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ABSTRACT: Ethylene is a dynamic plant hormone, and its temporal monitoring can be
used to glean insight into plant health and status. However, the real-time distributed
detection of ethylene at trace levels under ambient conditions remains a challenge. We
report a single-walled carbon nanotube-based chemiresistor catalyst combination that can Pd(ll)
detect ppb levels of ethylene in air. Cycling between Pd(II) and Pd(0) via Wacker oxidation ‘Q PA(O)
with a nitrite cocatalyst imparts response discrimination driven by the chemoselectivity of
the chemical transformation. Sensitivity is controlled by a combination of the chemical
reaction efficiency and the n-doping strength of the Pd(0) species generated in situ. The
covalent functionalization of the carbon nanotube sidewall with pyridyl ligands drastically
improves the device sensitivity via enhanced n-doping. The utility of this ethylene sensor is
demonstrated in the monitoring of senescence in red carnations and purple lisianthus
flowers.
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B INTRODUCTION In this work, we present a highly selective ethylene
chemiresistive sensor that can detect ppb levels of ethylene
under ambient conditions. Our sensor is prepared from
commercially available materials and leverages the sensitivity
of single-walled carbon nanotubes (SWCNTs) conductance to
carrier densities.'® Specifically, we employ catalytic aerobic
ethylene oxidation, wherein the palladium catalyst toggles
between electron-rich Pd(0) and electron-poor Pd(II) to
reversibly modulate the degree of p-doping in the SWCNTs."”
Our method was inspired by the anti-Markovnikov Wacker
oxidation initially reported by Grubbs and co-workers,"® which
uses a nitrite cocatalyst to achieve selective olefin oxidation

Ethylene regulates developmental processes in flowers such as
ripening, secondary metabolite synthesis, seed germination/
flowering, and senescence.” It is recognized in biological
systems by a family of five transmembrane proteins (ETRI,
ETR2, ERS1, ERS2, and EIN4), each of which contributes to
different ethylene response pathways.” Ethylene also plays a
central role in stress-induced feedback loops. For example,
basal ethylene production can be modulated in response to
salinity, metals, hypoxia, air pollutants (O;, SO,, etc.), and
pathogens.” Given the central role that ethylene plays in plant

healt‘h, it is p‘erhaps unsurprising that etbylene detection i§ (.’f under mild conditions (Figure lab). We have demonstrated
considerable interest to the agriculture industry. Indeed, it is the utility of our ethylene sensor by monitoring plant

estimated that upward of 50% of a farm’s production value may senescence, which is a process that is mediated by low ppb
be lost as a result of various issues along the supply chain. concentrations of ethylene.

Ethylene monitoring could reduce losses if changes in plant
healtthkare detected at an early stage and preventative actions B RESULTS AND DISCUSSION
are taken.

Ethylene detection is typically accomplished using photo- Loyv-volatil%ty SOlveI}tS are required to avoid .solvent evapo-
acoustic spectroscopy’ or gas chromatography.® Although ration .durlng sensing experiments, precluding the direct
these methods are sensitive, these analytical tools are translation of the reported solvent system by Grubbs and co-
: ; : : workers (‘BuOH/MeNO,)'® to chemiresistive sensing. We
impractical for real-time and/or in-field measurements. Other ‘ 2 Sensing.
ethylene detection methods include turn-on fluorescence with also substituted AgNO, with "Bu,N[NO,] to maintain higher

luminescent polymers7’8 or olefin metathesis catalyst/fluores- solubility/uniformity. Low-volatility alcoholic solvents were
cent dye hybrid molecules 9=11 pemiresistors. 2 graphene- screened by GC-MS using a model reaction with 1-decene and

based field-effect transistors,"® electrochemical oxidation,"* and
amperometry.'” In each of these reports, there is some Received: January 8, 2020
combination of cumbersome sensor preparation, low sensi- Published: March 18, 2020
tivity, humidity intolerance, and/or sensitivity to oxygen.

Given these drawbacks, there is an unmet need for the real-

time robust monitoring of trace ethylene under diverse

ambient conditions.

© 2020 American Chemical Society https://dx.doi.org/10.1021/acscentsci.0c00022
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Figure 1. (a) Anti-Markovnikov Wacker oxidation with a nitrite
cocatalyst reported by Grubbs and co-workers."® (b) Translation of
catalytic aerobic Wacker oxidation for the sensitive and selective
chemiresistive detection of ethylene gas. (c) Schematic of a sensing
device containing gold electrodes on a glass substrate with an
SWCNT network and liquid selector mixture.

anisole as an internal standard (Table S1). Solvent screening
revealed that benzyl alcohol, 1-decanol, and tetrahydromyrce-
nol afforded oxidation products of 1-decene. Removal of the
alcohol moiety in the solvent had detrimental effects on total
oxidation yield (<5% conversion when using toluene, benzyl
cyanide, or acetophenone; Table S1, entries 6—8).

The oxidation yields were contrasted with the chemiresistive
sensing response. As shown in Figure 1c, a random nanowire
matrix of (6,5) single-walled carbon nanotubes (SWCNTs) is
deposited between two gold electrodes on an insulating glass
substrate, and then the catalytic reaction mixture is deposited
on top of the SWCNTs. Device photographs and a pictorial
demonstration of device fabrication are shown in Figure SI.
Sensor responses are measured as the change in conductance,
AG/Gy, where AG is the change in conductance and G, is the
baseline conductance in the absence of analyte. We exposed
devices to 1 min of 50 ppm ethylene in air and observed no
correlation between GC-MS oxidation yields and sensing
responses (Figure S2). We then varied the concentrations of
each ingredient using benzyl alcohol as the solvent, since it
provided the strongest response from the solvent screen.
Sensors having 120 mM concentrations of both
[PACL,(PhCN),] and "Bu,N[NO,] afforded the largest
responses to SO ppm of ethylene (Figure S3ab). Strikingly,
removal of the CuCl, cocatalyst resulted in substantial
improvement (—11.2 + 3.6%, Figure S3c). There is literature
precedence for palladium-mediated olefin oxidation in the
absence of a Cu source,’”™** and 'H NMR studies confirm
that aerobic oxidation of ethylene gas to acetaldehyde using
benzyl alcohol as the solvent still occurs without CuCl,
(Figures S4 and SS). We further optimized the concentration
of "Bu,N[NO,] in the absence of CuCl,. As shown in Figure
$6, 90 mM "Bu,N[NO,] resulted in the strongest response of
—16.8 + 3.0%. Various commercially available conductive
nanocarbon sources and palladium sources were also screened,
with no response improvement (Figure S7).

We sought to corroborate our proposed sensing mechanism
with some additional experiments. As shown in Figure 2a, a
detrimental effect on the sensing response is observed when
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Figure 2. Exploration of the ethylene sensing mechanism. (a) Control
experiments omitting [PdCL,(PhCN),], "Bu,N[NO,], benzyl alcohol
(BA), or oxygen. (6,5) SWCNTs only and benzyl alcohol with (6,5)
SWCNTs were also tested. (b) Sensing curve using p-type (6,5)
SWCNTs (green trace) and n-type SiO,/ZnO nanofibers (purple
trace) as the semiconducting material. Devices were exposed to SO
ppm of ethylene in air for 1 min (N > 6).

vital components for Wacker oxidation are omitted. The use of
(6,5) SWCNTs only and benzyl alcohol with (6,5) SWCNTs
exhibited a negligible response. We explored whether the
generation of an n-dopant [ie., Pd(0)] in situ controls the
change in conductance observed. If so, then the direction of
AG/Gj should be reversed by replacing p-type SWCNTs with
an n-type material. To test this hypothesis, we prepared n-type
S$i0,/ZnO nanofibers (TEM images shown in Figure S8)
according to modified literature procedures.””** As shown in
Figure 2b, exposure to ethylene resulted in a clear increase in
conductance for the n-type nanofibers, which is consistent with
our proposed signal transduction mechanism. SiO,/ZnO
nanofiber-based sensors exhibited a dosimetric response and
hysteresis upon repeated ethylene exposure (Figure S9).
Collectively, these findings demonstrate that the in situ
generation of Pd(0) via Wacker oxidation is responsible for a
carrier reduction in the p-type SWCNTSs, resulting in the
observed change in conductance.

We were stimulated to further probe the role of CuCl, in the
sensing response based upon the postulate of Fu and co-
workers that the Pd/Cu-catalyzed anti-Markovnikov Wacker
oxidation is mediated by a heterobimetallic Pd—Cu complex.”
Considering that our sensing mechanism occurs via Pd(0) n-
doping of the SWCNT sidewalls, we speculated that Pd(0)
alone may be a better n-dopant than the Pd—Cu hetero-
bimetallic complex. To test this hypothesis, we prepared
devices containing pristine (6,5) SWCNTSs wherein 1 yL of
either the optimized Pd/Cu/nitrite or Pd/nitrite reaction
mixture was deposited on top. These devices were exhaustively
subjected to 1-heptene in nitrogen (to prevent reoxidation of
the catalytic/dopant species) until the solvent was fully
evaporated. Using Raman spectroscopy, three different spots
were interrogated per sample, and the spectra were averaged.
The G-band centered at ~1590 cm™ corresponds to sp> C—C
bond stretching and shifts toward lower frequencies in the
presence of electron-donating (n-doping) molecules.”® Figure
3a summarizes the sensing response using reaction conditions
with and without CuCl, present. As shown in Figure 3b, the G-
band for the SWCNT sample subjected to the Pd/nitrite
reaction mixture is shifted lower by 1 cm™, while SWCNTSs
exposed to the CuCl,-containing reaction mixture are not
noticeably shifted. This result is consistent with the notion that
Pd(0) alone is a stronger n-dopant than the reduced Pd—Cu

https://dx.doi.org/10.1021/acscentsci.0c00022
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Figure 3. Investigation of the difference in sensing response when
using reaction mixtures with and without CuCl,. (a) Sensing
responses for optimized conditions (Pd = [PdCL,(PhCN),], Cu =
CuCl,, and nitrite = "Buy,N[NO,]) and (6,5) SWCNTs only. (b)
Raman spectra collected using the 532 nm excitation wavelength with
spectra intensity normalized to the G-band.

heterobimetallic complex and may in part explain the observed
difference in the sensing response.

We leveraged our mechanistic understanding to further
improve the sensing response. We postulated that appending
coordinating groups to the SWCNT surface could ensure that
the Pd(0) species are localized at the SWCNT sidewall for
optimal carrier modulation. We prepared 4-pyridyl-function-
alized (6,5) SWCNTs using both covalent and noncovalent
functionalization via iodonium salt reactions’’ and poly(4-
vinylpyridine) (P4VP) polymer wrapping,”® respectively.
Covalently functionalized samples were characterized by
Raman spectroscopy, X-ray photoelectron spectroscopy, and
thermogravimetric analysis (Figures S10—S12). As shown in
Figure 4, 4-pyridyl covalent functionalization of (6,5)

(a) —— 4-Pyridy (0.7%)| (b ) ®°
80 —— 4-Pyridyl (1.1%)
— 4-Pyridyl (1.4%)
—— Phenyl (0.8%)
~ 604 —— Phenyl (0.9%)
cj —— Phenyl (1.0%)
o ——P4VP
3 401
<
I
204
0 4

Time (min)

Figure 4. Sensing response using (6,5) SWCNTs functionalized
covalently with 4-pyridyl or phenyl groups (0.7 —1.4 functional
groups per 100 C atoms) or noncovalently with P4VP. (a) Sensing
traces and (b) average device responses (N > 6). Devices were
exposed to SO ppm of ethylene in air for 1 min.

SWCNTs substantially improved the sensing response
compared to pristine (6,5) nanotubes, with an increasing
degree of functionalization (up to 1.4 functional groups per
100 C atoms) proving beneficial. As a control experiment, we
covalently functionalized (6,5) SWCNTs with phenyl groups”’
and observed no improvement. Thus, the coordinating
nitrogen atom is crucial for the observed effect. Noncovalently
functionalized P4VP-coated SWCNTs did not improve device
performance, which may be the result of the insulating nature
of the polymer wrapping the SWCNT. As shown in Figure

509

S13, Raman G-band analysis reveals a shift of 2 cm™ upon
Pd(0) doping. Although the magnitude of this shift is small, it
is consistent with the notion that 4-pyridyl functionalized
SWCNTs are more efficiently dedoped than pristine (6,5)
SWCNTs.

Figure 5 depicts the sensitivity of our system using the
optimized conditions with 4-pyridyl functionalized (6,5)

(a) %0 T—sopem 5 (b)7
J——20ppm
801 fopom 10 60 %
70{——5ppm 3
—~ |%wem 05 —~ 50
o 60— 1ppm .5 D)
é |—— 500 ppb é
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o . . —| O "
(] O 7
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104 &
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Figure S. Sensitivity and stability of the ethylene sensor. In each
condition, the reaction mixture contains 120 mM [PdCL,(PhCN),]
and 90 mM "Bu,N[NO,] in benzyl alcohol. (a, b) Devices were
exposed to ethylene in air for 1 min (N > 6). (c) Sensor response
before and after storage for 16 days at 4 °C.

SWCNTs. A clear signal is attained after a 1 min exposure
to 500 ppb ethylene in air, and the responses are linear from
500 ppb to SO ppm with a calculated limit of detection (LOD)
of 15 ppb (eqs S1—S3). Using pristine (6,5) SWCNTs with
other conditions the same, 500 ppb ethylene could also be
detected (Figure S14). As shown in Figure S15, the devices
using 4-pyridyl functionalized SWCNTSs exhibited the highest
response to ethylene below 40% relative humidity (R-H.), and
devices delivered a consistent response when operated at 40—
80% R.H. In contrast, devices using pristine (6,5) SWCNTs
exhibited a continued decrease in response as the RH
increased. The 4-pyridyl functionalized (6,5) SWCNTs based
devices displayed limited or no degradation in sensor
performance after storage at 4 °C for 16 days in the dark
(Figure Sc). Some light sensitivity was observed (Figure S16a),
which is a known issue for nitrite-containing liquid samples.”’
For devices using pristine (6,5) SWCNTs, some performance
degradation was observed even when stored at 4 °C (Figure
S16b). Overall, these results demonstrate that devices using 4-
pyridyl functionalized (6,5) SWCNTs have superior sensitivity
and stability compared to those using pristine (6,5) SWCNTs.

As shown in Figure 6, the selectivity of our ethylene sensor
using 4-pyridyl functionalized (6,5) SWCNTs is excellent
when challenged against various volatile organic compounds
(VOCs). Similar selectivity was observed using pristine (6,5)
SWCNTs (Figure S17a). The sensor responds to other
terminal olefins and weakly to internal alkenes (Figure
S17b). Even though the chemical reactivity is not expected
to be markedly different between terminal olefins, the response
to l-octene was almost twice that of 1-hexene. This suggests
the partition coeflicient between carrier gas and liquid
influences the total available olefin for oxidation.

To demonstrate the utility of our sensory system for a
challenging application, we have demonstrated the ability to
monitor the ethylene evolution from flowers. The flowers were
enclosed in a homemade chamber, allowing us to expose the
sensor to flower volatiles in a controlled manner (Figure S18).
The device response to purple lisianthus flowers and red

https://dx.doi.org/10.1021/acscentsci.0c00022
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Figure 6. Selectivity in the presence of various interferents. The
reaction mixture contains 120 mM Pd ([PdCl,(PhCN),]) and 90
mM nitrite ("Bu,N[NO,]) in benzyl alcohol. Device response after
exposure to VOCs in air for 1 min using 4-pyridyl functionalized
SWCNTs (N > 6). The y-axis for VOCs is expanded by 20X.

carnations at various time points is shown in Figure 7a, and
photographs of the flowers as received are shown in Figure
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Figure 7. Flower senescence monitored using our sensory system.
The reaction mixture contains 120 mM [PdCl,(PhCN),] and 90 mM
"Bu,N[NO,] in benzyl alcohol. Device response after exposure to
flower volatiles in air for 1 min using 4-pyridyl functionalized
SWCNTs (N > 6). (a) Response to purple lisianthus flowers and red
carnations over several days and (b) response to red carnations
treated with nothing (orange trace), water only (blue trace), or water
treated with the nutrient package (red trace). (c) Photographs of
lisianthus flowers and carnations over time.

510

S19. The intensities are given relative to the response to 500
ppb ethylene normalized to 100 g of flower. The flowers
emitted ethylene concentrations up to ~1.5 ppm, correspond-
ing to an emission rate of about 320 nL-min~". Most carnation
flowers bloomed within a day, while most lisianthus flowers
bloomed over the period of a week. Compared to carnations,
lisianthus flowers had greater variation in growth stage (Figure
$20). These physical manifestations are contrasted with sensor
measurements indicating rapid ethylene peaking over the span
of several hours for carnations, and a gradual increase, plateau,
and then decrease in ethylene evolution over the span of
several days for lisianthus flowers. These ethylene profiles
coincide with the observed blooming times for the flower
populations and are in agreement with the known low ethylene
sensitivity of lisianthus flowers®® and high ethylene sensitivity
of carnations.”'

Intrigued by these results, we tested whether a commercial
flower nutrient package provided by the carnation supplier has
an impact on the ethylene emission profile. The carnations
were (i) left on the table without water, (ii) treated with water
only, or (iii) treated with nutrient water. As shown in Figure
7b, when the carnations are not treated with water, no change
in ethylene emission is observed. Meanwhile, treatment with
water results in peak ethylene emission about 4 h earlier than
treatment with nutrient water, which suggests that the nutrient
packages do not strongly influence the ethylene emission
profile. Gratifyingly, our sensor enables us to study dynamic
plant processes mediated at low concentrations of the plant
hormone ethylene.

Safety Statement. No unexpected or unusually high safety
hazards were encountered in this research.

B CONCLUSIONS

In summary, we have prepared a carbon nanotube-based
ethylene gas sensor that uses Wacker oxidation for the selective
recognition of ethylene. The devices are simple to prepare and
allow us to detect ppb concentrations of ethylene in air. We
demonstrate that sensitivity and stability are enhanced using 4-
pyridyl functionalized carbon nanotubes. This sensory system
enables us to monitor flower senescence. When translating
catalytic processes into chemiresistive sensing, several lessons
are revealed: (1) Reaction chemoselectivity correlates well with
sensor selectivity; (2) sensitivity is controlled by both chemical
reactivity and dopant efficiency, which can be tuned by the
judicious selection of the catalytic components, as well as the
modification of semiconductor surface chemistry; and (3) the
properties of the chemical transformation (such as air
tolerance) and stability of the individual reaction components
translate well to sensor attributes. We foresee a continued
merger of catalytic oxidation processes and chemiresistive
sensing as a potent system for the facile detection of additional
analytes in air and under ambient conditions.
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