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a b s t r a c t

Surface plasmon resonance spectroscopy is sensitive to near-surface (<300 nm) chemical and physi-
cal events that result in refractive index changes. The non-specific nature of the stimulus implies that
chemical selectivity in SPR sensing configurations entirely relies upon the chemical recognition scheme
employed. Biosensing applications commonly use surface layers composed of antibodies or enzymes
for biomolecular recognition. Monitoring of volatile compounds with SPR spectroscopy, however, has
not been widely discussed due to the difficulty in selectively responding to small molecules (<100 Da)
in addition to the limited refractive index changes resulting from the interaction between the plasmon
wave and volatile compounds.

Different strategies explored thus far for sensing of small molecules have relied on optical and elec-
trical changes of the recognition layer upon exposure to the analyte, yielding an indirect measurement.
Examples of coatings used for gas-phase sensing with SPR include conducting metal oxides, polymers and
organometallic dyes. Electrically conducting polymers, like polyaniline and polypyrrole, display dramatic
conductivity changes in the presence of certain compounds. This property has resulted in their routine
incorporation into different sensing schemes. However, application of electrically conducting polymers
to SPR gas-phase sensing has been limited to a few examples, despite encouraging results.

The emeraldine salt form of polyaniline (PAni) demonstrates a decreased electrical conductivity corre-
lated to NH3 concentration. In this contribution, PAni doped with camphorsulfonic acid (PAni-CSA) was

applied to gas-phase sensing of NH3 by way of SPR spectroscopy. Spectroscopic ellipsometry was used to
determine the optical constants (n and k) for emeraldine salt and emeraldine base forms of PAni, confirm-
ing the wavelength-dependent response observed via SPR. The analytical performance of the coatings
show that a limit of detection of 32 ppm NH3 based on precision of the mass-flow controllers used and an
estimated method limit of detection of ∼0.2 ppm based on three standard deviations of the blank. This is

her, m
directly comparable to ot

. Introduction

Surface plasmon resonance (SPR) spectroscopy is commonly
sed to measure changes in the dielectric constant (ultimately, the
efractive index) of a sample [1,2]. The technique relies upon optical
xcitation of surface plasmon polaritons (SPPs), collective charge
scillations, in thin films of appropriate materials (typically, gold,
ilver and copper though metal oxides have also been used) and
ccurring at the interface between the film and surrounding dielec-
ric (i.e., the sample). The intensity of the plasmon wave decays

xponentially yielding a penetration depth of ∼300 nm into the
etal-sample interface, rendering SPR spectroscopy especially sen-

itive towards near-surface events. In particular, it is well-suited

∗ Corresponding author. Tel.: +1 302 831 2561; fax: +1 302 831 6335.
E-mail address: kbooksh@udel.edu (K.S. Booksh).

039-9140/$ – see front matter © 2011 Published by Elsevier B.V.
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ore established sensing architectures.
© 2011 Published by Elsevier B.V.

for acquiring information about biochemical systems, including
antibody–antigen binding constants, monitoring biofouling levels
and epitope mapping [3,4]. Furthermore, since the signal measured
with SPR spectroscopy originates from changes in refractive index,
external labeling of biomolecules is unnecessary. SPR biosensing
architectures have benefitted from both the high sensitivity to
biomolecular binding events, yielding detection limits approaching
sub-ng/mL levels, as well as the unnecessary incorporation of tags
(e.g., fluorophores or gold nanoparticles), simplifying the analysis
[5–8].

In contrast, SPR sensing of gas-phase compounds has largely
remained unexplored due to the minute changes in refractive
index imparted following surface adsorption of small (<100 Da)

volatile compounds. Consequently, percent-level analyte concen-
trations are required in order to register significant changes in
SPR spectra [9]. Furthermore, the non-specific nature of refractive
index changes renders differentiation between chemical (e.g. ana-
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yte) and physical (e.g. temperature or pressure changes) stimuli
mpossible. In order to overcome these limitations, a selection of

aterials have been coated onto plasmon supporting metals and
valuated for their ability to improve chemical selectivity as well
s amplification of the response. Complexation reactions between
rganometallic compounds and the analyte have been evaluated as
way to impart chemical selectivity [10–12]; the reaction causes
change in the electronic distribution within the organometallic

ompound, altering its optical properties. Metal oxide coatings,
uch as TiO2 [13], ZnO [14] and others [15,16], have also been
xplored in SPR gas-phase sensing configurations. In this case,
urficial adsorption of electron-withdrawing or -donating com-
ounds alters the electrical conductivity of the metal oxide [17],
hanging the complex permittivity (i.e. refractive index). Finally,
everal polymer coatings have been evaluated for their potential
o enhance and discriminate the response to different gases with
PR sensors. These include polydimethylsiloxane [18], polyimide
19], Nafion [15] and polyelectrolyte multilayers [20]. The analytic
ignal typically stems from a physical change (i.e. swelling) of the
olymer, resulting from enrichment of the analyte within the vol-
me probed by the plasmonic wave. Chemical selectivity can be
artially achieved by appropriately selecting polymers that display
preferential affinity towards the analyte (e.g. Hansen solubility
arameters).

Electrically conducting polymers, such as polypyrrole and
olyaniline (PAni), constitute a special class of polymer coatings
ommonly used in gas sensing [21–25]. The transduction prin-
iple for electrically conducting polymers relies on a change in
lectrical conductivity, rather than a conformational change, upon
xposure to the analyte. Alternatively, optical detection based on
he polymer’s absorption or reflection spectral profile has also been
sed, albeit this approach is less popular [26]. With respect to SPR
pectroscopy, application of electrically conducting polymers for
hemical recognition has been limited to a few examples. Agbor
t al. [27,28] demonstrated the use of Langmuir–Blodgett PAni
lms for H2S and NO2 sensing at low-ppm levels. Samoylov et al.
eported on HCl sensing with a N-substituted derivative of PAni,
oly(N-methylaniline), at a concentration of 80 ppm [29]. Banerji
t al. [20] also employed PAni for gas sensing, albeit in the electri-
ally insulating (pernigraniline) form as a method to test the effect
f physical, rather than electronic, changes associated with NH3
timuli. The absence of a response to 4% NH3 (in dry air) indicated
hat swelling of the recognition layer alone was not sufficient for
etection of the analyte at concentrations below those tested. Fur-
hermore, the authors postulated that the low sensitivity observed

ay also be related to the morphology of electropolymerized PAni,
ainly constituting of loosely packed intertwined nanofibrils of up

o 200 nm in diameter [30]. Since SPR spectroscopy is sensitive to RI
hanges occurring within 300 nm of the metal/polymer interface,
he nanofibrous heterogeneity converts to diminished spectroscop-
cally active area and in poor sensitivity.

As the conducting polymer interacts with the analyte and its
lectrical properties change, a concomitant change in the dielec-
ric coefficient will be observed. Polyaniline in the emeraldine salt
orm displays nearly metallic conductivity, whereas it is electri-
ally insulating in the emeraldine base form [31,32]. The latter can
e partially induced by reducing compounds. Therefore, modifying
PR sensors with electrically conducting polymers has the poten-
ial to address both limitations of SPR gas-phase sensing by: (1)
ntroducing selective chemical recognition and (2) amplifying the
esponse, since the shift in SPR coupling conditions rises from the
olymer’s interaction with the analyte, rather than from the analyte

irectly.

Ammonia is a reducing, volatile compound commonly measured
ith PAni-based sensing platforms due to its well-characterized

nfluence on the polymer’s conductivity in addition to general
85 (2011) 1369–1375

interest for gas-phase detection [22,33,34]; NH3 is associated with
health hazards in industrial and agricultural settings [35–37].
Hence, in order to evaluate the viability of gas-phase SPR sens-
ing, PAni doped with camphorsulfonic acid (PAni-CSA) layers were
exposed to varying NH3 concentrations in dry synthetic air. Since
a shallow analytical area is probed by the plasmonic wave, PAni
was deposited by drop-casting from formic acid, rather than by
electropolymerization, in order to obtain continuous layers [30].
The physical properties of PAni-CSA layers used were investigated
with FT-IR and UV–Vis spectroscopy confirming the presence of
the emeraldine salt form. Of particular interest to sensing plat-
forms, the wavelength-dependent optical properties of PAni-CSA
are also outlined and discussed with respect to analytical perfor-
mance and provide evidence that sub-ppm limits of detection may
be achievable.

2. Experimental

SF-10 (Esco Products, Oak Ridge, NJ) glass slides were immersed
in boiling piranha solution [3:1 (v/v) concentrated H2SO4:30%
H2O2] (Fisher Scientific, Fair Lawn, NJ) for 60 min, then copiously
washed with deionized water, dried with a stream of dry nitrogen
gas (Keen Compressed Gas Co., Wilmington, DE) and immediately
placed in a DC magnetron sputterer (model 308R, Cressington
Scientific Instruments Ltd., Watford, UK). The glass slides were
sputtered with 2 nm of chromium (99.95+%, Kurt J. Lesker, Clair-
ton, PA) followed by 50 nm of gold (99.99%, Espi Metals, Ashland,
OR).

Polyaniline in the emeraldine base form was prepared accord-
ing to the procedure described by Sasaki et al. [38]. Briefly, PAni
powder (MW ∼20,000, Sigma–Aldrich, St. Louis, MO) was treated
with ammonium hydroxide (Fisher Scientific, Pittsburgh, PA) to
ensure full deprotonation and subsequently rinsed with deionized
water. The filtrate was then dried under reduced pressure at room
temperature overnight. Dry emeraldine base was dissolved in suf-
ficient formic acid (Acros Organics, Morris Plains, NJ) to yield a
5 mg/mL stock solution. A 1 mL aliquot was pipetted out and diluted
to 1 mg/mL with formic acid to which 6.4 mg of camphorsulfonic
acid (Acros Organics, Morris Plains, NJ) were added resulting in a
2:1 molar ratio of acid to tetrameric PAni repeating unit. A 50 �L
aliquot was drop-casted onto a gold-coated glass slide and placed
in a vacuum oven at 60 ◦C overnight.

A drop of index-matching fluid (RI = 1.7300, Cargille Laborato-
ries, Cedar Grove, NJ) was added to the back-side of coated slides
and subsequently mounted onto SF-10 60◦ equilateral prisms (Esco
Products, Oak Ridge, NJ). The assembly was fixed to a custom-
built polycarbonate flow cell containing two channels, an analytical
channel and a reference channel. Polarized collimated light from a
“warm white” light emitting diode (Philips Luxeon K2, model LXK2-
PWW4-U00, San Jose, CA) was guided onto the back-side of the
SPR sensor and the reflected beam was steered into a grating spec-
trometer (Horiba Scientific, model iHR320, Edison, NJ) equipped
with a TE-cooled CCD detector (Horiba Scientific, model Symphony,
Edison, NJ).

Gas delivery to the analytic and reference channels was reg-
ulated by mass flow controllers (MFC, Omega, model FMA5400,
Stamford, CT) operating at a flow rate of 100 mL/min. The reference
channel was constantly flushed with dry synthetic air [80 nitrogen:
20 oxygen (v/v) mixture, Keen Compressed Gas Co., Wilmington,
DE] whereas the analytic channel was exposed to dry ammonia

vapor [0.4% (v/v) stock in synthetic air, Matheson Gas, Mont-
gomeryville, PA] diluted with synthetic air to achieve the desired
concentration. MFCs were computer-controlled using custom-
written Labview virtual instruments (National Instruments, Austin,
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ig. 1. (A) Real and (B) imaginary components of the refractive index for PAni (gray
onditions compared to bare gold.

X). Stainless steel tubing (∅= 1/16′′) and fittings were used to con-
ect the MFCs to the flow cell.

SPR spectra collected under different polarizations (s-polarized
as used as a reference) resulted from averaging of five spectra

o improve signal-to-noise ratio, and were subsequently analyzed
sing custom-coded MATLAB routines to help identify SPR dip min-

ma.
Reflectance FT-IR spectra of both emeraldine forms were col-

ected as thin films drop-casted onto gold-coated glass slides
n the mid-infrared range (4000–400 cm−1) with a Hyperion
000 microscope optically coupled to a Bruker Optics Ver-
ex 70 (Billerica, MA) spectrometer. Spectra were acquired
sing a germanium micro-attenuated total reflectance objective
∼100 �m diameter probed spot size) and a liquid nitrogen-cooled

ercury–cadmium–telluride (MCT) detector. Each spectrum con-
isted of 100 averaged scans at a 4 cm−1 resolution. PAni and
Ani-CSA films drop-casted from a 50 �L aliquot of a 1 mg/mL
olution onto quartz slides were utilized for spectroscopic data
ollection in the 190–1100 nm with a Hewlett Packard spectropho-
omer (model 8453, Santa Clara, CA) with a 1 nm resolution.

Polymer thickness was measured with a Bruker AXS atomic
orce microscope (AFM, model Dimension 3100, Santa Barbara,
A) in tapping mode with silicon probes (BudgetSensors, model
ap300, Sofia, Bulgaria). Two glass slides were simultaneously sput-
ered with 50 nm of gold (without chromium); one was coated with
Ani-CSA by drop-casting 50 �L of the 1 mg/mL solution. A step
as created on both glass slides by adhering tape to a portion of

he slides and gently peeling it off, thereby exposing the underly-
ng glass substrate. Gold thickness was measured from bare slides
nd subsequently subtracted from PAni-CSA coated substrates. The
esulting calculated thickness corresponds to the polymer itself.
rior to thickness measurements, micrographs were flattened with

1st order plane fit to mathematically remove tilt in the sys-

em using software routines embedded in the software controlling
he AFM. Three images were recorded for each sample and three
hickness values were retrieved from each images; the thickness
nd PAni-CSA (black line). (C) SPR dips obtained with PAni-CSA at different coupling

reported results from the average (plus standard deviation) of nine
data points.

Real and imaginary components of the complex refractive index
for PAni-CSA were obtained with an automated J.A. Woollam (Lin-
coln, NE) variable angle spectroscopic ellipsometer (VASE) covering
the 250–1700 nm spectral range. SE measurements were collected
at 55◦, 65◦ and 75◦ and analyzed using the software package pro-
vided by the instrument manufacturer.

3. Results and discussion

3.1. Physical characterization

The presence of CSA and formation of the emeraldine salt was
confirmed by FT-IR spectroscopy. PAni spectra exhibit character-
istic absorption bands at 1586 cm−1 (N quinoid N), 1507 cm−1

(N-benzoid-N) and 1168 cm−1 (C–H in-plane bending). Addition
of CSA introduces strong contributions at 1043 cm−1 (–SO3) and
1742 cm−1 (C O) [39] as well as a shift in absorption wavenumber
of the C N•+ stretching from 1270 cm−1 in PAni to 1236 cm−1 in
PAni-CSA [40] and an increased absorbance at 1612 cm−1 (N = ring
stretching) [39] (Fig. 1A SI). Absorption spectra in 300–900 nm
wavelength range (Fig. 1B SI) further verify doping of PAni. Three
absorption bands, consistent with a coil-like conformation [41], are
observed with peak absorbances at approximately 350 nm (�-to-
polaron transition), 425 nm (polaron-to-�*) and 800 nm (�-to-�*
related to hyperconjugated backbone) [40,42].

Wavelength-dependent optical constants for PAni and PAni-
CSA were determined by spectroscopic ellipsometry (Fig. 1). Values
for the real, n, and imaginary, k, components of the refractive
index obtained for PAni are consistent with those published by

Mo et al. [43]. A similar direct comparison for the emeraldine salt
is not possible due to the different dopants used (CSA vs. HCl),
which can affect the polymer’s electronic and optical properties
[44]. The refractive index of spin-coated PAni-CSA was reported
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y Al-Attar et al. in the visible and near-infrared range [45]. How-
ver, the values for n and k reported are not in agreement with
hose presented in this study. For example, Al-Attar et al. reported

parabolic behavior for n, with values ranging from ∼1.465 to
1.504 in the wavelength range studied, with the highest value
easured at ∼530 nm. With our samples, n decreases from ∼1.497

t 400 nm to ∼1.210 at 700 nm, subsequently increasing to ∼1.432
t 800 nm (Fig. 1A). Additional contrast rises from k, where Al-Attar
t al. describe a monotonically increasing behavior towards shorter
avelengths. The PAni-CSA samples studies herein (Fig. 1B) how-

ver show the opposite, that is, a generally decreasing trend for
from longer to shorter wavelengths. The origin of this discrep-

ncy may lie in differences in the casting solvents used. PAni-CSA
oatings deposited from formic acid solutions yield UV–Vis spectra
ontaining the aforementioned features, coatings cast from sol-
ents like m-cresol and 2-chlorophenol adopt an expanded coil-like
onformation [41] and display very different absorption profiles
ith a single peak at ∼440 nm and an increasing “free carrier tail”

n the near-infrared region.
Considering that k is related to the extinction coefficient, ˛,

ia:

= ˛�

4�
(1)

nd that the Beer–Lambert law further describes the association of
to the optical absorption, it becomes evident that the trend in k

eported by Al-Attar et al. follows an absorption profile comparable
o PAni-CSA coatings cast from solvents that favor the expanded
oil-like conformation [41], and therefore, n and k reported by Al-
ttar et al. are not directly comparable to ours.

Validity of the optical constants presented can be further
onfirmed by deriving n from k from transmission-absorption
pectra via the Kramers–Kronig relation [46], which yields val-
es similar to those obtained experimentally with ellipsometry.
he general agreement between UV–Vis spectra and spectroscopic
llipsometry indicates that the optical constants extracted for our
Ani-CSA samples, and their subsequent application in sensing
latforms.

PAni-CSA layers were imaged by atomic force microscopy in
rder to determine coating thickness. The gold (and gold-PAni-
SA) was partially removed, exposing the underlying glass slide
nd creating the step used to measure thicknesses. Gold and gold-
Ani-CSA coatings were measured at three locations; the thickness
f the bare gold coating was then subtracted from combined
old-PAni-CSA to obtain the polymer thickness. This procedure
ielded values of 161 ± 10 nm for PAni-CSA. Using the complex
efractive index for gold [47] and PAni-CSA (Fig. 1), the penetra-
ion depth (dp) of the surface plasmon wave into the polymer
lm can be calculated [2]. It was determined that in the range
f �SPR = 550–640 nm, dp increases from ∼130 nm to ∼260 nm.
his indicates that while the plasmon wave is fully contained
ithin the sensing material at lower wavelengths, at longer wave-

engths the gas-phase above the polymer will contribute to the
SPR shift recorded. For example, at �SPR = 640 nm the intensity
f the exponentially decaying plasmon wave decreased to 54% of
he intensity at the metal/PAni-CSA interface (z = 0 nm), thereby
artially extending beyond the polymer. However, contributions
rom the gas-phase atop the polymer are not anticipated to
ubstantially influence the sensor response, since the exponen-
ially decaying behavior of the plasmon wave implies that the
reatest sensitivity to signal changes rises from analytical vol-

mes closer to the metal/PAni-CSA interface. Additional evidence
owards the negligible contribution from NH3 in the gas phase
n the sensor response will be discussed in the following sec-
ion.
Fig. 2. �SPR shift to 192 ppm NH3 as a function of plasmon excitation wavelength
(left axis) compared to the RI difference between PAni-CSA and PAni (right axis).

3.2. Sensing characteristics

Overlapping of the plasmon resonance with absorption features
pertaining to the polymer (the imaginary portion of the refractive
index, k, Fig. 1B) leads to broadening of the SPR dip, as well as
increased reflectivity minima (i.e., a ‘shallower’ dip) [48–51]. Exem-
plary dips as a function of coupling conditions are shown in Fig. 1C
along with a dip obtained with a bare gold slide for comparison.
These effects render evaluation of the dip minima (�SPR) location
challenging, increasing the noise associated with uncertainties in
determining the dip minima location. In order to improve the accu-
racy, noise levels were reduced by averaging five spectra. Averaging
reduces the standard deviation of the dip location for steady-state
spectra collected over 50 min from ±0.1 nm to ±0.04 nm. Increas-
ing the averaging to ten spectra does not reduce variance levels
sufficiently (±0.03 nm) to counterbalance the loss in temporal res-
olution: ∼30 s for five spectra, compared to ∼60 s for ten spectra.
Therefore, for the analysis presented here, spectral averaging was
maintained at five spectra per data point presented.

While the SPR dip shape is influenced by k, the dip location (i.e.
�SPR and �SPR) is more directly determined by n. The wavelength
dependency of n displayed by both emeraldine forms indicate that
the sensing characteristics of PAni-CSA to NH3 will vary substan-
tially with the plasmon excitation conditions employed. That is,
according to the ellipsometric data (Fig. 1A and B), SPR sensing
of NH3 using excitation wavelengths in the ∼520 nm (the lowest
wavelength accessible with gold [52]) to ∼550 nm range will result
in a blue-shift of the SPR dip, whereas at 560 nm and above, a red-
shift will be registered. From the same figure it is also possible to
predict that at ∼550 nm, the presence of the analyte will not be
registered since the refractive indeces of the two PAni forms over-
lap. Fig. 2 superimposes the difference in refractive index between
the emeraldine salt and the emeraldine base with the response
obtained to 192 ppm NH3. Since a broadband light source was used
for these studies, the coupling conditions were altered by chang-
ing the incident angle to yield the desired �SPR. As discussed, the
performance of the sensor changes dramatically with the excitation
wavelength. The same chemical stimulus can induce a 0.5 nm blue-
shift and up to a 5 nm red-shift, with the potential of even higher
shifts provided that longer wavelengths are accessible. The opti-
cal setup employed in these studies is restricted to an upper limit
of ∼640 nm, corresponding to the location of one of two Wood’s
anomalies (∼520 nm and ∼645 nm) displayed by the holographic

grating (Horiba Scientific catalog no. 510 09 120). Convolution
of the SPR band with the Wood’s anomaly results in a distorted
spectrum wherein the SPR dip minimum becomes obscured. At
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Fig. 3. (A) Calibration and reference sensorgram for five (32 ppm, 80 ppm, 192 ppm, 512 ppm and 992 ppm) of the seven NH3 concentrations (64 ppm and 128 ppm are not
shown) tested. (B) Linearized calibration (N = 6) for PAni-CSA SPR sensor. Note: Calibration of PAni-CSA sensor was performed in two separate measurement cycles. The
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umber of spectra collected for each measurement cycle was limited due to the abi
even NH3 concentrations yielded exceedingly long computation times, oftentimes

avelengths beyond the range of the Wood’s anomaly, the SPR
ip becomes too shallow due to the continuously increasing k of
he polymer, and cannot be measured. Finally, the influence of gas-
hase NH3 on the SPR sensor was tested by measuring the �SPR
hift obtained with bare gold slides, wherein the full evanescent
ave is in direct contact with the analyte. In this case, exposure to

92 ppm NH3 induced a red-shift of 0.08 ± 0.01 nm (N = 3), com-
ared to 5.60 ± 0.22 nm (N = 3) for PAni-CSA coated sensors (at
SPR = 640 nm), indeed confirming that signal contributions from
he portion of the plasmon wave protruding past the PAni-CSA layer
nd into the gas-phase are negligible.

Given the aforementioned optical constrains, calibration of the
ensor and testing of the dynamic response was performed at
SPR ∼ 625 nm, providing ∼20 nm of range to cover the span of
H3 concentrations tested (up to 992 ppm) without interferences

rom the Wood’s anomaly. An exemplary sensorgram of PAni-CSA
oated sensors to increasing ammonia concentrations is presented
n Fig. 3A. The calibration was separated into two sets of con-
entrations; the first one comprised of 32 ppm, 80 ppm, 192 ppm,
12 ppm and 992 ppm NH3, while the second completed the range
ith 64 ppm and 128 ppm NH3. A single run with all seven con-

entrations resulted in matrices too large for the Horiba SynerJY
oftware platform (v. 1.8.5.0) to reliably control collection of the
pectra and format the data. Oftentimes this lead to software crash-
ng and loss of data.

The electrical properties of emeraldine salts are related to NH3
oncentration following:

= RO exp[(˛N)� ] (2)

here R and RO correspond to the resistance measured in the
resence and absence of the analyte, respectively, N is the NH3
oncentration in ppm and ˛ and � are constants [33]. The same
quation can be adapted for optical measurements [53,54], where
hanges in absorbance at predefined wavelengths, rather than elec-
rical resistivity, are quantified. The response of PAni-CSA coated
PR sensors to NH3 appears similar, in that, generally speaking, a
ogarithmic response is obtained with increasing NH3 content. If
O and R in Eq. (2) are replaced by �(air)SPR and �(NH3)SPR, respec-
ively, the response can be linearized [33] as depicted in Fig. 3B.

Fig. 3B also shows that the error in determining the SPR shift
ssociated with different NH3 concentrations is comparatively con-
tant (∼3% of the measured value, N = 6) with the exception of

2 ppm, which displays markedly higher variance (∼9%, N = 6) and

eads to a modest mathematical fit (R2 value of 0.943). The high
rror in measuring the shift displayed by the lowest concentration
s most likely associated with the resolution of the MFCs utilized,
the software interface to handle the number of data points generated. Including all
ing in software instability.

which is ±1.5% of the full scale, or ±32 ppm NH3, indicating that
dilutions at the functional limits MFCs are unreliable. If the SPR
shift at 32 ppm is not considered in the sensor calibration, the R2

value of the fit improves substantially to 0.987. Extrapolation from
the regression equation (including data acquired with 32 ppm NH3)
to a signal-to-noise ratio of 3 (based on standard deviation of the
response to dry air at �SPR ∼ 625 nm) indicates that a theoretical
limit of detection (LOD) of ∼0.2 ppm NH3 may be achievable. This
value represents an optimistic interpretation of the data, and it is
likely that a truly experimental LOD would not match the levels
predicted. Unfortunately, due to dilution limitations of the MFCs
an experimental LOD cannot be determined. It is important to note
that even if the experimental LOD is estimated to reach 10 ppm,
50× higher than the predicted value, it is still within typical ranges
reported for NH3 sensing platforms utilizing the emeraldine salt
form of PAni [53–59]. Performing the analysis at longer wave-
lengths, thereby taking advantage of larger changes in n – which
peaks at ∼720 nm – may yield an improved LOD. However, it then
becomes a balancing act between the shift �SPR recorded and the
noise introduced by the continuously broadening, less prominent,
SPR dip.

Finally, Fig. 3A also includes the response obtained from the
reference channel. SPR spectroscopy is considered a zeroth order
technique, whereby the signal measured is non-specific. There-
fore, a reference channel consisting of a spectroscopically probed
area adjacent to the analytic channel is included in the flow cell
design. The reference channel is continuously flushed with the car-
rier gas (synthetic dry air) at 100 mL/min. Drift in the reference
channel, which may rise from (for e.g.) temperature fluctuations,
can then be used to compensate for drift in the analytic channel.
Finally, although the effect of interferents on the sensor was not
experimentally verified in this contribution, it has been demon-
strated that doped PAni will respond to other analytes, including
H2O, CH3OH, N2H4 and H2, among others [30,60,61]. Therefore,
measurements in complex matrices would benefit from a sensing
array system, whereby each transducer is modified with different
chemical recognition strategies [62,63].

The dynamic response of the PAni-CSA coating is commonly
evaluated with respect to the �90 value (the time required to attain
90% of the full signal). For the particular setup, despite an initial
sharp rise in RI, the signal requires 6–7 min to achieve the �90
value, which is longer than other techniques utilizing PAni (Fig. 4).

Desorption of NH3 from the polymer is delayed even further, requir-
ing ∼120 min to return to baseline values. Fig. 4 also shows the
�SPR shift obtained with bare gold compared to PAni-CSA. Though
averaging of five spectra results in a loss in temporal resolution
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ig. 4. Temporal response to 192 ppm NH3 of bare and PAni-CSA coated SPR chips
orrected for background drift.

ompared to single spectrum acquisition, the slow response times
f PAni-CSA to NH3 suggests that little temporal information is truly
ost.

A survey of recent literature contributions employing doped
Ani layers of similar thicknesses (100–200 nm) indicates that
he polymer usually responds to NH3 adsorption within 1 min
nd returns to baseline in <10 min once the stimulus is removed
54,56,57]. These values are lower than those experienced here.
hough the gas flow rates used (100 mL/min) are lower than those
eported by most (up to 900 mL/min [56]), it is unlikely to be the
ause for the delayed response/recovery since diffusion in- and out-
f the polymer is the process responsible for the signal change
33,53]. Dopants used in PAni can influence the conductivity and
ermeability of the layers casted [64–68]. CSA has been used as a
opant in other NH3 sensing platforms displaying shorter tempo-
al responses [38,55,56], therefore dopant composition or doping
evels are also unlikely to be the cause of the long response times
bserved here. Finally, it has been reported that the detection of
H3 at trace levels (ppb) is challenging, as the analyte readily
dheres to materials used in experimental setups [69–71], yield-
ng hysteresis effects. Considering that analyte is delivered to the
ow cell using ∼2.5 m of 1/16′′ (o.d.) stainless steel tubing, it is pos-
ible that sufficient surface area is available to retain the analyte at
oncentrations above the LOD (low to sub-ppm) of the SPR sen-
or. Ways of mitigating this effect include raising the gas flow-rate,
entle heating of the steel tubing and reducing the tubing length,
ill guide future efforts towards an improved temporal response.

. Conclusion

Drop-casted polyaniline doped with camphorsulfonic acid
PAni-CSA) layers were evaluated with regards to their ability to
ense gas-phase NH3 using SPR spectroscopy. FT-IR and UV–Vis
pectroscopy confirmed that the layers deposited correspond to
he electrically conducting emeraldine salt form of the polymer.

easurement of the layer thickness by atomic force microscopy
howed that the deposition procedure yields 160 nm thick lay-
rs, indicating that at longer wavelengths (>560 nm) the plasmon
ave protrudes above the polymer and into the gas-phase. How-

ver, measurements performed with uncoated gold chips suggest
hat contributions from gas-phase detection of NH3 are negligible

ompared to the response obtained with PAni-CSA. Spectroscopic
llipsometry was employed to extract both the real and imagi-
ary components of the refractive index (n and k) for both the
meraldine salt and emeradine base. Comparison of the optical con-

[

[

85 (2011) 1369–1375

stants show that a wavelength-dependent response to NH3 can
be expected, corroborating observations with SPR spectroscopy.
Finally, typical figures of merit with regards to NH3 sensing showed
that this approach is capable of achieving a limit of detection com-
parable to more established schemes, though with slower response
times.
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