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(57) ABSTRACT 

Chemical sensors for detecting analytes in ?uids comprising 
a plurality of alternating nonconductive regions (comprising 
a nonconductive material) and conductive regions (compris 
ing a conductive material). In preferred embodiments, the 
conducting region comprises a nanoparticle. Variability in 
chemical sensitivity from sensor to sensor is provided by 
qualitatively or quantitatively varying the composition of the 
conductive and/or nonconductive regions. An electronic 
nose for detecting an analyte in a ?uid may be constructed 
by using such arrays in conjunction With an electrical 
measuring device electrically connected to the conductive 
elements of each sensor. 
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COLLOIDAL PARTICLES USED IN SENSING 
ARRAYS 

RELATED APPLICATIONS 

[0001] This application claims priority to US. Provisional 
Patent Application Serial No. 60/088,630, ?led Jun. 9, 1998, 
and US. Provisional Patent Application Serial No. 60/118, 
833, ?led Feb. 5, 1999 both applications are hereby 
expressly incorporated by reference in their entirety for all 
purposes. 

FIELD OF INVENTION 

[0002] This invention relates generally to sensors for 
detecting analytes in ?uids. More particularly, it relates to an 
array of sensors useful for constructing “electronic noses” 
for analyZing complex vapors and producing a sample 
output. 

BACKGROUND OF THE INVENTION 

[0003] There is considerable interest in developing sen 
sors that act as analogs of the mammalian olfactory system 
(1-2). This system is thought to utiliZe probabilistic reper 
toires of many different receptors to recogniZe a single 
odorant (3-4). In such a con?guration, the burden of recog 
nition is not on highly speci?c receptors, as in the traditional 
“lock-and-key” molecular recognition approach to chemical 
sensing, but lies instead on the distributed pattern processing 
of the olfactory bulb and the brain (5-6). 

[0004] Prior attempts to produce a broadly responsive 
sensor array have exploited heated metal oxide thin ?lm 
resistors (7-9), polymer sorption layers on the surfaces of 
acoustic Wave resonators (10-11), arrays of electrochemical 
detectors (12-14), or conductive polymers (15-16). Arrays of 
metal oxide thin ?lm resistors, typically based on SnO2 ?lms 
that have been coated With various catalysts, yield distinct, 
diagnostic responses for several vapors (7-9). HoWever, due 
to the lack of understanding of catalyst function, SnO2 arrays 
do not alloW deliberate chemical control of the response of 
elements in the arrays nor reproducibility of response from 
array to array. Surface acoustic Wave resonators are 
extremely sensitive to both mass and acoustic impedance 
changes of the coatings in array elements, but the signal 
transduction mechanism involves someWhat complicated 
electronics, requiring frequency measurement to 1 HZ While 
sustaining a 100 MHZ Rayleigh Wave in the crystal (10-11). 
Attempts have also been made to construct sensors With 
conducting polymer elements that have been groWn electro 
chemically through nominally identical polymer ?lms and 
coatings (15-18). Moreover, Pearce et al., (1993) Analyst 
118:371-377, and Gardner et al., (1994) Sensors and Actua 
tors B 18-19:240-243 describe, polypyrrole-based sensor 
arrays for monitoring beer ?avor. Shurmer (1990) US. Pat. 
No. 4,907,441, describes general sensor arrays With particu 
lar electrical circuitry. 

[0005] Although the foregoing systems have some useful 
ness, these still remains a need in the art for a loW cost, 
broadly responsive analyte detection sensor array based on 
a variety of sensors. The present invention ful?lls this and 
other needs. 

SUMMARY OF THE INVENTION 

[0006] The present invention relates to a device for detect 
ing a chemical analyte in a ?uid, Which includes gases, 
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vapors and liquids. As such, the present invention relates to 
a device for detecting a chemical analyte, comprising: a 
sensor array connected to a measuring apparatus having at 
least one sensor comprising regions of nonconductive mate 
rial and conductive material compositionally different than 
the nonconductive material, Wherein the conductive material 
comprises a nanoparticle; and a response path through the 
regions of nonconductive material and the conductive mate 
rial. In certain aspects, the sensor array is based on a variety 
of “chemiresistor” elements. Such elements are simply pre 
pared and are readily modi?ed chemically to respond to a 
broad range of analytes. In addition, these sensors yield a 
rapid, loW poWer signal in response to an analyte of interest, 
and their signals are readily integrated With softWare or 
hardWare-based neural netWorks. The signal output can be in 
the form of resistance, impedance, capacitance, optics, ?uo 
rescence or other means useful for purposes of analyte 
identi?cation. 

[0007] In certain aspects, device includes a substrate hav 
ing at least one surface and at least tWo sensors fabricated 
onto the surface, Wherein each sensor has a ?rst and second 
electrical lead Which are electrically connected to a chemi 
cally sensitive resistor. The resistor comprises a plurality of 
alternating nonconductive regions (comprising a noncon 
ductive organic material) and conductive regions (compris 
ing a conductive material or particle). The electrical path 
betWeen the ?rst and second leads is transverse to (i.e., 
passes through) the plurality of alternating nonconductive 
and conductive regions. In use, the resistor provides a 
difference in resistance betWeen the conductive elements 
When 1) contacted With a ?uid comprising a chemical 
analyte at a ?rst concentration, than When contacted With a 
?uid comprising the chemical analyte at a second different 
concentration or 2) contacted With a ?uid comprising a ?rst 
chemical analyte at a concentration, than When contacted 
With a ?uid comprising a second chemical analyte (different 
from the ?rst) at the same concentration. 

[0008] The variability in chemical sensitivity from sensor 
to sensor is conveniently provided by qualitatively or quan 
titatively varying the composition of the conductive and/or 
nonconductive regions. For example, in one embodiment, 
the conductive material in each resistor is held constant (e. g., 
the same conductive material such as polypyrrole, or carbon 
black), While the nonconductive material varies betWeen 
resistors (e.g., different polymers). 

[0009] In another embodiment, the conductive material is 
a conductive particle, such as a nanoparticle. In certain 
embodiments, the alternating nonconductive regions can be 
a covalently attached ligand to a conductive core (the 
conductive region). These ligands can be polyhomo- or 
polyheterofunctionaliZed, thereby being suitable for the 
detection of various analytes. Arrays of such sensors are 
constructed With at least tWo sensors having different chemi 
cally sensitive resistors providing various differences in 
resistance. An electronic nose for detecting an analyte in a 
?uid can be constructed by using such arrays in conjunction 
With an electrical measuring device electrically connected to 
the conductive elements of each sensor. Such electronic 
noses can incorporate a variety of additional components, 
including means for monitoring the temporal response of 
each sensor, assembling and analyZing sensor data to deter 
mine analyte identity, analyte concentration, or quality con 
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trol determinations. Methods of making and using the dis 
closed sensors, arrays and electronic noses are also 
provided. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] FIG. 1(A) shoWs an overvieW of sensor design; 
FIG. 1(B) shoWs an overvieW of sensor operation; and FIG. 
1(C) shoWs an overvieW of system operation. 

[0011] FIG. 2 shoWs a cyclic voltammogram of a poly 
(pyrrole)-coated platinum electrode. The electrolyte Was 
0.10 M [(C4H9)4N]+[ClO4]_ in acetonitrile, With a scan rate 
of 0.10 V s_1. 

[0012] FIG. 3(A) shoWs the optical spectrum of a spin 
coated poly(pyrrole) ?lm that had been Washed With metha 
nol to remove excess pyrrole and reduced phosphomolybdic 
acid. FIG. 3(B) shoWs the optical spectrum of a spin-coated 
poly(pyrrole) ?lm on indium-tin-oxide after 10 potential 
cycles betWeen +0.70 and —1.00 V vs. SCE (Saturated 
Calomel Reference Electrode) in 0.10 M [(C4H9)4N]+ 
[ClO4]_ in acetonitrile at a scan rate of 0.10 V-s_1. The 
spectra Were obtained in 0.10 M KCl—H2O. 

[0013] FIG. 4(A) shoWs a schematic of a sensor array 
shoWing an enlargement of one of the modi?ed ceramic 
capacitors used as sensing elements. The response patterns 
to various analytes generated by the sensor array described 
in Table 5 are displayed for acetone FIG. 4(B); benZene 
FIG. 4(C); and ethanol FIG. 4(D). 

[0014] FIGS. 5(A)-(D) shoWs the principle component 
analysis of autoscaled data from individual sensors contain 
ing different polymers. (A) poly(styrene); (B) poly-ot-me 
thyl styrene; (C) poly(styrene-acrylonitrile); (D) poly(sty 
rene-allyl alcohol). 
[0015] FIGS. 6(A) and 6(B) shoWs the principle compo 
nent analysis of data obtained from all sensors described in 
Table 5. Conditions and symbols are identical to FIGS. 
5(A)-5(D). FIG. 6A shoWs data represented in the ?rst three 
principle components pc1, pc2 and pc3, While FIG. 6B 
shoWs the data When represented in pc1, pc2, and pc4. A 
higher degree of discrimination betWeen some solvents 
could be obtained by considering the fourth principle com 
ponent as illustrated by larger separations betWeen chloro 
form, tetrahydrofuran, and isopropyl alcohol in FIG. 6B. 

[0016] FIG. 7(A) shoWs the plot of acetone partial pres 
sure (O) as a function of the ?rst principle component; linear 
least square ?t (—) betWeen the partial pressure of acetone 
and the ?rst principle component (Pa=8.26~pc1+83.4, 
R2=0.989); acetone partial pressure (+) predicted from a 
multi-linear least square ?t betWeen the partial pressure of 
acetone and the ?rst three principle components (Pa= 
8.26~pc1—0.673-pc2+6.25~pc3+83.4, R2=0.998). FIG. 7(B) 
shoWs the plot of the mole fraction of methanol, xm, (O) in 
a methanol-ethanol mixture as a function of the ?rst prin 
ciple component; linear least square ?t (—) betWeen xm and 
the ?rst principle component (xm=0.112~pc1+0.524, 
R2=0.979); xrn predicted from a multi-linear least square ?t 
(+) betWeen xrn and the ?rst three principle components 
(xm=0.112-pc1—0.0300~pc2—0.0444~pc3+0.524, R2=0.987). 
[0017] FIG. 8 shoWs the resistance response of a poly(N 
vinylpyrrolidone):carbon black (20 W/W % carbon black) 
sensor element to methanol, acetone, and benZene. The 
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analyte Was introduced at t=60 s for 60 s. Each trace is 
normaliZed by the resistance of the sensor element (approx. 
1259) before each exposure. 

[0018] FIG. 9 shoWs the ?rst three principal components 
for the response of a carbon-black based sensor array With 
10 elements. The non-conductive components of the com 
posites used are listed in Table 5, and the resistors Were 20 
W/W % carbon black. 

[0019] FIGS. 10(A)-(B) shoWs a synthetic scheme of 
various nanoparticles of the present invention. 

[0020] FIGS. 11(A)-(B) shoWs response patterns of vari 
ous sensors in an array to different analytes. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0021] The present invention provides sensor arrays for 
detecting an analyte in a ?uid, Which may be gaseous or 
liquid in nature in conjunction With an electrical measuring 
apparatus. These arrays comprise a plurality of composi 
tionally different chemical sensors. In certain embodiments, 
the present invention relates to a device for detecting a 
chemical analyte comprising: a sensor array connected to a 
measuring apparatus having at least one sensor comprising 
regions of nonconductive material and conductive material 
compositionally different than the nonconductive material, 
Wherein the conductive material comprises a nanoparticle; 
and a response path through the regions of nonconductive 
material and the conductive material. 

[0022] In certain aspects, the sensor array is based on a 
variety of “chemiresistor” elements. Each sensor comprises 
at least ?rst and second conductive leads electrically coupled 
to and separated by a chemically sensitive resistor. The leads 
may be any convenient conductive material, usually a metal, 
and may be interdigitiZed to manipulate the circuit resistance 
and maximiZe the signal to noise ratio. 

[0023] The resistor comprises a plurality of alternating 
nonconductive and conductive regions transverse to the 
electrical path betWeen the conductive leads. Generally, the 
resistors are fabricated by blending a conductive material 
With a nonconductive material, e.g., an organic polymer, 
such that the electrically conductive path betWeen the leads 
coupled to the resistor is interrupted by gaps of non 
conductive organic polymer material. For example, in a 
colloid, suspension or dispersion of particulate conductive 
material in a matrix of nonconductive organic polymer 
material, the matrix regions separating the particles provide 
the gaps. In certain embodiments, the colloid is a nanopar 
ticle that is optionally stabiliZed. The nonconductive gaps 
range in path length from about 10 to 1,000 angstroms, 
usually on the order of 100 angstroms, providing individual 
resistance of about 10 to 1,000 mQ, usually on the order of 
100 m9, across each gap. The path length and resistance of 
a given gap is not constant, but rather is believed to change 
as the nonconductive organic polymer of the region absorbs, 
adsorbs or imbibes an analyte. Accordingly, the dynamic 
aggregate resistance provided by these gaps in a given 
resistor is a linear or non-linear function of analyte perme 
ation of the nonconductive regions. In some embodiments, 
the conductive material may also contribute to the dynamic 
aggregate resistance as a linear or nonlinear function of 
analyte permeation (e.g., When the conductive material is a 
conductive organic polymer, such as polypyrrole). 
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[0024] In some embodiments, the resistor comprises a 
plurality of alternating regions of a conductor With regions 
of an insulator. Without being bound to any particular theory, 
it is believed that the electrical pathWay that an electrical 
charge traverses betWeen the tWo contacting electrodes 
traverses both the region of a conductor and the region of an 
insulator. In this embodiment, the conducting region can be 
anything that can carry electrons from atom to atom, includ 
ing, but not limited to, a material, a particle, a metal, a 
polymer, a substrate, an ion, an alloy, an organic material, 
(e.g., carbon, graphite, etc.) an inorganic material, a bioma 
terial, a solid, a liquid, a gas or mixtures thereof. 

[0025] The insulating region (i.e., non-conductive region) 
can be anything that can impede electron flow from atom to 

Aug. 28, 2003 

atom, including, but not limited to, a material, a polymer, a 
plasticiZer, an organic material, an organic polymer, a ?ller, 
a ligand, an inorganic material, a biomaterial, a solid, a 
liquid, a gas and mixtures thereof. 

[0026] A Wide variety of conductive materials and non 
conductive organic polymer materials can be used. Table 1 
provides exemplary conductive materials for use in resistor 
fabrication; mixtures, such as those listed, can also be used. 
Table 2 provides exemplary nonconductive organic polymer 
materials; blends and copolymers, such as the polymers 
listed here, can also be used. Combinations, concentrations, 
blend stoichiometries, percolation thresholds, etc. are 
readily determined empirically by fabricating and screening 
prototype resistors (chemiresistors) as described beloW. 

TABLE 1 

Major Class Examples 

Organic Conductors 

Inorganic Conductors 

conducting polymers (poly(anilines), 
poly(thiophenes), poly(pyrroles), 
poly(acetylenes), etc.)), carbonaceous materials 
(carbon blacks, graphite, coke, C60, etc.), 
charge transfer complexes 
(tetramethylparaphenylenediamine-chloranile, 
alkali metal tetracyanoquinodimethane 
complexes, tetrathiofulvalene halide 
complexes, etc.), etc. 
metals and metal alloys (Ag, Au, Cu, Pt, AuCu 
alloy, etc.), highly doped semiconductors (Si, 
GaAs, InP, M052, TiO2, etc.), conductive metal 
oxides (In2O3, SnO2, NaXPt3O4, etc.), 
superconductors (YBa2Cu3O7, 
Tl2Ba2Ca2Cu3O10, etc.), etc. 

Mixed inorganic/organic Conductors Tetracyanoplatinate complexes, Iridium 
halocarbonyl complexes, stacked macrocyclic 
complexes, etc. 

[0027] 

TABLE 2 

Major Class Examples 

Main-chain carbon polymers 

Main-chain acyclic heteroatom polymers 

Main-chain 
heterocyclic polymers 

poly(dienes), poly(alkenes), poly(acrylics), 
poly(methacrylics), poly(vinyl ethers), 
poly(vinyl thioethers), poly(vinyl alcohols), 
poly(vinyl ketones), poly(vinyl halides), 
poly(vinyl nitriles), poly(vinyl esters), 
poly(styrenes), poly(arylenes), etc. 
poly(oxides), poly(carbonates), poly(esters), 
poly(anhydrides), poly(urethanes), 
poly(sulfonates), poly(siloxanes), 
poly(sul?des), poly(thioesters), 
poly(sulfones), poly(sulfonamides), 
poly(amides), poly(ureas), 
poly(phosphazenes), poly(silanes), 
poly(silazanes), etc. 
poly(furan tetracarboxylic acid diimides), 
poly(benzoxazoles), poly(oxadiazoles), 
poly(benzothiazinophenothiazines), 
poly(benzothiazoles), 
poly(pyrazinoquinoxalines), 
poly(pyromellitimides), poly(quinoxalines), 
poly(benzimidazoles), poly(oxindoles), 
poly(oxoisoindolines), 
poly(dioxoisoindolines), poly(triazines), 
poly(pyridazines), poly(piperazines), 
poly(pyridines), poly(piperidines), 
poly(triazoles), poly(pyrazoles), 
poly(pyrrolidines), poly(carboranes), 
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TABLE 2-continued 
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Major Class Examples 

poly(oxabicyclononanes), 
poly(dibenzofurans), poly(phthalides), 
poly(acetals), poly(anhydrides), 
carbohydrates, etc. 

[0028] In certain other embodiments, the conductive mate 
rial is a conductive particle, such as a colloidal nanoparticle. 
As used herein the term “nanoparticle” refers to a conduc 
tive cluster, such as a metal cluster, having a diameter on the 
nanometer scale. As described more fully beloW, such nano 
particles are optionally stabilized With organic ligands. 

[0029] Examples of colloidal nanoparticles for use in 
accordance With the present invention are described in the 
literature (32-38). In this embodiment, the nonconductive 
region can optionally be a ligand that is attached to a central 
core making up the nanoparticle. These ligands i.e., caps, 
can be polyhomo or polyheterofunctionalized, thereby being 
suitable for detecting a variety of chemical analytes. The 
nanoparticles, i.e., clusters, are stabilized by the attached 
ligands. As explained more fully beloW, by varying the 
concentration of the synthetic reagents, the particle size can 
be manipulated and controlled. 

[0030] In certain embodiments, the resistors are nanopar 
ticles comprising a central core conducting element and an 
insulating attached ligand optionally in a polymer matrix. 
With reference to Table 1, various conducting materials are 
suitable for the central core. In certain preferred embodi 
ments, the nanoparticles have a metal core. Preferred metal 
cores include, but are not limited to, Au, Ag, Pt, Pd, Cu, Ni, 
AuCu and mixtures thereof. Gold (Au) is especially pre 
ferred. These metallic nanoparticles can be synthesized 
using a variety of methods. In a preferred method of 
synthesis, a modi?cation of the protocol developed by Brust 
et al. (30) (the teachings of Which are incorporated herein by 
reference), can be used. Using alkanethiolate gold clusters as 
an illustrative example, and not in any Way to be construed 
as limiting, the starting molar ratio of HAuCl4 to alkanethiol 
is selected to construct particles of the desired diameter. The 
organic phase reduction of HAuCl4 by an alkanethiol and 
sodium borohydride leads to stable, modestly polydisperse, 
alkanethiolate-protected gold clusters having a core dimen 
sion of about 1 nm to about 100 nm. Preferably, the 
nanoparticles range in size from about 1 nm to about 50 nm. 
More preferably, the nanoparticles range in size from about 
5 nm to about 20 nm. 

[0031] In this reaction, a molar ratio of HAuCl4 to 
alkanethiol of greater than 1:1 leads to smaller particle sizes, 
Whereas a molar ratio of HAuCl4 to alkanethiol less than 1:1 
yield clusters Which are larger in size. Thus, by varying the 
ratio of HAuCl4 to alkanethiol, it is possible to generate 
various sizes and dimensions of nanoparticles suitable for a 
variety of analytes. Although not intending to be bound by 
any particular theory, it is believed that during the chemical 
reaction, as neutral gold particles begin to nucleate and 
groW, the size of the central core is retarded by the ligand 
monolayer in a controlled fashion. Using this reaction, it is 
then possible to generate nanoparticles of exacting sizes and 
dimensions. 

[0032] Ligands or caps of various chemical classes are 
suitable for use in the present invention. Ligands include, 
but are not limited to, alkanethiols having alkyl chain 
lengths of about C1-C3‘). In a preferred embodiment, the 
alkyl chain lengths of the alkanethiols are between about C3 
to about C12. In this embodiment, it is noted that the 
nanoparticles’ conductivity decreases as alkane length 
increases. 

[0033] Alkanethiols suitable for use can also be polyho 
mofunctionalized or polyheterofunctionalized (such as, at 
the (Jo-position, or last position of the chain). As used herein, 
the term "polyhomofunctionalized” means that the same 
chemical moiety has been used to modify the ligand at 
various positions Within the ligand. Chemical moieties suit 
able for functional modi?cation include, but are not limited 
to, bromo, chloro, iodo, ?uoro, amino, hydroxyl, thio, phos 
phino, alkylthio, cyano, nitro, amido, carboxyl, aryl, hetero 
cyclyl, ferrocenyl or heteroaryl. The ligands can be attached 
to the central core by various methods including, but not 
limited to, covalent attachment, and electrostatic attachment. 
As used herein, the term "polyheterofunctionalized” means 
that different chemical moieties or functional groups are 
used to modify the ligands at various positions. 

[0034] It is possible to synthesize polyheterofunctional 
ized clusters via place exchange reactions (34). This reaction 
can be a simultaneous exchange of a mixture of thiols onto 
the nanoparticle, or alternatively, a stepwise progressive 
exchange of different thiols, isolating the nanoparticle prod 
uct after each step. The place exchange reaction replaces an 
existing alkanethiol With an alkanethiol comprising a func 
tional group. 

[0035] In addition to alkanethiols, various suitable ligands 
include, but are not limited to, polymers, such as polyeth 
ylene glycol; surfactants, detergents, biomolecules, such as 
polysaccharides: protein complexes, polypeptides, dendrim 
eric materials, oligonucleotides, ?uorescent moieties and 
radioactive groups. 

[0036] In certain embodiments, the core, such as a metal 
core, acts as a scaffolding, Which can support more complex 
organic ligands. These scaffolding can be used as a solid 
support for combinatorial synthesis. In this embodiment, 
various functional groups can be attached to the core to 
achieve structural diversity. Optionally, the combinatorial 
synthesis can be performed using a robotic armature system. 
In general, these systems include automated Workstations 
like the automated apparatus developed by Takeda Chemical 
Industries, LTD. (Osaka, Japan) and many robotic systems 
utilizing robotic arms (Zymate II, Zymark Corporation, 
Hopkinton, Mass.; Orca, Hewlett-Packard, Palo Alto, Calif.) 
Which mimic the manual operations performed by a syn 
thetic chemist. The nature and implementation of modi?ca 
tions to these methods (if any) so that they can operate Will 
be apparent to persons skilled in the relevant art. 
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[0037] It is possible that steric crowding can accompany 
the introduction of numerous functional groups onto the 
surface of the nanoparticle core that is occupied by the 
ligand, such as an alkanethiolate ligand. The number of 
ligands and the amount of functionaliZation is directly 
proportional to the siZe of the central core. In practice, 
electrical conductivity becomes more dif?cult to measure 
When the ratio of metal to ligand decreases. Conversely, as 
the ratio of metal to ligand increases, the core can become 
too big to alloW the ligands to solubiliZe the particle. Thus, 
those of skill in the art Will select suitable ratios of core siZe 
to ligand amount for particular uses. 

[0038] In certain other embodiments, sensors are prepared 
as composites of “naked” nanoparticles and an insulating 
material is added. As used herein, the term “naked nano 
particles” means that the core has no covalently attached 
ligands or caps. AWide variety of insulating materials can be 
used in this embodiment. Preferred insulating materials are 
organic polymers. Suitable organic polymers include, but 
are not limited to, polycaprolactone, polystyrene, and poly 
(methyl methacrylate). Varying the insulating material 
types, concentration, siZe, etc., provides the diversity nec 
essary for an array of sensors. In one embodiment, the metal 
to insulating polymer ratio is about 50% to about 90% 
(Wt/Wt). Preferably, the metal to insulating polymer ratio is 
about 85% to about 90% (Wt/Wt). 

[0039] Sensors can also be prepared using the nanoparticle 
and an alkylthiol ligand as the sole insulating matriX. In this 
embodiment, varying the ligand, ligand siZe and function 
aliZation can provide sensor diversity. Sensor ?lms can be 
cast on interdigitated electrode substrates. Sensors that are 
comprised either of naked nanoparticles or nanoparticles 
having ligands shoW a reversible increase in electrical 
resistance upon eXposure to chemical vapors. Moreover, it 
has been shoWn that as the length of the ligand chain 
increases, the conductivity of the resistors decreases. 

[0040] Nanoparticles, such as alkylthiol-capped gold col 
loids, are soluble or dispersible in a Wide range of organic 
solvents having a large spectrum of polarity. This diverse 
solubility permits a good selection of co-soluble insulating 
materials. Alternative capping agents, Which include amines 
and phosphines, can eXtend the use to virtually any solvent. 
Simultaneous variation of ligand and insulating material, 
such as organic polymers, can provide great diversity in 
multidimensional sensor arrays. 

[0041] Without intending to be bound by any particular 
theory, it is believed that the chemical analyte diffuses into 
and is dispersed Within the nanoparticle ligands or insulating 
material and thereby changes the electrical properties of the 
sensors. These property changes Which are then detected 
include, but are not limited to, resistance, capacitance, 
conductivity, magnetism, optical changes and impedance. 

[0042] In certain embodiments, the sensor arrays of the 
present invention comprise other sensor types. Various sen 
sors suitable for detection of analytes include, but are not 
limited to: surface acoustic Wave (SAW) sensors; quartZ 
microbalance sensors; conductive composites; chemiresi 
tors; metal oXide gas sensors, such as tin oXide gas sensors; 
organic gas sensors; metal oXide ?eld effect transistor 
(MOSFET); pieZoelectric devices; infrared sensors; sintered 
metal oXide sensors; Pd-gate MOSFET; metal FET struc 
tures; metal oXide sensors, such as a Tuguchi gas sensors; 
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phthalocyanine sensors; electrochemical cells; conducting 
polymer sensors; catalytic gas sensors; organic semicon 
ducting gas sensors; solid electrolyte gas sensors; pieZoelec 
tric quartZ crystal sensors; dye-impregnated polymer ?lms 
on ?ber optic detectors; polymer-coated micromirrors; elec 
trochemical gas detectors; chemically sensitive ?eld-effect 
transistors; carbon black-polymer composite chemiresistors; 
micro-electro-mechanical system devices; and micro-opto 
electro-mechanical system devices and Langmuir-Blodgett 
?lm sensors. In other embodiments, these foregoing sensor 
types comprise nanoparticles of the present invention. 
[0043] The chemiresistors of the present invention can be 
fabricated by many techniques including, but not limited to, 
solution casting, suspension casting and mechanical miXing. 
In general, solution casting routes are advantageous because 
they provide homogeneous structures and are easy to pro 
cess. With solution casting routes, resistor elements can be 
easily fabricated by spin, spray or dip coating. Since all 
elements of the resistor must be soluble, hoWever, solution 
casting routes are someWhat limited in their applicability. 
Suspension casting still provides the possibility of spin, 
spray or dip coating, but more heterogeneous structures than 
With solution casting are eXpected. With mechanical mixing, 
there are no solubility restrictions since it involves only the 
physical miXing of the resistor components, but device 
fabrication is more dif?cult since spin, spray and dip coating 
are no longer possible. Amore detailed discussion of each of 
these folloWs. 

[0044] For systems Where both the conducting and non 
conducting media or their reaction precursors are soluble in 
a common solvent, the chemiresistors can be fabricated by 
solution casting. The oxidation of pyrrole by phosphomo 
lybdic acid presented herein represents such a system. In this 
reaction, the phosphomolybdic acid and pyrrole are dis 
solved in tetrahydrofuran (THF) and polymeriZation occurs 
upon solvent evaporation. This alloWs for THF soluble 
non-conductive polymers to be dissolved into this reaction 
miXture, thereby alloWing the blend to be formed in a single 
step upon solvent evaporation. The choice of non-conduc 
tive polymers in this route is, of course, limited to those that 
are soluble in the reaction media. For the poly(pyrrole) case 
described above, preliminary reactions Were performed in 
THF, but this reaction should be generaliZable to other 
non-aqueous solvent such as acetonitrile or ether. Avariety 
of permutations on this scheme are possible for other 
conducting polymers. Some of these are listed beloW. Cer 
tain conducting polymers, such as substituted poly(cyclooc 
tatetraenes), are soluble in their undoped, non-conducting 
state in solvents such as THF or acetonitrile. Consequently, 
the blends betWeen the undoped polymer and polymer 
containing other organic materials can be formed from 
solution casting. After Which, the doping procedure (expo 
sure to I2 vapor, for instance) can be performed on the blend 
to render the substituted poly(cyclooctatetraene) conductive. 
Again, the choice of non-conductive polymers is limited to 
those that are soluble in the solvents that the undoped 
conducting polymer is soluble in and to those stable to the 
doping reaction. Certain conducting polymers can also be 
synthesiZed via a soluble precursor polymer. In these cases, 
blends betWeen the precursor polymer and the non-conduct 
ing polymer can ?rst be formed folloWed by chemical 
reaction to convert the precursor polymer into the desired 
conducting polymer. For instance, poly(p-phenylene 
vinylene) can be synthesiZed through a soluble sulfonium 


















