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ABSTRACT

Linear sensor arrays made from small molecule/carbon black composite chemiresistors placed in a low headspace
volume chamber, with vapor delivered at low flow rates, allowed for the extraction of chemical information that
significantly increased the ability of the sensor arrays to identify vapor mixture components and to quantify their
concentrations. Each sensor sorbed vapors from the gas stream to various degrees. Similar to gas chromatography,
species having high vapor pressures were separated from species having low vapor pressures. Instead of producing
typical sensor responses representative of thermodynamic equilibrium between each sensor and an unchanging vapor
phase, sensor responses varied depending on the position of the sensor in the chamber and the time from the beginning
of the analyte exposure. This spatiotemporal (ST) array response provided information that was a function of time as
well as of the position of the sensor in the chamber. The responses to pure analytes and to multi-component analyte
mixtures comprised of hexane, decane, ethyl acetate, chlorobenzene, ethanol, and/or butanol, were recorded along each
of the sensor arrays. Use of a non-negative least squares (NNLS) method for analysis of the ST data enabled the correct
identification and quantification of the composition of 2-, 3-, 4- and 5-component mixtures from arrays using only 4
chemically different sorbent films and sensor training on pure vapors only. In contrast, when traditional time- and
position-independent sensor response information was used, significant errors in mixture identification were observed.
The ability to correctly identify and quantify constituent components of vapor mixtures through the use of such ST
information significantly expands the capabilities of such broadly cross-reactive arrays of sensors.

Keywords: electronic nose; sensor arrays; vapor detection; spatiotemporal response; carbon black composite sensors

1. INTRODUCTION

Cross-reactive array-based vapor sensors have received significant attention in the recent literature. Such sensors
include coated surface acoustic wave devices," ? tin oxide sensors,” * conducting organic polymers,™ ¢ polymer-coated
micromachined cantilevers,” ® dye-impregnated polymers coated onto optical fibers or beads,” '° polymer/carbon black
composite chemiresistors,'™'® and low volatility small molecule/carbon black composite chemiresistors.'” Sensor arrays
made from a variety of composite materials encompass a broad range of collective vapor/sensor interactions, producing a
diversity of response values upon exposure to a given analyte. Arrays of such sensors, coupled with some form of
pattern recognition, are able to discriminate between different vapors.'” '® ! Such arrangements have been termed
“artificial” or “electronic” noses, due to their similarities to mammalian olfactory processes.”" !

Typical sensor studies to date strive to obtain rapid time-independent responses across all sensors in the array to an
unchanging vapor stream. They strive to obtain equilibrium responses between each sensor and the vapor stream being
sampled. Under this implementation, reports dealing with cross-reactive sensor arrays have investigated the response
and discriminating ability of such arrays toward single analytes.* ™ '*** Alternatively, responses to complex mixtures
have been used to “fingerprint” complex vapor mixtures rather than identify their constituents. In this approach,

* To whom correspondence should be addressed. E-mail: nslewis@caltech.edu

Sensors and Smart Structures Technologies for Civil, Mechanical, and Aerospace Systems 2008,
edited by Masayoshi Tomizuka, Proc. of SPIE Vol. 6932, 69321M, (2008)
0277-786X/08/$18 - doi: 10.1117/12.781517

Proc. of SPIE Vol. 6932 69321M-1

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 7/19/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



electronic noses have distinguished between the headspaces generated from different types of beers, > hops,” wines,**
z Vinegars,zg’ 2 coffees,’® ! and teas.’>3*

Rapid time-independent responses used in the above analyses are achieved by using relatively large-volume sensor
chambers and exposing the vapor at high flow rates. The large-volume sensor chamber ensures that the vapor being
sampled, which partitions into the sensor to trigger a response, does not cause an appreciable decrease in the
concentration of material in the sampling stream. The high flow rate ensures that the first and last sensors along the
array are exposed to the sampling stream at essentially the same time. Modeling studies utilizing computational fluid
dynamics have sought to determine sensor/chamber designs and operational conditions that provide this evenly
distributed rapid response.** **

Exploitation of the spatiotemporal aspects of a non-uniform flow system may, however, yield additional information on
the composition of analyte mixtures. The flow dynamics of sniffing, for example, as well as differences in the binding
affinities of different odor receptors, are important for odor perception in mammalian olfaction. In humans, at any time,
the vapor flow rate is different through the two nostrils of a given individual. This is caused by blood flow-induced
occlusions in the nostrils, which varies with time, thus causing an individuals’ high- and low-flow nostril to vary with
time. These varying flow patterns have been shown to affect odor perception.’® Consistently, a sensor chamber modeled
after a canine nasal cavity, having sensors placed throughout the cavity, has been shown to provide enhanced
discrimination in various classification tasks relative to a single sensor array placed solely at the inlet of the cavity.”’

Recently, arrays of polymer/carbon black composite sensors have been placed in a chamber with a low headspace
volume while analyte vapor was sampled at various flow rates. Depending on the vapor flow rate, pure test vapors and
test vapor mixtures showed a concentration profile along the array as a function of time.*® In this approach, the sensor
material acted similarly to a stationary phase in a gas chromatography column, with vapors partitioning into the sensor
material as dictated by their solid/gas partition coefficient, K.,. The vapor species are not physically changed; the vapors
are simply sorbed and retained by the sensor material. The progress of each vapor front down the sensor array is
dictated by the flow rate, chamber geometry, and mass uptake by the upstream sensor films.

In this work, arrays of low volatility organic molecule/carbon black composite vapor sensors have been exposed to
various vapor mixtures in a low headspace volume chamber. In this configuration, the sensor material acts to separate
the analyte to produce a space- and time-dependent signal response from the sensors in the array. A collection of such
sensor arrays were first exposed to, and trained against, pure vapor species, each exposed at 5% of their saturated vapor
pressure, P/P° = 0.050, where P is the partial pressure and P’ is the saturated vapor pressure of the analyte of interest.
The sensor arrays were then challenged by exposures to various mixtures of these test vapors. A linear, statistically
based chemometric method, non-negative least squares (NNLS), was used to evaluate the data. In each case, no a priori
information was used regarding which vapors in the training set were present in the challenge mixtures. The
performance of the spatiotemporal (ST) array arrangement in the identification of mixtures was then compared to the
performance of an array having an equal number of sensor response descriptors using a traditional sensing approach. In
the traditional approach all sensors were exposed to identical, time-independent streams of analyte vapor.

2. EXPERIMENTAL
2.1 Materials

The insulating materials for fabrication of the sensor films consisted of tetracosane (99%), lauric acid (99.5%), and
dioctyl phthalate (99%), purchased from Aldrich; as well as propyl gallate (98%) and quinacrine dihydrochloride
dihydrate (97%), purchased from Acros Organics. Reagent grade toluene, tetrahydrofuran (THF), and chloroform,
received from Aldrich, were used as solvents in the sensor suspensions. Hexane (95%), decane (99%), ethanol (95%), n-
butanol (99.9%), ethyl acetate (99.5%) and chlorobenzene (99%), purchased from Aldrich, were used to generate vapors
for delivery to the sensor arrays. Black Pearls 2000 (BP 2000), a furnace carbon black (CB) material donated by Cabot
Co. (Billerica, MA), was used as the conductive phase in the sensor composites. All materials were used as received.
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2.2 Detectors

Four suspensions, each comprised of a non-conductive sorption phase and a conductive carbon-black (CB) phase, were
used to fabricate the sensors evaluated in this work, listed in Table 1. First, the non-conductive (non CB) sensor
material(s) were placed in ~ 60 mL of solvent and the solution was sonicated for >10 min. CB was added to the
solution, and the resulting mixture was sonicated for >30 min to produce a well-dispersed suspension. Dioctyl phthalate
(DP) was used as a component of some of the sensor films, to serve as a plasticizer. The plasticizer adds to the sensor
array diversity, as well as increases the analyte permeability, generating the more rapid sensor responses needed for the
ST response analysis.'> °

Table 1. Suspensions used to make sensors. Non-conductive materials were sonicated in 60 mL of solvent for >10 minutes.
CB was then added and the solvent again sonicated for >30 minutes to generate well-dispersed suspensions.

suspension  sensor materials solvent
1. 35 mg tetracosane, 15 mg DP, 150 mg CB toluene
2. 35 mg lauric acid, 15 mg DP, 150 mg CB tetrahydrofuran
3. 50 mg propyl gallate, 150 mg CB tetrahydrofuran
4 50 mg quinacrine dihydrochloride, 150 mg CB chloroform

Detector array substrates were fabricated by evaporating 30 nm of Cr and then 70 nm of Au onto standard 75 mm x 25
mm glass microscope slides. A custom-made mask was used to produce the electrode pattern shown in Figure 1.%* The
slide was masked with Teflon tape and sprayed with a single sensor suspension using an airbrush (Iwata, Inc.).'> 738
Several pairs of electrodes were monitored with an ohmmeter, and spraying was continued until the resistance across the
0.4 mm sensor electrode gaps was 500 - 1500 Q. This created an overall sensor film of 75 x 5 mm in length and width,
having a film thickness of ~ 1-3 pm as measured with a Dektak 3030 profilometer (Sloan Technology Corp., Santa
Barbara, CA). Four such detector substrates were made using the suspensions listed in Table 1.

I 75 mm | 725 mm

detectornumber| 1 2 3 4 5 6 7 8 9 10111213 14 15(| 5 mm

vapor i vapor
o o= | = ;..

detector filmr

[e—>fe—5 mm

Figure 1. Sensor substrate schematic. Sensor solutions from Table 1 were sprayed with an airbrush to generate detector
films. 15 pairs of gold electrodes deposited along the length of the substrate allowed for the monitoring of 15 sensors.

The four arrays were then placed into the custom-made aluminum sensor chamber depicted in Figure 2. The chamber
was 110 mm long and 25 mm wide. In this study, only one side of the glass slide was coated with sensor material, so a
total of 60 sensors were available for monitoring. A symmetric Teflon gasket was used to divide the incoming flow
evenly among each of the eight vapor flow pathways. Additionally, for each of the vapor flow pathways, the inside of
the aluminum chamber was covered with a film of Teflon tape. Two weeks passed between the spraying of the sensor
films and the initiation of the train/test phase.
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Figure 2. Sensor chamber schematic. a) 3-dimensional view of the assembled chamber. Three of the four inserted
substrates are shown. b) Sensor chamber, shown head-on with the end cap and Teflong gasket removed, with the four
inserted substrates and eight vapor flow pathways. c) Not-to-scale close-up of a single substrate from (b).
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2.3 Vapor generation and delivery

A previously described automated flow system, controlled by LabVIEW 5.0 software, was used to deliver pulses of
diluted streams of solvent vapor to the detectors.'> '*!”-** Pure analyte vapors were presented to the sensor arrays at
P/P°=0.010, 0.030, and 0.050 (1, 3, and 5 parts of foreground saturated vapor flow combined with 99, 97, and 95 parts
of background air, respectively). Eight exposures were performed at each analyte concentration, for a total of 24
exposures per vapor. These pure analyte exposures were randomly delivered over all analytes and concentrations. Only
exposures where P/P° = 0.050 were used as the “training” exposures. Exposures for the training period occurred over a
16-hour period.

Analyte vapor mixtures were generated by mixing equal volumes of each component. Background air bubbled through
these mixtures was presented to the sensor arrays at P,,;,/P°,..c = 0.050, where P,,;, is the sum of the partial pressure of the
analytes and P°,,;, is the vapor pressure of the mixture. Twenty exposures of each of the mixtures were presented to the
sensor arrays. These mixture exposures served as the “testing” exposures. Three exposure periods occurred over 13 h
each, randomly exposing 2- and 3-component mixtures, 3- and 4- component mixtures, and 4- and 5- component
mixtures. All training and testing data were collected during a five day period.

A total flow rate of 150+5 mL min™ (19 mL min™' per chamber vapor flow pathway) was provided to the sensor chamber
during the flow of either background or analyte vapor. To achieve flows with minimal variance in the rates of both the
background and foreground streams, the mixtures were first generated at higher flow rates of 400 mL min™'. A small
Teflon-lined sampling pump (Science Pump Corporation) was used to withdraw vapor from the 400 mL min™ stream.
Withdrawn flow was vented directly to the hood, and non-withdrawn flow was presented to the sensor chamber at 150+5
mL min”. Flow meters (Gilmont) were used to monitor the flow rates of the background and undiluted vapor streams,
as well as to monitor the flow rate immediately prior to the entrance to the sensor chamber.

Gas chromatography-mass spectrometry (GC-MS) (Hewlett Packard 6890 GC system; Hewlett Packard 5973 Mass
Selective Detector) was used to independently validate the compositions of the vapor mixtures. For each of the pure test
analytes, the vapor stream delivered at a setting of P/P° = 0.050 to the sensor chamber was sampled and manually
injected into the GC. The GC-MS spectral peaks were then integrated to provide a calibration for that analyte at the
generated fractional vapor pressure of P/P° = 0.05. Streams of the various mixtures were then sampled and injected into
the GC, and the GC-MS spectral peaks of each individually eluted analyte were integrated. The fractional vapor

4;

S . P
pressure of each species 7 in the mixture was calculated as | — | =—-

i i

x0.050, where 4; is the integrated area of

species i in the mixture, and 4/ is the integrated area of species i in the calibration performed at P/P° = 0.050. For all
mixtures, a standard error propagation was performed. For the calibration of pure analyte vapors, at least six
measurements were taken, while for mixtures, at least three measurements were taken. Mixtures consisting of 2, 3, 4,
and 5 components were generated from the six test analyte vapors.

2.4 Measurements and data pre-processing

Sensor film resistances were measured using a Keithley 2002 multimeter and a Keithley 7001 multiplexer. Each sensor
substrate was connected to the multiplexer through shielded, twisted pair cables and a rotary ZIF connector (Tyco
Electronics). To increase the overall sampling frequency, two Keithley 2002/7001 combinations were used to record the
sensor response data. Each Keithley 2002/7001 combination recorded the responses from two of the four arrays, or 30
of the 60 total sensors. Sensor films were intentionally sprayed to produce film resistances within the resistance range,
1000+£500 €, to increase multiplexing speed. Each sensor was sampled approximately every 3 s. Train and test
exposures consisted of 70 s of pure background flow over the sensor arrays to establish a baseline resistance, followed
by 150 s of analyte vapor flow at the desired fractional vapor pressure (P/P° = 0.010, 0.030, or 0.050), followed by a
stream of pure background flow for 230 s to restore the sensors to their initial states. Prior to data collection, the sensors
were subjected to 24 h of randomized exposures to all of the test vapors. Pure vapors were first used to train the sensor
arrays, followed by testing of the array with exposures to mixtures. All sets of exposures were randomized.
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The response of each vapor detector for each analyte exposure was expressed as S(z) = AR(1)/R,(t), where Ry(?) is the
baseline-corrected resistance of the detector in the absence of analyte and AR() is the time-varying, baseline-corrected,
resistance change upon exposure to the analyte.'*'” The baseline resistance, R,(z), was obtained by fitting a straight line
to the data obtained during the pre-exposure period. If the range of possible line slopes included zero at a 95%
confidence level, it was determined that any sensor drift was insignificant and responses were used as recorded. If the
range of line slopes did not include zero at the 95% confidence level, it was determined that the drift was significant, and
the slope was used to extrapolate the resistance recorded immediately prior to exposure to the resistance at any time ¢.
Figure 3 gives an example of this baseline correction process for a propyl gallate/CB sensor (suspension 3, Table 1)
exposed to hexane at P/P°= 0.05. AR(#) was calculated by subtracting R,(z) from the measured sensor resistance at time
t. The actual times at which the sensor resistances were recorded varied with each exposure, and were different for each
sensor in the array. The responses at the times used in the data analysis were calculated by interpolating between the
measured data points.

1
a) b)),
o
S 0.5 0.8
X
= o0 0.4
0.5 0
0 200 300 0 200 300

100 100
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Figure 3. Baseline drift correction for sensor 15 along a propyl gallate/CB sensor array (suspension 3, Table 1) responding

to hexane at P/P° = 0.05. a) uncorrected; b) corrected.

In a control study, only the first, middle, and last sensor in each array (i.e., detectors 1, 8 and 15 in Figure 1) were
sampled. This data set also captured ST sensor response information, albeit with fewer data points. These data were
then compared to “traditional” data obtained from the responses of the first three sensors in each array. The traditional
data were acquired when all sensors were in equilibrium with the initial vapor stream, near the end of the 150 s vapor
exposure period. To facilitate comparisons between the two methods, the same total number of S(#) values were
extracted in both cases. This procedure produced an equal number of total response descriptors from the three-sensor
subarrays used to compare the ST and traditional sensing approaches.

2.5 Vapor classification

The responses of these chemiresistive composite vapor sensors have been shown to be linear with the concentration of
analyte over the range of concentrations of interest in this work.'"* '7 A statistical, linear-based pattern recognition
technique was therefore used to determine the identity and relative amounts of each analyte present in the vapor
mixtures. Non-linear, neural network-based pattern recognition implementations may potentially provide enhanced
performance in such tasks, but linear-based algorithms provide a more objective measure of performance. Hence, non-
negative least squares (NNLS) was used to analyze the ST array responses of analyte mixtures.*

Training data collected at P/P° = 0.050 were used to generate a vapor response library. Averaged baseline-corrected
responses to the six vapors, S(7), extracted at four times (=5, 15, 55 and 75 s) for each of the fifteen sensors along each
of the four arrays, were used to create a 240 x 6 library, A, of responses to the six pure analyte vapors. NNLS minimizes
||[Ax-b||, where b is the 240 x 1 measured sensor response vector to the mixture, and x is a 6 x 1 vector of concentrations
of the analytes that minimizes the objective function, subject to x; > 0.* All data analysis was performed in MATLAB.

3. RESULTS

3.1 Sensor response

Figure 4a-b shows the baseline-corrected response of one 15 element sensor array (lauric acid/CB; sensor 2, Table 1) to
(a) pure butanol and (b) pure decane each presented at P/P° = 0.050, as a function of time. Responses were time-shifted
so that analyte was physically delivered to the sensors at t ~ 0 s. The experimental setup, consisting of several feet of
1/16” Teflon tubing as well as a flow meter situated immediately prior to chamber entrance, produced a delay of ~ 8 s
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between the initiation of analyte delivery and the response of the first sensor in the array; thus, analyte delivery was
initiated at t ~ -8 s, while analyte arrived at the sensor arrays at t ~ 0 s. For visualization, the responses have been
normalized by the response of each of the sensors at t = 140 s. Responses were observed on two times scales: an
immediate rapid response, and a slower drifting response. The latter can be attributed to vapor front broadening due to
Taylor dispersion occurring in the Teflon tubing and flow meter prior to the chamber.

On exposure to butanol (P = 6 mm Hg),"’ the vapor concentration became uniform over all sensors in the array within
approximately a 10 s window. In contrast, on exposure to decane (P’ = 1 mm Hg),*" the response across the array varied
significantly. The first sensor exhibited a fairly rapid response. However, subsequent sensors exhibited significantly
time-delayed responses due to the high degree of mass uptake. The sorption of decane vapor by the earlier sensors
therefore altered, and delayed, the concentration of analyte in the vapor front to the subsequent sensors along the array.
The sensor material acted as a GC stationary phase, taking up and establishing equilibrium with the components of the
vapor-phase flow stream. Partition coefficients are inversely proportional to vapor pressure, *' which explains the
different degrees of mass uptake for the two situations.

Figure 4c shows the baseline-corrected response of the sensor array exposed to a mixture of butanol and decane
delivered at P,,;/P°,i = 0.050. The first sensor in the array was exposed to a vapor stream that contained a mixture of
butanol and decane at their original concentrations. This sensor exhibited a response that rapidly became nearly
independent of time. In contrast, latter sensors along the array exhibited a two-step response. The first step captured the
fairly rapid progression of butanol along the array, shown in Figure 4a. The second step exhibited a time-dependent
delayed response that captured the progression of decane along the array, as seen in Figure 4b. The 1% rapid portion of
the sensor response shown in Figure 4c is indicative of butanol progressing along the array. The 2™ time-dependent
portion of the response shown in Figure 4c is indicative of decane progressing along the array.

a) | b) c)
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Figure 4. 15-sensor array response of sensor 2 (Table 1) exposed to a) butanol delivered at P/P°= 0.05; b) decane delivered
at P/P° = 0.05; and c¢) a mixture of butanol and decane delivered at P,,;,/P’,; = 0.050. Individual sensors are
normalized by their respective response at t=140 s to place all responses on the same scale.

3.3 Analysis of mixtures

All mixtures were analyzed using GC-MS to obtain a baseline measurement for the quantity of each component present
in each mixture, in terms of fractional vapor pressure. Table 2 displays these concentrations for each of the 14 mixtures
as 1000xP/P°. Mixtures were also analyzed using the ST response data produced on the sensor array. For all exposures,
the observed S(?) values were interpolated to fixed times having 10 s intervals, to produce 15 array responses for each
array element in the time interval of # = 5 to 145 s. Subsets of these data, comprised of S(z) responses extracted at
various times, ranging from single time-response descriptions to multiple time-response descriptions (including up to 7
different times), were then subjected to analysis using NNLS.

The sum of the squared residual variance, 5°, was calculated between the mean mixture composition calculated by
NNLS and the mixture composition indicated by GC-MS measurements, shown in Table 2. The optimal time
combination was chosen as the combination of times that provided the lowest 3 (best fit) between the deduced sensor
array mixture composition and the mixture composition indicated by GC-MS. The optimal time combination was four
times, at # = 5, 15, 55 and 75 s. The S(?) values extracted at # = 5 and 15 s (i.e., immediately after vapor delivery)
provided information about the movement of higher-vapor pressure (lower-partitioning) analytes such as hexane, ethyl
acetate and ethanol (P° = 130, 80 and 50 mm Hg, respectively)* along each array. The S(#) values at £ = 55 and 75 s
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provided information on the progress of lower-vapor pressure (higher-partitioning) analytes, such as chlorobenzene,
butanol and decane (P° = 10, 6 and 1 mm Hg, respectively)*® along each array. Although this combination of analysis
times provided the lowest ¥’ between the sensor array and the GC-MS results, many combinations using 2-7 times
(instead of 4), spanning approximately the same range of overall analysis times, provided comparable overall
performance to that of the optimal 4-time data set.

Table 2. Fractional vapor pressures (x1000) of analyte vapors present in each of the mixtures, determined by GC-MS
sampling immediately prior to chamber delivery.

mixture hexane decane ethyl chloro- ethanol butanol
acetate benzene

1 0 23+11 27+15 0 0 0
2 0 0 13£2 241 0 0
3 0 0 0 23+1 0 22+1
4 0 20+1 0 0 0 312
5 0 11+£3 8+7 20+4 0 0
6 2342 0 0 0 29+8 44+16
7 27+8 1448 0 0 0 44+13
8 0 0 4+1 12+1 23+6 0
9 2247 0 0 28+11 4549 0
10 18+4 12+4 0 0 27+4 1143
11 9+8 1442 0 2246 0 69+27
12 13£8 11+4 8+2 0 316 2045
13 12+0 0 4+0 8+1 2342 13£2
14 8+0 5+0 4+0 8+0 2742 0

For exposure of the sensor arrays to 2-, 3-, 4-, and 5-component mixtures, Figures 5a-d, respectively, show the identified
analytes and their estimated concentrations (®) in the analyte mixtures, as obtained from analysis of the ST response
data using NNLS and various sensor combinations. These figures also display the concentrations of analytes as revealed
by GC-MS analysis (). Figures 5a-d.i display these analyses using responses from all 15 sensors in each array, with
responses at t = 5, 15, 55 and 75 s, and NNLS to identify the vapor constituents and reveal their respective
concentrations.

Analyses were also performed using the responses produced by a limited number of sensors along each array. In this
approach, the responses from the first, middle and last sensor along each array (detector positions 1, 8 and 15 in Figure
1) were sampled at =5, 15, 55 and 75 s, thus providing a data set that contained ST information from only three sensors
per array. The twelve sensors that were not sampled provided a GC stationary phase equivalent that acted to separate
vapors as they progressed down the length of each array. Figures 5a-d.ii display analyses for 2-5 component mixtures
using the first, middle, and last sensor along each array and NNLS. Generally, using all 15 sensors along each array, or
using only the first middle and last sensor along each array, yielded identical mixture analysis.

To compare the results obtained using the ST approach with results obtained using the traditional sensing approach, data
were obtained using sensor responses produced by exposure to an unchanging analyte stream. This was achieved by
using the first three sensors in each array sampled at # = 135, 140, 145 and 150 s. Of the vapors present in the sampled
mixtures, decane possessed the lowest vapor pressure. The degree of analyte partitioning, dictated by the partition
coefficient, is inversely proportional to the vapor pressure of the analyte, thus decane progressed most slowly down each
sensor array. Figure 4b shows the response of a sensor array upon exposure to decane, indicating that the first three
sensors showed a fairly rapid response, and by 135 s essentially came to an equilibrium response to the sampled vapor
stream (note: figure only goes up to t = 120 s). Responses were calculated at four separate times, to provide the ST and
non-ST method with an equal number of total response descriptors.

Figures 5a-d.iii display the results obtained using non-ST “traditional” detection with the first three sensors per array on
exposure to 2-, 3-, 4-, and 5- component mixtures, respectively. Comparing these results with those presented in Figures
Sa-d.ii indicates that the traditional sensing approach produced a marked decrease in the ability of the sensor arrays to
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correctly identify and quantify the presence of vapors in the tested mixtures. An equal number of response descriptors
were used for this ST/traditional mixture analysis comparison.
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Figure 5. Comparison between GC-MS mixture analysis and sensor array mixture analysis using NNLS and various sensor
configurations. Columns: a) 2-component mixture; b) 3-component mixture; ¢) 4-component mixture; d) S-component
mixture. Rows: /) ST analysis using sensors 1-15 along each array; ii) ST analysis using only sensors 1, 8, and 15
along each array; iii) non-ST analysis using only sensors 1-3 along each array and S(?) calculated at # = 135, 140, 145
and 150 s for each sensor (vs. t=5, 15, 55 and 75 for ST analysis).
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Fig. 6. Residual squared error (3*) between mixture identification as calculated with GC-MS, and mixture identification as
calculated using NNLS and various sensor arrangements: ST analysis using all 15 sensors along each array, ST
analysis using the first middle and last sensor along each array, and non-ST analysis using only the first three sensors
along each array.

Figure 6 displays the sum of the residual squared error for each of the fourteen mixtures analyzed in this work. The
results are presented for data analyzed using NNLS with 1) ST detection with the full 15 sensors per array; 2) ST
detection with only the first middle and last sensors (sensors 1, 8, and 15) along each array; and 3) the traditional non-ST
approach with only the first three sensors along each array. Vapor detection using ST response data, whether employed
with the full 15 sensors per array or the limited 3 sensors per array, yielded approximately equal errors for each of the
mixtures. In contrast, the largest errors for each of the analyzed mixtures were obtained using the non-ST response
information provided by the first three sensors in each array. For every situation investigated, the use of the ST aspects
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of the array response produced significantly better performance in the identification and quantification of the
components of the vapor mixtures than the results obtained using the traditional detection approach.

4. DISCUSSION

Sorption-based sensors such as those used herein have been shown to exhibit a linear response with respect to pure
analyte vapors at relatively low concentrations (i.e., P/P° < 0.05), as well as a linear response with respect to multiple
vapors.'*!” The development of the ST approach described herein is predicated on this response linearity. The sensor
response is essentially a dual-step process. First, chemical thermodynamics cause a given vapor to partition into the
sensor film, which causes it to volumetrically expand. This expansion causes a change in the conductive properties of
the film, which is linear when operating beyond the percolation regime of the composite film and over small volumetric
changes.”> *  The simplest model for the sorption behavior is given by the Langmuir adsorption isotherm, which
predicts linear sorption at low concentrations over all species adsorbed.*** This model assumes no interaction between
any sorbed species, and assumes that all sorption sites are energetically uniform. At high concentrations, or in situations
where interactions exist between adsorbed species, this linearity breaks down.”* **  While Figure 5 displays an
unprecedented ability to identify mixtures, deviations are evident between actual mixtures presented and sensor array
perception. These deviations are likely due to a change in adsorption energies when vapors are present at high
concentrations, or in unfavorable combinations, in the sensor film. These energy differences will vary to different
degrees depending on the species adsorbed, causing the sensor to wrongly identify a given mixture.

The use of ST response data for vapor detection allowed for the extraction of important sensor/vapor response
information not available using the traditional sensing approach. In this work, unnormalized baseline-corrected response
data were used, to preserve information regarding the concentrations of the vapors in the test analytes. However, often

sensor data is normalized by S,-(z):mfg&where Si(t) is the response extracted from sensor i at time #, ns is the

S8 50

i=lt=1
number of sensors used, and nf is the number of times used to extract a response Sy(z).'> 7 This normalization procedure
creates a unit vector response for each exposure, largely independent of concentration, that can be used as a fingerprint
for an individual analyte. Performing principal components analysis (PCA) on normalized response data often reveals
that the vast majority of the array response variance is contained in only a few principal component (PC) vectors.'”**

Performing PCA on normalized ST pure vapor training data of the 15 sensors per array indicated that PCs 1-5 contained
35,22, 15, 9 and 4% of the total array variance, respectively. Performing the same PCA using the normalized 3 sensors
per array ST vapor training data similarly revealed that PCs 1-5 contained 37, 21, 14, 8 and 6 % of the total array
variance, respectively. The similarities in the PC eigenvalues for the two cases suggest that no significant additional
information was extracted by using the data from the full 15 sensors in the array.

These findings are reflected in Figures 5a-d.i and 5a-d.ii, which show approximately equal performance for mixture
identification for the two approaches. When PCA was performed on pure vapor training exposures for the normalized
traditional data set using the first three sensors in each array, the PCs 1-5 contained 65, 20, 9, 2 and 2% of the total array
variance, respectively. While 85% of the variance is contained in only the first 2 PCs, 5 PCs were required for the ST
data. For both approaches, the data sets used an equal number of response descriptors. The differences in eigenvalue
decomposition and in mixture analysis performance reflect the limited amount of information obtained using the
traditional sensing approach relative to the ST approach, shown in Figure 5a-d.iii. Spreading out the variance over more
PCs translates into more unique information, and an increased ability to analyze vapor mixtures, in accord with the
results and conclusions reported herein.

A single flow rate was employed in this study. The six pure analyte vapors chosen represented various chemistries and
additionally spanned two orders of magnitude in vapor pressure. Hence, the given sensor arrangement and
implementation proved sufficient to identify and quantify mixtures of the chosen vapors. However, as shown in Figure
4b, for some analytes the latter sensors may never reach equilibrium with the concentration of the initially sampled vapor
stream. Thus, additional response information, including finer resolution of the progression of the analyte vapor down
each array, could be extracted by using longer exposures, longer length arrays or through the use of multiple vapor flow
rates. One limit of implementation of this approach would involve the use of an infinitely slow flow rate slow, limited
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by the rate of diffusion of vapors down the array. Under these conditions, the desired mass depletion effects would be
maximized. However, vapor front broadening would become significant because diffusion would be the dominant mode
of mass transport along each array. This vapor front broadening would cause the sharp differences in sensor response
observed in Figure 4b to diminish, with the relevant ST response information being overshadowed by sensor noise. The
other limit of ST implementation would be the use of an infinitely long sensor array, which would be the equivalent of a
GC column with sensors located along its length. An infinitely long sensor array would also cause significant vapor
front broadening and a loss of ST information, due to significant Taylor dispersion that would occur along the long flow
pathway. Modeling work is currently underway to search for and define an optimal operational regime that maximizes
the amount of ST information extractable from such sensor arrays.”® This optimal regime will be defined by the ratio of
several chamber geometries and vapor delivery flowrates, and will take into account vapor front broadening as well as
the ability of a given chamber geometry to allow for the desired mass depletion effects observed here.

An improved geometric implementation maximizing the information extracted per sensor employed would involve
exponentially spaced sensors. Such spacing would more efficiently capture the ST response differences for analyte
vapors having a large range of partition coefficients with the sensor films. Because approximately the same results were
obtained when the ST responses were described by 3 or 15 sensors per array, only a limited number of sensor response
descriptors were required for the vapors evaluated. The limited case of 3 sensors using ST information sufficiently
captured the necessary information to perform mixture analysis with the sensor arrays. In this case, the chosen vapors
possessed sufficient differences in chemistries and vapor pressures, and only a fraction of the total sensors were required.
Alternatively, had the vapors been more similar chemically, greater detail may have been required for mixture
identification, and differences between the analysis of the ST response set containing the full 15 sensors per array and
the limited set containing only 3 sensors per array would be observed. An exponential distribution of sensors along each
array would maximize the information extracted per sensor, and decrease the cycling time required between the
measurements of each sensor.

In this work, the sensor material was a sorption-based composite comprised of small organic molecules and carbon
black. Such films not only performed the vapor sensing function, but also served as the stationary phase into which the
vapors partitioned and separated. The chemiresistive sensor films can be deposited and remain functional in most any
form factor, making them especially attractive for use in the ST array response implementation. Many sorption-based
sensors, however, are restricted in terms of the forms in which they can be fabricated: coated quartz crystal
microbalances, for instance, are restricted to the shape of the underlying quartz substrate. In situations such as these, in
which one can not assemble the sensors in the type of array used here, ST mixture analysis could be applied by
maintaining a low vapor headspace volume, and coating the walls of the chamber with various sensing (e.g., carbon
black composites) or non-sensing (e.g., traditional chromatographic) stationary phases. For these cases, the only
restriction would be that the sensors themselves must be linear with concentration and additive with respect to multiple
vapor responses. If these criteria are met, the ST approach could be used with a wide variety of sensor types.

The ST data reported herein were obtained in a controlled laboratory setting. The flowrate to the sensor chamber was set
at 150 mL min™, and ranged from 145 to 155 mL min"'with random fluctuations throughout the training and testing
periods. These fluctuations were accounted for during the training phase of the sensors. Had higher flowrate precision
been achieved, the sensors would exhibit less variance in their responses, providing enhanced ability to correctly identify
mixtures. Additionally, if the flowrate exhibited a systematic drift, the fingerprint response of each of the vapors could
change significantly, causing degradation in the ability to correctly identify mixtures. To better understand how well this
ST approach would perform in the real world, further work should be done to investigate how sensitive and/or robust
this approach is to changes in exposure flowrate, as well as fluctuations/changes in temperature, humidity, and sensor
response drift. Furthermore, previous work has shown the ST method can readily detect low concentrations (ppb) of low
vapor pressure analytes in the presence of higher concentrations (ppm) of high vapor pressure analytes.3 8 Additional
studies should be performed to better understand to what extent the ST method is able to identify a vapor present at low
concentration in the presence of vapor(s) present at higher concentrations.

S. CONCLUSIONS

Use of ST data has been shown to provide enhanced performance in analysis of vapor mixtures relative to the traditional
steady-state response of an array of broadly cross-reactive vapor sensors. In a low-volume headspace chamber that
allows each sensor to be exposed to a well-defined, time-varying vapor stream, the sensor material acts as a
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chromatographic stationary phase, causing vapors to be retarded in progression along the array. The retardation is
proportional to the sensor/vapor partition coefficient. The resulting sensor responses at long times and/or at positions
close to the inlet captures the traditional sensor response differences to an unchanging vapor stream, but at shorter times
and positions further from the inlet, also measures the progress of each vapor down the sensor array. Under such
conditions, significantly more information is obtained on analyte mixtures relative to the information obtained using
traditional sensor responses alone. Modeling of the ST approach to define an optimal operational regime that maximizes
the amount of extracted ST information is currently underway.

Previous reports using cross-reactive sensor arrays have addressed pure vapor identification, or the identification of
complex mixtures as a whole, but the identification and analysis of mixtures containing more than three components has
not been previously achieved. The ability of an ST sensor array consisting of only four sensor types to correctly identify
and quantify 2-, 3-, 4- and 5-component mixtures, using a library consisting of responses to six pure analyte vapors,
demonstrates the importance of the use of ST information. The implementation of the ST method thus clearly increases
the possible application space of such sensor arrays for analysis of analyte mixtures, as well as for analysis of pure
analytes.

6. ACKNOWLEDGEMENTS

Research was carried out in the Molecular Materials Research Center of the Beckman Institute at Caltech. This work
was supported by the ARO ICB and Boeing.

REFERENCES

Wohltjen, H., “Mechanism of operation and design considerations for surface acoustic wave device vapor sensors,” Sens.
Actuators 5(4), 307-325 (1984).

Rose-Pehrsson, S. L.; Grate, J. W.; Ballantine, D. S.; Jurs, P. C., “Detection of hazardous vapors including mixtures using pattern
recognition analysis of responses from surface acoustic wave devices,” Anal. Chem. 60(24), 2801-2811 (1988).

Srivastava, R.; Dwivedi, R.; Srivastava, S. K., “Development of high sensitivity tin oxide based sensors for gas/odour detection
at room temperature,” Sens. Actuators, B 50(3), 175-180 (1998).

Getino, J.; Horrillo, M. C.; Gitierrez, J.; Ares, L.; Robla, J. I.; Garcia, C.; Sayago, 1., “Analysis of VOCs with a tin oxide sensor
array,” Sens. Actuators, B 43(1-3), 200-205 (1997).

Freund, M. S.; Lewis, N. S., “A chemically diverse conducting polymer-based ‘electronic nose’,”. Proc. Natl. Acad. Sci., U.S.A.
92(7), 2652-2656 (1995).

Harris, P. D.; Arnold, W. M.; Andrews, M. K.; Partridge, A. C., “Resistance characteristics of conducting polymer films used in
gas sensors,” Sens. Actuators, B 42(3), 177-184 (1997).

o Baller, M. K.; Lang, H. P.; Fritz, J.; Gerber, C.; Gimzewski, J. K.; Drechsler, U.; Rothuizen, H.; Despont, M.; Vettiger, P.;
Battiston, F. M.; Ramseyer, J. P.; Fornaro, P.; Meyer, E.; Guntherodt, H.-J., “A cantilever array-based artificial nose,”
Ultramicroscopy 82(1-4), 1-9 (2000)

Jensenius, H.; Thaysen, J.; Rasmussen, A. A.; Veje, L. H.; Hansen, O.; Boisen, A., “ microcantilever based alcohol vapor sensor:
application and response model,” Appl. Phys. Lett. 76(18), 2615-2617 (2000).

Dickinson, T. A.; White, J.; Kauer, J. S.; Walt, D. R., “A chemical-detecting system based on a cross-reactive optical sensor
array,” Nature 382(6593), 697-700 (1996).

Albert, K. J.; Walt, D. R., “Optical multibead arrays for simple and complex odor discrimination,” Anal. Chem. 73(11), 2501-
2508 (2001).

Lonergan, M. C.; Severin, E. J.; Doleman, B. J.; Beaber, S. A.; Grubbs, R. H.; Lewis, N. S., “Array-based vapor sensing using
chemically sensitive, carbon black-polymer resistors,” Chem. Mat. 8(9), 2298-2312 (1996).

Sisk, B. C.; Lewis, N. S., “Comparison of analytical methods and calibration methods for correction of detector response drift in
arrays of carbon black-polymer composite vapor detectors,” Sens. Actuators, B 104(2), 249-268 (2005).

Matzger, A. J.; Lawrence, C. E.; Grubbs, R. H.; Lewis, N. S., “Combinatorial approaches to the synthesis of vapor detector
arrays for use in an electronic nose,” J. Comb. Chem. 2(4), 301-304 (2000).

Severin, E. J.; Doleman, B. J.; Lewis, N. S., “An investigation of the concentration dependence and response to analyte mixtures
of carbon black/insulating organic polymer composite vapor detectors,” Anal. Chem. 72(4), 658-668 (2000).

Sisk, B. C.; Lewis, N. S., “Vapor sensing using polymer/carbon black composites in the percolative conductive regime,”
Langmuir 22(18), 7928-7935 (2006).

Koscho, M. E.; Grubbs, R. H.; Lewis, N. S., “Properties of vapor detector arrays formed through plasticization of carbon black-
organic polymer composites,” Anal. Chem. 74(6), 1307-1315 (2002).

(6]

(8]

(9]

[10]

(1]

[13]

[14]

[15]

[1e]

Proc. of SPIE Vol. 6932 69321M-11

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 7/19/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



(18]

[19]

[20]
[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]
(1]

[32]

(3]
[34]

(331

[36]

37

Gao, T.; Woodka, M. D.; Brunschwig, B. S.; Lewis, N. S., “Chemiresistors for array-based vapor sensing using composites of
carbon black with low volatility organic molecules,” Chem. Mat. 18(22), 5193-5202 (2006).

Ciosek, P.; Wroblewsk, W., “The analysis of sensor array data with various pattern recognition techniques,” Sens. Actuators, B
114(1), 85-93 (2006).

Gardner, J. W.; Hines, E. L.; Tang, H. C., “Detection of vapours and odours from a multisensor array using pattern-recognition
techniques. Part 2. Artificial neural networks,” Sens. Actuators, B 9(1), 9-15 (1992).

Gardner, J. W.; Bartlett, P. N., “A brief history of electronic noses,” Sens. Actuators, B 18(1-3), 211-220 (1994).

Lewis, N. S., “Comparisons between mammalian and artificial olfaction based on arrays of carbon black-polymer composite
vapor detectors,” Acc. Chem. Res. 37(9), 663-672 (2004).

Burl, M. C.; Sisk, B. C.; Vaid, T. P.; Lewis, N. S., “Classification performance of carbon black-polymer composite vapor
detector arrays as a function of array size and detector composition,” Sens. Actuators, B 87(1), 130-149 (2002).

Zhang, C.; Bailey, D. P.; Suslick, K. S., “Colorimetric sensor arrays for the analysis of beers: a feasibility study,” J. Agr. Food.
Chem. 54(14), 4925-4931 (2006).

Pearce, T. C.; Gardner, J. W.; Friel, S.; Bartlett, P. N.; Blair, N., “Electronic nose for monitoring the flavour of beers,” Analyst
118(4), 371-377 (1993).

Lamagna, A.; Reich, S.; Rodriguez, D.; Scoccola, N. N., “Performance of an e-nose in hops classification,” Sens. Actuators, B
102(2), 278-283 (2004).

Lozano, J.; Fernandez, M. J.; Fontecha, J. L.; Aleixanre, M.; Santos, J. P.; Sayago, I.; Arroyo, T.; Cabellos, J. M.; Futierrez, F. J.;
Horrillo, M. C., “Wine classification with a zinc oxide SAW sensor array,” Sens. Actuators, B 120(1), 166-171 (2006).

Di Natale, C.; Davide, F. A. M.; D'Amico, A.; Nelli, P.; Groppelli, S.; Sberveglieri, G., “An electronic nose for the recognition of
the vineyard of a red wine,” Sens. Actuators, B 33(1-3), 83-88 (1996).

Zhang, Q.; Zhang, S.; Xie, C.; Zeng, D.; Fan, C.; Li, D.; Bai, Z., “Characterization of Chinese vinegars by electronic nose,” Sens.
Actuators, B 119(2), 538-546 (2006).

Xiaobo, Z.; Jiewen, Z.; Shouyi, W.; Xingyi, H., “Vinegar classification based on feature extraction and selection from tin oxide
gas sensor array data,” Sensors 3(4), 101-109 (2003).

Pardo, M.; Sberveglieri, G., “Coffee analysis with an electronic nose,” IEEE Trans. Inst. Meas. 51(6), 1334-1339 (2002).
Gardner, J. W.; Shurmer, H. V.; Tan, T. T., “Application of an electronic nose to the discrimination of coffees,” Sens. Actuators,
B 6(1-3), 71-75 (1992).

Dutta, R.; Hines, E. L.; Gardner, J. W.; Kashwan, K. R.; Bhuyan, M., “Tea quality prediction using a tin oxide-based electronic
nose: an artificial intelligence approach,” Sens. Actuators, B 94(2), 228-237 (2003).

Yu, H.; Wang, J., “Discrimination of LongJing green-tea grade by electronic nose,” Sens. Actuators, B 122(1), 134-140 (2007).
Falcitelli, M.; Benassi, A.; Di Francesco, F.; Domenici, C.; Marano, L.; Pioggia, G., “Fluid dynamic simulation of a
measurement chamber for electronic noses,” Sens. Actuators, B 85(1-2), 166-174 (2002).

Scott, S. M.; James, D.; Ali, Z.; O'Hare, W. T., “Optimising of the sensing chamber of an array of a volatile detection system -
Fluid dynamic simulation,” J. Therm. Anal. Cal. 76(2), 693-708 (2004).

Sobel, N.; Khan, R. M.; Saltman, A.; Sullivan, E. V.; Gabrieli, J. D. E., “The world smells different to each nostril,” Nature
402(6757), 35-35 (1999).

Stitzel, S. E.; Stein, D. R.; Walt, D. R., “Enhancing vapor sensor discrimination by mimicking a canine nasal cavity flow
environment,” J. Am. Chem. Soc. 125(13), 3684-3685 (2003).

Briglin, S. M.; Freund, M. S.; Tokumaru, P.; Lewis, N. S., “Exploitation of spatiotemporal information and geometric
optimization of signal/noise performance using arrays of carbon black-polymer composite vapor detectors,” Sens. Actuators, B
82(1), 54-74 (2002).

Lawson, C. L.; Hanson, R. J., [Solving Least Square Problems], Prentice Hall, Englewood Cliffs NJ, (1974).

Perry, R. H.; Green, D. W., [Perry's Chemical Engineer's' Handbook, Seventh ed.], McGraw-Hill, New York, (1997).
Littlewood, A. B., [Gas Chromatography: Principles, Techniques, and Applications. 2 ed.], Academic Press, New York, (1970).
Lundberg, B.; Sundqvist, B., “Resistivity of a composite conducting polymer as a function of temperature, pressure, and
environment: Applications as a pressure and gas concentration transducer,” J. Appl. Phys. 60(3), 1074-1079 (1986).

Houston, P. L., [Chemical Kinetics and Reaction Dynamics], McGraw-Hill, New York, (2001).

Schmidt, L. D., [The Engineering of Chemical Reactions. 2 ed.], Oxford University Press, New York, (2005).

Sasaki, I.; Tsuchiya, H.; Nishioka, M.; Sadakata, M.; Okubo, T., “Gas sensing with zeolite-coated quartz crystal microbalances -
principal component analysis approach,” Sens. Actuators, B 86(1), 26-33 (2002).

Woodka, M. D.; Brunschwig, B. S.; Lewis, N. S., Manuscript in preparation.

Proc. of SPIE Vol. 6932 69321M-12

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 7/19/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



