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38 Abstract

42 Functionalized SWCNT-based Chemiresistors are reported for highly robust and sensitive gas
44 sensor to selectively detect cyclohexanone, a target analyte for explosive detection. The
trifunctional selector has three important properties: it non-covalently functionalizes
49 SWCNTs with cofacial n- m interactions, it binds to cyclohexanone via hydrogen bond
51 (mechanistic studies were investigated), and it improves the overall robustness of SWCNT-
53 based chemiresistors (e.g. humidity and heat). Our sensors produced reversible and

55 reproducible responses in less than 30 sec to 10 ppm of cyclohexanone and displayed an
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average theoretical limit of detection (LOD) of 5 ppm.

Introduction

Detection of explosives, chemical and biological agents at trace levels as well as at stand off
distances, has the potential to thwart terrorist activities. (1) Cyclotrimethylene trinitramine
(RDX) was the second most produced explosive during World War II and is still widely used
today. (1) However, vapors of RDX are difficult to detect due to its extremely low
equilibrium vapor pressure of 6 parts-per-trillion (ppt) at 25 °C. (2) Current methods for
detecting RDX such as mass spectroscopy and gas chromatography have high sensitivity and
selectivity but are expensive, bulky and require highly trained personnel for operation and
data analysis. (I) An alternative approach to direct detection of RDX, is the detection of
cyclohexanone, a chemical used to recrystallize RDX. (3, 4) Cyclohexanone has a
significantly higher equilibrium vapor pressure of 5000 parts-per-million (ppm) at 25 °C in
comparison to RDX. (5) Previous studies have shown that cyclohexanone has a flux rate from
land mines ranging from 1.1 to 98 g/(cm2 sec x 10" ) with varying soil type (soil and clay). (6)

Herein we describe a method that uses chemically functionalized single-walled carbon
nanotubes (SWCNTs) to detect cyclohexanone with a theoretical detection limit of 5 ppm.
This method uses highly conductive SWCNTSs that experience resistive changes upon
exposure to the analyte to yield a small, low power, and simple sensor. (7, 8) Although
SWCNTs are promising materials for vapor sensing, they currently have limitations. Pristine
(unfunctionalized) SWCNTs-based sensors lack selectivity towards analytes that display low
adsorbance affinity to the nanotube’s graphene surfaces. (7) Additionally, the often weak
adhesion of the SWCNT to the sensor’s substrate can lead to structural changes during a
sensor’s lifecycle that affect performance. (7, 9) To impart selectivity, SWCNTSs are often
covalently or non-covalently functionalized. (8, 10-19) Covalent functionalization creates a

robust structure, but reduces the electrical conductivity (lowers carrier mobility) of SWCNTs

2
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as a result of the introduction of defects in the m-system. Previous research in our lab has also
developed covalently functionalized SWCNT-based sensors to detect cyclohexanone and
investigated a number of related receptors. (20) Considering that most sensing schemes
involve analyte/n-system interactions and therefore increase the resistance of the SWCNTSs,
beginning with a low resistance generally provides for higher sensitivity sensors.
Alternatively, non-covalent functionalization can provide for minimal changes in the
SWCNTs electronic properties, but during a sensor’s lifecycle these compositions can
undergo structural changes with multiple thermal and chemical treatments that change the
sensory performance. As a result, there is a need for SWCNT-based sensors wherein the
nanotube-receptor structure is fixed in place without the need for covalent functionalization of

the sidewalls.

In this study, we non-covalently functionalize SWCNTs by dispersing the nanotubes in a
medium of selectors (Figure 1a). The selectors are designed to recognize significant aspects of
the analytes chemical structure/properties and we find that trifunctional selector 1a produces
that best overall sensory properties. In addition to hydrogen bonding element selector 1a
employs bis(trifluoromethyl) aryl group, which has been found to & -w stack with aromatic
molecules (21), and thereby provides a non-covalent interaction with SWCNTSs. Selector 2a
uses pyrene, which is well known to interact with graphene surface of SWCNTs (8, 17, 22).
Additionally, the SWCNT network presented in this study is immobilized (fixed) through the
polymerization of the alkoxyl silyl groups attached to the selectors to create materials suited

for demanding solution sensing in high sheer flows.

Results and Discussion
To address the current limitations of SWCNT-based sensors we have designed and
synthesized trifunctional selectors that enhance the selectivity, sensitivity, and robustness of

the resultant devices. Figure 1b shows the conceptual hypothesis behind the trifunctional
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selector. The preferred selector identified in this study has three important units: the first
component is a bis(trifluoromethyl) aryl group, which promotes non-covalent
functionalization of the SWCNTSs with cofacial n- 7 interactions. The second component is a
thiourea receptor that is known to bind to ketones via two point hydrogen bonding and has
been used to detect cyclohexanone previously. (20, 23) The third component is a
triethoxysilane (TES) group that reacts to creates a polymer network structure and also reacts
with hydroxyl groups on the surface of glass (24) thereby immobilizing both the SWCNT and

receptors to produce a highly stable device.

Sensory devices are produced by dispersing SWCNTs and a selector (Figure 1a) with ultra-
sonication in tetrahydrofuran (THF) and then dropcasting the solution between two gold
electrodes separated by 300 um. The hydrolysis/polymerization of the TES groups appears to
occur under ambient conditions (25) and to demonstrate the simplicity of the method we did
not introduce any special conditions to enhance this process. Our rationale is that only small
amounts of TES are present and the high surface area of the composite structures promotes
the hydrolytic reactions. Studies demonstrating insensitivity to humidity (vide infra) also
suggest that the structures are fixed quickly upon fabrication. Sensing studies are performed
by applying a small constant bias voltage (50 mV) using a potentiostat between the electrodes
and the amount of material deposited was determined by reaching a target resistance between
26 kQ-250 kQ. For controlled vapor delivery the sensor is inserted into a Teflon enclosure
and analyte vapors in a nitrogen carrier gas are flowed over the sample while the current is

monitored.

Upon exposure to cyclohexanone, there is an instant increase in resistance for both pristine

SWCNTs-based sensors and our functionalized SWCNTs-based sensors. For pristine
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SWCNTs-based sensors the sensor response is likely the result of the cyclohexanone’s dipole
interacting with the cationic carriers (holes) that are present as a result of oxidative (air
oxidation) doping. The reduction in the intra-SWCNT conductance is consistent with the
pinning and/or scattering of the holes by the carbonyl dipole. It is also possible that absorption
of the cyclohexanone increases the resistance between SWCNTs either by swelling the
network to give wider tunneling barriers or through dipolar induced changes the energetics of
key intertube conduction pathways that are possibly associated with defect sites. Considering
the intrinsic sensitivity of SWCNTs to a wide range of molecules, it is important that a
selector enhance the sensitivity to a select analyte or analyte class. In the simplest mechanism
the selector enhances the response by simply binding the analyte and effectively concentrating
it in the SWCNT network. Alternatively the selector can have a more active role in modifying
carrier transport. Specifically the sulfur of the thiourea displays dipolar interactions with the
nanotubes and binding of these groups to the SWCNTSs networks increases the resistance.
However, the hydrogen-bonded complex with cylohexanone will give an enhanced collective

dipole (Scheme 1) that will further pin or scatter carriers for increased sensitivity.

Scheme 1
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Figure 1c shows a plot of normalized conductance (-AG/Gy) responses of SWCNT-based
sensors with trifunctional selector 1a to various concentrations of cyclohexanone. We applied
minor base-line-correction to all the data collected in this study to account for the linear
current drift of the sensor. As shown, our sensors display real-time detection of
cyclohexanone with reversible responses and fast recovery rates. The inset figure displayed a
linear concentration-dependent change in resistance. Six sensors were capable of reproducible
detection of cyclohexanone 10 ppm and displayed an average theoretical limit of detection
(LOD) of 5 ppm. The LOD calculations were based on established procedures described in

the Supporting Information (SI). (26)

Other trifunctional selectors and control compounds investigated make use of pyrene
moieties (2a and 2b) that are well known in the non-covalent functionalization of the
SWCNTSs by #- m interactions. (8, 17, 22) These trifunctional selectors allow for stable
dispersions of SWCNTSs to be prepared in THF. As a result of the strong association of the
pyrene to the SWCNTSs, these sensors were subjected to aggressive treatments to determine
the robustness. Three sensors were fabricated from 0.02 mg/mL of 2a and SWCNTs (2:1 wt
ratio) were subjected to overnight treatments to best hydrolyze/polymerize the TES group
(ambient conditions, ambient conditions after exposing to HCI vapor from the headspace of
12 M HCI solution, and heating at 80 °C under reduced pressure). These sensors were then
sonicated (20 min) in methanol and we found that only the heat treated sensors survived. Most
importantly we found that the 80° C pretreatment does not affect the device sensitivity
(Figure S-3a). The pyrene anchors in 2a were highly effective in immobilizing the SWCNTs
on the surface of the substrate such that it can withstand harsh conditions (e.g. ultra-
sonication) without detaching from the substrate (Figure S-3b). Although the device stability

with these trifunctional selectors 2a is exceptional, the sensitivity and selectivity was poor
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and the resultant devices displayed ketone responses that are equivalent to pristine SWCNTs.
Therefore, we have focused on 1a with the bis(trifluoromethyl) aryl group for the non-
covalent attachment of the receptors to the SWCNTs. The role of (trifluoromethyl) aryls goes
beyond promoting associations with the SWCNTSs and also extends to the recognition process.
Specifically, the inductive effects of the CF3 groups cause the thiourea’s protons to be more
acidic, thereby rendering a more sensitive and selective device towards cyclohexanone. (27)
The interactions between cyclohexanone and the thiourea moiety are shown in Figure 2b.
Each sensor was placed in a sensor array and simultaneously exposed to 1% cyclohexanone.
Both selectors 1a and 1b (a homolog without a TES group) showed over 2-fold increases in
sensitivity to cyclohexanone in comparison to pristine SWCNTs. Note that selector 1a also
exhibits approximately the same response as selector 1b, therefore, suggesting that
cyclohexanone does not interact strongly with TES. Selector 1a’s slight decrease in response
could be the result of the polymeric/surface chemistry limiting the interactions with the
SWCNTs and this can result in fewer selectors residing on or directly proximate to the -
surface of the SWCNTSs. To prove that the primary interaction of cyclohexanone is through
the hydrogen bonding with the thiourea receptor, we prepared methylated thiourea receptors.
Monomethylated selector (1¢) showed 39% decrease in the response, with respect to selector
1b. Selector 1d, in which both hydrogens of the thiourea are replaced with methyl groups,
displays an additional 21% decrease in response and effectively produces a response that is
equivalent to pristine SWCNTs. Based upon these structure activity relationships it appears
that cyclohexanone interacts with the thiourea receptor via hydrogen bonding. This binding

in turn causes an increase in the resistance of the functionalized SWCNTSs network.

Our investigations of the selectivity of sensors formed from SWCNTs with and without

selector 1a are summarized in Figure 3a. Each sensor was placed in an array and was
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exposed to 1% vapor concentration of various analytes (acetone, ethyl acetate, hexane,
toluene, benzene, ethanol, and acetonitrile). We chose to test these particular interfering
analytes because they can be commonly found in tobacco smoke, nail polish, alcoholic
beverages, gasoline, lotion, perfume, etc. The pristine SWCNTs exhibited low sensitivity and
selectivity to various analytes compared to functionalized SWCNTs. Functionalizing the
SWCNTs selectively enhanced their sensitivity toward the analytes that are capable of
hydrogen bonding interactions with the thiourea receptor. In accord with our expectations, the
sensor exhibited the highest sensitivity enhancement towards cyclohexanone. Note that
cyclohexanone displays the lowest vapor concentration, but produces the highest resistive
change in comparison to other analytes. We find that sensors produced from 1a and SWCNTS

are particularly sensitive towards cyclohexanone.

We have also investigated the stability and sensitivity of our devices towards mechanical
damage by sonication, heat and humidity, because we anticipate that useful sensors will need
to withstand extreme conditions (e.g. deserts, sweltering delivery trucks containers, etc.). To
evaluate the mechanical robustness of the devices, we submerged sensors into methanol and
exposed them to prolonged ultra-sonication (20 min). As mentioned earlier, the pyrene groups
provided a strong anchor and survived these harsh conditions with pretreatment of heat.
However, devices using selector 1a did not withstand ultra-sonication conditions even after
catalytic efforts to hydrolyze/polymerize TES group by heating devices overnight at 80°C
under reduced pressure. To assess the device’s thermal resistance each sensor was placed in
an array and simultaneously exposed to a 1% vapor concentration of cyclohexanone. The
sensors were then heated at 80°C for 11 hrs under reduced pressure, allowed to cool, and re-
exposed to 1% vapor concentration of cyclohexanone. We observed enhanced robustness with

respect to heat from the SWCNT devices functionalized with TES (Figure 3b). After the long

8
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duration of heating, sensors with selector 1b showed 60% decrease in sensitivity whereas
sensors with selector devices 1a showed a 27% decrease in sensitivity, and a response still at
least 2-fold better than pristine SWCNTSs. The surface linkages and networks formed from
TES oligomerization likely prevent selector 1a from phase separating from the SWCNT’s
surface or decomposing under high temperature conditions. To examine the sensor’s stability
under humid conditions, the devices experienced prolonged exposure to relative humidity
ranging from 0% to 80% (Figure S-4a). At 80% relative humidity, six sensors with selector
1a had an average resistive change of 20% + 4% while six pristine SWCNTs sensors had an
average resistive change of 47% = 8%. The trifunctional selector 1a provides a longstanding
SWCNT network that is less probable of SWCNT moving disrupting the SWCNT contacts
thus increasing the SWCNT network’s resistance. The sensors using selector 1a that
experienced a small change in resistance upon prolonged high humidity conditions showed no
significant decrease in sensitivity towards cyclohexanone average conductive changes after
devices were exposed to 1% vapor concentration of cyclohexanone with relative humidity

ranging from 0% to 80% (Figure S-4b).

Conclusion

In summary, we have shown through experimentation that trifunctional selectors can be
used to create robust SWCNT chemiresistors with useful response to the explosives signature
cyclohexanone. Sensors using selector 1a displayed the best responses and structure property
relationships suggest that the ability of these materials to detect cyclohexanone is the result of
selective hydrogen bonding. The resultant robust sensors were able to withstand high
temperature and humidity and displayed reversible, reproducible, responses in less than 30 sec
to 10 ppm of cyclohexanone. The design strategies of the trifunctional selectors described

establish the foundation for the design and fabrication of selective SWCNT-based gas and
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liquid sensors with exceptional stability and robustness.

Experimental Section

Glass slides were sonicated in acetone (30 min) and treated with an oxygen plasma (5
min) from Harrick Plasma. The glass slides were then placed into the thermal deposition
(Angstrom Engineering) with a home-made stainless steal mask on top. Chromium adhesive
layers (10 nm) and gold electrodes (75 nm) were deposited onto the surface of the glass with a
gap (300 um) between the metal electrodes. SWCNTs were purchased from Sigma- Aldrich
(=>70% purity and 0.7-1.3nm diameter). Before using SWCNTs, they were treated with
concentrated hydrochloric acid and washed with deionized water. The SWCNTs were then
dried (200 °C) under reduced pressure and stored in dry atmosphere. Solutions (0.02 mg/mL
SWCNT and 0.4 mg/mL selector) of selector/SWCNT (20:1 wt ratio) in THF were produced
by ultra-sonication (5 min). Approximately 0.1 pL of the solution was dropcast between the
gold electrodes until a resistance range (26 kQ2-250 kQ) was achieved. The sensor chips were
allowed to dry (30 min at 40 °C) under reduced pressure before any sensing measurements.
After drying, the devices were placed in a small Teflon enclosure and a small voltage (50 mV)
was applied from a potentiostat (PalmSens:EMStatMUX16). The current passing through the
sensors was monitored while exposing it to various analytes (with dry nitrogen as the carrier
gas) four consecutive times for 30 sec with a recovery time of 1 min and the sensors were
examined in triplicate. The gas mixtures were produced by KIN-TEK gas generator system. In
the sonication study, the devices were placed in a beaker full of methanol and experienced
ultra-sonication (20 min). Synthesis of selectors can be found in the SI. The selectors were
confirmed using Bruker 400 MHz and 401 MHz nuclear magnetic resonance (NMR) and

high-resolution mass spectrometer.
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The inset figure shows the magnitude of the normalized conductive change as a function of
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with different selectors to 50ppm cyclohexanone. The vertical error bars represent the
standard deviation from the average based on three sensors exposed to 50 ppm cyclohexanone
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change (-AG/Gg (%)) of SWNCT-based sensors with different selectors to 50 ppm

cyclohexanone before and after 11 hours of heating at 80°C under reduced vapor pressure.
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