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Abstract: We provide definitive evidence for the mechanism of electronic detection of ammonia by
monitoring in situ changes in the electrical resistance and optical spectra of films of poly(m-aminobenze-
nesulfonic acid)-functionalized SWNTs (SWNT-PABS). The increase of resistance during exposure to
ammonia is associated with deprotonation of the PABS side chain that in turn induces electron transfer
between the oligomer and the valence band of the semiconducting SWNTs. Near IR spectroscopy is used
to demonstrate that the charge transfer is a weakly driven process, and this accounts for the high reversibility
of the sensor. We show that the sensitivity of the chemiresistors increases as the film thickness is reduced
to the percolation threshold and that the SWNT-PABS film thickness provides a simple means to enhance
the electronic response.

Introduction interband transition () that occurs in the near-infrared (NIR)
region of the spectrum (Figure 3313 Thus, the model for
oxidative doping of SWNT films that consist of a mixture of
metallic and semiconducting SWNTSs is clear: the metallic
SWNTs undergo a shift in the position of the Fermi level, but

" because the conduction band density of states (DOS) is quite
flat there is little change in conductivifywhereas the Fermi
level of the semiconducting SWNTSs shifts from the middle of
the energy gap into the valence band which generates free
carriers that contribute strongly to the conductivity (Figuré*1).
The extreme sensitivity of the electronic structure of semicon-
ducting SWNTs to dopantg can be further modulated by the
introduction of chemical receptors so as to provide selective
and sensitive response to a wide range of toxic chemftdaf$

As a result of their excellent electrical conductivity, one-
dimensional nanoscale form factor, and well developed chem-
istry, single-walled carbon nanotubes (SWNTs) are ideal
materials for the development of a broad spectrum of low-power
portable sensors in an extremely compact device architekctifte.
Current SWNT films consist of a mixture of metals and
semiconductors, but in previous work it has been shown that
treatment of such SWNT mixtures with oxidizing agents leads
to a strong decrease in the resistivity of the filth&Ve have
shown that this may be attributed to the introduction of holes
into the valence band of the semiconducting SWNTs which is
observable as a decrease in intensity of the first semiconducting

t Center for Nanoscale Science and Engineering. Most previous studies of chemically modified SWNTs as
;Bepamem o; gﬂem!Strly& Evironmental Endineerin chemical and biological sensors have utilized noncovalent
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(a) Semiconducting (b) Doped semiconducting (c) Metallic Scheme 1. Mechanism of Interaction of SWNT-PABS with NHa.
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Frequency (cm™) chain and the SWNTs (Scheme 1), thereby decreasing the

Figure 1. Schematic representation of the density of states (DOS) of (a) conductivity because addition of electrons to the semiconducting
semiconducting SWNTSs, whereisSand $2 correspond to the first and SWNTs refills the valence band (Figure®lyVe show that the

second interband transitions, (b) hole doped semiconducting SWNTSs, . . - .
illustrating the reduced intensity of the first interband transition, 8ue sensitivity of these sensor devices is enhanced when the films

to depletion of the valence band, and (c) metallic SWNTs, whesend operate in the vicinity of the percolation threshold.
M1; correspond to the Fermi level and first interband transitions, respec- . )
tively. (d) Electronic spectrum of electric arc produced SWNTSs. Experimental Section

The polyfrraminobenzenesulfonic acid)-functionalized SWNT
material (SWNT-PABS¥1°was obtained from Carbon Solu-
tions Inc. (www.carbonsolution.com), and it is also available
from Sigma-Aldrich. Aqueous dispersions of SWNT-PABS with
a concentration of~0.5 mg/mL at pH 5 were prepared by
ultrasonication (bath sonicatior Aquasonic 50HT, VWR Scien-
tific, sonic power 75 W) fo 1 h and sprayed with an airbrush
i ) on a glass substrate held at 186G in order to allow the

In the present study we explore the sensing mechanism of¢apication of films of reproducible and uniform thickness. The
the graft copolymer, SWNT-polgtaminobenzenesulfonic acid),  gnraying was performed using an airbrush with a 0.3 mm nozzle;

SWNT-PABS:®1 Apart from the fact that this material offers 5 chromatography sprayer from Fisher Scientific has been used
superior performance as an ammonia sefsaz,have demon- it similar success in previous studies. The sprayer was
strateo! that this is the first funcupngllzed SW!\IT material with operated at-1 psi air pressure (0.07 kg/@nwithout applying
a hyprld electronic structure which is not a simple sum of the ¢gnication to the dispersions during spraying. The spraying was
individual component? performed in a fume hood and use of a facial mask is
Such materials offer great promise as sensors because thgecommended in order to protect the operator from the sprayed
attached functionality may be tailored for specific analytes while gerosol. The thickness of the SWNT-PABS films was estimated
the influence of the chemistry on the oligomer side-chain is from the intensity of the absorbance at the second pair of
detected via a change in the electronic conductivity due to a singularities in the DOS of semiconducting SWNTsx®ith
modulation of the jOint denSity of states of the SWNT graft- a maximum at 9750 Crﬁ») and the extinction Coefficieng(:
copolymer. Below we offer definitive evidence for this picture 7.3 | g~ cm2),1® assuming a bulk density of 1.45 g cfi4
of the electronic response of the materialibgitu spectroscopic  we have previously shown by NIR and AFM measurements
and electrical measurements and thereby provide a definitivethat this technique is capable of providing the SWNT film
answer to the mechanism of ammonia sensing (change inthicknesses with a standard deviation-e20% 14
electrical resistance) by SWNPABS films. By dynamically In this study we used glass substrates prepatterned with five
observing the spectroscopic changes and conductivity of the sets of gold contacts, thereby leading to the preparation of four
material on exposure to analyte, we show that the sensor actiongevices with interdigitated contacts separated by A®0and
is associated with the refilling of the depleted valence band of gne gevice with contacts separated by 4 mm (Figure 2a). The

for improved adhesion. For thia situ optical and electrical
88; S B O, R 0 05 137 measurements the substrates were loaded in a stainless steel
8197-8203. chamber with a sapphire window. The desired analyte concen-

formation constitutes the only controlled route for the introduc-
tion of chemical receptors into SWNTS that allows the isolation
and characterization of specific compounds of known electrical
conductivity!* The well-defined composition and properties of
covalently functionalized SWNTs provide an opportunity to
dynamically characterize the nanotube electronic structure and
electrical conductivity in the presence of analyte molecules.

J. AM. CHEM. SOC. = VOL. 129, NO. 35, 2007 10701
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Figure 2. (@) Optical image of a glass substrate with five sensors for simultaneous measurement of the electrical resistance and film spectra. (b) Change
of resistance of SWNT-PABS films (thickness, 20 nm) in response to 20 ppg (§HOptical spectra of the SWNT-PABS film recorded in nitrogen and
during exposure to 20 ppm of ammonia. The arrow indicates the evolution of;titeaBsition upon exposure to ammonia.

trations were obtained by dilution with nitrogen using a might be possible to dynamically observe the charge-transfer
computerized gas dilution system (Environics Inc., Tolland, CT). process by using optical spectroscopy to measure the change
The experiments were performed at room temperature and aof the carrier concentration in the valence band of SWNTSs, and
flow rate of 1000 crimin™%, and nitrogen was used as a balance that if Scheme 1 is correct, the presence of ammonia should
gas. The resistance of the films was measured in a two-probeserve to (partially) refill the valence band and thereby increase
configuration using a Kethley 236 source measure unit con- the intensity of the § transition in accord with the previous
trolled by custom LabVIEW software. The measurements were understanding of the effect of doping on the interband transitions
performed at 0.5 V unless otherwise stated. The near-IR (NIR) in SWNTs?21220-22 This premise is born out by Figure 2c, where
spectra were recorded on a Varian CARY 500 ths-NIR the near-IR (NIR) intensity of the first interband transition§S
spectrophotometer between 4000¢rand 20 000 cmt in order of the semiconducting SWNTs progressively increases during
to capture the interband transitions of semiconducting SWNTs. exposure of the film to ammonia and supports the idea that this
process leads to dedoping of the semiconducting SWNTs
Results and Discussion (refilling of the valence band).
In order to analyze the changes in film resistance as a function
of the band filling we performed dynamin situ experiments
in which the resistance and NIR spectra were recorded
simultaneously as a function of time and analyte dosage. In these
experiments the measurements were performed using a 100 nm
dthick film of SWNT-PABS exposed to 20 ppm of ammonia in
two cycles (N for 30 min, NH; for 15 min, Figure 3). Figure
3a shows the baseline-corrected absorption spectra in the spectral
range between 4000 crhand 12 000 cm!, which captures
the first (S1) and second () semiconducting interband
transitions. The absorbance intensity at the maximum of the
first interband transition (5320 crd) continuously increases
Hpon exposure to 20 ppm ammonia for a total change 36
(Figure 3b), whereas the second interband transitjgneBnains
unmodified (Figure 3a). Clearly the increase of the intensity of
the S transition is correlated with the increase of the electrical

Electrical and Spectroscopic Measurements of SWNT-
PABS upon Exposure to Ammonia.Figure 2b shows the
typical electrical response of a SWNT-PABS film to ammonia;
in this experiment the sensor (film thicknesss 20 nm) was
purged in nitrogen for 15 min and then exposed to 20 ppm
ammonia for 5 min. The resistance of the sensor was recorde
continuously during five successive cycles of analyte exposure
(15 min N;, 5 min NHs) and the responseAR/R,) calculated
as a change of resistancAR = R, — R,) normalized by the
initial resistance of the devicB,. The resistance of the film
increases by-45% upon exposure to ammonia in the first cycle,
and the replacement of ammonia with nitrogen recove38%
of the initial resistance. The response becomes reproducible afte
the first exposure to ammonia; the resistance of the film
increases by 30% during successive injections of 20 ppra NH
and reaches its asymptotic resistance after purging with nitrogen
for ~15 min. (20) Chen, J.; Rao, A. M.; Lyuksyutov, S.; Itkis, M. E.; Hamon, M. A.; Hu, H.;

As discussed above, we suggested that the resistance change ¢ohn, R- W.; EKlund, P. W.; Colbert, D. T.; Smalley, R. E.; Haddon, R.

) C.J. Phys. Chem. R001, 105, 2525-2528.
is due to a charge-transfer process between the SWNTs and21) Kamaras, K.; Itkis, M. E.; Hu, H.; Zhao, B.; Haddon, R.Szience2003

i ; it ; 301, 1501.
the PABS ohgom_er thatis S_enSIFlve to the presence of ammor_"a 22) Cao, A,; Talapatra, S.; Choi, Y.; Vajtai, R.; Ajayan, P. M.; Filin, A.; Persans,
(Scheme 1¥%.1f this mechanism is correct, we reasoned that it P.; Rubio, A.Adv. Mater. 2005 17, 147—150.
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Figure 3. (a) Baseline corrected NIR spectra of a 100 nm thick SWNT-
PABS film recorded in M (black and red lines) and NHblue line). (b)
Change of the absorbance intensity of the SWNT-PABS film at 5320 cm
(maximum of S, transition) in response to 20 ppm ammonig:2, and3
correspond to the change in the chamber environmgri: (N2 to 20 ppm
NH3) and 2 (20 ppm NH to Ny). (c) Resistance change of the film in
response to 20 ppm ammonia.

Further evidence for the mechanism proposed in Scheme 1
and for the pivotal role of the PABS oligomer is provided by
in situ measurements of the resistance and optical behavior of
nonfunctionalized SWNTSs in response to exposure to ammonia.
For these measurements we selected purified SWNTs with a
chemical and physical nature that closely resemble pristine
SWNTs (P2-SWNT, www.carbonsolution.com). Films of non-
functionallized SWNTs show a relatively small change of
resistance when exposed to 20 ppm ammonia (Figureasit)
recover only~20% of their initial resistance after purging with
nitrogen. The fact that the purified SWNTs do not exhibit the
sensitivity of SWNT-PABS to ammonia confirms that the
modulation of the electronic properties of SWNTs depends on
the presence of the PABS side chains.

The distinction discussed above is supported by the role of
water in the sensing behavior of the two materials. It has been
previously reported for SWNT-FET devices that the presence
of adsorbed water is essential for the electrical response to
ammonia and that devices degassed in vacuum are insensitive
to NHaz.# In accord with this observation we found that films of
pristine SWNTs (P2-SWNT) showed significantly reduced
response to ammonia after heat treatment in vacuum (Supporting
Information, Figure S1). In order to test the effect of adsorbed
water on the sensitivity of SWNT-PABS film chemiresistors
we degassed devices in vacuumx3L.0~® Torr, 110°C, 2 h);
it was found that the degassed devices operated in an identical
manner to the as-prepared SWNT-PABS films, which presum-
ably contain adsorbed water molecules (see Supporting Informa-
tion, Figure S2). It is worth noting that PABS strongly binds
water through the formation of H-bonds, and the complete
desorption of water cannot be accomplished without decomposi-
tion of the polymer3 Thus, we conclude that while water may
be present as a constituent of the PABS oligomer, its presence
is immaterial to the response of SWNT-PABS to ammonia. The
measurements of the SWNT-PABS film response to ammonia
at temperatures below the freezing point of water provides
further evidence that water molecules are not involved in the
charge-transfer mechanism. For this experiment the stainless
steel chamber was enclosed in a sealed container purged with
nitrogen and immersed in an ethandry ice bath. The
temperature was measured using a calibrated thermistor that was
incorporated into the substrate of the SWNT-PABS film. The
response curve of a SWNT-PABS film to 20 ppm of ammonia

resistance of the SWNT-PABS film measured simultaneously was recorded at 20C, the film temperature was lowered to

and shown in Figure 3c.

—20°C, and the response of the film was recorded again (Figure

This supports the proposed transduction mechanism, which4).

relies on dedoping of the SWNTSs due to electron charge transfer

The absolute value of the film resistance increased as the

from the deprotonated PABS side-chain to the nanotube, asgevice was cooled down te20 °C, but the response\R/R,)
shown in Scheme 1. The Sransition decreased when Nk

to NH3z was essentially unchanged. The data indicate that the

replaced with N (Figure 3a,b); however, the intensity does not  change of resistance of the SWNT-PABS film on exposure to
reach the initial level in accord with the resistance measure- 5mmonia occurs much faster at high temperature (Figure 4,
ments. The first exposure to ammonia results in a change ofjnset) which is in accord with the increase in the reaction rate
resistance by~25%, and the second exposure to ammonia peyeen the PABS side chains and ammonia molecules. Thus,
increases the resistance b#6% (Figure 3c). Thus we conclude e conclude that the presence of physically adsorbed water is
that the presence of the PABS functionality provides &acid o inyolved in the interaction between the SWNT-PABS and

base sites in the side-chain of the material that mediate the ;.nmonia molecules and it does not mediate the change transfer
electron density on the semiconducting SWNTs and thereby process

produces observable changes in the electrical resistance and the

intensity of the $; interband transition of the film in accord
with the mechanism detailed in Scheme 1 and Figure 1.

(23) Lubentsov, B. Z.; Timofeeva, O. N.; Khidekel, M. 8ynth. Metal4.991,
45, 235-240.
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The absorbance changkA = Awus — Ang) plotted in Figure
5 (see also Figure S3 in Supporting Information), suggests that
the modulation of the electronic structure of the SWNTs by
ammonia is sensitive to the nanotube diameter, and that the
charge-transfer process is mainly associated with SWNTs with
d > 1.3 nm (energy gap<0.63 eV), whereas there are no
changes in the optical spectra of nanotubes of diamdtet,
1.1 nm (energy gap- 0.75 eV). While the spectroscopically
observed band gap in Figure 5 provides information on the
population of SWNT diameters that are associated with the
charge-transfer process, it is not the band gap itself that is
important in governing the charge-transfer process but rather
the ionization potential of the valence band. Thus, SWNT-PABS
acts as a sensitive and reversible sensor toward ammonia
because of the dynamic alignment of the Fermi level with
various electronic energy levels of the protonated forms of the

calculated from the current at 0.1 V. The gas flow rate in these experiments PABS oligomer and the valence band of some fraction of the
was 400 crd min~L. The inset shows the delay in the response at lower SWNT population.

temperature.

Nanotube diameter, d (nm)
1.4 1.2 1.0
I

A

NHz

A

The fact that the spectra of SWNTs of a diameter less than
a particular threshold valuel ¢~ 1.1 nm) are unaffected by the
presence of ammonia provides insight into the mechanism and
effectiveness of the SWNT-PABS material as an ammonia
sensor. The lack of an ammonia response by semiconducting
SWNT populations of diametet < 1.1 nm has two possible
explanations:first that this cohort of SWNTs was not doped
in the first place by functionalization with PABS, second
that ammonia is ineffective in dedoping this group of SWNTs

by deprotonation of the side chain functionalities. It seems quite
unreasonable that ammonia would not be an effective base for
the sulfonic acid groups, and thus it is likely that not all of the
SWNTs are able to undergo charge transfer to the PABS side
chain, and that the SWNTs of diametr< 1.1 nm are too
difficult to oxidize to undergo doping in the parent SWNT-
PABS material.

This provides an important piece of information which helps
to explain the effectiveness and reversibility of SWNT-PABS
as an ammonia sensor when compared to unfunctionalized
in the spectral region of the first interband transition of the semiconducting SWNTs (above). The_‘ data st_Jggests that the cha}rge-transfer
SWNTs (S1). The baseline corrected;Sspectra of SWNT-PABS in process from the semiconducting SWNTSs to PABS is a weakly
nitrogen and ammonia are given as black and blue solid lines, respectively. driven reaction and that the ammonia binding process is in turn
The SWNT diameterd, is calculated using the relationshigS 2a/d.?4 a very weakly exergonic process such that the replacement of

the ammonia atmosphere with nitrogen is able to reverse the

In order to further understand the modulation of the electronic process® In order to test this hypothesis we investigated the
structure of SWNT-PABS by ammonia, the absorbance changeeffect of a strong protic acid (HCI) on the electronic structure
of the first semiconducting interband transition {)Ss plotted of SWNT-PABS.
as a function of frequency in Figure 5 (see also Figure S3 in  Electrical and Spectroscopic Measurements of SWNT-
Supporting Information). PABS Films upon Exposure to Hydrogen Chloride (HCI).

The frequency or energy of the optical transitions between A SWNT-PABS film of thickness 100 nm was exposed to 20
the van Hove singularities is related to the band gap energy of ppm anhydrous HCI (Figure 6); exposure to HCI for 15 min
SWNTs; for semiconducting nanotubes the energy of the first decreases the resistance of SWNT-PABS film, but the resistance
interband transition (,eV) is inversely proportional to the  does not recover after the hydrogen chloride is replaced with
nanotube diameterd( nm), S1 = 2ap/d,>* where a is the nitrogen for 30 min (Figure 6a). The exposure to HCI suppresses
carbon-carbon bond length (0.142 nm) afids the transfer or  the S interband transition (Figure 6b), which is indicative of
resonance integral between therbitals (3 = 2.9 eV). On the
basis of this equation, it is clear from Figure 5 that the maximum (25) Journet, C.; Maser, W. K.; Bernier, P.; Loiseau, A.; Lamy de la Chappelle,
intensity change occurs at a SWNT diameter 1.3 nm, which M.; Lefrant, S.; Deniard, P.; Lee, R.; Fischer, INature1997, 388 756~
is close to the mean diameter of arc-produced SWNI's=(
1.37 nm= 0.1 nm)?5-27

|
4000 5000 6000 7000

Frequency (cm™)

Figure 5. Difference of the absorption spectra of SWNT-PABS filix4|
red squares), beford\(z) and after Ayus) exposure to 20 ppm ammonia

8.
(26) Hamon, M. A,; Itkis, M. E.; Niyogi, S.; Alvaraez, T.; Kuper, C.; Menon,
M.; Haddon, R. CJ. Am. Chem. So2001, 123 11292-11293.
(27) Ichida, M.; Mizuno, S.; Tani, Y.; Saito, Y.; Nakamura, A. Phys. Soc.
Jpn 1999 68, 3131-3133.
(28) Yue, J.; Wang, Z. H.; Cromak, K. R.; Epstein, A. J.; MacDiarmid, A. G.
J. Am. Chem. S0d.991 113 2665-2671.

(24) Dresselhaus, M. S.; Dresselhaus, G.; Eklund, Fsd&nce of Fullerenes
and Carbon Nanotube#Academic: San Diego, 1996.
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Figure 6. (a) Resistance change of a SWNT-PABS film upon exposure to

20 ppm HCI;1, 2, and3 correspond to the change of the environmeht: 0 50 100 150 200 250
3 (N2 to HCI) and2 (HCI to Ny). (b) Intensity change of the absorbance at
5320 cm! (maximum of 1) in response to 20 ppm HCI. (c) Baseline
corrected NIR spectra of the SWNT-PABS filni; in nitrogen; 2, at
maximum change of resistance in presence of HCI for 15 &iim nitrogen
after the exposure to HCI and purging for 30 min.

o Film thickness (nm)

Figure 7. ResponseAR/R;) of SWNT-PABS film to 20 ppm ammonia
as a function of film thickness and conductivity.
of the PABS side chain is expected to have a smaller effect on
the SWNT-PABS conductivity, as the PABS backbone itself is
] . not directly involved in this reaction and the induced charge-
charge transfer from the nanotube to the protonated side chaingonsfer process will be relatively weak.
due to depletion of the valence band, and the reduction of the Furthermore, analysis of the data shows that there is now no
Si intensity follows the decrease in resistance of the SWNT- giscrimination based on the diameter of the SWNTSs, and it is
PABS film upon exposure to HCI (Figure 6c). Thus, it SeemS g5narent that the electron transfer and protonation processes are
likely that the interaction of SWNT-PABS with HCI is the  gyrongly exergonic and thus largely irreversible (Supporting
converse of the behavior discussed above with ammonia, |htormation, Figure S4). The HCI effectively dopes the entire
perhaps with additional protonation of the side chain (Scheme population of semiconducting SWNTs independent of their
2), but in this case the protonation reaction is irreversible §izmeter (and ionization potential and band gap).
because HCl is a very strong acid. This behavior is anticipated  gjim Response as a Function of Thicknesgigure 7 shows
in the chemistry of polyaniline (PANI), where it has been shown 5t the resistance change of SWNT-PABS films on exposure
that hydrochloric acid is an efficient dopant of PARIFL and ~ to ammonia falls on a universal curve as a function of both the
leads to the emeraldine salt of PANI. The additional protonation 1 thickness and conductivity, and the observed behavior
suggests that thin films operate as a percolating network in their
sensor response.

In our previous analysis of the absolute conductivity of
SWNT films as a function of film thickness, we showed that
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125 314-315.
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the films operate as percolating networks, and such a model is As noted in the introduction, the change in conductivity of
supported by the data in Figure 7, where it may be seen thatthe SWNT networks on doping is dominated by changes in the
the thin films are the most sensiti¥€The response of the film  conductivity of the semiconducting SWNTs, which normally
resistance, AR/Ry), shows a weaker dependence on thickness limit the conductivity of the film and force the mobile electrons
than the absolute conductivity but reaches an asymptotic valueto traverse the metallic SWNTs. The sensor functions by
at about the same thickness~ 200 nm)* which is to be activating a population of the semiconducting SWNTs which
expected because the change in total conductivity of the sensoiintroduces new pathways into the percolating network and thus
is small (Figure 7) compared to the variations seen in the film yields a dependence of the sensor action on thickness similar
conductivity as a function of thickness, which cover 4 orders to that which was seen in the parent functionalized SWNTSs.
of magnitude*

The increased sensitivity of very thin films is due to the fact ~ Acknowledgment. This research was supported by DOD/
that these films are in the vicinity of the percolation threshold DARPA/DMEA (Award No. DMEA H94003-06-02-0608).

and therefore depend more critically on the presence of (doped) Supporting Information Available: Response of annealed

i i WNTs i intai i han- . . .
z;rglg:gs;ﬁtéﬂg r?etworlf |_:_1h%rcrissr;gnrgslgft ?}2 ;:.0[ an'Ruc\tlgaec) an nonfunctionalized SWNT and SWNT-PABS films upon expo-
i sure to ammonia; change of the optical spectra of SWNT-PABS

shows a weaker dependence on thickness than the absoluté . . -
conductivity* because the dedoping of SWNT-PABS decreases n respolns_,e to arr:mbcl)nlafand a?hyﬁrous hyglrogr:a n clhlorlde. This
the conductivity of the pathways involving semiconducting hmats/rlabs available free of charge via the Internet at
SWNTs in the percolating channels but does not affect the ttp://pubs.acs.org.

concentration of pathways involving metallic SWNTSs. JA0703271
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