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SENSORS WITH IMPROVED PROPERTIES 

[0001] This application claims the bene?t under 35 U.S.C. 
§ ll9(e) of prior US. Provisional Patent Application No. 
60/173,964 ?led Dec. 30, 1999, Which is incorporated in its 
entirety by reference herein. 

BACKGROUND OF THE INVENTION 

[0002] In general, the present invention relates to sensors 
for detecting analytes and electronic nose sensing systems 
and, in particular, relates to sensors and systems using car 
bonaceous materials and other particles. 
[0003] An electronic nose or arti?cial olfactory system is a 
device that is capable of detecting a Wide variety of analytes 
in vapors, gases, and liquids. The device contains an array of 
sensors that in the presence of an analyte produces a response, 
such as an electrical response. The device produces a unique 
signature output for a particular analyte. Using pattern rec 
ognition algorithms, the output signature can be correlated 
and compared to a particular analyte or mixture of substances 
that are knoWn. By comparing the unknown signature With 
the stored or knoWn signatures the analyte can be identi?ed. 
[0004] Current commercially available sensors can be used 
for a variety of applications. These commercial applications 
include, but are not limited to, environmental toxicology and 
remediation, biomedicine, such as microorganism classi?ca 
tion or detection, material quality control, food and agricul 
tural products monitoring, heavy industrial manufacturing, 
ambient air monitoring, Worker protection, emissions con 
trol, and product quality testing. 
[0005] US. Pat. No. 5,571,401, Which issued to LeWis et 
al., and is incorporated herein by reference in its entirety, 
describes sensors comprising conducting materials and non 
conducting materials arranged in a matrix of conducting and 
nonconducting regions. The nonconductive material can be a 
nonconducting polymer such as polystyrene. The conductive 
material can be a conducting polymer, carbon black, an inor 
ganic conductor and the like. The sensor arrays comprise at 
least tWo sensors, typically about 32 sensors and in certain 
instances 1000 or more sensors. The sensor arrays are useful 

for the detection of analytes. In certain embodiments, at least 
one of these sensors comprises a resistor having a plurality of 
alternating nonconductive regions and conductive regions 
and as explained therein, gaps exist betWeen the conductive 
regions and the nonconductive regions. In these sensors, the 
electrical path length and resistance of a given gap are not 
constant, but change as the nonconductive region absorbs, 
adsorbs, or imbibes an analyte. The dynamic aggregate resis 
tance provided by these gaps is, in part, a function of analyte 
permeation of the nonconductive regions. 
[0006] The foregoing sensor is based on a conductive net 
Work in a nonconductive matrix. The sWelling of the noncon 
ductive matrix causes the conductive region to move apart, 
changing the resistance of the sensor. The change in the 
resistance of the sensor can be correlated to the concentration 
of the vapor to be detected. The greater the resistance change 
for a given level of vapor, the loWer the detection limit of the 
vapor being identi?ed. It is thus advantageous to maximiZe 
the resistance change associated With the sensor elements. 
[0007] For instance, there Would be a signi?cant bene?t in 
making sensors Which lead to a change in resistance Which is 
greater than conventional sensors. There is a desire, therefore, 
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to improve on one or more components of the conventional 
sensors in order to achieve this greater sensitivity desired in 
sensors. 

SUMMARY OF THE INVENTION 

[0008] A feature of the present invention is to provide sen 
sors for detecting an analyte in a ?uid Which are more sensi 
tive to a variety of different analytes than conventional sen 
sors. 

[0009] Another feature of the present invention is to pro 
vide sensors for detecting an analyte in a ?uid, Wherein the 
sensor can avoid the use of a non-conducting polymer. 

[0010] A further feature of the present invention is to pro 
vide sensors for detecting an analyte in a ?uid Which have a 
greater resistance change for a given level of vapor emitted by 
an analyte. 
[0011] An additional feature of the present invention is to 
provide sensors for detecting an analyte in a ?uid Wherein the 
time of the sensor response is reduced. 
[0012] An additional feature of the present invention is to 
provide sensors for detecting an analyte in a ?uid Wherein the 
thickness of the sensor can be reduced. 

[0013] Additional features and advantages of the present 
invention Will be set forth in part in the description that 
folloWs, and in part Will be apparent from the description, or 
may be learned by practice of the present invention. The 
objectives and other advantages of the present invention Will 
be realized and attained by means of the elements and com 
binations particularly pointed out in the description and 
appended claims. 
[0014] To achieve these and other advantages, and in accor 
dance With the purposes of the present invention, as embodied 
and broadly described herein, the present invention relates to 
one or more sensors for detecting an analyte in a ?uid. At least 
one sensor for detecting an analyte in a ?uid is electrically 
connected to an electrical measuring apparatus. The sensor 
contains a layer of conductive modi?ed particles. In other 
Words, an electrical pathWay exists through the layer contain 
ing the conductive modi?ed particles. The present invention, 
in addition, relates to an array of sensors Where at least one of 
the sensors is a sensor electrically connected to an electrical 
measuring apparatus Wherein the sensor contains a layer hav 
ing conductive modi?ed particles. In this embodiment, the 
layer containing the conductive modi?ed particles preferably 
avoids the use of a non-conducting polymer. 
[0015] The present invention further relates to sensors con 
taining a ?rst and a second sensor electrically connected to an 
electrical measuring apparatus. The ?rst sensor contains at 
least one region of a nonconducting material and a region that 
contains one or more modi?ed particles. An electrical path 
exists through the regions of the nonconducting material and 
the region containing the modi?ed particles. The modi?ed 
particles are conductive and more preferably are pigment 
particles such as modi?ed carbon black, Wherein the carbon 
black has attached at least one organic group.Altematively, or 
in addition, the modi?ed particle can be an aggregate having 
a carbon phase and a silica-containing species phase and/ or a 
metal-containing species phase Wherein the aggregate 
optionally has attached at least one organic group. 
[0016] The present invention in addition relates to a sensor 
array for detecting an analyte in a ?uid Which involves a series 
of sensors as described above, Wherein each sensor emits a 
different response signature to an analyte Wherein at least one 
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of the sensors contains a region of nonconducting material 
and a region containing at least a modi?ed particle as 
described above. 
[0017] Also, the present invention relates to a method for 
detecting the presence of an analyte in a ?uid. The method 
involves contacting one or more sensors as described above 

With the analyte to generate a response and detecting the 
response With a detector that is operatively associated With 
each sensor in order to detect the presence of an analyte. The 
method further involves comparing the response signature to 
a library of response signatures to determine the particular 
analyte in the ?uid. 
[0018] It is to be understood that both the foregoing general 
description and the folloWing detailed description are exem 
plary and explanatory only and are intended to provide a 
further explanation of the present invention, as claimed. 
[0019] The accompanying draWings, Which are incorpo 
rated in and constitute a part of this invention, illustrate 
embodiments of the present invention and/or provide data 
obtained from embodiments of the present invention, and 
together With the description, serve to explain the principles 
of the present invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] FIG. 1 is a plot obtained from a principle component 
analysis applied to the response of modi?ed carbon blacks to 
a variety of analytes. 
[0021] FIG. 2 is a loadings plot of principal component 
analysis results of sensors’ responses. 
[0022] FIG. 3 is a graph shoWing the response of a sensor 
array to various analytes. 

DETAILED DESCRIPTION OF THE INVENTION 

[0023] The present invention relates to several embodi 
ments of sensors using one or more types of modi?ed par 
ticles Which Will be further described beloW. In the ?rst 
embodiment, the present invention relates to one or more 
sensors for detecting an analyte in a ?uid. The sensor is 
electrically connected to an electrical measuring apparatus. 
The sensor has a layer Which contains conductive modi?ed 
particles. Thus, With the sensor containing conductive modi 
?edparticles, an electrical path or pathWay is formed. In other 
Words, the layer containing the conductive modi?ed particles 
is located betWeen ?rst and second electrodes to form, essen 
tially an electrical circuit Which has a certain resistance as 
measured by the electrical measuring apparatus. The sensor 
having the certain preexisting resistance is altered upon the 
sensor being subjected to an analyte Which causes the resis 
tance to be altered due to the presence of the analyte. These 
changes in resistance canbe correlated to the concentration of 
the analyte detected and/or can be used to create odor signa 
tures Which can then be compared With previously recorded 
and/ or stored response signatures. Upon comparing the odor 
signature of the analyte detected With previously recorded 
and/ or stored response signatures, a match can be made With 
a library of odor signatures previously recorded in order to 
determine the concentration and/or identi?cation of the ana 
lyte. In this embodiment, the presence of a nonconducting 
material as in previous sensors is not necessary and preferably 
is not used. The sensor containing the layer of conductive 
modi?ed particles is su?icient for the sensor to sense the 
analyte and determine its concentration and/or odor signa 
ture. Thus, the sensor in this embodiment is simpler in design 
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and more economical to manufacture. In addition, the sensor 
in this embodiment is easier to produce from the stand point 
that only a dispersion of modi?ed particles needs to be 
applied onto a substrate, for instance, in order to form a sensor 
for purposes of the present invention. The layer containing the 
conductive modi?ed particles can optionally contain other 
conducting materials as Well as nonconducting materials. 
Examples of other conducting materials and/ or nonconduct 
ing materials are described beloW. In addition, the modi?ed 
particles are described in signi?cant detail beloW as Well. The 
description that folloWs With regard to the modi?ed particles 
can be used in any of the embodiments described in the 
present invention. 
[0024] An array of sensors can also be used in this embodi 
ment for detecting an analyte in the ?uid. At least one of the 
sensors contains a layer having the conductive modi?ed par 
ticles. The other sensors can also use the same design, in other 
Words, also contain a layer of conductive modi?ed particles or 
can use sensors having conventional designs, for instance, 
like the ones described inU.S. Pat. Nos. 5,571,401 and 5,788, 
833 Which are both incorporated in their entirety by reference 
herein. Typically, the amount of conductive modi?ed par 
ticles Which are used to form a layer for the sensor of the 
present invention is an amount su?icient to form an electrical 
pathWay betWeen the tWo electrodes forming a part of the 
sensor. For purposes of the present invention, an amount 
above this amount can also be used if desired. 

[0025] As another embodiment of the present invention, the 
present invention relates to sensors containing conducting 
materials and nonconducting materials arranged in a matrix 
of conducting and nonconducting regions. The nonconduct 
ing materials are preferably polymeric in nature and the con 
ducting materials preferably contain at least one or more 
modi?ed particles. 
[0026] In more detail, the sensors of the present invention 
used, for instance, to detect an analyte in a ?uid, contain a ?rst 
sensor and a second sensor. Both sensors are electrically 

connected to an electrical measuring apparatus. The ?rst sen 
sor contains a region of nonconducting material and a region 
of conducting material. Also, an electrical path exists through 
the regions of nonconducting material and the regions of the 
conducting material. These sensors have a certain preexisting 
resistance Which is altered upon the sensor being subjected to 
an analyte Which causes a portion of the sensor to sWell 
leading to a change in resistance. In a preferred embodiment, 
the nonconductive region sWells due to the presence of the 
analyte causing the conductive region to move apart, chang 
ing the resistance of the sensor. These changes in resistance 
can be correlated to the concentration of the analyte detected 
and further can be used to create odor signatures Which can 
then be compared With previously recorded and/or stored 
response signatures. Means to compare the response signa 
ture or odor signature With the library of signatures recorded 
and/or stored previously can then be used to match the odor 
signature to determine the concentration and/ or identi?cation 
of the analyte. 
[0027] With respect to the nonconducting regions, these 
regions contain nonconducting materials. For instance, the 
nonconducting materials can be polymeric and include, but 
are not limited to, main-chain carbon polymers, main-chain 
acyclic heteroatom polymers, and main-chain heterocyclic 
polymers. The nonconducting materials can be one polymer 
or a combination of tWo or more polymers With other optional 
ingredients possible, such as plasticiZers and other conven 
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tional ingredients commonly associated With the formation of 
polymeric articles. Examples of various polymers include, 
but are not limited to, 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 nitrites); poly(vinyl esters); poly 
(styrenes); poly(arylenes); poly(oxides); poly(carbonates); 
poly(esters); poly(anhydrides); poly(urethanes); poly(sul 
fonates); poly(siloxanes); poly(sul?des); poly(thioesters); 
poly(sulfones); poly(sulfonamides); poly(amides); poly 
(urens); poly(phosphaZenes); poly(silanes); poly(silaZanes); 
poly(furan tetracarboxylic acid diimides); poly(benZox 
aZoles); poly(oxadiaZoles); poly(benZothiaZinophenothiaZ 
ines); poly(benZothiaZoles); poly(pyraZinoquinoxalines); 
poly(pyromenitimides); poly(quinoxalines); poly(benZimi 
daZoles); poly(oxindoles); poly(oxoisoindolines); poly(diox 
oisoindalines); poly(triaZines); poly(pyridaZines); poly(pip 
eraZines); poly(pyridines); poly(piperidines); poly 
(triaZoles); poly(pyraZoles); poly(pyrrolidines); poly 
(carboranes); poly(oxabicyclononanes); poly 
(dibenZofurans); poly(phthalides); poly(acetals); poly 
(anhydrides); carbohydrates, and the like. 
[0028] With respect to the conducting region, preferably, 
the conducting region contains one or more modi?ed par 
ticles. The conducting region can include other conducting 
materials and/ or nonconducting materials. Examples of other 
conducting materials include organic conductors such as con 
ducting polymers; inorganic conductors such as metal and 
metal alloys; and mixed inorganic/ organic conductors such as 
tetracyano platinate complexes, and the like. Examples of 
other types of conducting materials are set forth in US. Pat. 
Nos. 5,571,401 and 5,788,833 both incorporated herein in 
their entireties by reference. 
[0029] For purposes of the present invention, the modi?ed 
particles are preferably conductive particles having at least 
one organic group attached to the particles. Preferably, the 
particle is a conductive pigment particle. The pigment can be 
any Wide range of colors. The particles can be any siZe such as 
from about 100 microns or more to less than one micron and 
preferably have a siZe range of from about 0.05 microns to 
about 25 microns. 

[0030] The pigment can be, but is not limited to, pigments 
traditionally used in ink compositions (including inkjet ink 
compositions), coating compositions (including paint formu 
lations), liquid and solid toners, ?lms, plastics, rubbers, and 
the like. Examples include, but are not limited to, black pig 
ments (e.g., carbon products like carbon black) and other 
colored pigments (e.g., polymeric and organic pigments). 
Carbon black is preferred. Various commercial grades exist 
having varying particle siZe and structure, pH, channel con 
tent, surface area, amount of chain-like structure, volatile 
content, coarsens, each produced through minute adjust 
ments in different reactors. Carbon black is commercially 
available from Cabot Corporation, Boston, Mass. The surface 
modi?ed carbon blacks and other pigments can be speci? 
cally tailored to exhibit a variety of characteristics. Various 
characteristics include, but are not limited to, its ability to 
absorb ultraviolet light, polarity, conductivity, siZe, perme 
ability, solubility, dispersability, crosslinkability, temperature 
coe?icient, interaction With other polymers, sensor hyster 
esis, vapor discrimination, etc. Thus, the surface of the carbon 
black or other particles can be modi?ed With a variety of 
functional groups in order to deliver a speci?c sensor charac 
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teristic. Special performance characteristics can be obtained 
depending on the speci?c surface modi?cation employed. 
[0031] The pigment may be chosen from a Wide range of 
conventional pigments. For instance, the pigment product can 
be any carbon product capable of reacting With a diaZonium 
salt to form the modi?ed pigment product. The carbon may be 
of the crystalline or amorphous type. Examples include, but 
are not limited to, graphite, carbon black, vitreous carbon, 
activated charcoal, activated carbon, carbon ?bers, and mix 
tures thereof. Finely divided forms of the above are preferred. 
It is also possible to utiliZe mixtures of different pigment 
products. 
[0032] The colored pigment can be blue, black, broWn, 
cyan, green, White, violet, magenta, red, yelloW, as Well as 
mixtures thereof. Suitable classes of colored pigments 
include, for example, carbon black, carbon products, 
anthraquinones, phthalocyanine blues, phthalocyanine 
greens, diaZos, monoaZos, pyranthrones, perylenes, hetero 
cyclic yelloWs, quinacridones, and (thio)indigoids. Repre 
sentative examples of phthalocyanine blues include copper 
phthalocyanine blue and derivatives thereof (Pigment Blue 
15). Representative examples of quinacridones include Pig 
ment Orange 48, Pigment Orange 49, Pigment Red 122, 
Pigment Red 192, Pigment Red 202, Pigment Red 206, Pig 
ment Red 207, Pigment Red 209, Pigment Violet 19 and 
Pigment Violet 42. Representative examples of anthraquino 
nes include Pigment Red 43, Pigment Red 194 (Perinone 
Red), Pigment Red 216 (Brominated Pyanthrone Red) and 
Pigment Red 226 (Pyranthrone Red). Representative 
examples of perylenes include Pigment Red 123 (Vermil 
lion), Pigment Red 149 (Scarlet), Pigment Red 179 (Maroon), 
Pigment Red 190 (Red), Pigment Violet 19, Pigment Red 189 
(YelloW Shade Red) and Pigment Red 224. Representative 
examples of thioindigoids include Pigment Red 86, Pigment 
Red 87, Pigment Red 88, Pigment Red 181, Pigment Red 198, 
Pigment Violet 36, and Pigment Violet 38. Representative 
examples of heterocyclic yelloWs include Pigment YelloW 1, 
Pigment YelloW 3, Pigment YelloW 12, Pigment YelloW 13, 
Pigment YelloW 14, Pigment YelloW 17, Pigment YelloW 65, 
Pigment YelloW 73, PigmentYelloW 74, Pigment YelloW 151, 
Pigment YelloW 117, Pigment YelloW 128 and Pigment Yel 
loW 138. Such pigments are commercially available in either 
poWder or press cake form from a number of sources includ 
ing, BASF Corporation, Engelhard Corporation and Sun 
Chemical Corporation. Examples of other suitable colored 
pigments are described in the Colour Index, 3rd edition (The 
Society of Dyers and Colourists, 1982). The color pigment 
Will typically have a Wide range of BET surface areas, as 
measured by nitrogen adsorption. 
[0033] Other examples of particles include, but are not 
limited to, carbonaceous materials obtained by the pyrolysis 
of cellulosic, fuel oil, polymeric, or other precursors, carbon 
cloth, carbon aerogels, pyroliZed ion exchange resins, 
pyroliZed polymer resins, mesoporous carbon microbeads, 
pelleted carbon poWder, nanotubes, buckyballs, densi?ed car 
bon black, carbon clad materials, such as carbon clad silica, 
and combinations thereof or activated versions thereof. The 
carbonaceous material can also be a Waste product or by 
product of carbonaceous material obtained by pyrolysis. 
Commercial examples of carbon black include, but are not 
limited to, Black Pearls® 2000 carbon black, Black Pearls® 
430 carbon black, Black Pearls® 900 carbon black, and Black 
Pearls® 120 carbon black, all available from Cabot Corpora 
tion. 
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[0034] Also, for purposes of the present invention, the 
modi?ed particle can be an aggregate comprising a carbon 
phase and a silicon-containing species phase and optionally 
having attached at least one organic group. A description of 
this aggregate as Well as means of making this aggregate is 
described in PCT Publication No. WO 96/37547 and WO 
98/47971 as Well as U.S. Pat. Nos. 5,830,930; 5,869,550; 
5,877,238; 5,919,841; 5,948,835; and 5,977,213.All ofthese 
patents and publications are hereby incorporated in their 
entireties herein by reference. 
[0035] The modi?ed particle for purposes of the present 
invention, can also be an aggregate comprising a carbon 
phase and metal-containing species phase Where the metal 
containing species phase can be a variety of different metals 
such as magnesium, calcium, titanium, vanadium, cobalt, 
nickel Zirconium, tin, antimony, chromium, neodymium, 
lead, tellurium, barium, cesium, iron, molybdenum, alumi 
num, and Zinc, and mixtures thereof, and optionally having 
attached at least one organic group. The aggregate comprising 
the carbon phase and a metal-containing species phase is 
described in Us. Pat. No. 6,017,980, also hereby incorpo 
rated in its entirety herein by reference. 
[0036] Also, for purposes of the present invention, the 
modi?ed particle can be at least a partially silica-coated car 
bon black, such as that described in Us. Pat. No. 5,916,934 
and PCT Publication No. WO 96/37547, published Nov. 28, 
1996, also hereby incorporated in their entirety herein by 
reference. The silica-coated carbon black can also optionally 
have at least one organic group. 
[0037] With respect to the particle siZe of the pigments, the 
particle siZe distribution is based on the mean volume diam 
eter of the pigment particles as measured by the dynamic light 
scattering method. The particle siZe distribution range can be 
from about 10 nm to about 1 micron, and preferably is from 
about 10 nm to about 500 nm, more preferably is from about 
20 nm to about 300 nm, and most preferably is from about 50 
nm to about 200 nm. 

[0038] As indicated above, the modi?ed particle is prefer 
ably a pigment having attached at least one organic group. 
The organic group preferably contains at least one aromatic 
group, at least one Cl-C100 alkyl group, or mixtures thereof. 
Preferably, the groups attached to the particles are crosslink 
able chemical groups. For instance, the modi?ed particles can 
be suspended in a solvent, deposited on a sensor substrate and 
subsequently crosslinked to enhance sensor stability. 
[0039] At least one aromatic group includes, but is not 
limited to, unsaturated cyclic hydrocarbons containing one or 
more rings and may be substituted or unsubstituted, for 
example With alkyl groups. Aromatic groups include aryl 
groups (for example, phenyl, naphthyl, anthracenyl, and the 
like) and heteroaryl groups (for example, imidaZolyl, pyra 
Zolyl, pyridinyl, thienyl, thiaZolyl, furyl, triaZinyl, indolyl, 
and the like). At least one Cl-C100 alkyl group may be 
branched or unbranched, substituted or unsubstituted. 

[0040] The modi?ed particles can include at least one ionic 
group, ioniZable group, or both as part of the organic group. 
An ioniZable group is one capable of forming an ionic group 
in the medium of use. The ionic group may be an anionic 
group or a cationic group and the ioniZable group may form 
an anion or cation. loniZable functional groups forming 
anions or anionic groups include, for example, acidic groups. 
Ionic groups include salts of acidic groups. The organic 
groups, therefore, include groups derived from organic acids. 
Preferably, When an organic group contains an ioniZable 
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group forming an anion, an anionic group, or a mixture, such 
an organic group has a) an aromatic group or a Cl-C100 alkyl 
group and b) at least one acidic group having a pKa of less 
than 11, or at least one salt of an acidic group having a pKa of 
less than 11, or a mixture of at least one acidic group having 
a pKa of less than 11 and at least one salt of an acidic group 
having a pKa of less than 11. The pKa of the acidic group 
refers to the pKa of the organic group as a Whole, not just the 
acidic substituent. More preferably, the pKa is less than 10 
and most preferably less than 9. Preferably, the aromatic 
group or the alkyl group of the organic group is directly 
attached to the particle, e.g., pigment. The aromatic group 
may be further substituted or unsubstituted, for example, With 
alkyl groups. More preferably, the organic group is a phenyl 
or a naphthyl group and the acidic group is a sulfonic acid 
group, a sul?nic acid group, a phosphonic acid group, or a 
carboxylic acid group. Most preferably, the organic group is 
a substituted or unsubstituted sulfophenyl group or a salt 
thereof; a substituted or unsubstituted carboxyphenyl group 
or salt thereof; a substituted or unsubstituted (polysulfo)phe 
nyl group or a salt thereof; a substituted or unsubstituted 
sulfonaphthyl group or a salt thereof; or a substituted or 
unsubstituted (polysulfo)naphthyl group or a salt thereof. 

[0041] Speci?c organic groups having an ioniZable func 
tional group forming an anion are p-sulfophenyl, 4-hydroxy 
3-sulfophenyl, and 2-sulfoethyl. Other organic groups having 
ioniZable functional groups forming anions can also be used. 

[0042] Examples of organic groups that are anionic in 
nature include, but are not limited to, %6H4*COO_X+; 
4C6HiSO3_X+; 4C6H4i(PO3)_22X+; 4C6H2i(COO_ 
X53; %6H3*<COO-X+)2; *(CH2)Z*(COO_X+); 
4C6H4i(CH2)Zi(COO_X+), Wherein X+ is any cation 
such as Na", H", K", NH4+, Li", Ca2+, Mg2+ and the like and 
Z is an integer from 1 to 18. As recogniZed by those skilled in 
the art, X+ may be formed in-situ as part of the manufacturing 
process or may be associated With the aromatic or alkyl group 
through a typical salt sWap or ion-exchange process. 
[0043] Amines represent examples of ioniZable functional 
groups that form cations or cationic groups and may be 
attached to the same types of groups as discussed above for 
the ioniZable groups Which form anions. For example, amines 
may be protonated to form ammonium groups in acidic 
media. Preferably, an organic group having an amine sub 
stituent has a pKb of less than 5. Quaternary ammonium 
groups (iNRf), quaternary phosphonium groups (iPRf) 
and sulfonium groups (iSRJ) also represent examples of 
cationic groups. Preferably, the organic group contains an 
aromatic group such as a phenyl or a naphthyl group and a 
quaternary ammonium or a quaternary phosphonium or sul 
fonium group. QuaterniZed cyclic amines, and even quater 
niZed aromatic amines, can also be used as the organic group. 
Thus, N-substituted pyridinium compounds, such as N-me 
thyl-pyridyl, can be used in this regard. 
[0044] Examples of organic groups that are cationic in 
nature include, but are not limited to, iC6H4N(CH3)3+Y_, 
4C6H4COCH2N(CH3)3+Y_, iC6H4(NC5H5)+Y_, 
*(C5H4N)C2H;Y, %6H4C0CH2<NC5H5)+Y: 
i(C5H4N)CH3+Y_, and 4C6H4CH2N(CH3)3+Y_, Wherein 
Y“ is any halide or an anion such as N03“, OH“, CH3COO_ 
and the like; or combinations thereof. As recogniZed by those 
skilled in the art, Y“ may be formed in-situ as part of the 
manufacturing process or may be associated With the aro 
matic or alkyl group through a typical salt sWap or ion 
exchange process. 
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[0045] Further examples of representative organic groups 
and methods of attachment are also described in US. Pat. 

Nos. 5,554,739; 5,559,169; 5,571,311; 5,575,845; 5,630,868; 
5,672,198; 5,698,016; 5,837,045; 5,922,118; 5,968,243; 
6,042,643; 5,900,029; 5,955,232; 5,895,522; 5,885,335; 
5,851,280; 5,803,959; 5,713,988; 5,707,432; and 6,110,994; 
and International Patent Publication Nos. WO 97/47691; WO 
99/23174; WO 99/31175; WO 99/51690; WO 99/63007; and 
WO 00/22051; all hereby incorporated in their entirety by 
reference herein. The groups and methods of attachments 
described in International Published Application Nos. WO 
99/23174 and WO 99/63007, can also be used and are incor 
porated in their entirety by reference herein. 
[0046] Advantageously, the modi?ed particles used in the 
present invention are easy to disperse in a Wide variety of 
solvents. Suitable surface modi?cations include, but are not 
limited to, covalent attachment, noncovalent attachment and 
electrostatic attachment of functional groups or ligands to the 
particles. The modi?cation of the particles can involve func 
tional groups of various polarities, molecular siZes, function 
ality, reactive groups, and dispersibilities. Groups that can be 
attached include, but are not limited to, polymers, alkanes, 
alkenes, alkynes, dienes, alicyclic hydrocarbons, arenes, het 
erocyclics, alcohols, ethers, ketones, aldehydes, carbonyls, 
carbanions, polynuclear aromatics and derivatives of such 
organics, functional groups, chiral groups, polyethylene gly 
col, surfactants, detergents, biomolecules, polysaccharides, 
protein complexes, polypeptides, dendrimeric materials, oli 
gonucleotides, ?uorescent moieties and radioactive groups. 
In certain instances, the sensors containing the modi?ed par 
ticles are covalently modi?ed to have more than one attached 
group or mixtures thereof. 

[0047] Additional examples of organic groups that can be 
attached include, but are not limited to, alkyl groups, 18-car 
bon alkyl groups, 4-carbon alkyl groups, alkyl esters, oligo 
ethers, and anionic groups. Additional modi?cations include, 
but are not limited to, poly(chloromethylstyrene), poly(alky 
lacrylate), alkyl esters and anionic groups. The foregoing 
ligands include isomers, diasteromers, chiral groups, racemic 
modi?cations, and other modi?cations. 
[0048] Chemical moieties suitable to use to modify the 
ligands include, but are not limited to, alkyl, bromo, chloro, 
iodo, ?uoro, amino, hydroxyl, thio, phosphino, alkylthio, 
cyano, nitro, amido, carboxyl, aryl, heterocyclyl, ferrocenyl, 
or heteroaryl. The ligands can be attached to the particle, such 
as carbon black, by various methods including, but not lim 
ited to, covalent attachment and electrostatic attachment. 
[0049] Further examples of the ionic or ioniZable groups 
are amphiphilic counterions, Which may be cationic or 
anionic in nature. An amphiphilic counterion is a molecule or 
compound typically described as having a hydrophilic polar 
“head” and a hydrophobic “tail.” Representative examples of 
cationic and anionic amphiphilic counterions include those 
set forth and described in US. Pat. No. 5,698,016 to Adams et 
al., the entire description of Which is incorporated herein by 
reference. 

[0050] For purposes of further illustrating the present 
invention, an amphiphilic counterion can be used. The modi 
?ed pigment, as described herein, preferably has a cationic 
functionality (i.e. positive charge) or anionic functionality 
(negative charge). The charge preferably is created by the 
ionic or ioniZable group of the aromatic group or Cl-C100 
alkyl group attached to the pigment. If the organic group of 
the modi?ed pigment is anionic in nature, then the 
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amphiphilic counterion Will be cationic or positive charging. 
Similarly, if the organic group of the modi?ed pigment is 
cationic in nature, then the amphiphilic counterion Will be 
anionic or negative charging. Examples of cationic 
amphiphilic counterions include, but are not limited to, those 
described ammonium ions that may be formed from adding 
acids to the folloWing: a fatty amine, an ester of an amino 
alcohol, an alkylamine, a polymer containing an amine func 
tionality, a polyethoxylated amine, a polypropoxylated 
amine, a polyethoxylated polypropoxylated amine, an aniline 
and derivatives thereof, a fatty alcohol ester of amino acid, a 
polyamine N-alkylated With a dialkyl succinate ester, a het 
erocyclic amine, a guanidine derived from a fatty amine, a 
guanidine derived from an alkylamine, a guanidine derived 
from an arylamine, an amidine derived from a fatty amine, an 
amidine derived from a fatty acid, an amidine derived from an 
alkylamine, or an amidine derived from an arylamine. The 
pKa of the ammonium ion is preferably greater than the pKa 
of the protonated form of the aromatic or alkyl group on the 
pigment. 
[0051] Speci?c examples of cationic amphiphilic ions 
include dioctylammonium, oleylammonium, stearylammo 
nium, dodecylammonium, dimethyldodecylammonium, 
stearylguanidinium, oleylguanidinium, soyalkylammonium, 
cocoalkylammonium, oleylammoniumethoxylate, proto 
nated diethanolaminedimyristate, and N-oleyldimethylam 
monium. Generally, to form the ammonium ions described 
above, the various compounds described above such as fatty 
amines, esters of amino alcohols, etc., are reacted With an acid 
such as carboxylic acid, a mineral acid, an alkyl sulfonic acid, 
or an aryl sulfonic acid. 

[0052] Quaternary ammonium salts can also be used as the 
sources of the cationic amphiphilic ion. Examples include, 
but are not limited to, a fatty alkyl trimethyl ammonium, a 
di(fatty alkyl)dimethylammonium, an alkyl trimethyl ammo 
nium, or l-alkyl pyridinium salt, Where the counterion is a 
halide, methosulfate, sulfonate, a sulfate or the like. Also, 
phosphonium salts, such as tetraphenylphosphonium chlo 
ride can be used as the sources of the amphiphilic ion. 

[0053] Cationic amphiphilic ions for use in the present 
invention include those represented by the formula R4N+, 
Wherein R is independently hydrogen, Cl-C3O alkyl, Cl-C3O 
alkenyl, C7-C3O aralkyl, and C7-C3O alkaryl. Another example 
of a suitable amphiphilic ion is a polymer containing an 
ammonium ion derived from an amine containing polymer. 
The amine containing polymer can be a copolymer of an 
amine containing monomer, such as dimethylaminoethyl 
methacrylate or acrylate, or vinylpyridine or vinylimidaZole, 
and another monomer such as methyl acrylate, methyl meth 
acrylate, butyl acrylate, styrene, and the like. The polymer 
may also be a polyethyleneimine (PEI), derivatiZed or acy 
lated PEI, polyallylamine, or polydiallylamine. The polymer 
may also be a ter- or tetra-polymer containing a mixture of an 
amine containing monomer and tWo or three other amine 
containing monomers, respectively. Such a polymer may be 
prepared by any means, such as radical (emulsion, suspen 
sion, or solution) or anionic polymerization, stable free radi 
cal polymeriZation or atom transfer polymerization. 
[0054] As stated earlier, the amphiphilic counterion can 
alternatively be an anionic amphiphilic counterion. Examples 
of such anionic amphiphilic ions include, but are not limited 
to, an alkylbenZene sulfonate, an alkyl sulfonate, an alkylsul 
fate, a sulfosuccinate, a sarcosine, an alcohol ethoxylate sul 
fate, an alcohol ethoxylate sulfonate, an alkyl phosphate, an 
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alkylethoxylated phosphate, an ethoxylated alkylphenol sul 
fate, a fatty carboxylate, a taurate, an isethionate, an aliphatic 
carboxylate, or an ion derived from a polymer containing an 
acid group. Sources of speci?c and preferred examples of 
anionic amphiphilic ions include, but are not limited to, 
sodium dodecylbenZene sulfonate, a sodium dodecylsulfate, 
Aerosol OT, an oleic acid salt, a ricinoleic acid salt, a myrisitic 
acid salt, a caproic acid salt, sodium 2-octyldodecanoate, 
sodium bis(2-ethylhexyl)sulfosuccinate, a sulfonated poly 
styrene, or homo- or copolymers of acrylic acid or meth 
acrylic acid or salts thereof. 
[0055] Generally, the above-identi?ed amphiphilic counte 
rions and related compounds are commercially available in 
salt form or can be routinely made by one of ordinary skill in 
the art. 

[0056] Other examples of organic groups that can be 
attached to the pigment or particle include groups With the 
folloWing formulas. In each of the folloWing formulas, iX is 
attached directly to the pigment and iX' can be directly 
attached to the pigment. Each of the folloWing organic 
groups, for purposes of the present invention, can optionally 
contain an ionic group, an ioniZable group, or both. 

[0057] A further example of a modi?ed pigment is a pig 
ment having attached at least one group comprising the for 
mula: 

Wherein X represents an aromatic group or an alkyl group, 
NIon represents at least one non-ionic group, Sp represents a 
spacer group, R represents hydrogen, an aromatic group, or 
an alkyl group, and p is an integer of from 1 to 500. 
[0058] The aromatic group With respect to the X substituent 
and/ or the R substituent can be substituted or unsubstituted 

and can be, for instance, an aryl or heteroaryl group. The 
aromatic group canbe substituted With any group, such as one 
or more alkyl groups or aryl groups. Preferably, the aromatic 
group is a phenyl, naphthyl, anthracenyl, phenanthrenyl, 
biphenyl, pyridinyl, benZothiadiaZolyl, or benZothiaZolyl. 
Examples of the alkyl group With respect to the X substituent 
and/or the R substituent include, but are not limited to, sub 
stituted or unsubstituted alkyl groups Which may be branched 
or unbranched. The alkyl group can be substituted With one or 
more groups, such as aromatic groups. Preferred examples of 
the alkyl group for purposes of the X substituent include, but 
are not limited to, Cl-Clz, like methyl, ethyl, propyl, butyl, 
pentyl, or hexyl groups. In other Words, X and/or R can 
represent a branched or unbranched, substituted or unsubsti 
tuted, saturated or unsaturated hydrocarbon. Examples of 
substituted groups include, but are not limited to, an ester 
group, an amide group, an ether group, a carboxyl group, an 
aryl group, an alkyl group, and the like. 
[0059] Sp or the spacer group as used herein is a link 
betWeen tWo groups and can be a bond, or a chemical group 

such as, but not limited to, CO2, SO2CH2CH2, CH2CH2, 
CHR"CH2, CH2CHR", CHR", 02C, S02, CO, S03, OSO2, 
SO3NR", R"NSO2, NHCO, CONR", NR"CO2, O2CNR", 
NR"CONR", O, S, NR", SO2C2H4, arylene, alkylene, 
NR"CO, NHCO2, O2CNH, NCHONH, and the like, Wherein 
R", Which can be the same or different, represents an organic 
group such as a substituted or unsubstituted aryl and/ or alkyl 
group. 

[0060] Examples of the non-ionic group include, but are not 
limited to, groups having no apparent ionic charge, such as 
polymers of ethylene oxide, propylene oxide, other alkylene 
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oxides, carboxylic acid esters, glycols, alcohols, esters, 
alkanolamine-fatty acid condensates, silicones, isocyanates, 
alkylpyrrolidenes, and alkylpolyglycosides. In non-aqueous 
media, the non-ionic group, in addition to the aforementioned 
groups, may have carboxylates, sulfonates, phosphates, 
amines, and other groups that typically demonstrate an ionic 
nature in Water. The non-ionic group is preferably a Cl-Cl2 
alkyl group, or a C l-C 1 2 alkylene oxide group. p can be 1-25, 
26-50, 51-75, 75-100, and/or 101-500, andp preferably is 5 to 
50. 
[0061] The X substituent and/or non-ionic group may be 
substituted With one or more functional groups. The func 
tional group preferably contains a lypophilic group. 
Examples of functional groups include, but are not limited to, 
R', OR', COR‘, COOR', OCOR', carboxylates, halogens, CN, 
NR'2, SO3H, sulfonates, A)SO3_, NR'(COR'), CONR'2, 
N02, PO3H2, phosphonates, phosphates, N:NR', SOR', 
NSO2R', Wherein R' Which can be the same or different, is 
independently hydrogen, branched or unbranched Cl-C2O 
substituted or unsubstituted, saturated or unsaturated hydro 
carbons, e. g., alkyl, alkenyl, alkynyl, substituted or unsubsti 
tuted aryl, substituted or unsubstituted heteroaryl, substituted 
or unsubstituted alkylaryl, or substituted or unsubstituted ary 
lalkyl. 
[0062] Amines also represent examples of functional 
groups as Well as quaternary ammonium groups (iNRf) 
and quaternary phosphonium groups (iPRf), as Well as 
quaternary sulfonium groups (iSRf). 
[0063] In an additional embodiment of the present inven 
tion, the modi?ed pigment can be a pigment having attached 
at least one group comprising the formula: 

Wherein X represents an aromatic group or an alkyl group; Sp 
represents a spacer group; A represents an alkylene oxide 
group of from about 1 to about 12 carbons; p represents an 
integer of from 1 to 500, and R represents hydrogen, a sub 
stituted or unsubstituted alkyl group, or a substituted or 
unsubstituted aromatic group. A can be the same or different 
When p is greater than 1 . X can be substituted or unsubstituted 
and can include substituted groups such as an ester group, an 

amide group, an ether group, a carbonyl group, an aryl group, 
an alkyl group and the like. The substituted groups can be 
attached or linked to A. 

[0064] Examples of preferred alkylene groups include, but 
are not limited to, iCHZiCHZiOi; 4CH(CH3)i 
CH2iOi; iCH2CH2CH2iOi; iCHZCHCH3ADi; 
or combinations thereof. 

[0065] In another embodiment of the present invention, the 
modi?ed pigment can be a pigment having attached at least 
one group comprising the formula: 

Wherein X is described above, and for instance can represent 
an aromatic group or an alkyl group as described earlier, In is 
an integer of from 1 to 12, preferably 2 or 3, p is an integer of 
from 1 to 500, Sp represents a spacer group, and R is 
described above, and for instance can be hydrogen, a substi 
tuted or unsubstituted alkyl group, or a substituted or unsub 
stituted aromatic group. Examples of R substituents include, 
but are not limited to, hydrogen, methyl, ethyl, butyl, or 
propyl groups. p can be 1-25, 26-50, 51-75, 76-100, and 
101 -500, and is preferably 5 to 50. Particularly preferred 
groups of this formula are Where X is a phenylene group, In is 
1 to 5, and more preferably 2 or 3, p is 5 to 50, more preferably 
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44-45, and R is hydrogen or a methyl group. Another pre 
ferred group is Where m is 2, p is 7, R is a methyl group, and 
X is a phenylene group. 

[0066] In yet another embodiment of the present invention, 
the modi?ed pigment can be a pigment having attached at 
least one polymeric group, Wherein the polymeric group com 
prises the formula: 

iX-Sp- [polymer]R 

Wherein X and Sp are described above, and for instance can 
represent at least an aromatic group or at least an alkyl group 
as described earlier, “polymer” represents a polymeric group 
comprising repeating monomer groups or multiple monomer 
groups orboth, optionally having at least one iX' group. The 
group “polymer” can be substituted or unsubstituted With 
additional groups. R is described above and for instance can 
represent hydrogen, a bond, a substituted or unsubstituted 
alkyl group, or a substituted or unsubstituted aromatic group. 
X' represents an aromatic group or alkyl group, and each X' 
and X can be the same or different. The total monomer repeat 
ing units that comprise the group “polymer” is not greater 
than about 5,000 monomer repeating units. X and/ or X' can be 
substituted or unsubstituted and can include substituted 
groups such as an ester group, an amide group, an ether group, 
and the like. The substituted groups can be linked to the group 
“polymer.” Also, When R represents a bond, the available 
bond can be attached to the pigment. The polymeric group can 
be any polymeric group capable of being attached to a pig 
ment. 

[0067] For purposes of the present invention and this for 
mula immediately above, one or more polymeric groups that 
comprise the group “polymer” can be present. The polymeric 
group can be a thermoplastic polymeric group or a thermo 
setting polymeric group. Further, the polymeric group can be 
a homopolymer, copolymer, terpolymer, and/or a polymer 
containing any number of different repeating units. Further, 
the polymeric group present in the present invention can be 
any type of polymeric group, such as a random polymer, 
alternating polymer, graft polymer, block polymer, star-like 
polymer, and/or comb-like polymer. The polymeric group 
used in the present invention can also be one or more poly 
blends. The polymeric group can be an interpenetrating poly 
mer netWork (IPN); simultaneous interpenetrating polymer 
netWork (SIN); or interpenetrating elastomeric netWork 
(IEN). 
[0068] Speci?c examples of polymeric groups include, but 
are not limited to, linear-high polymers such as polyethylene, 
poly(vinylchloride), polyisobutylene, polystyrene, polyca 
prolactam (nylon), polyisoprene, and the like. Other general 
classes of polymeric groups of the present invention are 
polyamides, polycarbonates, polyelectrolytes, polyesters, 
polyethers, (polyhydroxy)benZenes, polyimides, polymers 
containing sulfur (such as polysul?des, (polyphenylene) sul 
?de, and polysulfones), polyole?ns, polymethylbenZenes, 
polystyrene and styrene copolymers (ABS included), acetal 
polymers, acrylic polymers, acrylonitrile polymers and 
copolymers, polyole?ns containing halogen (such as polyvi 
nyl chloride and polyvinylidene chloride), ?uoropolymers, 
ionomeric polymers, polymers containing ketone group(s), 
liquid crystal polymers, polyamide-imides, polymers con 
taining ole?nic double bond(s) (such as polybutadiene, poly 
dicyclopentadiene), polyole?n copolymers, polyphenylene 
oxides, polysiloxanes, poly(vinyl alcohols), polyurethanes, 
thermoplastic elastomers, and the like. 
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[0069] Generally, the polymeric groups described in Vol 
ume 18 of the Encyclopedia of Chemical Technology, KIRK 
OTHMER, (1982), page 328 to page 887, and Modern Plas 
tics Encyclopedia ’98, pages B-3 to B-210, and “Polymers: 
Structure and Properties,” by C. A. Daniels, Technomic Pub 
lishing Co., Lancaster, Pa. (1989), all incorporated in their 
entirety herein by reference, can be used as the polymeric 
groups Which comprise the group “polymer”. These poly 
meric groups can be prepared in a number of Ways and such 
Ways are knoWn to those skilled in the art. The above refer 
enced KIRK-OTHMER section, Modern Plastics Encyclope 
dia, and C. A. Daniels’ reference provide methods in Which 
these polymeric groups can be prepared. 
[0070] The polymeric group can be preferably a polyole?n 
group, a polyurethane group, a polystyrenic group, a poly 
acrylate group, a polyamide group, a polyester group, or 
mixtures thereof. Examples of R groups can be the same as 
previously described above. p can be 1-25, 26-50, 51-75, 
76-100, 101-500, and is preferably 1 to 100, and more pref 
erably 5 to 50. 
[0071] Also, the organic group(s) attached to the pigment 
can be one or more types of dyes, such as, but not limited to, 
Nile Blue A, Toluidine Blue, Tryan Blue, C.I. Acid Blue 40, 
CI. Acid Blue 129, CI. Acid Blue 9, CI. Acid Blue 185, CI. 
Direct Blue 71, CI. Direct Blue 199, CI. Direct Red 9, CI. 
Acid Red 18, CI. Acid Red 27, CI. Direct YelloW 86, CI. 
Direct YelloW 4, CI. AcidYelloW 23, and CI. Food Black 2. 
Besides the organic group comprising the dye, an organic 
group having an ionic group and a counterionic group can 
have a dye serving as the counterionic group. Attaching a dye 
to the pigment can provide the advantage of modifying the 
color properties of the pigments. Also, the organic group(s) 
attached to the pigment can be one or more types of light 
stabiliZers, e.g., hindered amine light stabiliZer (HALS) or 
antioxidant. 
[0072] In an embodiment of the present invention, the 
modi?ed particle can be a polymer coated modi?ed particle, 
such as a modi?ed pigment product. For instance, the modi 
?ed pigment is at least partially coated With one or more 
polymers and can be substantially or fully coated by one or 
more polymers. The use of the term “coated” includes par 
tially and fully coated carbon products and modi?ed pigment 
products. The polymer in this invention partially or fully 
encapsulates the modi?ed pigment product, Wherein the 
modi?ed pigment product is the core and the polymer is the 
shell. The polymer(s) coated onto or used to encapsulate the 
modi?ed pigment product is preferably present on the modi 
?ed pigment product such that the polymer(s) is not substan 
tially extractable by a solvent. More preferably, the polymer 
(s) on the modi?ed pigment product is attached by physical 
(e.g., adsorption) and/or chemical means (eg chemical 
bonding, grafting). 
[0073] The modi?ed pigment product coated With a poly 
mer can be a modi?ed pigment product having at least one 
organic group attached to the pigment product. The organic 
group can be substituted With an ionic, ioniZable, or polar 
group. The pigment product Which has the organic group 
attached thereto can be any pigment product capable of hav 
ing at least one organic group attached to the pigment product. 
[0074] Another set of organic groups Which may be 
attached to the pigment are organic groups having an ami 
nophenyl, such as (C6H4)iNH2, (C6H4)iCH2i(C6H4)i 
NH2, (C6H4)iSO2i(C6H4)iNH2. Organic groups also 
include aromatic sul?des, represented, for instance, by the 
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formulas AriSniAr' or AriSniAr", wherein Ar and Ar' 
are independently arylene groups, Ar" is an aryl and n is l to 
8. 
[0075] Preferably, the organic group comprises an aromatic 
group and/or a Cl-C100 alkyl group (and more preferably a 
C 1 -Cl 2 alkyl group) directly attached to the particle, such as a 
pigment, optionally With an ionic, ioniZable, or polar group. 
[0076] More than one type of organic group can be attached 
to the particle, or tWo or more modi?ed particles With differ 
ent attached organic groups can be used. Using tWo or more 
different types of organic groups permits a combination of 
properties. If tWo different types of organic groups are 
attached, for example, a sulfanilic group and a styrenic group, 
the sulfanilic group promotes dispersibility and the styrenic 
group serves as a radical grafting site. The ratio of the differ 
ent organic groups can be the same or different. 

[0077] A minimum treatment level of the ionic, ioniZable, 
or polar group can be used to impart stability to the disper 
sion. For example, groups such as ionic species (e.g., sul 
phates, phosphates, alkali salts of organic acids or quaternary 
ammonium salts), non-ionic species (e.g., hydroxyl, organic 
acids) or surfactant stabiliZers (e.g., SDMS, SDS, Antarox) 
can be used to provide stable particle dispersions in aqueous 
media. Dispersion of the modi?ed particle in organic liquids 
can be facilitated in a similar manner but employing treat 
ments Which are more compatible With these less polar envi 
ronments. Treatment levels of the organic group for purposes 
of radical grafting sites Would depend on material uses. For 
instance, attachment of epoxy groups Would facilitate graft 
ing to hydroxyl bearing polymer matrices such as polyure 
thanes or polycarbonates or amine matrices such as nylon. 
Other examples include the attachment of radical sensitive 
vinyl groups such as styrenics or acrylates, or methacrylates, 
to facilitate crosslinking type reactions in radical polymeriza 
tions. 
[0078] Also, a combination of different modi?ed particles 
can be used. For instance, a modi?ed pigment having one type 
of organic group attached thereto can be used in combination 
With another modi?ed pigment having a different organic 
group attached thereto. Also, a modi?ed pigment such as an 
aggregate comprising a carbon phase and a silicon-containing 
species phase can be used in combination With a modi?ed 
carbon product having an attached organic group, and so on. 
[0079] The modi?ed particle Which is coated With one or 
more polymers can have any particle siZe and/or surface area 
so long as the particle is capable of being at least partially 
coated With one or more polymers. Preferably, the primary 
particle siZe of the modi?ed pigment is from about 5 nm to 
about 100 nm and more preferably from about 8 nm to about 
75 nm. The nitrogen surface area as measured by the BET 
method, of the modi?ed carbon product is preferably from 
about 20 m2/ g to about 1500 m2/ g and more preferably from 
about 25 m2/ g to about 700 m2/g and most preferably from 
about 30 m2/ g to about 250 m2/ g. 
[0080] The thickness of the coating on the modi?ed particle 
can be uniformed or can vary in thickness. The thickness of 
the coating can be about 1 mm or more. Preferably, the poly 
mer coated onto the modi?ed particle product is substantially 
uniform in thickness. Preferably, the thickness of the polymer 
coating on the modi?ed particle is from about 10 nm to about 
100 nm, more preferably from about 20 nm to about 75 nm, 
and most preferably from about 30 nm to about 50 nm. 

[0081] The modi?ed particle can have more than one coat 
ing or shell. In other Words, the modi?ed particle can have 
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multiple layers of shells or coatings Which partially or fully 
encapsulate the modi?ed particle or a previous coating or 
shell. The polymers comprising the various layers can be the 
same or different. For instance, one layer can be cross-linked 
While the next layer can be not cross-linked. Each of the 
various coatings, if more than one is present on the modi?ed 
particle, can be substantially the same or vary in thickness if 
desired. 

[0082] The polymer Which is coated onto the modi?ed par 
ticle can be a homo-polymer, copolymer, terpolymer, and/or 
a polymer containing any number of different repeating units. 

[0083] The polymer can be any type of polymer, such as a 
random polymer, alternating polymer, graft polymer, block 
polymer, star-like polymer, and/or comb-like polymer. The 
polymer can also be one or more polyblends. The polymer can 
be an interpenetrating polymer netWork (IPN); simultaneous 
interpenetrating polymer netWork (SIN); or interpenetrating 
elastomeric netWork (IEN). The polymer can be thermoplas 
tic or thermosettable. 

[0084] Speci?c examples of polymers include, but are not 
limited to, linear and non-linear polymers such as polyethyl 
ene, poly(vinylchloride), polyisobutylene, polystyrene, poly 
caprolactam (nylon), polyisoprene, and the like. Other gen 
eral classes of polymers include polyamides, polycarbonates, 
polyelectrolytes, polyesters, polyethers, (polyhydroxy)ben 
Zenes, polyimides, polymers containing sulfur (such as 
polysul?des, (polyphenylene) sul?de, and polysulfones, 
polyole?ns, polymethylbenZenes, polystyrene and styrene 
copolymers (ABS included), acetal polymers, acrylic poly 
mers, acrylonitrile polymers and copolymers, polyole?ns 
containing halogen (such as polyvinyl chloride and polyvi 
nylidene chloride), ?uoropolymers, ionomeric polymers, 
polymers containing ketone group(s), liquid crystal poly 
mers, polyamide-imides, polymers containing ole?nic 
double bond(s) (such as polybutadiene, polydicyclopentadi 
ene), polyole?n copolymers, polyphenylene oxides, polyure 
thanes, thermoplastic elastomers, silicone polymers, alkyd, 
epoxy, unsaturatedpolyester, vinyl ester, urea-, melamine-, or 
phenol-formaldehyde resins, and the like. More particular 
examples of polymers include acrylic polymers, methacrylic 
polymers, or styrenic polymers. 
[0085] The polymer coated modi?ed particles can be made 
by a number of Ways including, but are not limited to, aqueous 
mediated polymeriZation environments such as emulsion 
polymeriZation or suspension polymeriZation processes as 
Well as solvent based polymeriZations. The polymeriZations 
involved are generally chain groWth polymeriZations and/or 
step groWth polymeriZations. 
[0086] In another embodiment, the modi?ed particle, for 
instance a modi?ed pigment, has at least one organic group 
attached to the pigment particles and the organic group is 
positively chargeable. The organic group can be attached to 
the pigment in various amounts, i.e., loW to high amounts, 
thus alloWing ?ne control over charge modi?cation. The 
organic group that is attached to the pigment particles can be 
any group Which permits the modi?ed pigment to be posi 
tively chargeable. Preferably, the organic group comprises an 
aromatic group or a C l-C2O alkyl group, Wherein either group 
can be substituted or unsubstituted. It is also preferred that the 
aromatic group or Cl-C2O alkyl group is directly attached to 
the pigment particles. Preferred groups of positively charge 
able organic groups are nitrogen containing or phosphorus 
containing organic groups. 



US 2009/0260423 A1 

[0087] Preferred positive chargeable organic groups have 
the general structures: 

Wherein Q represents the elements nitrogen or phosphorus; X 
represents a counterion such as Cl‘, Br‘, ArSO3_, and the 
like; R1 represents an alkylene group or an arylene group 
attached to the pigment; and R2, R3, and R4, Which may be the 
same or different, each represent an alkyl group or an aryl 

group. Preferably, the alkylene or alkyl group is a Cl-Cl0 
alkylene or alkyl group and the arylene or aryl group is a 
C6-C2O arylene or aryl group. For the purposes of this inven 
tion, aryl and arylene groups include heteroaryl and het 
eroarylene groups, respectively. Other preferred organic 
groups that can be attached to the pigment particles include, 
but are not limited to the folloWing: 
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in Which Ar represents an aromatic group and Ar' represents 
an aromatic group. The aromatic group includes, but is not 
limited to, unsaturated cyclic hydrocarbons containing one or 
more rings. The aromatic group may be substituted or unsub 
stituted. Aromatic groups include aryl groups (for example, 
phenyl, naphthyl, anthracenyl, and the like), and heteroaryl 
groups (imidaZolyl, pyraZolyl, pyridinyl, thienyl, thiaZolyl, 
furyl, triaZinyl, indolyl, and the like). In a similar manner, 
negatively chargeable particles can be produced using the 
appropriate functional groups, such as sulfamides. 
[0088] A combination of organic groups such as an organic 
group comprising a pyridyl group and an organic group com 
prising a quaternary ammonium group can be used. 
[0089] As stated, the organic group is a Cl-C100 alkyl group 
(more preferably a C 1 -C12 alkyl group), an aromatic group, or 
other organic group, monomeric group, or polymeric group, 
each optionally having a functional group or ionic or ioniZ 
able group. More preferably, these groups are directly 
attached to the particles. 
[0090] The polymeric group can be any polymeric group 
capable of being attached to a particle. The polymeric group 
can be a polyole?n group, a polystyrenic group, a polyacry 
late group, a polyamide group, a polyester group, or mixtures 
thereof. Monomeric groups are monomeric versions of the 
polymeric groups. 
[0091] The organic group can also be an ole?n group, a 
styrenic group, an acrylate group, an amide group, an ester, or 
mixtures thereof. The organic group can also be an aromatic 
group or an alkyl group, either group With an ole?n group, a 
styrenic group, an acrylate group, an amide group, an ester 
group, or mixtures thereof, Wherein preferably the aromatic 
group, or the alkyl group, like a Cl-Cl2 group, is directly 
attached to the particle. 
[0092] The polymeric group can include an aromatic group 
or an alkyl group, like a Cl-Cl2 group, either group With a 
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polyole?n group, a polystyrenic group, a polyacrylate group, 
a polyamide group, a polyester group, or mixtures thereof. 
[0093] The organic group can also comprise an aralkyl 
group or alkylaryl group, Which is preferably directly 
attached to the particle. Other examples of organic groups 
include a Cl-C100 alkyl group, such as a CZO-C6O alkyl group. 
[0094] Examples of other organic groups are organic 
groups having the folloWing formulas (hyphens on one or 
more ends represents an attachment to a particle or to another 
group): 
[0095] iAriCO2(CmH2m+1), Where m:0 to about 20; 
[0096] iAri(CnH2n+1), Where n:l to about 50; 
[0097] iAriCPH2PAri, Where p:l to about 10; 
[0098] iAriCX3, Where X is a halogen atom; 
[0099] iAriO4CX3, Where X is a halogen atom; 
[0100] iAriSO3_; 
[0101] iAriSO2(CqH2q_l), Where q:about 2 to about 
10; 
[0102] iArisziAriNHz; 
[0103] iArisziAri; 
[0104] iArSO2H; 
[0105] iAri((CnH2n)COOX)m, Where n:0 to 20, m:l to 
3, and XIH, cations, or organic group; These groups can be 
further activated and/or reacted With such groups as carbodi 
imides and further reacted With NHZ-terminated functional 
iZation groups; SOCl2, or PCl3, or PCl5 to be converted to 
iAri(CnH2n)COCl)m groups and further reacted With OH 
terminated functionaliZation groups. 

[0106] *Ar*((CnH2n)OH)m, Where n:0 to 20, m:1 to 3; 
These groups can be further activated and/or reacted With 
such groups as tosyl chloride and subsequently reacted With 
amino-terminated ligands; carbonyldiimidazole and subse 
quently reacted With amino-terminated ligands; carbonyl 
chloride terminated ligands; and epoxy terminated ligands. 
[0107] iAri((CnH2n)NH2)m, Where n:0 to 20, m:l to 3, 
and its protonated form: iAri((CnH2n)NH3X)m, Where X 
is an ion; These groups can be further activated and/ or reacted 
With such groups as carbodiimide activated carboxyl-termi 
nated ligands; carbonyldiimidaZole activated hydroxy-termi 
nated ligands; tosyl activated hydroxy-terminated ligands; 
vinyl terminated ligands; alkylhalide terminated ligands; or 
epoxy terminated ligands. 
[0108] iAri((CnH2n)CHNH3+COO_)m Where n:0 to 20 
and m:l to 3; These groups can be derivatiZed further by 
reaction through the carboxylic group by reaction With NH2 
or OH terminated groups or through the amino group by 
reaction With activated carboxy-terminated ligands, activated 
hydroxy-terminated ligands, vinyl ligands, alkylhalide termi 
nated ligands, or epoxy terminated ligands. 
[0109] iAri((CnH2n)CH:CH2)m, Where n:0 to 20, 
m:l to 3 or iAri((CnH2n)SO2CH:CH2)m, Where n:0 to 
20, m:l to 3. These groups can be further activated and/or 
reacted With such groups as amino-terminated ligands; per 
oxy-acids to form epoxides and subsequently reacted With 
hydroxy- or amino-terminated ligands; hydrogen halides to 
form iAr((CnH2n)CH2CH2X)m groups and subsequently 
reacted With amino -terminated ligands. 
[0110] Other reaction schemes can be used to form various 
groups onto the particles. 
[0111] Other mixtures of organic groups include the fol 
loWing: 
iAriSO; and iAr(CnH2n+l), Where n:l to about 50; 
iAriSZiAriNHZ and iArCPH2PAri, Where p:l to 
about 10; 
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iAriSZiAri and iArCPH2PAri, Where p:l to about 
10; or 

at least tWo different iAriCO2(CmH2m+1), Where m:0 to 
about 20. 

[0112] The various organic, monomeric, and polymeric 
groups described above and beloW Which are part of the 
modi?ed particles can be unsubstituted or substituted and can 
be branched or linear. 

[0113] As described earlier, one or more organic groups can 
be attached to the particle, for example, the pigment. Further, 
tWo or more modi?ed pigments, each having a different 
organic group attached to the pigment, can be used. Also, one 
organic group having an ionic or ioniZable group can be used 
in connection With a second or additional organic groups With 
or Without ionic or ioniZable groups and so on. Also, combi 
nations of pigments Which differ, for example, by morphol 
ogy or surface area, can be used. Treatment levels of the 
attached groups can be advantageously varied in order to 
produce a variety of different sensor performances. 
[0114] As stated earlier, With respect to an embodiment of 
the present invention, the sensors of the present invention are 
a matrix of the conducting regions and the nonconducting 
regions. This matrix can be formed by dissolving the noncon 
ducting materials into a solvent and introducing the modi?ed 
particles into the solution containing the dissolved noncon 
ducting materials. Many techniques including, but not limited 
to, solution casting, suspension casting, and mechanical mix 
ing can fabricate the sensors of the present invention. In 
general, solution casting routes are advantageous because 
they provide homogeneous structures and are easy to process. 
With solution casting routes, spin, spray, or dip coating can 
easily fabricate resistor elements. 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. In 
certain embodiments, the sensor or chemi-resistor is depos 
ited as a surface layer on a solid matrix that provides means 
for supporting the leads. Typically, the solid matrix is a 
chemically inert, nonconductive substrate, such as a glass or 
ceramic. 

[0115] In more detail, and as an example, in solution cast 
ing, one or more of the components of the chemi-resistor are 
suspended or dissolved in a common solvent. A non-conduc 
tive material such as the non-conductive polymer is dissolved 
in an appropriate solvent, such as THF, acetonitrile, Water, 
and the like. The modi?ed pigment can then be suspended 
into this solution and the resulting mixture is used to dip coat 
electrodes. Also, mechanical mixing can be used to mix the 
nonconducting materials With the conducting materials such 
as the modi?ed pigments. Once fabricated, the individual 
element forming the sensors can be optimiZed for a particular 
application by varying their chemical makeup and morpholo 
gies. The chemical nature of the chemi-resistors determines 
Which analytes Will respond in their ability to distinguish 
different analytes. The relative ratio of conducting to noncon 
ducting components determines the magnitude of the 
response since the resistance of the elements becomes more 
sensitive to sorbed molecules as the percolation threshold is 
approached. The ?lm morphology is also important in deter 
mining response characteristics. For instance, thin ?lms 
respond more quickly to analytes than do thick ones. Hence, 



US 2009/0260423 A1 

With an empirical catalog of information on chemically 
diverse sensors made With varying ratios of insulating to 
conducting components and by differing fabrication routes, 
sensors can be chosen that are appropriate for the analytes 
expected in a particular application, their concentrations, and 
the desired response times. Further optimiZation can then be 
preformed in an iterative fashion as feedback on the perfor 
mance of an array under particular conditions becomes avail 
able. 

[0116] With respect to the above description of the manu 
facturing of the sensors of the present invention for certain 
embodiments, the embodiment Wherein the sensor contains a 
layer having conductive modi?ed particles and preferably no 
nonconducting material, these sensors can be manufactured 
in a similar fashion. In more detail, the modi?ed particles 
used to form the layer for the sensor can be applied to a 
substrate such as an inert substrate in the same fashion that 
inks are applied to a substrate. For instance, the modi?ed 
particles can be applied by printing methods knoWn to those 
skilled in the art Which include, but are not limited to, inkjet 
type printing and the like. Essentially, any means used to form 
a layer containing pigments or any device used to form an 
image on a substrate can be used for purposes of forming the 
layer of conductive modi?ed particles for the sensor of the 
present invention. Generally, the conductive modi?ed par 
ticles are formed into a dispersion Which can be aqueous or 
non-aqueous and then this dispersion is applied to a substrate 
to form a layer Wherein the non-aqueous or aqueous solvent is 
removed, such as by evaporation or other techniques. The 
dispersion containing the conductive modi?ed particles can 
also contain other conventional ingredients typically used in 
inks or coatings such as, but not limited to, bindcrs, additives 
to improve printability drying, and the like. For purposes of 
the present invention, the aqueous or non-aqueous solvent can 
also be considered an aqueous or non-aqueous vehicle. 

[0117] The sensor arrays can comprise other different sen 
sors, including, but not limited to, surface acoustic Wave 
(SAW) sensors, quartZ microbalances, organic semiconduct 
ing gas sensors, bulk conducting polymer sensors, polymeric 
coating on an optical ?ber sensors, conducting/nonconduct 
ing region sensors and conducting ?ller in insulating polymer 
sensors, dye impregnated polymeric coatings on optical 
?bers, polymer composites, micro-electro-mechanical sys 
tem devices, micromachined cantilevers, and micro-opto 
electro-mechanical system devices. 
[0118] The chemi-resistor or sensor may itself form a sub 
strate for attaching the lead or the resistor or, the chemi 
resistor can be deposited as a surface layer on a solid matrix 
Which provides means for supporting the leads. 
[0119] Sensor arrays particularly Well-suited to scaled up 
production are fabricated using integrated circuit (IC) design 
technologies. For example, the resistors can easily be inte 
grated on the front end of a simple ampli?er interfaced to an 
A/ D converter to e?iciently feed the data stream directly into 
a neural netWork softWare or hardWare analysis section. 
Micro -fabrication techniques can integrate the chemiresistors 
directly onto a micro-chip Which contains the circuitry for 
analog signal conditioning/processing and then data analysis. 
This provides for the production of millions of incrementally 
different sensor elements in a single manufacturing step, for 
instance, using inkj et ink type technology. The sensor array of 
a million distinct elements only requires a one centimeter by 
one centimeter siZed chip employing lithography at a ten 
micron feature level, Which is Within the capacity of conven 
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tional commercial processing and deposition methods. This 
technology permits the production of sensitive, small-siZe 
stand alone chemical sensors. 

[0120] Preferred sensor arrays have a predetermined inter 
sensor variation in the structure or composition of the non 
conductive regions (e.g., the nonconductive organic mate 
rial). The variation may be quantitative and/or qualitative. For 
example, the concentration of the nonconductive organic 
polymer in the blend can be varied across sensors. Altema 
tively, a variety of different organic polymers may be used in 
different sensors. 

[0121] An electronic nose for detecting an analyte in a ?uid 
is fabricated by electrically coupling the sensor leads of an 
array of compositionally different sensors to an electrical 
measuring device. The device measures changes in resistance 
at each sensor of the array, preferably simultaneously and 
preferably over time. Frequently, the device includes a signal 
processing means and is used in conjunction With a computer 
and data structure for comparing a given response pro?le to a 
structure-response pro?le database for qualitative and quan 
titative analysis. As such, in another embodiment, the present 
invention relates to a system for detecting an analyte in a ?uid, 
comprising: a sensor array comprising at least ?rst and sec 
ond chemically sensitive resistors, each chemically sensitive 
resistor comprising a plurality of alternating regions compris 
ing a nonconductive region, such as a nonconductive organic 
material, and conductive region, such as a modi?ed carbon 
black conductive material, compositionally different than the 
nonconductive region. Each chemi-resistor provides an elec 
trical path through the alternating nonconducting region and 
the conductive regions, a ?rst electrical resistance When con 
tacted With a ?rst ?uid comprising an analyte at a ?rst con 
centration and a second different electrical resistance When 
contacted With a second ?uid comprising the analyte at a 
second different concentration, the difference betWeen the 
?rst electrical resistance and the second electrical resistance 
of the ?rst chemically sensitive resistor being different from 
the difference betWeen the ?rst electrical resistance and the 
second electrical resistance of the second chemically sensi 
tive resistor under the same conditions; an electrical measur 
ing device electrically connected to the sensor array; and a 
computer comprising a resident algorithm; the electrical mea 
suring device detecting the ?rst and said second electrical 
resistances in each of said chemically sensitive resistors and 
the computer assembling the resistances into a sensor array 
response pro?le. 
[0122] In addition, another embodiment involves a system 
for detecting an analyte in a ?uid, Which involves a sensor 
array containing tWo or more chemically sensitive resistors or 
sensors. At least one of the sensors contains a layer having 
conductive modi?ed particles, as described above. 

[0123] Typically a sensor array or electronic nose com 
prises at least ten, usually at least 100, and often at least 1000 
different sensors, though With mass deposition fabrication 
techniques described herein or otherWise knoWn in the art, 
arrays of on the order of at least 106 sensors are readily 
produced. 
[0124] In operation, each resistor provides a ?rst electrical 
resistance betWeen its conductive leads When the resistor is 
contacted With a ?rst ?uid comprising a chemical analyte at a 
?rst concentration, and a second electrical resistance betWeen 
its conductive leads When the resistor is contacted With a 
second ?uid comprising the same chemical analyte at a sec 
ond different concentration. The ?uids may be liquid or gas 
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eous in nature. The ?rst and second ?uids may re?ect samples 
from tWo different embodiments, a change in the concentra 
tion of an analyte in a ?uid sampled at tWo time points, a 
sample and a negative control, etc. The sensor array neces 
sarily comprises sensors Which respond differently to a 
change in an analyte concentration, i.e., the difference 
betWeen the ?rst and second electrical resistance of one sen 
sor is different from the difference betWeen the ?rst and 
second electrical resistance of another sensor. In addition, the 
sensor array can comprise redundant sensors that can be 
advantageous for maximizing the signal and thus reducing the 
noise in the signal. 
[0125] In a preferred embodiment, the temporal response 
of each sensor (resistance as a function of time) is recorded. 
The temporal response of each sensor may be normalized to 
a maximum percent increase and percent decrease in resis 
tance Which produces a response pattern associated With the 
exposure of the analyte. By iterative pro?ling of knoWn ana 
lytes, a structure-function database correlating analytes and 
response pro?les is generated. Unknown analytes may then 
be characterized or identi?ed using response pattern compari 
son and recognition algorithms. Accordingly, analyte detec 
tion systems comprising sensor arrays, an electrical measur 
ing device for detecting resistance across each chemiresistor, 
a computer, a data structure of sensor array response pro?les, 
and a comparison algorithm are provided. In another embodi 
ment, the electrical measuring device is an integrated circuit 
comprising neural netWork-based hardWare and a digital 
analog converter (DAC) multiplexed to each sensor, or a 
plurality of DACs, each connected to different sensor(s). 
[0126] In certain aspects, the present invention provides 
methods for the rapid construction of large libraries of sensors 
through combinatorial techniques. Combinatorial chemistry 
is a generic term that describes a series of innovative tech 
nologies that are designed to automate and simplify the selec 
tion, synthesis, and fabrication of candidate ligands attached 
to the particles(s). The initial step of the combinatorial pro 
cess is selection of compounds such as ligands or functional 
groups attached to the ligands, for inclusion in a library of 
compounds. In addition, highly automated sampling han 
dling and analysis has been developed to analyze the volume 
of compounds in the combinatorial library. 
[0127] In certain embodiments, the sensor hysteresis using 
the sensors containing the modi?ed particles of the present 
invention is reduced or eliminated. The presence of hysteresis 
may affect the reproducibility of the response. As a conse 
quence, the response is also faster With the modi?ed sensors 
of the present invention. In other aspects, the sensors of the 
present invention are used With other polymers to increase 
selectivity. In this embodiment, the modi?ed particles can be 
more readily dispersed in certain organic solvents. 
[0128] Since the goal of the array of sensors is to produce 
different responses amongst tWo or more sensors in order to 
create odor signatures from the readings obtained by the 
electrical measuring apparatus, there are a variety of Ways to 
have each sensor different from each other. The various vari 
ables that can be used to achieve a variety of different sensors 
in order to form the array for purposes of the preferred 
embodiment of the present invention include, but are not 
limited to, a) the amount of conductive modi?ed particle 
forming the layer of the sensor; b) the amount of organic 
group, if used, attached to the conductive particles; c) using 
different types of organic groups, if used, that are attached to 
the conductive particles (e.g., using polymers of different 
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chain lengths); d) using different conductive particles (e.g., 
using a carbon black having a different BET in one sensor 
compared to another sensor and yet treating both types of 
carbon blacks With the same organic group); e) using conven 
tional sensors in combination With the sensors of the present 
invention; and f) using a sensor having conductive modi?ed 
particles With nonconducting materials. Any one or more of 
these variables can be used to form a variety of different 
sensors in order to achieve odor signatures Which can then be 
used to detect the concentration of an analyte and/or identify 
the analyte. Any means to alter the response of each of the 
sensors in the array in order to obtain a different response 
from sensor to sensor is preferred and can be used for pur 
poses of the present invention. 

[0129] The array of sensors can be formed on an integrated 
circuit using semiconductor technology methods, an example 
of Which is disclosed in PCT Patent Application Serial No. 
W0 99/ 08 l 05, entitled “Techniques and Systems for Analyte 
Detection,” published Feb. 19, 1999, and incorporate herein 
by reference. 
[0130] A Wide variety of analytes and ?uids may be ana 
lyzed by the disclosed sensors, arrays and noses so long as the 
subject analyte is capable of generating a differential 
response across a plurality of sensors of the array. Analyte 
applications include broad ranges of chemical classes includ 
ing, but not limited to, organics such as alkanes, alkenes, 
alkynes, dienes, alicyclic hydrocarbons, arenes, heterocy 
clics, alcohols, ethers, ketones, aldehydes, carbonyls, carban 
ions, polynuclear aromatics and derivatives of such organics, 
e.g., halide derivatives, etc., microorganisms, fungi, bacteria, 
microbes, viruses, metabolites, biomolecules such as sugars, 
isoprenes and isoprenoids, fatty acids and derivatives, etc. 
[0131] Accordingly, commercial applications of the sen 
sors, arrays, and noses include, but are not limited to, envi 
ronmental toxicology and remediation, biomedicine, materi 
als quality control, food and agricultural products 
monitoring. Further applications include, but are not limited 
to: heavy industrial manufacturing (automotive, aircraft, 
etc.), such as ambient air monitoring, Worker protection, 
emissions control, and product quality testing; oil/ gas petro 
chemical applications, such as combustible gas detection, 
H2S monitoring, and hazardous leak detection and identi? 
cation; emergency response and laW enforcement applica 
tions, such as illegal substance detection and identi?cation, 
arson investigation, hazardous spill identi?cation, enclosed 
space surveying, and explosives detection; utility and poWer 
applications, such as emissions monitoring and transformer 
fault detection; food/beverage/agriculture applications, such 
as freshness detection, fruit ripening control, fermentation 
process monitoring and control, ?avor composition and iden 
ti?cation, product quality and identi?cation, and refrigerant 
and fumigant detection; cosmetic/ perfume applications, such 
as fragrance formulation, product quality testing, and patent 
protection ?ngerprinting; chemical/plastics/pharmaceuticals 
applications, such as fugitive emission identi?cation, leak 
detection, solvent recovery effectiveness, perimeter monitor 
ing, and product quality testing; hazardous Waste site appli 
cations, such as fugitive emission detection and identi?ca 
tion, leak detection and identi?cation, and perimeter 
monitoring; transportation applications, such as hazardous 
spill monitoring, refueling operations, shipping container 
inspection, and diesel/gasoline/aviation fuel identi?cation; 
building/residential applications, such as natural gas detec 
tion, formaldehyde detection, smoke detection, automatic 



US 2009/0260423 A1 

ventilation control (cooking, smoking, etc.), and air intake 
monitoring; hospital/medical applications, such as anesthesia 
and sterilization gas detection, infectious disease detection, 
breath, Wound and body ?uids analysis, and telesurgey. 
[0132] In yet another aspect, the present invention relates to 
a method for detecting the presence of an analyte in a ?uid, the 
method comprising: resistively sensing the presence of an 
analyte in a ?uid With a sensor comprising an array compris 
ing at least ?rst and second chemically sensitive resistors each 
comprising a plurality of alternating nonconductive regions, 
such as nonconductive organic material, and conductive-re 
gions, such as modi?ed particles compositionally different 
than the nonconductive region, each resistor providing an 
electrical path through the nonconducting region and a region 
containing the modi?ed particles, a ?rst electrical resistance 
When contacted With a ?rst ?u id comprising an analyte at a 
?rst concentration and a second different electrical resistance 
When contacted With a second ?uid comprising said analyte at 
a second different concentration. 

[0133] The general method for using the disclosed sensors, 
arrays, and electronic noses for detecting the presence of an 
analyte in a ?uid involves resistively sensing the presence of 
an analyte in a ?uid With a chemical sensor comprising ?rst 
and second conductive leads electrically coupled to and sepa 
rated by a chemically sensitive resistor as described above by 
measuring a ?rst resistance betWeen the conductive leads 
When the resistor is contacted With a ?rst ?uid comprising an 
analyte at a ?rst concentration and a second different resis 
tance When the resistor is contacted With a second ?uid com 
prising the analyte at a second different concentration. 
[0134] The modi?ed particles used in the sensors of the 
present application provide numerous advantages over con 
ventional sensors. For instance, the sensors containing the 
modi?ed particles can be more sensitive to analytes than 
conventional sensors using unmodi?ed carbon black. This 
ability to be highly sensitive to analytes can lead to greater 
changes in resistance, thus leading to a better discrimination 
value betWeen various sensors. Furthermore, the present 
invention provides the ability for the sensor to provide faster 
response times upon exposure of the sensor to an analyte. In 
addition, the sensors of the present invention provide highly 
linear relationships to concentrations of the analyte, tempera 
ture, and humidity conditions. This can be important With 
respect to providing sensors that respond consistently and 
predictably to variances that occur With respect to these con 
ditions. In addition, the modi?ed particles used in the sensors 
of the present application permit the formation of various 
dispersions Which suspend the modi?ed particles uniformly 
Which then leads to a uniform formation of a layer containing 
a uniform dispersion of the modi?ed particle thus leading to 
a better response When the sensor is exposed to a variety of 
analytes. Also, With the modi?ed particles used in the sensors 
of the present invention, a one step spraying process for the 
manufacturing of the sensors can be achieved due to the 
excellent suspension and dispersion of the modi?ed particles 
in the solvent Which eventually is sprayed to form the sensor 
surface of the present invention. 
[0135] Also, as described above and in the examples, the 
ability of the sensors using the modi?ed particles of the 
present invention do lead to excellent discrimination poWer 
for a variety of analytes thus providing sensors Which can 
properly and accurately detect analytes and/ or the concentra 
tion of the analytes. 
[0136] The folloWing patents and publications provide 
examples of components of sensors that may be incorporated 
into the embodiments of the present invention: Zaromb, S., et 
al., “Theoretical basis for identi?cation and measurement of 
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air contaminants using an array of sensors having partly over 
lapping selectivities,” Sensors and Actuators, 6:225-243 
(1984); Stetter, et al., “Detection of haZardous gases and 
vapors: Pattern recognition analysis of data from an electro 
chemical sensor array,” Anal. Chem, 58:860-866 (1986); 
Shurmer, H. V., et al., “An electronic nose: A sensitive and 
discriminating substitute for a mammalian olfactory system,” 
IEE PROCEEDINGS, 137, pt. G, No. 3:197-204 (June 1990); 
Bartlett, P. N., et al., “Electrochemical deposition of conduct 
ing polymers onto electronic substrates for sensor applica 
tions,” Sensors and Actuators, A2l-A23:9ll-9l4 (1990); 
Stetter, et al., “Sensor array and catalytic ?lament for chemi 
cal analysis of vapors and mixtures,” Sensors and Actuators 
Bl, 43-47 (1990); Persaud, K. C., “Odour detection using 
sensor arrays,”Analytical Proceedings, 28:339-341 (10/91); 
Gardner, J. W., et al., “Detection of vapours and odours from 
a multisensor array using pattern recognition Part 1. Principal 
component and cluster analysis,” Sensors and Actuators B, 
4:109-115 (1991); Shurmer, H. V., et al., “Odour discrimina 
tion With an electronic nose,” Sensors and Actuators G., 8:11 
(1992); Grate, J . W., et al., “Smart sensor system for trace 
organophosphorus and organosulfur vapor detection employ 
ing a temperature-controlled array of surface acoustic Wave 
sensors, automated sample preconcentration, and pattern rec 
ognition,”Anal. Chem, 65:1868-1881 (1993); and Pearce, T. 
C., et al., “Electronic nose for monitoring the ?avour of 
beers,” Analyst, 118:371-377 (1993); Longergan, et al., 
“Array-Based Vapor Sensing Using Chemically Sensitive, 
Carbon Black-Polymer Resistors,” Chem. Mater., (1996), 
Vol. 8, pp. 2298-2312; Severin et al., “An Investigation ofthe 
Concentration Dependence and Response to Analyte Mix 
tures of Carbon Black/Insulating Organic Polymer Compos 
ite Vapor Detectors,” Anal. Chem. 2000, 72, pp. 658-668; 
SnoW et al., “SiZe-Induced Metal to Semiconductor Transi 
tion in a StabiliZed Gold Cluster Ensemble,” Chemistry of 
Materials, Vol. 10, No. 4, (1998), pp. 947-949; Talik, et al., 
“Sensing Properties of the CB-PCV Composites for Chlori 
nated Hydrocarbon Vapours,” Journal of Materials Science, 
27 (1992) pp. 6807-6810, and US. Pat. Nos. 5,571,401 and 
5,788,833. 
[0137] The present invention Will be further clari?ed by the 
folloWing examples, Which are intended to be exemplary of 
the present invention. 

EXAMPLES 

Example 1 

[0138] Modi?ed carbon blacks Were evaluated and com 
pared to both standard and commercially dispersed carbon 
blacks. The carbon blacks Were modi?ed With a variety of 
functional groups such that a range of polarities Were cov 
ered. Several of the carbon blacks Were also treated at various 
levels of modi?cation. The standard carbon blacks used in 
this experiment Were Black Pearl 2000 (BP2000), N990, 
Vulcan XC72, and Columbian Conductex 975. The commer 
cially dispersed carbon blacks Were the Borden co-dispersion 
(Columbian Conductex 975 in toluene) and Permblak 2940 
(BP2000 in Water). Table I shoWs the various carbon blacks 
used as chemiresistor sensors and the solvent used to prepare 
the dispersion. 
[0139] The sensors’ performance Was evaluated by expos 
ing them to a number of analytes, most of them solvents. 
These analytes Were chosen based on their solubility param 
eter to span a large “solvent space”. Isobutyric acid Was also 
chosen as a bacteria metabolic product. The solvent space can 
be described in terms of the solubility parameter Whose val 
ues for virtually all solvents range betWeen that of 
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TABLE I 

Description of carbon blacks used in sensor evaluation study 

Substrate ID Description 

Standard Carbon Blacks 

222 BP2000 
223 N990 
224 Vulcan XC72 
225 Columbian ConducteX 975 

Commercially Dispersed Carbon Blacks 

251 Borden Co-dispersion 
252 Permblak 2940 

Surface Modi?ed Carbon Blacks 

230 oligoether-modi?ed M700 
231 sulfanilic acid modi?ed Elitex TP treated With C18 cationic 

amine 
232 tri?uormethylaniline-modi?ed Vulcan XC-72 

(0.12 mmoles/gr treatment level) 
233 tri?uormethylaniline-modi?ed Vulcan XC-72 

(0.5 mmoles/gr treatment level) 
butylaniline-modi?ed Vulcan 7H 
(0.48 mmoles/gr treatment level) 

235 butylaniline-modi?ed Vulcan 7H 
(0.12 mmoles/gr treatment level) 

23 6 ethyl aminobenZoate-modi?ed Vulcan 7H 
(0.48 mmoles/gr treatment level) 

237 ethyl aminobenZoate-modi?ed Vulcan 7H 
(0.12 mmoles/gr treatment level) 

23 8 tri?uoromethylaniline-modi?ed Vulcan 7H 
(0.48 mmoles/gr treatment level) 

239 tri?uoromethylaniline-mdoi?ed Vulcan 7H 
(0.12 mmoles/gr treatment level) 

240 aminophenylsulfatoethylsulfone-modi?ed CSX-557 
241 Emperor S90B 
242 6 Wt % coating ofpoly(chloromethylstyrene) on Vulcan 7H 
243 24 Wt % coating ofpoly(chloromethylstyrene) on Vulcan 7H 

45 Wt % coating ofpoly(chloromethylstyrene) on Vulcan 7H 
245 20 Wt % poly(alkylacrylate) on Sterling 4620 
246 ethyl aminobenZoate-modi?ed CSX-98 
247 p-aminobenZoate and bis—trifluoromethylaniline-modi?ed M700 
248 p-aminobenZoate and aminododecanoic acid-modi?ed M700 
249 p-aminobenZoate and aminododecanoic acid-modi?ed M700 
250 p-aminobenZoic acid-modi?ed M700 

(0.8 mmoles/ gr treatment level 

234 

Carbon black dispersions could not be sprayed to a measur 
able base resistance at these concentrations. isooctane (14) 
and Water (48 Mpa1/2). The solubility parameter for solvents, 
as described by Hildebrand, can be determined from their 
molar energies or enthalpies of vaporization. The Hildebrand 
parameter is related to the cohesive energy (i.e. the attractive 
strength) of the molecules. In general, the larger the size of the 
molecule the higher the cohesive energy. Table II, shoWs the 
solubility parameter for the analytes used to evaluate the 
sensors’ response. 

TABLE II 

Hildebrand solubility parameter, partition coei?cient betWeen 
Water and octanol, and saturated (equilibrium) vapor pressure 

at 25° C. for solvents used as analytes in the evaluation 
of carbon blacks chemiresistor sensors. 

Solubility Saturated vapor 
Parameter Pressure @ 25 ° C. 

Solvent (MPa) U2 (kPa) 

Dodecane 16.2 0.016 
Toluene 18.2 3.79 

Solvent 

Benzene 

THF 
Toluene 

Toluene 
Water 

Ethanol 
Dodecane 

Ethanol 

Ethanol 

Toluene 

Toluene 

Ethanol 

Ethanol 

Ethanol 

Ethanol 

IPA 
IPA 
THF 
THF 
THF 
THF 
THF 
THF 
Toluene 
Toluene 
Water 

TABLE II-continued 

Hildebrand solubility parameter, partition coei?cient betWeen 
Water and octanol, and saturated (equilibrium) vapor pressure 

at 25° C. for solvents used as analytes in the evaluation 
of carbon blacks chemiresistor sensors. 

Solubility Saturated vapor 
Parameter Pressure @ 25° C. 

Solvent (MPa)l/2 (kPa) 

Ethyl acetate 18.6 12.60 
Methyl ethyl ketone 19 12.60 
Tetrahydrofuran 19 .5 21 .60 
Methylene chloride 19.8 4.77 
Dimethyl sulfoxide 24.6 0.431 
Ethanol 26 7.87 
Methanol 29.3 16.90 
Water 48 2.80 

[0140] All dispersions Were made at a concentration of 0.75 
Wt % based on the total Weight of the solvent. The solvent Was 
chosen based on the chemical functionality of the carbon 
black. The carbon black Was added to the appropriate solvent 
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and sonicated for ten minutes on speed four at 15° C. using a 
Misonix XL2020 ultrasonic processor. After ten minutes the 
ultrasonic processor Was paused, the dispersion Was removed, 
shaken by hand, and then replaced for an additional ten min 
utes. For a complete list of the carbon black and solvent 
combinations used please refer to Table I. 
[0141] All carbon blacks Were deposited using the IWata 
HP-BC airbrush onto the GASS-7100A substrates. The same 
dispersion Was sprayed on all eight sensors using circle masks 
With adhesive backing. The dispersions Were sprayed until the 
measured resistance Was in the kilo-ohm range or (if this Was 
not possible) sprayed until the resistance level could be mea 
sured by the Keithley 2002 multimeter. 
[0142] All substrates Were post processed for one hour at 
room temperature at full vacuum (<30 in. Hg) immediately 
folloWing deposition and removal of the masks. 
[0143] The sensor arrays Were exposed to the eight analytes 
at the folloWing concentrations (concentrations Were calcu 
lated by dividing the saturated vapor concentration by the 
dilution factor, 20): 

15 
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-continued 

ANALYTE CONCENTRATION (PPM) 

Isobutyric Acid 1993 
MEK 6216 
THF 10 65 5 
Toluene 1870 

*The substrate temperatures Were maintained at 280 C. and the flow rate Was 
400 cc/min (the sample chamber contains four sub chambers allowing for 
the testing of four substrates at the same time). 

[0144] The temporal response of resistance vs. time for the 
sensor array as they are exposed to various vapors Was ana 
lyZed using an IGOR program Which is commercially avail 
able. Only one feature extraction of the temporal response 
Was done and it is termed baseline correction. The baseline 
correction method gives a fractional difference, that is, 
(Rmax—Rml-n)/Rmm. This technique Works best for sensors that 
reach equilibrium. Since no other pre-processing algorithm 
Was used, an assumption Was made that all the sensors had 
reached equilibrium. Principal component analysis (PCA) 
Was applied to the response data for eight analytes from the 
modi?ed carbon blacks only, and this is shoWn in FIG. 1 
(autoscaled, and normaliZed —1 norm in Pirouette, a commer 

ANALYTE CONCENTRATION (PPM) cial softWare by Infometrics). An outlier diagnostics Was 
DMSO 39 done and it indicated that 2 EA, 1 EtOH and 1 MEK Where 
Dodge”6 g outliers and hence Where removed from the plot. 
Ethyl Acetate 6216 [0145] Soft independent modeling of class analogy 
Ethanol 3382 (SIMCA), Was also done on this data and the off-diagonal 

average interclass distance (ICD) Was 77.72 (Table IV). 

TABLE IV 

Interclass distance after application of SIMCA 

DMSO DOD EA EtOH IBA MEK THF TOL 

DMSO 0.000 34.64 83.19 36.35 92.30 57.32 74.05 32.29 

DOD 34.64 0.00 48.59 75.07 95.87 42.70 41.78 32.99 

EA 83.19 48.59 0.00 271.26 51.07 7.79 18.04 10.06 

EtOH 36.35 75.07 271.26 0.00 217.09 234.01 213.73 102.22 

IBA 92.30 95.87 51.07 217.09 0.00 41.69 51.97 44.19 

MEK 57.32 42.70 7.79 234.01 41.69 0.00 11.47 8.026 

THF 74.05 41.78 18.04 213.73 51.97 11.47 0.00 6.31 

TOL 32.29 32.99 10.06 102.22 44.19 8.03 6.31 0.00 

*Where DMSO is dimethyl sulfoxide; DOD is dodecan; EA is ethyl acetate; EtOH is etha 
nol; IBA is isobutyric acid; MEK is methyl ethyl ketone; THF is tetrahydrofuran; TOL is 
toluene. 

TABLE V 

Interclass residuals after application of SIMCA 

DMSO DOD EA EtOH IBA MEK THF TOL 

DMSO 0.617 15.09 21.22 18.17 38.01 15.25 4.084 7.63 
DOD 25.95 0.57 57.06 45.59 49.01 23.62 5.12 12.78 
EA 35.90 22.24 0.931 31.05 36.19 5.32 4.26 4.34 
EtOH 16.77 25.77 19.36 0.521 30.80 10.11 6.52 10.76 
IBA 70.31 63.20 62.45 176.01 0.594 6.48 8.46 6.55 
MEK 41.46 25.91 20.00 94.01 28.86 0.506 3 586 4.48 
THF 50.20 26.50 18.27 111.32 33.39 4.40 0.264 4.49 
TOL 28.07 25.66 23.33 94.44 38.22 10.48 2.02 0.619 
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[0146] Good discrimination among analytes is achieved 
With ICD’s of 6. Overlap is a likely outcome for values less 
than 3. As can be seen, the interclass distances are very large 
for the modi?ed carbon blacks, showing very good discrimi 
nation. 

[0147] An indication of the sensors’ orthogonality can be 
inferred from a loadings plot. A loadings plot determines 
Which variables (sensors) are important for describing the 
variation in the original data set. The loadings are the cosine 
of the angle betWeen the principal component (PC) and the 
original variables. They describe hoW the original measure 
ment variables relate to each of the neW PC axes. As the 
loadings approach 1 or —1 the angle betWeen the PC and the 
variables approaches 0 or 180 degrees, Which means that the 
variable contributes much variation to the PC.2 In the loadings 
plot Where much of the variance is described by the ?rst three 
PC’s sensors maximum orthogonality is observed When the 
sensors form a perfect circle. FIG. 2, shoWs a loadings plot of 
PCA results. The loadings plot shoWs that even With the 
limited representation of chemical functionality on the modi 
?ed carbon blacks, the discrimination poWer is still evenly 
distributed in a three-dimensional space. Hence, the reason 
for the large ICD’s. 
[0148] FIG. 3, shoWs the average (of all the exposures and 
for the same sensor across a substrate) fractional difference 
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largest responses, the difference in response for substrate ID 
251 ranged betWeen 9.5 times smaller for dodecane and 31.6 
times smaller for THE. 

[0150] The data also shoWs that the response values for the 
other commercially dispersed carbon black (substrate ID 252, 
Permblak 2940) and the standard carbon blacks (substrate ID 
224, Vulcan XC72 and substrate ID 225, Columbian Conduc 
tex 975) ranked in the bottom four except in the cases of 
DMSO and ethanol Where substrate ID 252 ranked tenth and 
tWelfth respectively. The modi?ed carbon blacks alWays pro 
duced larger response values than the unmodi?ed carbon 
blacks. 

Example 2 

[0151] The performance of a polymer composite sensor 
array (SS 605) Was used to compare to the response of the CB 
sensor array Without the controls (ID 222-225, 251 and 252, 
Table I)ithat is, modi?ed carbon blacks only. Table XIX, 
shoWs the average response of the array to temperature and 
humidity and Table XX, shoWs the response time and SN 
ratio. Note, that the average performance to humidity and 
temperature are fairly similar for both arrays. SS 605 per 
forms better in terms of the response time and SN ratio. 

TABLE XIX 

Comparison ofthe perfonnance of SS 605 to CB sensors 

Average Average Average Average 
Average (R — (R — (R — Average RH CC (for 

TC CC Ro)/Ro @ Ro)/Ro @ Ro)/Ro @ sensitivity RH 
(PPIVUC) (Temp) 25° C. 31° C. 34° C. (PPM/% RH) response) 

SS 605 314 0.988 
Toluene -308 0.923 8.68E-03 6.83E-03 5.96E-03 
Methanol -l3l 0.850 3.23E-03 2.56E-03 2.02E-03 
MeCl -26 0.137 1.64E-03 1.15E-03 1.16E-03 
MEK -305 0.640 5.47E-03 4.11E-03 3.2lE-03 

CPS Without carbon black controls 1050 0.978 
Toluene -440 0.960 9.93E-03 6.82E-03 6.10E-03 
Methanol -403 0.927 7.22E-03 5.08E-03 3.53E-03 
MeCl -433 0.730 1.7lE-03 1.49E-03 1.35E-03 
MEK -344 0.982 8.68E-03 6.42E-03 5.63E-03 
CPS With carbon black controls 763 0.925 

Toluene -335 0.934 7.5lE-03 5.15E-03 4.57E-03 
Methanol -276 0.832 5.29E-03 3.83E-03 2.75E-03 
MeCl -58 0.740 1.74E-03 1.45E-03 1.22E-03 
MEK -265 0.957 6.53E-03 4.80E-03 4.18E-03 

Where TC is the temperature coef?cient and CC is the correlation coef?cient. 

response for the sensor array to eight analytes, Which Was 
obtained using the VGS. Note, that the standard deviation is TABLE XX 
small. Tables VI-IX, shoW the average response for forty I I I I 

responses (eight sensors times ?ve exposures each) and the companso? Ofresponse mm and Slgnal'to'nolse 
_ _ _ _ _ ratio For SS 605 and CB sensors 

response percent coe?icient of variation (standard dev1at1on 
divided by average, multiplied by 100) of exposure one Average 
through exposure ?ve. Substrates 222, 246, and 247 yielded IEISPOQW % CV 91° 
indistinguishable noisy responses and therefore, are not mm m (R _ Average Average Average 
. 1 d d . h b1 N h h f? . f sec. @ Ro)/Ro SNR @ SNR @ SNR @ 
1ncIu e in t e ta es. ote t at t e percent coe cient o 3100 @3100 25°C 31°C 34°C 
variance 1s reasonably small for most of the responses. 

[0149] The data shoWs that the commercially dispersed SS 605 
carbon black (subsItrate ID 251, Borden Co-d1spers1on4one Toluem 5110 30470 22038 18856 
of the controls) y1elds much loWer response values to all Methanol 25.37 115.27 86.02 59.47 
analytes tested. Relative to the carbon blacks that gave the 










