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ABSTRACT: High-performance chemiresistive sensors were
made using a porous thin film of single-walled carbon
nanotubes (CNTs) coated with a carbazolylethynylene (Tg-
Car) oligomer for trace vapor detection of nitroaromatic
explosives. The sensors detect low concentrations of 4-
nitrotoluene (NT), 2,4,6-trinitrotoluene (TNT), and 2,4-
dinitrotoluene (DNT) vapors at ppb to ppt levels. The sensors
also show high selectivity to NT from other common organic
reagents at significantly higher vapor concentrations. Fur-
thermore, by using Tg-Car/CNT sensors and uncoated CNT
sensors in parallel, differential sensing of NT, TNT, and DNT
vapors was achieved. This work provides a methodology to
create selective CNT-based sensors and sensor arrays.
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A low-cost, portable, and sensitive sensor for explosive
compounds can provide great benefits to homeland

security, military operations, and environmental safety.1−4

Nitroaromatic (NA) explosive compounds, such as 2,4,6-
trinitrotoluene (TNT) and 2,4-dinitrotoluene (DNT), are
among the most common explosives in the world. Several
detection technologies have been developed. Although tradi-
tional analytical methods like gas chromatography−mass
spectrometry5 and ion mobility spectrometry6 afford accurate
measurements, they require sophisticated and expensive
instruments, which limits their usage. NA explosive sensors
based on fluorescence materials,7−9 especially carbazole-based
polymers10 or oligomers,11−14 provide easy, sensitive detection
of NA explosives. Yet, fluorescence-based sensors involve
optical excitation and monitoring, which require precise
alignment and calibration. Chemical sensors based on field-
effect transistors using functionalized one-dimensional semi-
conducting materials3,15 (e.g., metal oxide nanowires, silicon
nanowires, and carbon nanotubes) have attracted much
attention because of their high sensitivity and simple
integration with circuits. However, their applications have
been limited by complicated fabrication processes arising from
factors including a lack of solubility of the nanomaterials.
Moreover, metal oxides and other inorganic sensor materials
demonstrate significant responses to water vapor (humidity),
causing false positives.

Chemiresistive sensor systems based on carbon nanotubes
(CNTs) are easy to fabricate, small in size, and highly
sensitive.16,17 However, their use has been limited to the lab
scale because of difficulties in dispersing CNTs and poor sensor
selectivity. Researchers have explored both covalent18 and
noncovalent19,20 modifications to solve these problems.
Although covalent modifications are robust, they usually alter
the electric properties of the CNT significantly and require
complicated organic synthesis.21 Noncovalent modifications
provide a wide range of materials to choose from without
changing the CNT’s band structure.22 We report herein the
demonstration of a NA explosive sensor using single-walled
CNTs noncovalently functionalized with a carbazolylethyny-
lene oligomer (Tg-Car, see Figure 1a for the structure). There
are three key features of our design. (1) The Tg-Car oligomer
greatly enhances the dispersion of CNTs in organic solvents
and thus facilitates the fabrication of an unbundled, uniform,
and porous thin film using a very simple drop-casting method.
The porous surface of Tg-Car/CNT composite also aids in
vapor diffusion, which enhances the vapor detection efficiency.
(2) The noncovalent modification not only maintains the
electron transport properties of CNTs, but also improves the
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selectivity of the sensors to NA explosive compounds.
Moreover, by adding a separate channel of the uncoated
CNT sensors as a reference, we can both distinguish NAs from
potential interferences and differentiate three different NAs
compounds from each other. (3) The insulating oligomer
coating creates charge carrier tunnel barriers at the junctions of
the CNT network. Swelling of the oligomer due to exposure to
an analyte decreases the conductivity of the CNT network by
increasing the tunneling distance. Meanwhile, the carbazole
building block of the Tg-Car oligomer is very similar to
previously reported fluorescence sensing materials,11−14 which
were also based on the carbazole structure and demonstrated
strong binding affinity and selectivity for NA explosives.
The CNTs were dispersed following a process previously

developed in our lab22,23 (see the Supporting Information).
Briefly, CNTs were added into a chloroform solution
containing an excess amount of Tg-Car oligomer, followed by
sonication. The synthetic details of the Tg-Car oligomer can be
found in our previous work.24 Aggregates were removed by
three iterations of centrifugation. Finally, a uniform and stable
Tg-Car/CNT suspension in chloroform was obtained (shown
in the left vial in Figure 1b). The suspension was stable for over
three years without precipitation while the uncoated CNTs in
chloroform aggregated within minutes after sonication (shown
in the right vial Figure 1b). This demonstrates an improvement
in solubility, which makes the device fabrication process facile
and reproducible. Then, 2−6 μL (2 μL at a time) of the diluted
Tg-Car/CNT suspension was drop-cast on a chip with
prepatterned interdigitated electrode pairs (IDEs) until the
resistance was within the range of 50 kΩ to 200 kΩ. The device
was heated to 80 °C for 5 min in an ambient environment to
remove the remaining chloroform. Figure 1c shows the
schematic view of the sensor. The morphology of the thin
film was studied by atomic force microscopy (AFM) (Figure
1d) directly after fabrication. The AFM image indicates that a
porous, bundle-free thin film was formed. The fibril materials in
the thin film are individually separated CNTs coated with a
layer of Tg-Car oligomer (see the black arrows in Figure 1d).
An AFM image showing the surface morphology of a larger

area is provided in the Supporting Information (see Figure S2).
This continuous, porous surface of these devices allows
diffusion of analyte molecules into the thin film, which
facilitates vapor detection.
To evaluate of the sensory performance of the Tg-Car/CNT

devices, we first tested the vapor of 4-nitrotoluene (NT), which
is commonly used as a taggant in NA explosive materials. It is
relatively easy to accurately dilute and deliver NT vapor with
our vapor generation system (see the Supporting Information,
Figure S1, for details) because its saturated vapor pressure at
room temperature is much higher than TNT and DNT (Table
S2 in the Supporting Information). The vapor generation
system consists of a diluting stream of dry air at a constant flow
rate of 100 sccm (standard cubic centimeter per minute). To
this stream of dry air, a known volume of saturated vapor was
infused by a programmable syringe pump. The saturated vapor
of each analyte was generated in a 60 mL glass syringe and
allowed to equilibrate for 2 h at room temperature. The diluted
vapor was then delivered into a custom PTFE enclosure, in
which the sensors were contained. The sensory response to the
exposure of an analyte is defined as the relative conductivity
change of the sensor before and after the exposure. The sensors
were operated at a constant bias voltage of 1.0 V. Figure 2a

shows the baseline-corrected response of the Tg-Car/CNT
sensor to 1.5, 2.0, and 3.0 ppm of NT vapor, which were diluted
from 3, 4, and 6 sccm streams of the saturated vapor of NT.25

The original data plot without baseline correction is shown in
the Supporting Information (Figure S3). Overall, the sensor’s
response is fast and recoverable. A limit of detection (LOD) of

Figure 1. (a) Molecular structure of the Tg-Car oligomer. (b) CNT
suspensions in chloroform with (left vial) and without Tg-Car
oligomer (right vial). (c) Schematic view of the sensor device with the
Tg-Car/CNT thin film. (d) AFM image of the Tg-Car/CNT thin film
drop-cast on an IDEs chip.

Figure 2. (a) Real-time sensory response to NT vapor at
concentrations of 1.5, 2.0, and 3.0 ppm. The exposure at each
concentration was repeated three times. The analyte exposure time is
20 s and the recovery time is 40 s for each test. (b) Calibration curve
of the sensor’s response at different vapor concentrations of NT, 1.0,
1.5, 2.0, 3.0, and 3.9 ppm.
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95 ppb is calculated based on a linear fitting of the data
following a method reported in literature (see the Supporting
Information).26

The sensor’s ability to discriminate between NT and
common reagents, such as acetone, ethanol, hexane, methanol,
toluene, and water, was investigated. These common reagents
were diluted to about 1% of the saturated vapor at room
temperature (1 sccm of saturated vapor diluted with 100 sccm
of dry air) and delivery to the sensor. Figure 3 shows the

conductance change of the Tg-Car/CNT sensor in response to
the vapors of these common reagents. The selectivity of the
sensor to NT is good considering that the other vapors are at
concentrations 2−3 orders of magnitude higher than that of
NT while the sensory response to NT is significantly lower.
Moreover, the sensor shows a minimal response to water vapor,
which indicates robustness against humidity.
Next, we compared the vapor detection performance of the

Tg-Car/CNT sensors with uncoated CNT sensors, similar to
those reported previously.15,17 The uncoated CNT sensors
were fabricated from a CNT/dimethylformamide (DMF)
suspension (see the Supporting Information for fabrication
details). Figure 4a shows the results from both sensors in
response to NT (7 ppm), DNT (36 ppb), and TNT (0.7 ppb)
diluted from 15 sccm of saturated vapors at room temperature.
The sensory response of the Tg-Car/CNT sensors and
uncoated CNT sensors were monitored simultaneously and
the real-time results are provided in the Supporting Information
(Figure S4). The uncoated CNT sensor shows an increase of
conductance to all the analytes while the Tg-Car/CNT sensor
shows an opposite response trend. This is reasonable because
uncoated CNTs are p-type materials with holes as the major
charge carriers and the conductivity is expected increase when
exposed to electron-withdrawing analytes such as NA explosive
compounds. For instance, even though the concentration of
DNT is about 200 times lower than the concentration of NT,
the sensory response is higher for DNT. This is mainly because
the electron-withdrawing ability of DNT is higher than that of
NT. For the Tg-Car/CNT sensor, the conductivity decreases
upon exposure. To account for this decrease, we propose a
sensing mechanism based on the swelling of the Tg-Car
oligomer between adjacent CNTs, rather than charge transfer.
This mechanism will be discussed in detail later.
There are significant research interests regarding the

differential detection of NT, DNT, and TNT, as the chemical
structures and properties of these compounds are so similar.

One possible solution is to use sensor arrays27 that incorporate
multiple sensors in one detection system. We built a simple
array using the Tg-Car/CNT sensors and uncoated CNT
sensors. Figure 4b shows a scatter plot of the sensory response
from the Tg-Car/CNT sensor and the uncoated CNT sensor
to vapors of NT (4, 7, and 12 ppm), DNT (23, 36, and 63
ppb), and TNT (0.4, 0.7, and 1.3 ppb). As it is clearly shown,
the cluster of data points for NT is far away from the clusters of
data points for DNT and TNT, which means it can be
distinguished from the other NA compounds. The clusters of
DNT and TNT are closer but still separate. This result
demonstrates that by using a simple array of just two sensor
components, DNT and TNT can be selectively detected in this
range of concentrations. The sensory response of Tg-Car/CNT
is nearly saturated at higher concentrations of DNT and TNT
(see Figure 4b). This may be due to the strong electron
donor−acceptor interaction between these compounds and the
carbazole units in Tg-Car oligomer. The noncovalent
modification of CNTs not only simplifies the device fabrication,
but also demonstrates a practical way to improve the selectivity
of the CNT sensors through the choice of monomer building
blocks.
The mechanism of the Tg-Car/CNT sensors is different

from the charge-transfer mechanism mentioned in previous
reports28 and in the uncoated CNT sensors used in this work.
We propose that the mechanism of the Tg-Car/CNT sensors is
due to the swelling of the Tg-Car/CNT thin film (shown in
Scheme 1), which is similar to previously reported carbon-
black/polymer29 or carbon-black/small-molecule29,30 chemical
sensors. In the Tg-Car/CNT sensors, the conductivity of the
thin film is from the CNT network. However, the junctions

Figure 3. Response of the Tg-Car/CNT sensor to NT (15 sccm of
saturated vapor diluted with 100 sccm of dry air, about 13% of
saturated vapor at room temperature) and other common chemical
reagents (1% of saturated vapor at room temperature). Figure 4. (a) Conductance changes of the Tg-Car/CNT sensor and

the uncoated CNT sensor in response to NT at 7 ppm, DNT at 36
ppb, and TNT at 0.7 ppb (15 sccm diluted in 100 sccm of dry air). (b)
Scatter plot of the conductance changes of the Tg-Car/CNT sensor
and uncoated CNT sensor to three different vapor concentrations of
NT, DNT, and TNT.
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between CNTs are separated by the insulating Tg-Car
oligomer. When voltage is applied between source and drain,
the charge carriers (holes) in the CNT network tunnel through
the interfaces formed by the Tg-Car oligomer. When the sensor
is exposed to an analyte, the Tg-Car oligomer swells and the
distance separated by the oligomer increases; thus, the tunnel
barrier in the CNT network increases. As a result, the
conductivity of the sensor decreases. However, the sensing
performance from our Tg-Car/CNT sensors to the NA
explosive compounds is significantly enhanced compared to
the previous carbon-black swelling-based NA sensors30 because
of the following reasons. First, the porosity in our sensors is
high. This is important for vapor sensors because it greatly
enhances the surface area available for interaction with the
analyte. Meanwhile, we can disperse CNTs using a relatively
small amount of Tg-Car oligomer. For most of the previous
carbon-black swelling-based sensors,29,30 carbon-black was
immersed in a large volume of polymer or small molecule
with limited open surface area, which decreases the sensitivity.
Second, the Tg-Car oligomer provides a strong affinity to NA
explosive compounds, which helps the sensor respond at low
concentrations and improves the selectivity of the sensor from
other common chemical reagents (as shown by the results in
Figures 3 and 4).
In summary, we have fabricated a Tg-Car/CNT composite

sensor using a very simple drop-casting method. The sensor
shows high sensitivity to NA explosive compounds and also
shows high selectivity among other common organic reagents.
The combination of uncoated CNT sensor with the Tg-Car/
CNT sensor provides differential sensing between the three NA
explosive compounds. The work demonstrates the use of a
carbazole oligomer and CNT composite materials for a simple
chemiresistive sensor with high sensitivity, which can be easily
integrated into sensor arrays to achieve differential sensing.

■ ASSOCIATED CONTENT
*S Supporting Information
Experimental method, vapor generation system, optical and
AFM images, original real-time sensory response data. This
material is available free of charge via the Internet at http://
pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Authors
*E-mail: jsmoore@illinois.edu.
*E-mail: lzang@eng.utah.edu.

Present Address
§D.E.G. is currently at the Department of Chemistry, Sam
Houston State University, Huntsville, TX 77341, United States

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by the Department of Homeland
Security, Science and Technology Directorate under Grant
(2009-ST-108-LR0005), University of Utah and USTAR
program. B.R.B. acknowledges funding from the National
Science Foundation (DGE0903715), National Aeronautics and
Space Administration Office of the Chief Technologist
(NNX12AM67H), and the Wayne Brown Fellowship.

■ REFERENCES
(1) Toal, S. J.; Trogler, W. C. Polymer Sensors for Nitroaromatic
Explosives Detection. J. Mater. Chem. 2006, 16, 2871−2883.
(2) Engel, Y.; Elnathan, R.; Pevzner, A.; Davidi, G.; Flaxer, E.;
Patolsky, F. Supersensitive Detection of Explosives by Silicon
Nanowire Arrays. Angew. Chem., Int. Ed. 2010, 49, 6830−6835.
(3) Díaz Aguilar, A.; Forzani, E. S.; Leright, M.; Tsow, F.; Cagan, A.;
Iglesias, R. A.; Nagahara, L. A.; Amlani, I.; Tsui, R.; Tao, N. J. A
Hybrid Nanosensor for TNT Vapor Detection. Nano Lett. 2010, 10,
380−384.
(4) Ma, Y.; Wang, S.; Wang, L. Nanomaterials for Luminescence
Detection of Nitroaromatic Explosives. TrAC. Trends Anal. Chem.
2015, 65, 13−21.
(5) Darrach, M. R.; Chutjian, A.; Plett, G. A. Trace Explosives
Signatures from World War II Unexploded Undersea Ordnance.
Environ. Sci. Technol. 1998, 32, 1354−1358.
(6) Perr, J. M.; Furton, K. G.; Almirall, J. R. Solid Phase
Microextraction Ion Mobility Spectrometer Interface for Explosive
and Taggant Detection. J. Sep. Sci. 2005, 28, 177−183.
(7) Salinas, Y.; Martinez-Manez, R.; Marcos, M. D.; Sancenon, F.;
Costero, A. M.; Parra, M.; Gil, S. Optical Chemosensors and Reagents
to Detect Explosives. Chem. Soc. Rev. 2012, 41, 1261−1296.
(8) Thomas, S. W.; Joly, G. D.; Swager, T. M. Chemical Sensors
Based on Amplifying Fluorescent Conjugated Polymers. Chem. Rev.
2007, 107, 1339−1386.
(9) Bai, M.; Huang, S.; Xu, S.; Hu, G.; Wang, L. Fluorescent
Nanosensors via Photoinduced Polymerization of Hydrophobic
Inorganic Quantum Dots for the Sensitive and Selective Detection
of Nitroaromatics. Anal. Chem. 2015, 87, 2383−2388.
(10) Nie, H.; Zhao, Y.; Zhang, M.; Ma, Y.; Baumgarten, M.; Muellen,
K. Detection of TNT Explosives with a New Fluorescent Conjugated
Polycarbazole Polymer. Chem. Commun. 2011, 47, 1234−1236.
(11) Kartha, K. K.; Sandeep, A.; Nair, V. C.; Takeuchi, M.;
Ajayaghosh, A. A Carbazole-Fluorene Molecular Hybrid for
Quantitative Detection of TNT using a Combined Fluorescence and
Quartz Crystal Microbalance Method. Phys. Chem. Chem. Phys. 2014,
16, 18896−18901.
(12) Zhang, C.; Che, Y.; Yang, X.; Bunes, B. R.; Zang, L. Organic
Nanofibrils based on Linear Carbazole Trimer for Explosive Sensing.
Chem. Commun. 2010, 46, 5560−5562.
(13) Che, Y.; Gross, D. E.; Huang, H.; Yang, D.; Yang, X.; Discekici,
E.; Xue, Z.; Zhao, H.; Moore, J. S.; Zang, L. Diffusion-Controlled
Detection of Trinitrotoluene: Interior Nanoporous Structure and Low
Highest Occupied Molecular Orbital Level of Building Blocks Enhance
Selectivity and Sensitivity. J. Am. Chem. Soc. 2012, 134, 4978−4982.

Scheme 1. Schematic of the Charge Carriers (holes) Moving
in the CNT and Tunneling through the Tg-Car Oligomer
before and after the Exposure to NA Explosive Compounds

ACS Applied Materials & Interfaces Letter

DOI: 10.1021/acsami.5b01532
ACS Appl. Mater. Interfaces 2015, 7, 7471−7475

7474

http://pubs.acs.org
http://pubs.acs.org
mailto:jsmoore@illinois.edu
mailto:lzang@eng.utah.edu
http://dx.doi.org/10.1021/acsami.5b01532


(14) Naddo, T.; Che, Y.; Zhang, W.; Balakrishnan, K.; Yang, X.; Yen,
M.; Zhao, J.; Moore, J. S.; Zang, L. Detection of Explosives with a
Fluorescent Nanofibril Film. J. Am. Chem. Soc. 2007, 129, 6978−6979.
(15) Chen, P.-C.; Sukcharoenchoke, S.; Ryu, K.; Gomez de Arco, L.;
Badmaev, A.; Wang, C.; Zhou, C. 2,4,6-Trinitrotoluene (TNT)
Chemical Sensing Based on Aligned Single-Walled Carbon Nanotubes
and ZnO Nanowires. Adv. Mater. 2010, 22, 1900−1904.
(16) Wang, F.; Gu, H.; Swager, T. M. Carbon Nanotube/
Polythiophene Chemiresistive Sensors for Chemical Warfare Agents.
J. Am. Chem. Soc. 2008, 130, 5392−5393.
(17) Robinson, J. T.; Perkins, F. K.; Snow, E. S.; Wei, Z.; Sheehan, P.
E. Reduced Graphene Oxide Molecular Sensors. Nano Lett. 2008, 8,
3137−3140.
(18) Esser, B.; Schnorr, J. M.; Swager, T. M. Selective Detection of
Ethylene Gas using Carbon Nanotube-based Devices: Utility in
Determination of Fruit Ripeness. Angew. Chem., Int. Ed. 2012, 51,
5752−5756.
(19) Chen, Y.; Lee, Y. D.; Vedala, H.; Allen, B. L.; Star, A. Exploring
the Chemical Sensitivity of a Carbon Nanotube/Green Tea
Composite. ACS Nano 2010, 4, 6854−6862.
(20) Ding, M.; Tang, Y.; Gou, P.; Reber, M. J.; Star, A. Chemical
Sensing with Polyaniline Coated Single-Walled Carbon Nanotubes.
Adv. Mater. 2011, 23, 536−540.
(21) Chen, J.; Hamon, M. A.; Hu, H.; Chen, Y.; Rao, A. M.; Eklund,
P. C.; Haddon, R. C. Solution Properties of Single-Walled Carbon
Nanotubes. Science 1998, 282, 95−98.
(22) Bunes, B. R.; Xu, M.; Zhang, Y.; Gross, D. E.; Saha, A.; Jacobs,
D. L.; Yang, X.; Moore, J. S.; Zang, L. Photodoping and Enhanced
Visible Light Absorption in Single-Walled Carbon Nanotubes
Functionalized with a Wide Band Gap Oligomer. Adv. Mater. 2015,
162−167.
(23) Zhang, Z.; Che, Y.; Smaldone, R. A.; Xu, M.; Bunes, B. R.;
Moore, J. S.; Zang, L. Reversible Dispersion and Release of Carbon
Nanotubes Using Foldable Oligomers. J. Am. Chem. Soc. 2010, 132,
14113−14117.
(24) Gross, D. E.; Moore, J. S. Arylene−Ethynylene Macrocycles via
Depolymerization−Macrocyclization. Macromolecules 2011, 44, 3685−
3687.
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