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Ethylene, the smallest plant hormone, plays a role in many
developmental processes in plants. For example, it initiates
the ripening of fruit, promotes seed germination and flower-
ing, and is responsible for the senescence of leaves and
flowers.[1] The rate-limiting step in the biosynthetic pathway
to ethylene, elucidated by Yang et al., is catalyzed by 1-
aminocyclopropane-1-carboxylic acid (ACC) synthase.[2] Eth-
ylene production in plants is induced during several devel-
opmental stages as well as by external factors. The ripening
process is the result of ethylene binding to the receptor ETR1,
which leads to the translation of ripening genes and even-
tually the production of enzymes that induce the visible
effects of ripening. The monitoring of the ethylene concen-
tration is of utmost importance in the horticultural industries.
The internal ethylene concentration in fruit can serve as an
indicator for determining the time of harvest, while the
monitoring of the atmospheric ethylene level in storage
facilities and during transportation is crucial for avoiding
overripening of fruit.

We herein present a reversible chemoresistive sensor that
is able to detect sub-ppm concentrations of ethylene. Our
detection method has high selectivity towards ethylene and is
simply prepared in few steps from commercially available
materials. The sensing mechanism relies on the high sensi-
tivity in resistance of single-walled carbon nanotubes
(SWNTs) to changes in their electronic surroundings. These
principles have been employed in a variety of sensing
applications.[3] For the selective recognition of ethylene we
employ a copper(I) complex, inspired by nature, where CuI

has been found to be an essential cofactor of the receptor
ETR1.[4] As a result of its small size and lack of polar chemical
functionality, ethylene is generally hard to detect. Tradition-
ally, ethylene concentrations are monitored through gas
chromatography[5a] or laser acoustic spectroscopy,[5b] which
both require expensive instrumentation and are not suitable
for in-field measurements. Other techniques suggested are
based on amperometric[5c] or electrochemical[5d] methods or

rely on changes in luminescence properties.[5e, 6] Furthermore,
gas-sampling tubes based on a colorimetric reaction are
available.[1] The carbon nanotube based sensing concept we
have developed is shown in Scheme 1.

The ethylene-sensitive material is an intimate mixture of
SWNTs with a copper(I) complex 1 based upon a fluorinated
tris(pyrazolyl)borate ligand, which is able to interact with the
surface of carbon nanotubes, thereby influencing their con-
ductivity. Upon exposure to ethylene, 1 binds to ethylene and
forms complex 2, which has a decreased interaction with the
SWNT surface. The result of this transformation is an increase
in resistance of the SWNT network. Our choice of the
copper–ligand system 1 is based on the fact that 2 is one of the
most stable copper–ethylene complexes known.[7] It is not
easily oxidized under ambient conditions and is stable in high
vacuum. Compound 1 has been employed in the detection of
ethylene in fluorescence-based sensors.[6]

In a typical experiment, 1 is ultrasonicated with SWNTs in
a mixture of o-dichlorobenzene and toluene (2:3). Devices
are prepared by drop-casting the resulting dispersion onto
glass slides with pre-deposited gold electrodes (as shown in
Scheme 1). The experimental setup for sensing measurements
is shown in Scheme 2. The device is enclosed in a gas flow
chamber, with its electrodes connected to a potentiostat. The
analyte–gas mixture is produced in a gas generator in which

Scheme 1. Ethylene detection by a chemoresistive sensor: A mixture of
single-walled carbon nanotubes (SWNTs) and copper complex 1 is
drop-cast between gold electrodes, and the change in resistance in
response to ethylene exposure is measured. The copper complexes
partly bind to ethylene molecules, resulting in a resistance change.
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a stream of nitrogen gas is split into two parts, one of which is
led through a flow chamber containing an ethylene perme-
ation tube or a piece of fruit. During a measurement,
a continuous gas stream of constant flow rate, which can be
switched between dinitrogen and the analyte–dinitrogen
mixture, is directed over the device. The results from exposing
1-SWNT devices to low concentrations of ethylene are shown
in Figure 1. We were able to detect ethylene concentrations of
less than 1 ppm and performed measurements up to 50 ppm.
1 ppm is the concentration at which ripening occurs at the
maximum rate for many commodities.[1] Within the range of
concentrations measured (0.5–50 ppm), we observe a linear
change in response (see Figure 1 c).

Devices made from pristine SWNTs show no response to
the same concentrations of ethylene (Figure 1). Further
controls, in which [Cu(CH3CN)4]PF6 or the sodium equivalent
of 1 (Cu replaced by Na) were employed instead of 1, did not
respond to ethylene either (see the Supporting Information).
Employing the ethylene complex 2 resulted in device
sensitivity towards 20 ppm ethylene; however, the response
amounts to only about 25% of that of 1-SWNT devices (see
the Supporting Information). In optimizing the ratio of 1 to
SWNT, we found that a large excess of 1 (ratio of 1 to SWNT
carbon atoms 1:6) resulted in the best sensitivity. We tested
different types of commercially available SWNTs in our
devices (see the Supporting Information). The best results
were obtained with SWNTs of small diameter, namely
SWNTs containing more than 50 % of (6,5) chirality. We
assume that the stronger curvature of the carbon nanotube
surface enhances the interaction between 1 and the SWNT.

Upon exposure to ethylene, a reversible increase in
resistance is observed. We ascribe this to a mechanism as
shown in Scheme 1, where the interaction of 1 with the SWNT
surface induces doping of the nanotubes. When complexes
1 bind to ethylene, this doping effect is diminished, and hence
an increase in resistance is measured. To rationalize the
interaction between 1 and the SWNT surface, we performed
model calculations using density functional theory. We
optimized the structure of complex 3, where the copper
center in 1 is bound to the surface of
a short segment of a (6,5) SWNT
using the B3LYP functional with the
6-31G* basis set for main-group
elements and LanL2DZ for Cu.[9]

The optimized structure of 3 is
shown in Figure 2. Steric interactions
force one of the pyrazol rings of the
ligand to be twisted in such a way
that a trigonal-planar coordination
results for the Cu center. In an
isodesmic equation, the binding
strength of 1 to a (6,5) SWNT frag-
ment (3) was compared to the bind-
ing in 2. The calculation suggests that
2 is strongly favored over 3 (by 70–
80 kcal mol�1).[10] Since we observe
reversible responses to ethylene, we
assume that the copper complexes
1 do not completely dissociate from
the SWNTs but bind the ethylene
molecules in an associative fashion.

The Raman and IR spectra of 1-SWNT are shown in
Figure 3. Upon introduction of 1 into the SWNT network,
a slight shift of the G and G� bands in the Raman spectrum to
lower energies is observed, which can be indicative of p-type
doping.[11] The IR spectrum of 1-SWNT is dominated by the
C�F stretching modes of the ligand between 1080–1260 cm�1.
The nBH shift is found at 2607 cm�1. X-ray photoelectron
spectroscopy (XPS) measurements were used to confirm the
ratio of 1 to SWNTs and to investigate the oxidation state of
the copper centers, which can undergo oxidation to cop-
per(II). We found a ratio of 1:22 for CSWNT/Cu (based on the

Scheme 2. Experimental setup for sensing measurements: A continu-
ous gas flow is directed through the device chamber. The gas stream
can be switched between nitrogen gas (“zero” mode) or the nitrogen
gas analyte mixture (“span” mode), in which the gas stream runs
through the flow chamber containing the analyte (ethylene) or a piece
of fruit.

Figure 1. a) Relative responses of 1-SWNT devices to 0.5, 1, 2, 5, 20,
and 50 ppm ethylene diluted with nitrogen gas and of pristine SWNT
to 20 ppm ethylene (inset:[8] responses of 1-SWNT to 0.5, 1, and
2 ppm and of SWNT to 20 ppm); b) average responses from three
different devices each and c) plot of average response vs. ethylene
concentration.

Figure 2. Optimized
structure of 3 in which
1 is coordinatively
bound to a (6,5) SWNT
fragment (B3LYP/6-
31G*, LanL2DZ for Cu;
hydrogen atoms at the
ends of the SWNT frag-
ment and on the pyrazol
rings have been omitted
for clarity).
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Cu2p peak; see the Supporting Information for data). In high-
resolution scans, we observed the characteristic pattern for
copper(I), which consists of two peaks owing to spin–orbit
coupling at 932 and 952 eV.

To investigate the sensing mechanism, we prepared field-
effect transistor (FET) devices with 1-SWNT and pristine
SWNT. A device architecture with interdigitated Au electro-
des (10 mm gap) on Si with 300 nm SiO2 was used. We kept the
source-drain potential at a constant bias of 0.1 V, while the
source-gate potential was scanned between + 2 and �20 V.
We observed a slight linear increase in conductance towards
negative gate voltages (see the Supporting Information for
data); however, no strong gate effect. This lack of a meas-
urable shift in the turn-on voltage may be the result of the fact
that the charge injection (doping) differences are very small
and/or due to device geometry and the nature of the nanotube
network. In those cases where strong turn-on SWNT FET
responses are observed at negative gate voltages, more highly
ordered nanotube networks are usually employed.[12]

We then used our sensory system to compare the ethylene
emission from a selection of common fruits (banana, avocado,
apple, pear, and orange). In the experimental setup, the fruit
was enclosed in the gas flow chamber as shown in Scheme 2,
which allowed us to expose the devices to fruit volatiles in the
same way as to ethylene. The responses of 1-SWNT devices to
the different fruits are shown in Figure 4 (top). The intensities
are given in relation to the response to 20 ppm ethylene and
normalized to 100 g fruit. We found the largest response for
banana, followed by avocado, apple, pear, and orange. All
fruit apart from orange showed ethylene concentrations
above 20 ppm, which corresponds to emission rates exceeding
9600 nLmin�1. To follow the ripening and senescing process
in these fruits, we repeatedly measured their ethylene
emission over several weeks (Figure 4 (bottom)). Fruit can
be classified into climacteric and non-climacteric fruit accord-
ing to respiration rate (release of CO2) and C2H4 production

pattern.[1] Banana, avocado, apple, and pear belong to the
climacteric group, which is characterized by a large increase in
CO2 and C2H4 production during ripening, while non-
climacteric fruits, such as orange, generally show low emission
rates of these gases. Once the climax (ripeness) is achieved,
respiration and C2H4 emission decrease as the fruit senesces.
We were able to observe the climacteric rise during ripening
in case of the pear and avocado, which showed an increased
ethylene emission after the first week. For all other fruits and
after the second week for the pear, measurements were
conducted close to the maximum point of ripeness, and as
a result our data reflects the senescence of the fruit with
decreasing ethylene production rates for banana and apple.
We compared two apples of the same kind and of similar
ripeness, of which one was stored in a refrigerator (apple 1),
while apple 2 was kept at room temperature. As anticipated,
apple 2 senesced faster at room temperature, and hence its
ethylene production decreased at a quicker pace than for
apple 1. The orange as a non-climacteric fruit showed an
overall low emission rate of ethylene.

To assess the selectivity of our sensory system, we
measured the responses of 1-SWNT devices to several
solvents (75–200 ppm concentrations) as representatives of
functional groups as well as to ethanol and acetaldehyde,
which occur as fruit metabolites. The results are shown in
Figure 5 in comparison to the response to 50 ppm ethylene
and to pristine SWNTs.

We observed significantly high responses towards aceto-
nitrile, THF, and acetaldehyde, while all other solvents had
only small effects. However, considering the concentrations of
these compounds, the responses are smaller in magnitude
than the response to ethylene (50 ppm ethylene vs. 100 ppm
acetonitrile, 200 ppm THF or 75 ppm acetaldehyde). The
sensitivity of 1-SWNT devices towards these analytes is not

Figure 3. Top: Raman spectra of 1-SWNT and pristine SWNT (dashed
line; laser energy 785 nm); bottom: IR spectrum of 1-SWNT.

Figure 4. Top: Responses of 1-SWNT devices to 100 g of different fruit
relative to 20 ppm ethylene; bottom: responses to fruit monitored over
several weeks.
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surprising, as they are able to bind to the copper center in 1 by,
for example, the nitrile group in acetonitrile or the oxygen of
acetaldehyde with binding strengths comparable to that of
ethylene (see the Supporting Information).

The concentrations required for fruit ripening lie in most
cases between 0.1 and 1 ppm, and hence in storage facilities
the ethylene level is to be kept below those thresholds. Our
sensory system consisting of 1 and SWNTs shows good
responses down to 1 ppm of ethylene. We found that we can
further improve the sensitivity by increasing the surface area
and porosity of the SWNT network structure. To achieve this,
we added 5 wt % cross-linked polystyrene beads of 0.4–0.6 mm
diameter to the mixture from which devices were prepared.
Scanning electron microscope (SEM) images of the devices
confirm a higher surface roughness for 1-PS-SWNT devices
compared to 1-SWNT devices and the presence of SWNT
bundles on the polymer beads for 1-PS-SWNT (see the
Supporting Information). The responses of the resulting 1-PS-
SWNT devices to ethylene concentrations of 0.5, 1, and 2 ppm
are shown in Figure 6. A 1.3–2.2-fold increase in sensitivity
was observed, which we attribute to an increased surface area
of the SWNT network and possibly an increase in the local
ethylene concentration in the device by partitioning into the
polystyrene beads.

In summary, we have developed a carbon nanotube based
sensor for ethylene gas in which copper(I) complexes are

employed for the specific recognition of ethylene. The sensory
material is simple to prepare and allowed us to detect sub-
ppm concentrations of ethylene. We further demonstrated
that sensitivity can be enhanced by adding polystyrene
particles. The sensory system shows good selectivity and
allowed us to follow the ripening and senescing processes in
different fruit.

Experimental Section
Preparation of 1: (CF3SO3Cu)2·C6H6 (8 mg, 15.9 mmol) was dissolved
in dry, degassed toluene (3 mL). Hydrotris[3,5-bis(trifluoromethyl)-
pyrazol-l-yl]borato sodium (Na[HB(3,5-(CF3)2-pz)3]; 17 mg,
43.5 mmol)[13] was added, and the mixture was stirred for 14 h at RT.
The reaction mixture was filtered to give a colorless solution of 1 with
a concentration of about 6 mmol mL�1 (6 mm ; the exact concentration
was determined by NMR spectroscopy).

Preparation of 1-SWNT: SWNTs (SWeNT SG65; 0.50 mg,
41.6 mmol carbon) were suspended in dry o-dichlorobenzene
(0.8 mL), and a 6 mm solution of 1 in toluene (1.16 mL, 6.9 mmol)
was added. The mixture was sonicated at 30 8C for 30 min. The
resulting black dispersion of 1-SWNT was used to prepare devices.

In the case of 1-PS-SWNT a suspension of cross-linked polystyr-
ene particles in toluene (2.4 mL,5 mgmL�1) was added before sonica-
tion.
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