxygen, we tested the sensing performance of
Cuy(HHTP), on cotton to NO, in air at 40 ppm. The sensing
performance of NO, at 40 ppm in air was 38% lower than the
sensing performance of NO in N, conditions (Figure S31).

The detection of H,S at 40 and 80 ppm in humid conditions
(18% relative humidity, S000 ppm H,0) had a ~30 to 40%
increase in sensing performance when compared to sensing in
a N, environment (Figures 4H and S30B). Taken together,
these results indicate that Cuy(HHTP), on cotton exhibits
excellent stability and retains its sensing performance in
realistic environments (in the presence of humidity and air).
However, the differences between the sensing response in N,
and under ambient conditions suggest that chemiresistive
devices made from this MOF will likely require appropriate
calibration in the testing environment.

Stability and Regenerability of Chemiresistive
Cu;(HHTP), on Cotton Devices. Retaining the function of
chemical sensing is important for robust and re-usable
wearable e-textiles. Maintaining full functionality in wearable
devices after severe stresses such as extended wear, rigorous
use, and washing of textiles is crucial for practical applicability.
However, these performance features often remain difficult to
achieve in wearable materials due to poor interfacial contact
between the material and the textile or the inherent stability of
the material. Thus, developing and testing materials that can
retain full functionality such as sensing and detoxification is
critical. Since the chemiresistive devices saturated their
response after the exposure to H,S and NO, we investigated
conditions to restore the sensing function after previous
exposure. We first assessed the regenerability of the
Cu;(HHTP), on cotton by running a stream of dry nitrogen
over the devices or washing the devices with water. After
exposure to H,S or NO at 80 ppm, the devices exhibited full
saturation and limited recovery under a continuous stream of
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nitrogen. A washing step in water restored the normalized
sensing response of the devices to NO and H,S, within error
compared to the fresh devices (Figure $32). This recovery of
the devices upon washing with water was comparable to the
previous observation by our group for textile sensors
employing Ni;(HHTP), and Niy(HITP), for the detection
of H,S and NO.'"” The recoverability after washing H,S
saturated MOF on cotton devices in water could be occurring
because hydrogen sulfide and reduced sulfur species can
undergo ionization in water to form soluble bisulfide or
polysulfide anions.”® ICP-MS analysis confirmed that sulfide
species washed off of Cuy(HHTP), on cotton exposed to H,S
(Table S7). A possible explanation for the recovery of the
MOF on cotton after NO exposure is the possibility of
adsorbed NO or NO, species reacting with oxygen in water to
form nitrite or nitrate species, which would promote
desorption.”’ Colorimetric test strips revealed nitrate, in the
concentration range of 10—25 ppm, washed off of NO-exposed
Cu;(HHTP), on cotton in water (Figure S33).

After establishing the recovery of the sensing response by
washing, we proceeded to challenge the MOF-based textile
sensors using several physical and chemical tests to
demonstrate the robust functional utility of the electronic
textiles (Figure SA). We chose harsh physical and chemical
tests, such as heating at 120 °C for 10 min in air, heating at 120
°C for 96 h in N,, abrading with a metal edge, laundering in
detergent at S0 °C, ironing with steam for 60 s, and washing in
30% H,0, for 1 min and diluted bleach for 30 min (Figures SA
and S34). Remarkably, all the devices maintained their
resistance (Figure S35) and retained excellent normalized
chemiresistive response to H,S at 80 ppm, indistinguishable
from fresh devices (Figures SA and S34). Analysis by PXRD
confirmed that the crystallinity on Cuy(HHTP), MOF of
cotton was largely unaffected even after the harshest physical
and chemical tests (Figure S36).

We further assessed the stability of this material by analyzing
the potential for copper leaching from this material in various
laundering conditions via ICP-MS analysis. Under typical
laundering conditions of 1 h using DI water, detergent, 1%
bleach, or 30% H,0,, we observed minimal to no leaching of
copper ions from the MOF/textile composite (Figure S37A);
the structure of the MOF on cotton retained structural
integrity, except in 30% H,O, (Figure S37B). While soaking in
water and 1% bleach for up to 24 h still did not lead to
observable leaching of copper ions, soaking in detergent and
30% H,0, led to considerable loss of copper into solution after
6 h, followed by complete MOF degradation after 24 h in
concentrated hydrogen peroxide (Figure S37A,C). We ration-
alize the difference in leaching by the fact that highly
concentrated 30% H,O, is a known leaching agent for copper
in acidic conditions,”> while the low concentration of the
bleach solution is insufficient to induce copper leaching. The
detergent we used contained chelating agents, which could
have contributed to the observed copper leaching.”> Taken
together, these results demonstrate exceptional stability of
Cuy(HHTP), MOF on cotton under typical wear and
laundering conditions, showing that this material degrades
only under the most extreme harsh and prolonged chemical
tests that should not be typically encountered in wearable
devices.

Since the devices maintained their excellent sensing response
to H,S after exposure to chemical tests, we proceeded to
investigate device stability over multiple washing cycles of
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Figure S. (A) Bar graph representing normalized chemiresistive
response of Cu;(HHTP), on cotton for the detection of H,S at 80
ppm. The designated physical or chemical stresses were applied
before the Cuy(HHTP), on cotton devices were exposed to 80 ppm
H,S. Each bar represents the normalized average sensing response
after each respective physical or chemical stability test (n > 3). The
error bars represent the standard deviation from the mean based on
three or more independent measurements. (B) Sensing performance
of Cu;(HHTP), on cotton as chemiresistors when exposed to H,S
over 10 washing cycles in detergent (washing cycle = 30 min),
hydrogen peroxide (H,O,) (washing cycle = 1 min), or 1% bleach in
H,0 (washing cycle = 30 min). Error bars represent the standard
deviation from the mean based on three or more independent
measurements.

repeated tests involving submerging the devices in 30% H,O,
for 1 min, diluted bleach for 30 min (0.23% v/v), or diluted
detergent for 30 min (0.23% v/v). After completion of each
washing step, we activated the textile sensors in H,O for 1 h
followed by acetone for 1 h. The chemiresistive devices
maintained their function after multiple washing cycles
(Figures SB and $38—S40). Additional studies of analyte-
specific reusability will be needed for practical implementation
of MOF/textile composites in repeated chemical sensing.
Formation of Cu;(HHTP), on Cotton via Oxidative
Restructuring Was more Robust and Uniform Com-
pared to the Solvothermal Method. Comparison of the
oxidative restructuring method with the previously reported
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Figure 6. Cuy(HHTP), exposed to 1% NO (balance N,) at 25 °C for 9 min observed by (A) DRIFTS, (B) XPS, and (C) EPR (77 K)
spectroscopies. Cuy(HHTP), exposed to 1% H,S (balance N,) at 25 °C for 20 min observed by (D) DRIFTS, (E) XPS, and (F) EPR (77 K)
spectroscopies. (G) Expected FTIR and XPS spectral features of species resulting from the detoxification by adsorption or oxidation of NO over
Cu;(HHTP),. (H) Expected spectral features for FTIR and XPS of species resulting from the detoxification by adsorption or oxidation of H,S over

Cuy(HHTP),.

solvothermal or SOFT method of forming Cu;(HHTP), on
cotton with PXRD, SEM, and other analyses (Figure S41)
revealed two distinct differences between the two methods.
First, the deposition of Cuy;(HHTP), on cotton led to the
formation of conductive textiles (Table S8), while the growth
of the same MOF on cotton using the solvothermal method
did not impart measurable conductivity on the textile
substrates (resistance > 40 MQ). We attribute this difference
to the dense packing, uniformity, and preferential orientation
of crystallites of this MOF on cotton promoted by the
oxidative restructuring method, in contrast to the solvothermal
method (Figure S41). This result demonstrates that the
oxidative restructuring method was advantageous for produc-
ing electronic textiles of Cuy(HHTP), MOF that could be
employed for chemiresistive sensing. Second, oxidative
restructuring produced more robust and uniform coatings
compared to the solvothermal method. The optical image of
Cu;(HHTP), MOF on cotton formed using the SOFT
method displayed fraying at the edges of the swatch, possibly
due to the acidity of the reaction (pH = 4.50), whereas
Cu;(HHTP), MOF on cotton using the oxidative restructur-
ing method did not display fraying possibly because the
reaction conditions were not as acidic (pH = S5.7) (Figure
S41B).

23305

Micro-Breakthrough Experiments for the Filtration of
H,S Using Cu3(HHTP), MOFs. Micro-breakthrough experi-
ments were conducted using the apparatus previously
demonstrated by Yaghi and coworkers, which uses a rapid
nanoporous adsorbent breakthrough testing apparatus.”” In the
apparatus, H,S was mixed in a carrier gas stream and passed
over a temperature-controlled sorbent bed composed of the
bulk synthesized Cu;(HHTP),. In all the breakthrough studies,
the effluent stream of gas passed through a Fourier transform
infrared detector to determine the drop in concentration of the
adsorbent target.”* The adsorption of H,S using Cuy(HHTP),
was classified through micro-breakthrough analysis (Figure
S48). The uptake capacity of H,S with Cuy;(HHTP), bulk
powder in dry conditions (RH < 1%), determined by dynamic
loading calculation, was 4.6 mol/kgyor. The uptake capacity of
H,S in humid conditions (RH = 80%) decreased to 2.7 mol/
kgyior- The uptake capacity of H,S using other MOFs ranges
from 0.05 to 5.0 mol/kgyop-">"*”° The uptake capacity of H,S
with Cuy(HHTP), is comparable to some benchmark MOF
materials, MIL-53(Cr, AL Fe) (3.02 mol kg™'), Mg-CUK-1
MOF (3.10 mol/kgyop), and MOF-74(Ni) (4.98 mol/
kgMOF).88’95‘96 In contrast to previous results, this report
constitutes the first characterization of a conductive MOF for
H,S uptake.
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Spectroscopic Identification of Chemical Sensing and
Detoxification Mechanisms of NO and H,S on
Cu3(HHTP), MOF Powder. Chemical sensing performed as
part of this study indicated that the Cuy(HHTP), MOF has
promise in removing toxic gases NO and H,S from airstreams.
In order to investigate the processes of chemical detection and
potential for detoxification further, we used a suite of
spectroscopic techniques including diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS), XPS, electron
paramagnetic resonance (EPR), and PXRD to assess chemical
and structural changes induced by material—analyte inter-
actions with NO and H,S.

Spectroscopic Assessment of the Interaction be-
tween NO, and Cu;(HHTP),. The first method we used to
investigate the interaction between NO and Cu;(HHTP), was
DRIFTS (Figure 6A). Difference spectra revealed three key
spectroscopic features upon exposure to NO and subsequent
purging. First, a broad band at 1651 cm™ was observed after
NO exposure and was irreversible after purging with N,.”” This
band was assigned to NO binding to Cu centers or NO
reacting with organic protons of the framework to form R-NO
nitroso compounds. Second, a series of bands (1585, 1261,
1039, 917, and 833 cm™") (Figure S54) indicated the presence
of more oxidized nitrate species most likely adsorbed in a
variety of bidentate configurations to Cu centers (Figure
6G).”® Third, the background absorbance increased during
exposure to NO and increased further when the sample was
purged with N,. Overlaid with the positive-going background
absorbance was a series of negative going bands that aligned
with bands observed for pristine Cuy(HHTP),.°* This
background absorbance 4probably originated from electronic
features of the material.”

XPS spectroscopy of Cu;(HHTP), after exposure to NO
showed the presence of new N-containing oxides of nitrogen
(NO,), which was consistent with results obtained by
DRIFTS. The presence of a low binding energy component
(400.0 eV) could originate from Cu-NO species, as indicated
from DRIFTS data (Figure 6B,G). However, the location of
this component of the N 1s emission line was lower than those
typically associated with M-NO and may therefore also
originate from organic nitroso compounds such as HHTP-
NO. In addition to new emission lines from captured or
converted analyte, analysis of the Cu 2p;,, emission line
showed that NO caused a redox shift of Cu within the
framework from 69% Cu?' in the pristine state (Figure S9) to
95 Cu?' after exposure to NO (Figure S49E). X-band EPR
spectroscopy agreed with the shift in redox balance within the
framework observed by XPS (Figure 6C). Upon exposure to
NO, the absorbance feature attributed to Cu®* (d:” S = 1/2)
increased in intensity, suggesting an increase in the prevalence
of Cu®" species.

The large change in redox balance within the framework
prompted us to investigate structural changes that may result
from analyte exposure. PXRD diffractograms were gathered for
bulk Cuy(HHTP), powder and for Cuy(HHTP), oxidatively
restructured onto cotton (Figures SS6 and S57). For
Cu;(HHTP), in the bulk form, NO yielded minimal changes
in the diffractogram (Figures S56 and SS57). Exposure to NO,
as the analyte caused large changes in diffraction peak
intensity, with all diffraction peaks appearing to increase in
intensity in comparison to the (100) peak. On cotton
substrates, Cu;(HHTP), was more susceptible to changes in
crystallinity due to analyte exposure. Exposure to 10,000 ppm

of NO or NO, caused significant reduction in crystallinity for
Cu;(HHTP),, while also changing the diffraction peaks
associated with cotton. At 40 ppm, neither analyte caused
significant changes in the PXRD of Cu;(HHTP), on cotton
(Figures SS6 and SS7).

Transformation and Capture of NO within
Cu3(HHTP),. DRIFTS and XPS identified the oxidation of
NO to NO, as the primary fate of NO interacting with
Cu;(HHTP),. Both methods also identified NO bound to Cu
centers. We proposed that the formation of NO,, such as
NO;7, in our system proceeded according to a mechanism
reminiscent of the biologically relevant pathway

k k
NO + O,y + ¢~ — ONOO = NOj (1)

The electrons consumed in the process of eq 1 could be
delivered by the Cu* to Cu®" transformation evidenced by XPS
and EPR spectroscopy, or by the oxidation of HHTP ligands
within the framework. Oxidation of the framework that we
observed spectroscopically was paired with a chemiresistive
decrease in resistance of the MOF device. This response
matches with the putative p-type semi-conductivity of
E;)}ll}efiz‘yssét’gy})rgl,em}o)owders of Cuy(HHTP), observed by us and

The oxidative or reductive transformation of NO to more
easily captured or less toxic products has been deeply studied
on supported catalysts, such as noble metals, metal oxides, and
carbon-based surfaces. These reactions, such as the NO,
storage reduction using Pt-Pd catalysts, are typically carried
out at temperatures of 250—300 °C to access NO conversion
to NO, at more than 95% in flow.'*""'** Recently, mechanisms
for the disproportionation of NO on Fe and Cu centers within
insulating MOFs have been discovered by Dinca and
coworkers.'”*'%* This report demonstrated the disproportio-
nation of NO at room temperature over a Cu center with the
ability to thermally cgrcle the MOF-based system to complete
the catalytic cycle.'”* Our report identifies an alternative
reaction pathway for NO interactions with a MOF and is the
first report on NO reactions at the surface of a conductive
MOF. We identify products and reaction pathways that govern
the ability of Cu;(HHTP), to detect and decontaminate NO
in air. The distinct differences in reaction pathways observed
for Cuy(HHTP), compared to other MOFs with isolated
metal sites are most likely due to the ability of the studied
system to participate in redox reactions (donate electrons to
the reduction of O,, eq 1) and adsorb O, needed for the NO
— NO,~ transformation.

Spectroscopic Features of the Interaction between
H,S and Cu;(HHTP),. The irreversibility of the chemiresistive
sensing experiments and the ability of Cu;(HHTP), to purify
H,S demonstrated by breakthrough studies lead us to
hypothesize that strong and irreversible interactions were
occurring between the probe gas and MOF substrate. To test
this hypothesis, we used a series of in situ and ex situ
spectroscopic techniques to investigate the interaction of
Cuy(HHTP), powder samples with 1% H,S (balance N,). In
situ DRIFTS spectra during a 30 min exposure to H,S and
subsequent purging with N, revealed three new spectral
features (Figure 6D and Section 11.5.). First, the background
absorbance of the material decreased across the broad range
6000—500 cm ™" (Figure 6D). Second, a new broad and strong
absorbance band was observed at 3436 cm™" (Figure 6D). The
strong band at 3436 cm™" and the weaker band at 1623 cm™
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were assigned to the stretching and bending modes of surface-
adsorbed H,O, respectively.”" Third, a complex set of new
absorbance bands was observed between 1800 and 800 cm™
with prominent features at 1712, 1623, 1442, 1176, and 994
cm™ (Figure 6D). The new band at 1712 cm™ was in the
region typically assigned to carbonyl stretching vibrations. The
similarity in energy and shape of this band to a band observed
in pristine HHTP prompted us to assign this band to v(C=0)
of HHTP in an oxidized state.”* The absorbance band at 1442
cm™ and the less prominent features between 1400—1100
cm™! were similar to those we observed in our previous report
of the host—guest interactions between NH; and
Cuy;(HHTP), and coincided well with bands observed for
HHTP.®* Their appearance in the difference spectra indicated
that non-coordinated ligand vibrational modes were becoming
more prominent with the introduction of H,S. No definitive
bands associated with S-containing species (e.g, H,S, SO,,
SO,*, etc.) could be identified from these spectra. The
spectral features that were observed continued to increase in
intensity over the course of the 28 min experiment. The
changes in the difference spectra we observed after addition of
H,S were irreversible after H,S was removed, indicating an
irreversible transformation of the analyte and/or material.

Investigations of a similar exposure process by XPS showed
that exposure to H,S induced two prominent chemical changes
to Cuy(HHTP),. First, we observed the loss of the satellite
shakeup lines in the Cu 2p region, compared to the spectra of
pristine Cuy(HHTP),. We attributed this change to the
quantitative reduction of spectroscopically observable Cu** to
either Cu* or Cu® or to the formation of CuS, which does not
typically exhibit a satellite emission line.* Second, we observed
a new emission line having four components and correspond-
ing to two distinct chemical environments of S 2p (Figure
§50).%* Based on their binding energies, we assigned the S
2p,, emission line at 164.1 eV to elemental sulfur.'”> The line
at 162.9 eV is 1.2 eV higher than expected for Cu,S or CuS
and has been assigned to a highly Cu-deficient non-
stoichiometric sulfide (Figure 6H)."%°"'%® The expected S
2p, ), lines of the S, and Cu,_S species accounted for the two
remaining components (Figure 6E,H). EPR spectroscopy
confirmed that H,S caused the conversion of EPR-active
Cu** to the EPRssilent species, presumably Cu* (Figure
6F).>>*" A new organic radical was also observed in the EPR
spectrum after addition of H,S. This new feature correlated
well with the appearance of HHTP vibrational modes observed
in DRIFTS experiments after exposure to H,S.

PXRD analysis of bulk Cuy(HHTP), after exposure to
10,000 ppm H,S revealed significant structural changes to the
MOF. The structural changes to Cu;(HHTP), MOF were
indicated by an increase in intensity of the (200) and (002)
peaks relative to the intensity of the (100) diffraction peak.
New diffraction peaks were observed at 33 and 48° 20, which
could correspond to the (103) plane and (110) planes of
copper sulfide, respectively (Figure $58A).'%” Cuy(HHTP), on
cotton upon exposure to 10,000 ppm H,S showed a reduction
in crystallinity based on the significant broadening of peaks in
the (100) and (200) diffraction peaks (Figure SS8B) and a
sharp peak at 22° 26 similar to elemental sulfur. Analysis of the
MOF on cotton by PXRD after saturation with H,S at 40 ppm
showed minimal structural changes (Figure S58C), indicating
that the copper sulfide particles observed in XPS are too small
or too poorly ordered to be observed in PXRD.

Transformation and Capture of H,S within
Cu3(HHTP),. Spectroscopic investigations confirmed the
strong and irreversible interaction between H,S and
Cu;(HHTP), inferred from chemiresistive sensing and break-
through studies. The results of our DRIFTS investigations
identify the generation of water as a byproduct of the reaction
between H,S and Cuy;(HHTP),. DRIFTS also revealed a set of
vibrational modes that correlated well with the spectrum of
pristine HHTP, suggesting that interactions between the
analyte and substrate resulted in weaker metal bis(dioxolene)
bonding and vibrational contributions increasingly representa-
tive of the individual components, namely, HHTP, compared
to an extended framework.®* This perturbation was consistent
with EPR studies, which showed a new organic radical,
presumably from HHTP. From DRIFTS evidence, we
considered possible pathways of H,S detoxification. First, we
considered the surface chemistry of metal edge sites within
Cuy(HHTP),, which could include copper hydroxide capping
units. A well-known reaction of copper hydroxides with H,S
yields water and copper sulfide,''" which could explain both
the evolution of water and the liberation of HHTP from Cu
bis(dioxolene) linkages

Cu(OH), + H,S — CuS + 2H,0 )

However, the presence of elemental sulfur species and
sulfides of copper (Cu,S,) would not be observable by IR
spectroscopy.’ | We, therefore, relied on XPS to reveal the
oxidation state of captured sulfur species.''’ The identification
of S, and lack of observed H,S species in the S 2p region of the
XPS spectra confirmed the capture and oxidation of H,S on
the MOF surface. Analysis also showed formation of Cu,S,
species, which we further identified as Cu,S using the Cu 2p
region''” and the magnitude of the observed Cu®* (S = 1/2)
absorbance by EPR.*” Although Cu,S, compounds typically do
not exhibit shakeup emissions, instead behaving more like a
metallic structure, the reduction of Cu** observed by EPR*
and the location of the S 2p;/, emission line both indicated the
presence of Cu,S'"? rather than CuS.""* We propose that the
active edges ({100} family of planes) of the MOF nanorods,
which dominate the exposed surface area, decorated with
terminal (HHTP)Cu(OHx)y edge sites can undergo a reaction
with H,S along the following pathway (eq 3)

2(HHTP)Cu(OH), + 2H,S
— 2(HHTP) + Cu,S + 2H,0 (3)

Our proposed modes of interaction between H,S and
Cuy(HHTP), provide a context that accounts for the
spectroscopic evidence for the observation of the formation
of Cu,S, H,0O, and S, as byproducts of detoxification. The
exact pathway for how the formation of these products leads to
the dramatic loss of conductivity observed in chemiresistive
experiments was difficult to pinpoint. We propose three
possible mechanisms. First, the oxidation of H,S and the
reduction of Cu in the framework would reduce the
concentration of charge carriers in the p-type semiconductor
by adding electrons to the valence band of the MOFE.** Second,
the formation of Cu,S would cause degradation of the Cu
bis(dioxolene) linkages reducing covalency and electronic
conductivity. Related to this mechanism, the loss of mixed
valency (Cu?*/Cu') in the framework when Cu is fully
reduced could negatively impact the conductivity of the
material. Third, S, species (x = 2—8) are known to be
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electrically insulating and their formation on the surface of the
MOFs could insulate crystallites from one another and reduce
their ability to transfer charge.''>'"°

MOFs have shown great promise for H,S capture. Their
high surface area and ability to provide well-dispersed metal
sites are beneficial properties for adsorption-driven capture of
H,S."*""” However, rigorous spectroscopic methods have
rarely been employed in the identification of adsorbed states of
H,S or examination of possible chemical reactions of H,S. The
high reactivity of H,S and its propensity to be oxidized or
disproportionate on surface’ """ and its alacrity for formation
of metal-sulfides necessitate a comprehensive set of spectro-
scopic tools to identify host—guest interactions and mecha-
nisms of separation.lzo Our report presents a systematic
investigation of the ability of Cu;(HHTP), to detect, detoxify,
and filter H,S.

B CONCLUSIONS

This paper demonstrates a new mild, robust, and rapid method
for integration of Cuy(HHTP), MOF onto flexible porous
substrates by restructuring Cu’ features directly into MOFs
capable of multifunctional performance as an e-textile sensor.
This method possesses at least three innovative characteristics
in the context of multifunctional e-textiles. First, oxidative
restructuring advances the development of new integration
strategies of MOFs (Cu;(HHTP),) onto flexible substrates
with synthetic ease and remarkable robustness. To date, there
are few examples for the integration of 2D conductive MOFs
to generate e-textiles, where the conductivity of the textile is
imparted by the use of MOFs without conductive addi-
tives.'»*">* These existing examples possess limitations in
terms of substrate choice and diversity of MOFs that our
method overcomes. Second, e-textiles patterned with
Cuy(HHTP), not only detect NO and H,S down to 1 ppm,
but also maintain their sensing response after washing as well
as harsh physical and chemical stresses. This study is the first
to report a comprehensive stability test that demonstrates the
promising advantage of the Cu;(HHTP), MOF as an
exceptionally robust chemical sensor, especially when
integrated with textiles. Third, we detail the first example of
a spectroscopic study that provides insight into the interactions
between Cu;(HHTP), and NO, as well as H,S, indicating that
chemical transformations of both gases are promoted by the
presence of MOF. Taken together, these innovative character-
istics illustrate that the new method of textile integration of the
Cuy(HHTP), MOF reported herein has unprecedented
robustness and multifunctional performance characteristics in
the context of e-textile sensors. This study focused on the
sensing and uptake of H,S and NO; however, the
Cuy(HHTP), MOF has potential for the adsorption and
detection of other gaseous threat agents due to the presence of
undercoordinated copper sites.'*"”'** Practical implementation
of Cuy(HHTP), on textiles in simultaneous sensing and
detoxification will require additional understanding of the
selectivity and sensitivity of Cuy(HHTP), MOF with other
toxic gases.

While oxidative restructuring enables facile, robust, and
functional integration of Cuy(HHTP), MOF onto textiles
under ambient conditions, this method currently has at least
three limitations. First, the demonstration of oxidative
restructuring of metals into MOF is currently limited to Cu’.
However, this limitation may be overcome with further
development by tailoring conditions for the controlled
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oxidation of other transition metals through the introduction
of specific oxidants and solvent systems. Second, this method
relies on the use of a thermal evaporator, which restricted the
patterning of Cu metal to planar processing and may be limited
in scalability. The use of electroless plating of copper metal in
future applications could eliminate the need for specialized
equipment, enhance scalability, and overcome limitations of
planar processing.'”* Third, the demonstration in this study is
currently limited to the HHTP ligand. Strategic optimization
of reaction conditions to make them amenable to other ligands
will be required for developing broad applicability of this
method.

The systematic study of conductive MOFs on porous textiles
in the context of chemical detection and spectroscopic
assessment illustrates the multifunctional capabilities of this
class of 2D conductive MOFs, especially when coupled with
robust integration onto textiles. Our fundamental insight and
mechanistic details on sensing properties, surface interactions,
and demonstration of the exceptional chemical stability of the
Cuy(HHTP), MOF pave the way for the design of next-
generation personal protective systems, with MOFs providing
not only filtration and detoxification, but also real-time
chemical detection. Oxidative restructuring as a means of
installing conductive MOF materials at the fiber level could
become a platform technology for producing scalable multi-
functional e-textiles, which will expand the scope of Moore’s
Law for fibers."’
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