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Flexible vapour sensors using single walled carbon nanotubes
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Abstract

Thin, strongly adhering films of single-walled carbon nanotube bundles (SWNT) on flexible substrates such as poly(ethyleneterephthalate)
(PET) were used for vapour sensing (hexane, toluene, acetone, chloroform, acetonitrile, methanol, water, etc.). These sensors are extremely
easy to fabricate using the line patterning method. For example, ‘4-probe’ sensor patterns are drawn on a computer and then printed on overhead
transparency (PET) sheets. These PET patterns were coated with films of electronically conductive SWNT bundles (1–2�m thick) by dip-
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oating in aqueous surfactant-supported dispersions and mounted in glass chambers equipped for vapour sensing. Experimen
nder saturated vapour conditions in air showed sensor responses that correlated well with solvent polarity [ET(30) scale]. Similar results we
btained under controlled vapour conditions (no air) at 10,000 ppm. Control experiments using films of carbon black on PET (Aqu®),
lso prepared by the line patterning method, showed very little response to vapours under identical experimental conditions. The
ery flexible, e.g., they can be bent to diameters as small as 10 mm without significantly compromising sensor function.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Using the line patterning method[1], we describe an
xtremely simple method to fabricate flexible plastic sen-
ors based on conductive coatings of single walled car-
on nanotube (SWNT) bundles. The application of these
lms for organic vapour sensing builds on our recent find-
ngs on strongly adhering conducting coatings of SWNT on
oly(ethyleneterephthalate) (PET: ‘overhead transparency’)
hose electrical and optical properties rival commercial PET-
upported conductive coatings of indium tin oxide (ITO)[2].

Sensors based on monitoring resistance changes upon ex-
osure to vapours include active materials based on metal-
xide semiconductors (MOS)[3,4], electronic organic poly-
ers[5–7]and polymeric systems which undergo a reversible

welling upon exposure to vapours[8,9]. Those involving
hanges in capacitance include transistors (ChemFETs) us-
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ing MOS[10] and hybrids consisting of MOS and polym
[11]. High surface area materials like carbon nanotubes
recently shown considerable promise in organic vapour s
ing [12]. Both multi-walled and single-walled carbon n
otubes (MWNT, SWNT) have been used to sense a varie
gases, e.g., NO2 [13–18], NO2/NH3 [15,19–21], O2 [22,23],
H2 [24,25], DMMP [26] hydrocarbon vapours[27,28] and
other common organic vapours[27]. SWNT have more re
cently been used as coatings to enhance the sensing
erties of SAW sensors[29]. Most of the above sensor sy
tems are based on the use of rigid substrates such as
ceramics. While there are a number of reports on flex
organic transistor type devices such as transistors and C
FETs[30–33], there are very few reports that describe fl
ble lightweight sensors, and even these involve complic
soft-lithographic techniques[33]. To the best of our know
edge, there has not been a report describing organic v
sensing as a function of sensor flexibility. Even among s
ies on vapour sensing using carbon nanotubes, only a
describe the role of bundles of SWNT as the active sen
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agent as opposed to individual SWNT[15,27,34]. In this pa-
per we describe the fabrication and performance characteris-
tics of a robust and flexible vapour sensor based on films of
SWNT bundles deposited directly from aqueous surfactant-
supported dispersions on plastic substrates. Flexibility data is
also provided demonstrating that these films can be bent sig-
nificantly without loss of sensor function. It is to be pointed
out that this study is primarily an attempt to demonstrate
the generality of the phenomenon of organic vapour sensing
using carbon nanotubes coated on flexible plastic substrates
and to ascertain if any structure/function properties can be
gleaned from the data. It is not an attempt to evaluate sensor
function at low vapour concentrations. This is primarily due
to our choice of the line patterning method to fabricate our
sensor patterns. One of the advantages of the line patterning
method is that it involves no printing techniques or lithogra-
phy, i.e., only traditional office equipment (computer, laser
printer, overhead transparency, etc.) is necessary. These ad-
vantages are counterbalanced by limitations in the resolution
of the active sensor area (70�m) necessitating relatively large
concentrations. We defer our sensor studies at low vapour
concentrations (ppm levels) to subsequent reports.

2. Experimental
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using carbon black (control experiments) were prepared us-
ing an aqueous dispersion of carbon black made by diluting
commercial Aquadag-E® paste with de-ionized water at a
paste:water ratio of 1:4.

2.3. Instruments

A Keithley model 2000 digital multimeter equipped with
2000-SCAN 20-pole switch was used for all the measure-
ments. A model 8891 sonicator (Cole Palmer) was used for
bath sonication to remove the toner lines. Probe sonication
was done using a Sonic Dismembrator Model 500. Scan-
ning electron microscopy (SEM) was performed using LEO
model 1530VP Field Emission SEM (Leo) and an optical mi-
croscope using reflecting mode was used for measuring film
thickness. Elemental analyses was performed by Galbraith
Laboratories. Electrical contacts on the sensor were made
using SIP socket # 66F8665 purchased from Newark Inone.

2.4. Sensor fabrication using line patterning

The overall features of the line patterning method has been
described elsewhere[1]. On a computer screen a black and
white pattern representing the sensor was first drawn using
standard DesignCAD-2000 software. Multiple images may
be drawn on a screen. Each image consists of five lines of
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.1. Materials

All powder samples of SWNT bundles were p
hased from Carbon Nanotechnologies Inc., viz. (i)
ynthesized’ by the high-pressure carbon monoxide
ess (as-synthesized HiPco-SWNT), (ii) HiPco-SWNT
ad been chemically purified (purified HiPco-SWNT) a
iii) graphite paste purchased from Ladd research (Aqua
® # 60785). Aqueous surfactant-supported dispersio
WNT bundles were prepared using the general p
ure described in the next section. All organic solv
sed were purchased (HPLC grade) from Sigma–Ald
olyoxyethylene (10) isooctylphenyl ether [Triton-X 1

TX100)], was purchased from Sigma–Aldrich andD, �-
ocopheryl polyethylene glycol 1000 succinate, [Vitami
PGS (VE-TPGS)], was purchased from Eastman Ch

cals. Poly(ethyleneterephthalate) (PET: ‘overhead tr
arency’) was purchased from Yamanashi University (Ja
dhesive tape from Office Max and 2 L glass jar from VW

.2. Carbon nanotube dispersions

To a continuously bath-sonicated aqueous 0.6 wt.%
ion of TX100 (or VE-TPGS) in 20 mL, was added, 0.16 w
WNT powder. After 10 min, the dark-black dispersion
ltra-sonicated for 35 min and probe-sonicated for 24 mi
.5 s pulses, using Sonic Dismembrator Model 500 equi
ith a 0.5 in. diameter tip operating at 30 W. The resul
omogeneous meta-stable dispersion was used within

or preparing substrate-supported films. Corresponding
hich four outer lines taper down to a narrow rectang
egion representing the ‘active sensor area’ (centre li
ot used in this study). The black and white colours w

hen inverted on the computer screen with the drawings
ppearing white and the screen black. This inverted im
as printed on an overhead transparency sheet using
ard office laser printer. Individual images were then cut
sed for dip coating into dispersions of SWNT bundles
cribed above). The back-side of the PET was maske
dhesive tape. The dip-coating procedure typically con
f: (i) immersing the PET/image in the SWNT dispers

or 15 s and removing it from the dispersion, (ii) after 2
epeating the process three more times (total four im
ions). A light-brown-grey coating is seen in the image a
our immersions for purified HiPco dispersions. The n
er of iterations is, expectedly, dependent on the prope
f the dispersion used, e.g., SWNT, surfactant type, so

ion time, etc. After room temperature drying for 10 min,
WNT-coated PET/image was bath sonicated in toluen
–12 s which removes the ‘background’ toner lines cle

eaving only the conductive coating of SWNT on the P
Fig. 1a). Film thickness was typically1–2�m (SEM, optica
icroscopy) (Fig. 2a).

.5. Electrical measurements

The circuit diagram used to continuously monitor chan
n the 4-probe resistance of the sensor as a function of e
ure to organic vapours is shown inFig. 1b. Current is passe
etween the outer leads and voltage is measured betwe



K. Parikh et al. / Sensors and Actuators B 113 (2006) 55–63 57

Fig. 1. (a) Optical image of an actual SWNT/PET sensor, (b) schematic of sensor circuit connections, and (c) four-probeI–V plot of purified HiPco SWNT/PET
sensor.

inner leads. Our sensors show linearI–V characteristics for
current values between−10 and +10�A (Fig. 1c). It is to be
noted that the active sensor area comprises both the rectan-
gular section and the ‘four leads’ since they are both com-
posed of a film of SWNT bundles. We have also fabricated
analogous sensor patterns in which only the rectangular part
is composed on SWNT while the part comprising the four
leads is composed of Pt, Au, etc. While both types of sensors
can be successfully used for organic vapour sensing, reliable,
consistent results were obtained when both the bottom rect-
angular part and the ‘four leads’ were composed of SWNT.
Electrical contacts were made to the flexible sensors by sol-
dering a platinum wire to an SIP socket attached to the carbon
nanotubes of the sensors. A Keithley 2000 digital multime-
ter was employed to continuously monitor changes in the
resistance values during exposure to organic vapours. Lab-
View 6.0 interfacing software was used to monitor resistance
changes of five sensors simultaneously. All experiments were
conducted at room temperature. Flexibility experiments were
performed by bending the overhead transparency by varying
degrees while continuously monitoring the sensor response as
a function of exposure to organic vapour. Bent sensor samples
were held in place during the experiment by making simple
modifications to the lid of the glass jar. The bending angle
was measured using a goniometer, from which the extent of

bending was calculated in terms of diameter, i.e., smaller the
diameter, the larger the bending angle.

2.6. Organic vapour sensing

The experimental setup is extremely simple and consists
of a 2 L glass chamber with a Teflon® taped plastic lid with
outlets for a vacuum pump and for a syringe to introduce
organic solvents used in vapour sensing. To the bottom of
the lid are attached five SWNT/PET sensors configured for
five independent 4-probe sensor measurements simultane-
ously for a given organic vapour. In a typical experiment,
for example, these five sensors would be films composed of:
(i) ‘as-synthesized’ HiPco SWNT obtained from dispersions
made from TX100, (ii) ‘as-synthesized’ HiPco SWNT ob-
tained from dispersions made from VE-TPGS, (iii) purified
HiPco SWNT obtained from dispersions made from TX100,
(iv) purified HiPco SWNT obtained from dispersions made
from VE-TPGS, (v) carbon black (Aquadag-E®) used as the
control.

For vapour sensing under saturated vapour conditions,
10 mL of the organic solvent under study is injected via sy-
ringe into the glass jar and allowed to reach equilibrium with
the (saturated) vapour above it (20 min). After continuously
monitoring changes in the resistance for a given period of

(inset
Fig. 2. SEM images of (a) SWNT/PET film
 : cross-section), and (b) carbon black/PET film.
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time, the bottom glass chamber was lowered exposing the
sensor part to ambient laboratory air. Resistance changes,
now under laboratory air was also continuously monitored
during this time. This constituted one full cycle. For the sec-
ond cycle, the glass jar was raised to its original position and
resistance changes measured in a manner analogous to the
first cycle. In a typical cycle the sensor was exposed to satu-
rated vapour for 5 min followed by exposure to air for 5 min.
The change in resistance measurements upon exposure to or-
ganic vapour was measured in terms of�R/R for a specified
time period (see Section3). A total of 28 vapours were tested
under saturated vapour conditions.

For vapour sensing at 10,000 ppm, the glass jar was first
evacuated using a vacuum pump followed by establishing a
static vacuum. Organic solvent corresponding to an amount of
10,000 ppm (using ideal gas conditions) was injected via sy-
ringe into the glass jar. Under vigorous magnetic stirring, all
of the injected liquid was converted to vapour. After 10 min,
the stirring was stopped and resistance changes measured
continuously with time. After a given time period, the vapour
was pumped out of the glass chamber and resistance changes
measured once again. This constituted one cycle. There was
a 10 min break between cycles. For a typical vapour, four cy-
cles were run with resistance measurements being recorded
between the second and vapours were tested at 10,000 ppm.
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Fig. 3. Sensor response of SWNT/PET (grey) and carbon black/PET (black)
films upon exposure to saturated toluene vapour.* Denotes %�R/R for 5 min
exposure to saturated vapour.

an important role in device fabrication, e.g., films prepared
using dispersions made from non-ionic surfactants (TX100,
VE-TPGS), are more uniform and strongly adhering com-
pared to analogous films made using anionic surfactants like
sodium dodecylbenzensulfonate (SDS). It is also important
to note that FT-IR spectra on analogous SWNT films on
AgCl substrate before and after sonication in toluene show
that residual surfactant is readily removed during sonication.
Should these results translate to PET substrates, the strong
adhesion of SWNT bundles to the PET substrates and the
observed sensor response may not be related to residual, but
rather to properties intrinsic to SWNT bundles.

Fig. 3shows the electrical response (in�R/R per unit time)
of SWNT/PET and carbon black/PET coatings to saturated
toluene vapour under ambient conditions. The�R/R values
are for a specified time interval and, are therefore not abso-
lute values. After an initial steady resistance value is reached
under ambient conditions (point 1), the sensor pattern was ex-
posed to saturated toluene vapour (point 2). After 5 min, the
sensor was exposed to laboratory air (point 3) by removing
the glass jar containing toluene (see Section2). After 10 min,
the sensor was exposed to toluene vapour once again (point
4), and the cycle was repeated several times. The SWNT/PET
coatings show a significantly enhanced response compared
to carbon black in spite of both having large available surface
areas, e.g., SWNT/PET coatings shows >400% change in re-
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. Results and discussion

The SEM image of SWNT/PET film (Fig. 2a) shows a
ensely packed mat of nanotube bundles having an
ge diameter in 20–40 nm range and a thickness of 1–�m
Fig. 2a, inset). For comparison the SEM image of an
ously synthesized carbon black/PET film is shown inFig. 2b.
he elemental composition described inTable 1shows tha

purified’ HiPco samples contain less Fe, but a signific
mount of oxygen. This suggests that the harsh oxid
cids that are used to reduce Fe levels during the purific
tep, also introduce oxygen in the sample, presumably i
orm of carboxy and/or hydroxyl groups along the outer w
f the SWNT bundles and/or at the edges. Best sensor r

n terms of ease of fabrication and robustness of resp
o organic vapours were obtained using the ‘purified’ Hi
WNT samples suggesting that chemically bound oxy
ould be important to overall sensor performance. This c
e related simply to better adhesion between PET and S
undles in oxygen-rich samples rather than to any intr
roperties in ‘as-synthesized’ SWNT samples. In addi

he surfactant used for preparing the SWNT dispersion p

able 1
lemental analyses of SWNT powders used in this study

ample C (%) H (%)

urified HiPco 83.22 1.39
s-synthesized HiPco 61.05 –
ponse (14%) upon exposure to toluene compared to c
lack (3%).

As we reported in our earlier work SWNT/PET films
ain conducting even when bent to a crease[2]. We carried
ut organic vapour sensing as a function of bending d
ter to values as low as 10 mm. At each bending angle
ensor was exposed to acetone under saturated conditio
min and exposed to lab air for 5 min. The above cycles

N (%) O (%) Fe (%) Total (%

<0.5 5.15 6.88 97.14
– 37.98 99.03
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Fig. 4. Plot of sensor response as a function of device flexibility.* Denotes
%�R/R for 5 min exposure to saturated vapour.

repeated at least five times. As one can observe fromFig. 4,
there is <5% change in 4-probe resistance between the two
extreme (flat) measurements, i.e., before and after a series
of resistance measurements were made at progressively in-
creasing bending degrees (decreasing diameter). The above
results indicate that even under an applied stress, the SWNT
film maintains its integrity and sensor function. It is not clear
at the present time why electrical connection is not broken
even when the SWNT/PET is bent to a crease. Although the
SEM image of the SWNT/PET film shows a preponderance of
20 nm bundles, we cannot rule out contributions to electrical
conductivity and hence sensor function from much smaller
diameter individual tubes that could be uniformly distributed
around theses bundles and/or could form a layer between the
bundles and the PET surface. It possible that an underlayer
of individual nanotubes could help retain sufficient electrical
connection when the film is being bent. Indeed, the extensive
probe sonication steps used in preparing surfactant supported
SWNT dispersions might be expected to cause at least some
degree of debundling. It is possible that this could also be
responsible in part for the unusually strong adhesion of the
SWNT film to the PET surface.

Twenty-eight organic solvents scanning a wide polar-
ity range were evaluated under saturated vapour conditions.
Compared to carbon black, SWNT/PET coatings show large,
reproducible responses to a variety of vapours ranging in po-
l ss in
s lti-
p r after
t iety o
o ase o
c
a
t asure
n e
r urated
c rely

stress the system, e.g., to swell the PET substrate and change
the dimensions of SWNT by physisorption or chemisorption,
loosen the adhesion of the SWNT film to the PET substrate,
etc. For example, films of carbon black do not maintain their
robust response after repeated exposure to organic vapours.

It is to be noted, however, after three full cycles of twelve
different organic vapours (four cycles/vapour), there is a gen-
eral decline in overall sensor response and reproducibility.
This could be due to PET substrate and not to the SWNT
film, e.g., organic vapours such as chloroform, toluene, etc.,
have been reported to swell PET, and repeated exposure to
these vapours could have loosened the adhesion of the SWNT
film to the PET surface or metal connection at the top of
the glass vessel. Vapours like DMF, DMSO, etc., cause irre-
versible changes in sensor response, which is consistent with
their ability not only to swell plastics, but to also form strong
associations with SWNT[36,37] (and hence to loosen the
adhesion of the SWNT film to the PET surface).

Fig. 5describes the sensor response as a function of con-
centration for a typical polar vapour (acetone) and a non-polar
vapour (hexane). A general linear response is observed with
increasing vapour concentration with a significantly greater
response for acetone as has been observed in the case of
NO2 [15]. This suggests that solvent polarity is important in
vapour/SWNT interactions (see following section).

While results obtained under ‘stressed’ saturated vapour
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arity, molecular weight and vapour pressure. Robustne
ensor function includes not only reproducibility over mu
le cycles but also to sensor response to a given vapou

he sensor has been used several times to sense a var
ther organic vapours, as has been observed in the c
arbon black filled polyurethane vapour sensors[35]. For ex-
mple, the sensor response to toluene vapour was�R/R = 14

he first time and 11 after the sensor was used to me
ine other vapours (Fig. 3). This result is surprising sinc
epeated exposure to harsh organic vapours under sat
onditions in laboratory air might be expected to seve
f
f

onditions in air can help highlight the generality
he phenomenon of organic vapour sensing using fle
WNT/PET films under ambient conditions, very little qu

itative structure-function information can be extracted f
he data in view of potential interference from oxygen,
er vapour, etc. In addition, under saturated vapour co
ions the concentrations of vapours are different for diffe
apours given the differences in saturated vapour pres
rganic vapour sensing was therefore conducted at a

rolled vapour concentration of 10,000 ppm. This level
hosen because of the diversity of vapours that show res
nder these conditions and the ease with which the va
an be introduced via syringe in our simple experime
etup. At levels lower than 5000 ppm the results were
ery reproducible given the large sensor area (see Secti1).

ig. 5. Plot of sensor response as a function of vapour concentration: a
�) and hexane (�) % �R/R for 20 min exposure to vapour.
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Fig. 6. Sensor response of SWNT/PET upon exposure to vapour at 10,000 ppm, (a) toluene, and (b) water.* Denotes %�R/R for 20 min exposure to vapour.

Results obtained from testing under single-vapour con-
ditions at 10,000 ppm show that the trends observed un-
der saturated vapour conditions (air/humidity) are main-
tained at 10,000 ppm (no air/humidity).Fig. 6shows change
in electrical response (in�R/R) versus time plots of two
representative vapours (9 tested). Thereby, conductivity of
the SWNT/PET sensor changes, e.g., changes from 0.36 to
0.21 S/cm upon exposure to water at 10,000 ppm. This sug-
gests that vapour/nanotube interactions are key to sensor
function and response, as reported in vapour sensing using
O2, NO2, NH3 [14,15,17].

The precise mechanisms associated with organic vapour
sensing with SWNT/PET coatings are unclear and while it
is tempting to focus entirely on vapour/SWNT interactions,
we cannot rule out contributions from vapour sorption by the
PET substrate. For example, any swelling of the PET sub-
strate upon exposure to vapour is expected to increase inter-
bundle distance in the SWNT film, and hence, its resistance.
It is to be noted, however, the low sensor response in the case
of carbon black/PET films suggests that swelling of the PET
film is unlikely to be a major contributor. In addition, given
the high sensor response to water vapour, we cannot rule out
contributions from inadventitious water in the experiments
carried out at 10,000 ppm, although the overall reproducibil-
ity of sensor response both within a single run of nine vapours
and between consecutive runs suggest that it is not playing a
s

be-
t r re-
s igh
v ntial
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t lend
t sol-
v been
s wave
s re-
l ally
r e ar-
r

Interaction of vapours with SWNT could either be ‘gen-
eral’ or ‘specific’ with non-directional, electrostatic and
dispersion forces characterizing ‘general’ interactions and
directional effects like H-bonding, charge transfer, etc., char-
acterizing ‘specific’ interactions. The experimental data sug-
gests that vapour/tube interactions are of the ‘general’ type in
which vapour sorption is largely entropy-driven. Sensor re-
sponse is higher for vapours containing lone pair of electrons
and/or aromatic�-electrons suggesting that dipolar elec-
trostatic forces are important[28]. The very low response
observed in the case of linear, non-polar alkanes suggests
that vapour polarizability is key to sensor function, i.e.,
simple non-polar/non-polar effects are not sufficient. Both
physisorption and chemisorption are possible in our system
although the large inter-bundle distances in the SWNT film
and the low redox properties of the vapours used point to a
highly reversible intra-bundle physisorption mechanism. In
our experiments, the resistance always increases upon ex-
posure of the SWNT film to vapours regardless of vapour
type, pointing once again to a reversible ‘general’ physisorp-
tion process which is to be contrasted with published work
where vapour/tube interactions are driven largely by ‘spe-
cific’ charge-transfer effects, e.g., the NO2/SWNT system,
where the resistance decreases upon exposure to NO2 vapour
[15].

Despite the challenges to quantitative structure/function
a over-
a pour)
p at no
a ential
c /PET
i t pa-
r , any
o hts
i ged
t var-
i tions
[ ours
s cts
a ours,
ignificant role.
Quantitative attempts at structure/function correlation

ween vapour/tube molecular interactions and senso
ponse[14,15,17], is thwarted by large film thicknesses, h
apour concentrations (non-ideal behaviour), and pote
apour sorption by the PET substrate. We believe, there
hat our sensor design and architecture do not readily
hemselves to thermodynamic analysis like the linear
ation energy relationships (LSER) models that have
uccessfully used in polymer-coated surface acoustic
ensors[38]. Qualitative, empirical structure/function cor

ations should, however, be possible in view of the unusu
obust reversible sorption–desorption cycles over a wid
ay of vapour types.
nalyses, we believe it should be possible to evaluate the
ll sensor response against a wide array of solvent (va
arameters and polarity scales. It is important to note th
ttempt is made at the present time to address any pot
ontribution to the sensor response from pure vapour
nteractions (substrate swelling). Since different solven
ameters stress different structural or electronic vectors
bserved correlation is likely to provide important insig

nto vapour/tube interactions which could then be levera
o advantage. While there are several reports on the
ous mechanisms associated with vapour-tube interac
13–15,17,28], these have featured either reactive vap
uch as NO2, NH3, etc., where strong charge transfer effe
re expected, or on structurally similar homologous vap
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Fig. 7. Correlation plot of sensor response with solvent polarity [ET(30)]
scale.* Denotes %�R/R for 20 min exposure to vapour at 10,000 ppm.

having a limited polarity range, e.g., all hydrocarbon vapours
[28]. To the best of our knowledge, we are not aware of sen-
sor studies on SWNT films using a large variety of unreactive
vapours spanning a wide polarity range.

A variety of solvent and/or vapour polarity scales were
screened for possible correlation with sensor response, e.g.,
‘model independent scales’ like relative permittivity,εr, mod-
ulus of the molecular dipole moment,µ, refractive index,n,
Hildebrand’s solubility parameter,δH, and ‘model dependent
scales’ based on the similarity principle like H-bonding ba-
sicity, β, the dipolarity-polarizability scale,�* , and the Re-
ichardt’s solvatochromic parameter scale,ET(30) [39]. We
could not detect any reproducible correlation with solvent
dielectric constant, dipole moment, refractive index or theα

andβ scales. We did, however, find a correlation with the
ET(30) solvatochromic parameter scale as shown inFig. 7.
Table 2shows the change in the resistance andET(30) for
each of the vapours tested. It is to be noted that the corre-
lation was moderate at best, but generally reproducible over
different samples and vapour concentrations. This is not sur-
prising given the variation between sensor samples caused
by differences in the fabrication process. While only nine
vapours were tested at 10,000 ppm, they span a wide range
of ET(30) polarity values, e.g., from 0.009 for hexane to 1.0
for water[39].

Data interpretation is further complicated by the�R/R val-
u flect
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within a specified time period (efficiency). This is to be con-
trasted with thermodynamic effects where resistance values
are measured at equilibrium (effectiveness). In essence, while
the�R/R values obtained in this study can be viewed merely
as a measure of time (not absolute), the observed correlation
with the ET(30) polarity scale points to meaningful, albeit
empirical tube/vapour structure-function effects.

The ET(30) scale of solvent polarity is derived from
changes in theλmax of the lowest energy charge-transfer
peak in the electronic spectrum of a highly aromatic zwit-
terionic betaine dye, pyridinium-N-phenolate betaine, in a
given solvent[39]. The correlation of sensor response with
this specific solvatochromicET(30) scale suggests that elec-
tronic processes governing vapour/tube interactions could be
qualitatively similar to those that lead to charge stabiliza-
tion (solvation) of the betaine dye associated with theET(30)
scale. Although the SWNT film is not zwitterionic per se,
both bulk and surface charges are expected to be present that
could provide sites for interaction with organic vapours. For
example, the correlation withET(30) values observed in the
case of the oxygen-rich purified-HiPco films do not translate
to analogous films made from ‘as-synthesized’. In addition,
the SWNT film is weaklyp-doped with molecular oxygen
playing a role in the doping process. The observed sensor re-
sponse could also be due to displacement of adsorbed oxygen
by the organic vapour, very much analogous to the small but
s ec-
t tc.,
u r, al-
c

gas
m s-
t to a
c tube
d rela-
t olar
e nse.
C own
n pour
a ed.
I sorp-
t near
t our
a trical
p ex-
p tion
o

4

our
s ns-
p sen-
s ssed,
s pour
es that are normalized per unit time, i.e., the values re
kinetic response, e.g., sensor response to a given v

able 2
ist of vapours tested with corresponding change in resistance and s
olarity [ET(30)]

umber Vapour �R/Ra ET(30)

Hexane 2± 0.9 0.009
Toluene 4.25± 1.7 0.099
Ether 2± 1 0.117
Chloroform 3.5± 0.4 0.254
Dichloromethane 4± 1 0.309
Acetone 22± 2.4 0.355
Acetonitrile 30± 1.9 0.460
Methanol 35± 1.8 0.762
Water 60± 5 1.00

a %�R/R for 20 min exposure to vapour at 10,000 ppm.
r

ignificant reduction in the bulk conductivity of doped el
ronic organic polymers like polyaniline, polypyrrole, e
pon removal of adsorbed H-bonding vapours like wate
ohols, etc.[40].

While interactions between the nanotube and the
olecules are generally weak[27], a change in resi

ance upon exposure to vapour is believed to be due
hange in work function of the tube caused by vapour-
ipole–dipole or charge transfer interactions. The cor

ion with theET(30) scale suggest that vapour-tube dip
ffects could be playing an important role in sensor respo
omputer modelling of tube-vapour interactions have sh
o substantial electron density overlap between the va
nd the tube, indicating the no chemical bond is form

t has been suggested, however, that the molecular ad
ion can induce a local charge fluctuation in the region
he nanotube[27]. It has also been demonstrated that vap
dsorption can change the dielectric constant and elec
roperties of SWNT[41]. These phenomena may help
lain the genesis of the weak, albeit significant correla
bserved with theET(30) scale.

. Summary

We have described for the first time: (i) organic vap
ensing using films of SWNT bundles on lightweight, tra
arent, plastic substrates, (ii) robust and reproducible
or responses to a wide variety of vapours under stre
aturated vapour conditions and under controlled va
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conditions, (iii) a directional correlation of sensor response
to theET(30) solvent polarity scale and its potential implica-
tions to vapour/tube effects, and (iv) robust sensor response
as a function of device flexibility.

The ease of device fabrication is underscored by the use
of the line patterning method which permits a large array
of SWNT/PET samples to be assembled in less than 1 h. It
is therefore possible to rapidly screen a variety of new sen-
sor and vapour combinations before employing more sophis-
ticated printing or lithographic methods. Indeed, the latter
may be employed after an initial screen is conducted using
the approach described in this work. It is to be noted, how-
ever, that significantly more studies are needed to fully un-
derstand the robust sensor response, the strong adhesion of
SWNT to the PET substrate, and contributions, if any, from
vapour/substrate effects.
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