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Description

Background

[0001] Gas sensing technology is being used in a wide
variety of applications such as safety, security, process
monitoring or air quality control. Additional applications
such as ethylene or biogenic amine sensing in the food
industry could benefit from gas sensors; however, current
sensor technology cannot meet the necessary require-
ments.
[0002] Current methods for detecting ethylene, bio-
genic amines, or ammonia in particular include gas chro-
matography, photoacoustic spectroscopy, as well as
electrochemical and colorimetric methods. Each of these
methods has disadvantages and trade-offs, including be-
ing cumbersome, expensive, complex, bulky, limited in
sensitivity and selectivity, lacking in accuracy, and re-
quiring significant power for operation and/or highly
trained technicians to carry out analysis.
[0003] Chemiresistive sensors have the potential of
overcoming many of these limitations and lead to sensing
technology that is scalable, multiplexed, low-cost, low-
power, portable, highly selective, and highly sensitive. In
order to become a feasible technology for real-world ap-
plications, these sensors need to be sufficiently selective
and have a sufficiently large response to the desired an-
alyte.
[0004] The formation of a paste of SWCNTs and ionic
liquids without including detector molecules and without
mentioning the use in sensing was previously described
by Fukushima et al. (Fukushima et al., Science, 300,
2072-2074 and US 7,531,114 B2).
[0005] WO 2015/035243; J. M. Azzarelli et al (2014);
M. Tunckhol et al (2012); CN 202 994 717; CN 102 645
476; X. Yu et al (2013); and S. Kherian et al (2013) dis-
close sensing devices.

Summary

[0006] One method to improve the sensing response
is disclosed. A sensor material including: a plurality of
conductive carbonaceous nanomaterial particles, which
are carbon nanotubes; a detector capable of interaction
with an analyte of interest, the detector being an organic,
an organometallic or an inorganic species, and the de-
tector comprising a functional group capable of binding
an analyte of interest in a solution, vapor phase or solid
phase; and an ionic liquid, wherein the plurality of carbon
nanotubes, the detector and the ionic liquid are combined
to form a paste, wherein the ionic liquid is selected to
facilitate analyte interaction with the paste resulting in a
change of the conductivity of the paste, and wherein the
carbon nanotubes are mixed with the detector in a ratio
ranging from 3:1 to 1:10 by weight is described.
[0007] In any of the preceding embodiments, the ionic
liquid includes cations selected from the group consisting
of imidazolium cations, pyridinium cations, pyrrolidinium

cations, phosphonium cations, and combinations there-
of. In some other embodiments, the ionic liquid includes
an anion selected from the group consisting of bis(trif-
luoromethanesulfonyl)imide (TFSI-) anions, bis(fluoro-
sulfonyl)imide (FSI-) anions, halide anions, nitrate ani-
ons, tetrafluoroborate anions, hexafluorophosphate an-
ions, bistriflimide anions, triflate anions, tosylate anions
and combinations thereof. In some other embodiments,
the ionic liquid includes non-halogenated organic anions
selected from a group consisting of formate, alkylsulfate,
alkylphosphate, glycolate and combinations thereof. In
some other embodiments, the ionic liquid is 1-butyl-3-
methylimidazolium tetrafluoroborate, 1-butyl-3-methyl-
imidazolium hexafluorophosphate, 1 -ethyl-3-methylimi-
dazolium bis(trifluoromethylsulfonyl)imide, 1 -Butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide, or 1
-hexyl-3-methylimidazolium bis(trifluoromethylsulfo-
nyl)imide.
[0008] In any of the preceding embodiments, the de-
tector is covalently bonded to the carbonaceous nano-
material particle. In some other embodiments, wherein
the detector is non-covalently bonded to the carbona-
ceous nanomaterial particle. In some other embodi-
ments, the detector is constricted inside the carbona-
ceous nanomaterial particles.
[0009] In any of the preceding embodiments, the de-
tector is a small molecule, a polymer, or a biological spe-
cies. In some other embodiments, the biological species
comprises a peptide, protein, DNA, RNA or PNA.
[0010] In the preceding embodiments, the detector
comprises a functional group capable of binding an an-
alyte of interest in a solution, vapor phase, or solid phase.
In some of the embodiments, the functional group is se-
lected from a group consisting of a thiol, an aldehyde, an
ester, a carboxylic acid, a hydroxyl group or combinations
thereof.
[0011] In any of the preceding embodiments, the de-
tector is electron-rich or electron-poor moiety; wherein
interaction between an analyte of interest and the detec-
tor comprises an electrostatic interaction.
[0012] In any of the preceding embodiments, the de-
tector includes a metal or metal containing compound.
In some embodiments, the interaction between an ana-
lyte of interest and the detector includes binding to the
metal or metal-containing compound. In some other em-
bodiments, the metal containing compound is selected
from a group consisting of titanium salts, silver salts, plat-
inum salts, gold salts, aluminum salts, nickel salts, pal-
ladium salts, and copper salts. In some other embodi-
ments, the metal-containing species includes a copper
salt. In some other embodiments, the metal-containing
species comprises a palladium salt.
[0013] In some embodiments, the detector is selected
from the group consisting of PdCl2, 5,10,15,20-tetraphe-
nylporphyrinatocobalt(III) perchlorate ([Co(tpp)]ClO4),
3,6-Di-2-pyridyl-1,2,4,5-tetrazine and combinations
thereof.
[0014] The carbonaceous nanomaterial particles (car-
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bon nanotubes) are mixed with the detector in a ratio
ranging from 3:1 to 1:10 by weight. In some embodi-
ments, the carbonaceous nanomaterial particles are
mixed with the detector in a ratio ranging from 1:1 to 1:10
by weight.
[0015] In any of the preceding embodiments, about 0.1
to 20 weight% of the carbonaceous nanomaterial parti-
cles are mixed with the ionic liquid. In some embodi-
ments, about 0.25 to 10 weight% of the carbonaceous
nanomaterial particles are mixed with the ionic liquid.
[0016] In any of the preceding embodiments, the sen-
sor material further includes viscosity modifier additives.
In some embodiments, the viscosity modifier additive is
selected from a group consisting of low molecular weight
solvents, high molecular weight solvents, plasticizers,
ethylene glycol, tetraethylene glycol, thinners, and min-
eral oils.
[0017] In an aspect a device includes a first electrode
and a second electrode; a sensor material disposed in
electrical contact with the first and second electrode;
wherein, the sensor material includes the sensor material
in accordance with any of the embodiments disclosed
above.
[0018] In some embodiments, the device further in-
cludes an electrical circuit in connection with an ammeter
or voltmeter to detect the change in conductivity of the
paste forming the sensor material.
[0019] In some embodiments, the first and second
electrodes are located on a rigid substrate. In some other
embodiments, the rigid substrate is selected from glass,
polymeric material and printed circuit board
[0020] In some embodiments, the first and second
electrodes are located on a flexible substrate. In some
other embodiments, the flexible substrate is selected
from paper and a polymeric material.
[0021] In some embodiments, the first electrode and
the second electrode are part of a complex circuit. In
some other embodiments, the complex circuit is a Near
Field Communication (NFC) chip or radio-frequency
identification (RFID) chip.
[0022] In an aspect, a method of detecting an analyte
includes providing a sensing device in accordance with
any of the embodiments disclosed above; exposing the
sensor material to an environment, wherein a change in
the conductivity of the sensor material indicates the pres-
ence of the analyte; and detecting said change in con-
ductivity of the sensor material.
[0023] In some embodiments, the method further in-
cludes transmitting the detected changes in conductivity
wirelessly to another device for analysis and storage. In
some embodiments, the method further includes detect-
ing the analyte through a wireless radio frequency com-
munication. In some embodiments, the method further
includes detecting an output from a radio frequency iden-
tification tag including the sensor.
[0024] In some embodiments, the analyte is a vapor.
[0025] In some embodiments, the analyte is selected
from a group consisting of a thiol, an ester, an aldehyde,

an alcohol, an ether, an alkene, an alkyne, a ketone, an
acid, a base, and a combination thereof.
[0026] In some embodiments, the analyte is a mold.
[0027] In some embodiments, the analyte is ethylene,
a nitrogen-containing gas, or an amine.
[0028] In some embodiments, the analyte is putrescine
or cadaverine.
[0029] In some embodiments, the concentration of the
analyte is in the range of 0 to 10%, 0 to 5%, 0 to 1%, 0
to 1000 ppm, 0 to 100 ppm, 0 to 80 ppm, 0 to 50 ppm, 0
to 10 ppm, 0 to 5ppm, 0 to 1 ppm, 0 to 0.5 ppm, 0 to 100
ppb, 0 to 50 ppb, or 0 to 10 ppb.
[0030] In some embodiments, the sensor material fur-
ther undergoes a volumetric change upon interaction with
the analyte; and the method includes detecting the vol-
umetric change and deriving information regarding the
analyte from said volumetric change.
[0031] In some embodiments, the sensor material fur-
ther undergoes a color change upon interaction with the
analyte; and the method includes detecting the color
change and deriving information regarding the analyte
from said color change.
[0032] In some embodiments, the analyte interacts
with the detector to form a Van der Waals interaction, a
covalent bond, ionic bond, hydrogen bond, or dative
bond.
[0033] In some embodiments, the analyte interacts
with the detector via a binding event between pairs of
biological molecules, wherein the biological molecules
are proteins, nucleic acids, glycoproteins, carbohy-
drates, or hormones. In some other embodiments, the
pair of biological molecules are selected from a group
consisting of an antibody/peptide pair, an antibody/anti-
gen pair, an antibody fragment/antigen pair, an anti-
body/antigen fragment pair, an antibody fragment/anti-
gen fragment pair, an antibody/hapten pair, an en-
zyme/substrate pair, an enzyme/inhibitor pair, an en-
zyme/cofactor pair, a protein/substrate pair, a nucleic ac-
id/nucleic acid pair, a protein/nucleic acid pair, a pep-
tide/peptide pair, a protein/protein pair, a small mole-
cule/protein pair, a glutathione/GST pair, an anti-
GFP/GFP fusion protein pair, a Myc/Max pair, a mal-
tose/maltose binding protein pair, a carbohydrate/protein
pair, a carbohydrate derivative/protein pair, a metal bind-
ing tag/metal/chelate, a peptide tag/metal ion-metal
chelate pair, a peptide/NTA pair, a lectin/carbohydrate
pair, a receptor/hormone pair, a receptor/effector pair, a
complementary nucleic acid/nucleic acid pair, a lig-
and/cell surface receptor pair, a virus/ligand pair, a Pro-
tein A/antibody pair, a Protein G/antibody pair, a Protein
L/antibody pair, an Fc receptor/antibody pair, a biotin/avi-
din pair, a biotin/streptavidin pair, a drug/target pair, a
zinc finger/nucleic acid pair, a small molecule/peptide
pair, a small molecule/protein pair, a small molecule/tar-
get pair, a carbohydrate/protein pair such as mal-
tose/maltose binding protein (MBP), a small mole-
cule/target pair, and a metal ion/chelating agent pair.
[0034] In an aspect a method of making the sensor
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material includes providing a plurality of conductive car-
bonaceous nanomaterial particles; providing a detector
selected to interact with an analyte of interest; providing
an ionic liquid; mixing the plurality of conductive carbon-
aceous nanomaterial particles, the detector and the ionic
liquid to form a paste.
[0035] In an aspect the method includes a method of
making the sensor material including providing a plurality
of conductive carbonaceous nanomaterial particles; pro-
viding a detector selected to interact with an analyte of
interest; providing an ionic liquid; providing a solvent mis-
cible with the detector and the ionic liquid; dissolving the
detector and ionic liquid in the solvent to form a mix; add-
ing the plurality of conductive carbonaceous nanomate-
rial particles to the mix; and evaporating the solvent to
form a paste comprising the plurality of conductive car-
bonaceous nanomaterial particles, detector and ionic liq-
uid.

Brief Description of the Drawings

[0036] The above and other objects and advantages
of the present disclosure will be apparent upon consid-
eration of the following detailed description, taken in con-
junction with the accompanying drawings, in which like
reference characters refer to like parts throughout.

FIG. 1 shows a schematic for making the sensor ma-
terial using the three essential ingredients according
to one or more embodiments;

FIG. 2 shows a schematic for the device for detecting
an analyte using the sensor material in accordance
with this disclosure;

FIG. 3 shows the sensing response of sensors fab-
ricated using a paste of SWCNTs, 1-butyl-3-methyl-
imidazolium tetrafluoroborate (BMIM) BF4, and
5,10,15,20-tetraphenylporphyrinatocoblat(III) per-
chlorate ([Co(tpp)]ClO4) with 10 wt% SWCNT con-
tent in BMIM BF4 and an SWCNT to [Co(tpp)]ClO4
ratio of 1:1 by mass. Arrows indicate the start of a
100 sec exposure to 40 ppm ethylene;

FIG. 4 shows the sensing response of a sensor fab-
ricated using a paste of SWCNTs, BMIM BF4, and
[Co(tpp)]ClO4 with 10 wt% SWCNT content in BMIM
BF4 and a [Co(tpp)]ClO4 to SWCNT ratio of 4:1 by
mass. Arrows indicate the start of a 300 sec and 600
sec exposure to 40 ppm ethylene;

FIG. 5 shows the sensing response of sensors fab-
ricated using a paste of SWCNTs, BMIM BF4, and
[Co(tpp)]ClO4 on paper with 5 wt% SWCNT content
in BMIM BF4 and a [Co(tpp)]ClO4 to SWCNT ratio
of 10:1, 5:1, and 1:1 by mass, respectively. Arrows
indicate the start of a 100 sec to 40 ppm ethylene

FIG. 6 shows the average sensing response of sen-
sors fabricated using a suspension of SWCNTs and
[Co(tpp)]ClO4, a suspension of SWCNTs and
[Co(tpp)]ClO4 coated with BMIM BF4, a paste of
SWCNTs, BMIM BF4, and [Co(tpp)]ClO4, and a sus-
pension of pristine SWCNTs to 40 ppm ethylene;

FIG. 7 shows the percent of initial response of sen-
sors fabricated using a suspension of SWCNTs and
[Co(tpp)]ClO4, a suspension of SWCNTs and
[Co(tpp)]ClO4 coated with BMIM BF4, and a paste
of SWCNTs, BMIM BF4, and [Co(tpp)]ClO4 to 40
ppm ethylene four weeks after sensor fabrication;

FIG. 8 shows the sensing response of sensors fab-
ricated using a paste of SWCNTs, BMIM BF4, and
[Co(tpp)]ClO4 with 1 wt% SWCNT content in BMIM
BF4 and a [Co(tpp)]ClO4 to SWCNT ratio of 5:1 by
mass. Arrows indicate the start of a 100 sec to 40
ppm ethylene;

FIG. 9 shows the average sensing response of sen-
sors fabricated using a suspension of pristine SWC-
NTs, and sensors fabricated from a paste of SWC-
NTs, BMIM BF4, and [Co(tpp)]ClO4 to different ana-
lytes;

FIG. 10A shows the sensing response of sensors
fabricated using a paste of SWCNTs, BMIM BF4,
and [Co(tpp)]ClO4 with 1 wt% SWCNT content in
BMIM BF4 and a [Co(tpp)]ClO4 to SWCNT ratio of
5:1 by mass. Arrows indicate the start of a 100 sec
expousre to 1, 2 and 5 ppm ammonia;

FIG. 10B shows the average sensing response re-
corded in FIG. 10A;

FIG. 11A shows the sensing response of sensors
fabricated using a paste of SWCNTs, BMIM BF4,
and [Co(tpp)]ClO4 with 1 wt% SWCNT content in
BMIM BF4 and a [Co(tpp)]ClO4 to SWCNT ratio of
5:1 by mass. Arrows indicate the start of a 100 sec
exposure to 2, 4, and 8 ppm cadaverine;

FIG. 11B shows the average sensing response re-
corded in FIG. 11A;

FIG. 12A shows the sensing response of sensors
fabricated using pastes of SWCNT, PdCl2, and three
types of ionic liquids: 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (Ethyl TFMS), 1-
Butyl-3-methylimidazolium bis(trifluoromethylsulfo-
nyl)imide (Butyl TFMS), 1 -Hexyl-3-methylimidazo-
lium bis(trifluormethylsulfonyl)imide (Hexyl TFMS).
The lines indicate the start and end of the 500 sec
exposure to 80ppm ethylene;

FIG. 12B shows the average sensing response re-
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corded in FIG. 12A and the average sensing re-
sponse of sensors fabricated by drop-casting from
a suspension of SWCNTs and PdCl2 in isopropanol;

FIG. 12C shows the sensing response of sensors
fabricated using pastes of SWCNT, PdCl2, and
BMIM BF4 and sensors fabricated by drop-casting
from a suspension of SWCNTs and PdCl2 in isopro-
panol to 80 ppm ethylene. The lines indicate the start
and end of the 500 sec exposure to 80ppm ethylene;

FIG. 13 shows the sensing response of sensors fab-
ricated using pastes of SWCNT, PdCl2, and 1-butyl-
3-methylimidazolium hexafluorophosphate (Butyl
HFP) to 80 ppm of ethylene. The lines indicate the
start and end of a 500 sec exposure to 80ppm eth-
ylene;

FIG. 14A shows the sensing response of sensors
fabricated using pastes of SWCNT, [Co(tpp)]ClO4,
and three types of ionic liquids: 1-ethyl-3-methylim-
idazolium bis(trifluoromethylsulfonyl)imide (Ethyl
TFMS), 1-Butyl-3-methylimidazolium bis(trifluor-
omethylsulfonyl)imide (Butyl TFMS), 1 -Hexyl-3-
methylimidazolium bis(trifluormethylsulfonyl)imide
(Hexyl TFMS). The lines indicate the start and end
of the 500 sec exposure to 80ppm ethylene;

FIG. 14B shows the average sensing response re-
corded in FIG. 14A;

FIG. 15 shows the average sensing response and
error of sensors fabricated using a paste of SWC-
NTs, BMIM BF4, and [Co(tpp)]ClO4 with 1 wt% SWC-
NT content in BMIM BF4 and a [Co(tpp)]ClO4 to
SWCNT ratio of 5:1 by mass. The sensing material
was applied at various times during the fabrication
process;

FIG. 16 shows the sensing response of sensors fab-
ricated using a paste of SWCNTs, BMIM BF4, and
PdCl2 with 0.25 wt% SWCNT content in BMIM BF4
and a PdCl2 to SWCNT ratio of 5:1 by mass. The
sensing material was applied at various times during
the fabrication process. Arrows indicate the start of
a 100 sec exposure to 40 ppm ethylene; and

FIG. 17 shows the sensing response of sensors fab-
ricated using a paste of SWCNTs, BMIM BF4, and
PdCl2 with 1 wt% SWCNT content in BMIM BF4 and
a PdCl2 to SWCNT ratio of 5:1 by mass. The sensing
material was applied at various thicknesses. Arrows
indicate the start of a 100 sec to 40 ppm ethylene.

Detailed Description

[0037] A sensor material includes: a plurality of con-
ductive carbonaceous nanomaterial particles which are

carbon nanotubes; a detector selected to selectively in-
teract with an analyte of interest, the detector being an
organic, an organometallic or an inorganic species, and
the detector comprising a functional group capable of
binding an analyte of interest in a solution, vapor phase
or solid phase; and an ionic liquid, wherein the plurality
of carbon nanotubes, the detector and the ionic liquid are
combined to form a paste, wherein the ionic liquid is se-
lected to facilitate analyte interaction with the paste re-
sulting in a change of the conductivity of the paste, and
wherein the carbon nanotubes are mixed with the detec-
tor in a ratio ranging from 3:1 to 1:10 by weight. Further,
the analyte can diffuse into the paste to interact with the
detector to change the conductivity of the paste.
[0038] FIG. 1 shows the components of the sensor ma-
terial. The carbonaceous nanomaterial 101 is combined
with the detector 102 and the ionic liquid 103 to form a
paste 104.
[0039] The carbonaceous nanomaterial particles 101
are carbon nanotubes. In some embodiments, the carbon
nanotubes are single-walled nanotubes. In some embod-
iments, the carbon nanotubes are multi-walled nano-
tubes. In some embodiments, the carbon nanotubes are
double-walled nanotubes.
[0040] The detector 102 is a moiety that may interact
with an analyte and/or that may be responsive to a
change in a surrounding medium or environment, and
may be incorporated within the device in various config-
urations. For example, the detector 102 may be a small
molecule, a polymer, a biological species, or the like. In
some embodiments, the detector may comprise ionic
species (e.g., a salt). In some embodiments, the detector
102 may comprise a neutral species. The detector 102
is an organic, organometallic, or an inorganic species. In
certain embodiments, the detector 102 may be attached
to the carbonaceous nanomaterial particles via a cova-
lent bond. In certain embodiments, the detector 102 may
be attached to the carbonaceous nanomaterial particles
via a non-covalent bond. In certain other embodiments,
the detector 102 may be substantially contained within
(e.g., dispersed within) the carbonaceous nanomaterial
particles, and may not form a covalent bond to the car-
bonaceous nanomaterial particles.
[0041] The detector 102 comprises a biological or a
chemical group capable of binding another biological or
chemical molecule in a medium (e.g., solution, vapor
phase, solid phase). For example, the detector 102 may
include a functional group, such as a thiol, aldehyde, es-
ter, carboxylic acid, hydroxyl, and the like, wherein the
functional group forms a bond with the analyte. In some
cases, the detector 102 may be an electron-rich or elec-
tron-poor moiety wherein interaction between the analyte
and the detector comprises an electrostatic interaction.
In some embodiments, the interaction between the ana-
lyte and the detector 102 includes binding to a metal or
metal-containing moiety.
[0042] In some embodiments, the detector 102 may
be a metal-containing species. For example, the species
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may be a metal-containing species, including metal salts.
In some embodiments, the metal salt is a transition metal
salt or complex. Some examples of metal salts include,
but are not limited to, TiO2, TiCl4, and other titanium salts,
AgCl, AgPF6, Ag(OCOCF3), Ag(SO3CF3), and other sil-
ver salts, PtCl2 and other platinum salts, Au2Cl6 and other
gold salts, Al(OEt)3 and other aluminum salts,
Ni(SO3CF3)2, NiCl2, and other nickel salts, and
Cu(SO3CF3) and other copper salts, In some embodi-
ments, the species may be a copper-containing species.
In some embodiments, the copper-containing species is
a salt, such as a Cu(II) salt. In some embodiments, the
species may be a palladium-containing species. In some
embodiments, the palladium-containing species is a salt,
such as a Pd(II) salt. Some examples of specific metal
containing species include, but are not limited to, PdCl2.
In certain embodiment, the detector 102 includes
5,10,15,20-tetraphenylporphyrinatocoblat(III) perchlo-
rate ([Co(tpp)]ClO4), 3,6-Di-2-pyridyl-1,2,4,5-tetrazine
and combinations thereof.
[0043] In certain embodiments, a combination of de-
tectors described above is used in form the paste to be
used as the sensor material. For example, PdCl2 and a
copper salt may be combined to be used as detector 102
for detecting ethylene.
[0044] Any of the known ionic liquids may be used as
the ionic liquid 103 in accordance with the disclosure. In
some other embodiments, the ionic liquid 103 includes
cations selected from the group consisting of imidazolium
cations, pyridinium cations, pyrrolidinium cations, phos-
phonium cations, and combinations thereof. In some oth-
er embodiments, the ionic liquid 103 includes an anion
selected from the group consisting of bis(trifluorometh-
anesulfonyl)imide (TFSI-) anions, bis(fluorosulfonyl)imi-
de (FSI-) anions, halide anions, nitrate anions, tetrafluor-
oborate anions, hexafluorophosphate anions, bistriflim-
ide anions, triflate anions, tosylate anions and combina-
tions thereof. In some other embodiments, the ionic liquid
103 includes non-halogenated organic anions selected
from a group consisting of formate, alkylsulfate, alkyl-
phosphate, glycolate and combinations thereof. In cer-
tain embodiments the ionic liquid is 1-butyl-3-methylim-
idazolium tetrafluoroborate, 1-butyl-3-methylimidazo-
lium hexafluorophosphate, 1-ethyl-3- methylimidazolium
bis(trifluoromethylsulfonyl)imide, 1 -Butyl-3-methylimi-
dazolium bis(trifluoromethylsulfonyl)imide, or 1 -hexyl-3-
methylimidazolium bis(trifluormethylsulfonyl)imide.
[0045] The carbonaceous nanomaterial particles (car-
bon nanotubes) 101 are mixed with the detector 102 in
a ratio ranging from 3:1 to 1:10 by weight. In certain em-
bodiments, the ratio of the carbonaceous nanomaterial
particles 101 to detector 102 is 1:1 by weight. In certain
other embodiments, the ratio of the carbonaceous nano-
material particles 101 to detector 102 is 1:5 by weight.
In certain other embodiments, the ratio of the carbona-
ceous nanomaterial particles 101 to detector 102 is 1:10.
[0046] In some embodiments, about 0.1 to 20 weight
% of the carbonaceous nanomaterial particles 101 is

mixed with the ionic liquid 103. In some other embodi-
ments, about 0.25 to 20 weight % of the carbonaceous
nanomaterial particles 101 is mixed with the ionic liquid
103. In some embodiments, about 1 to 20 weight % of
the carbonaceous nanomaterial particles 101 is mixed
with the ionic liquid 103. In some other embodiments,
about 5 to 20 weight% of the carbonaceous nanomaterial
particles 101 is mixed with the ionic liquid 103. In some
other embodiments, about 10 to 20 weight % of the car-
bonaceous nanomaterial particles 101 is mixed with the
ionic liquid 103. In some other embodiments, about 0.25
to 10 weight % of the carbonaceous nanomaterial parti-
cles 101 is mixed with the ionic liquid 103. In some em-
bodiments, about 1 to 10 weight % of the carbonaceous
nanomaterial particles 101 is mixed with the ionic liquid
103. In some other embodiments, about 5 to 10 weight
% of the carbonaceous nanomaterial particles 101 is
mixed with the ionic liquid 103.
[0047] In some embodiments, the carbonaceous na-
nomaterial particles 101 are present in the range of 0.1
weight % to 20 weight % in the paste. In some other
embodiments, the carbonaceous nanomaterial particles
101 are present in the range of 0.1 weight % to 15 weight
% in the paste. In some other embodiments, the carbon-
aceous nanomaterial particles 101 are present in the
range of 1 weight % to 15 weight % in the paste. In some
other embodiments, the carbonaceous nanomaterial
particles 101 are present in the range of 5 weight % to
15 weight % in the paste.
[0048] In some other embodiments, the detector 102
is present in the range of 0.05 weight % to 65 weight %
in the paste. In some other embodiments, the detector
102 is present in the range of 0.05 weight % to 45 weight
% in the paste. In some other embodiments, the detector
102 is present in the range of 0.05 weight % to 15 weight
% in the paste. In some other embodiments, the detector
102 is present in the range of 0.1 weight % to 65 weight
% in the paste. In some other embodiments, the detector
102 is present in the range of 0.1 weight % to 45 weight
% in the paste. In some other embodiments, the detector
102 is present in the range of 0.1 weight % to 15 weight
% in the paste. In some other embodiments, the detector
102 is present in the range of 0.1 weight % to 15 weight
% in the paste. In some other embodiments, the detector
102 is present in the range of 5 weight % to 65 weight %
in the paste. In some other embodiments, the detector
102 is present in the range of 5 weight % to 45 weight %
in the paste.
[0049] In some other embodiments, the ionic liquid 103
is present in the range of 20 weight % to 99.5 weight %
in the paste. In some other embodiments, the ionic liquid
103 is present in the range of 20 weight % to 75 weight
% in the paste. In some other embodiments, the ionic
liquid 103 is present in the range of 20 weight % to 45
weight % in the paste. In some other embodiments, the
ionic liquid 103 is present in the range of 25 weight % to
99.5 weight % in the paste. In some other embodiments,
the ionic liquid 103 is present in the range of 25 weight
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% to 75 weight % in the paste. In some other embodi-
ments, the ionic liquid 103 is present in the range of 25
weight % to 45 weight % in the paste. In some other
embodiments, the ionic liquid 103 is present in the range
of 30 weight % to 99.5 weight % in the paste. In some
other embodiments, the ionic liquid 103 is present in the
range of 30 weight % to 75 weight % in the paste. In some
other embodiments, the ionic liquid 103 is present in the
range of 30 weight % to 45 weight % in the paste.
[0050] In some embodiments, the sensor material fur-
ther includes additives such as viscosity modifiers to tai-
lor the physical properties of the paste used for various
applications. Suitable viscosity modified may be viscosity
enhancers or viscosity reducers. Some suitable viscosity
modifiers include, but are not limited to, low and high
molecular weight solvents, plasticizers, ethylene glycol,
tetraethylene glycol, thinners, mineral oils, etc.
[0051] Any known technique of mixing may be used to
form the paste using the components of the sensor ma-
terial. In an embodiment, the mixing is done by ball mill-
ing, wherein all the components are added and milled for
a prescribed duration to form a homogeneous paste. In
some other embodiments, the mixing is done by ball mill-
ing, wherein some components are added and milled for
a prescribed duration to form a homogeneous paste fol-
lowed by addition of the remaining components and ad-
ditional mixing in one or multiple steps. In some other
embodiments, the mixing of the ingredients is carried out
using a blender. In some other embodiments, the mixing
of the ingredients is carried out using a mortar and pestle.
[0052] In an aspect, a device includes a first electrode
and a second electrode; a sensor material disposed in
electrical contact with the first and second electrode
wherein, the sensor material includes, a plurality of con-
ductive carbonaceous nanomaterial particles; a detector
selected to selectively interact with an analyte of interest;
and an ionic liquid. The plurality of conductive carbona-
ceous nanomaterial particles, the detector and the ionic
liquid are mixed together to form a paste; and the analyte
can diffuse into the paste to interact with the detector to
change the conductivity of the paste. The device further
includes an electrical circuit capable of detecting the
changes in the conductivity of the paste to detect infor-
mation regarding the analyte.
[0053] FIG. 2 shows a schematic for the device for de-
tecting an analyte using the sensor material in accord-
ance with this disclosure. The device 200 includes a first
electrode 201 and a second electrode 202 and a sensor
material including carbonaceous nanomaterial particles,
detector and ionic liquid, in electrical contact with the first
electrode and the second electrode. The first electrode
201 and the second electrode 202 are connected to form
an electrical circuit 204 with components capable of
measuring the conductivity of the sensor material 203.
[0054] In another aspect, the method of detecting an
analyte includes providing a first electrode and a second
electrode; providing a sensor material disposed in elec-
trical contact with the first and second electrode; wherein

the sensor material includes a plurality of conductive car-
bonaceous nanomaterial particles, a detector selected
to selectively interact with an analyte of interest; an ionic
liquid, wherein the plurality of conductive carbonaceous
nanomaterial particles, the detector and the ionic liquid
are mixed together to form a paste., The detector in the
paste can interact with an analyte to change the conduc-
tivity of the sensor material. The method further includes
exposing the sensor material to the analyte, wherein the
exposure to analyte changes the conductivity of the sen-
sor material, and detecting the change in conductivity of
the sensor material to gather information regarding the
analyte.
[0055] In some embodiments, the first and second
electrodes are located on a rigid substrate such as, glass
or a polymeric material. In some other embodiments, the
first and second electrodes are located on a printed circuit
board. In some other embodiments, the first and second
electrodes are located on a flexible substrate. In some
embodiments, the flexible substrate is paper. In some
other embodiments, the flexible substrate is a polymeric
material. In some embodiments, the first and second
electrodes are printed on the flexible substrate. The print-
ing of the electrodes may be carried out using any of the
common techniques known in the art. These techniques
are, but not limited to, screen printing, off-set printing,
gravure printing, block printing, inkjet printing, relief print-
ing, pad printing and intaglio.
[0056] In some embodiments , the first electrode 201
and the second electrode 202 are part of a complex circuit
such as, a Near Field Communication (NFC) or radio-
frequency identification (RFID) chip.
[0057] In certain embodiments, the analyte is a vapor
or a gas. In some embodiments, the analyte is selected
from a group consisting of a thiol, an ester, an aldehyde,
an alcohol, an ether, an alkene, an alkyne, a ketone, an
acid, a base, or combinations thereof. In some other em-
bodiments, the analyte is a mold. In some other embod-
iments, the analyte is ethylene. In some embodiments,
the analyte is a nitrogen-containing gas. In certain em-
bodiments, the analyte is an amine. In certain embodi-
ments, the analyte is putrescine or cadaverine.
[0058] In some embodiments, the concentration of the
analyte is in the range of 0 to 10%, 10 ppm to 10%, 100
ppm to 10%,1000 ppm to 10%, 1 to 10%, or 5 to 10%.
In some other embodiments, the concentration of the an-
alyte is in the range of 0 to 5%, 10 ppm to 5%, 100 ppm
to 5%, 1000 ppm to 5%, 1 to 5%, or 2 to 5%. In some
other embodiments, the concentration of the analyte is
in the range of 0 to 1%, 10 ppb to 1%, 100 ppb to 1%, 1
ppm to 1%, or 10 ppm to 1%. In some other embodiments,
the concentration of the analyte is in the range of 0 to
1000 ppm, 10 ppb to 1000 ppm, 100 ppb to 1000 ppm,
1 ppm to 1000 ppm, or 10 ppm to 1000 ppm. In some
other embodiments, the concentration of analyte is in the
range of 0 to 100 ppm, 10 ppb to 100 ppm, 100 ppb to
100 ppm, 1 ppm to 100 ppm, or 10 ppm to 100 ppm. In
some other embodiments the concentration of analyte is
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in the range of 0 to 80 ppm, 10 ppb to 80 ppm, 100 ppb
to 80 ppm, 1ppm to 80 ppm, or 10 ppm to 80 ppm. In
some other embodiments the concentration of analyte is
in the range of 0 to 50 ppm, 10 ppb to 50 ppm, 100 ppb
to 50 ppm, 1 ppm to 50 ppm, or 10 ppm to 50 ppm. In
some other embodiments the concentration of analyte is
in the range of 0 to 10 ppm, 10 ppb to 10 ppm, 100 ppb
to 10 ppm, or 1 ppm to 10 ppm. In some embodiments,
the concentration of the analyte is in the range of 0 to 1
ppm, 10 ppb to 1 ppm, or 100 ppb to 1 ppm. In some
other embodiments, the concentration of the analyte is
in the range of 0 to 0.5 ppm, 10 ppb to 0.5 ppm, or 100
ppb to 0.5 ppm. In some other embodiments, the con-
centration of the analyte is in the range of 0 to 100 ppb,
or 10 ppb to 100 ppb. In some other embodiments, the
concentration of the analyte is in the range of 0 to 50 ppb,
or 10 ppb to 50 ppb. In some other embodiments, the
concentration of the analyte is in the range of 0 to 10 ppb.
[0059] The interaction between the analyte and the de-
tector 102 in the paste 104 used to form the sensor ma-
terial 203 may include formation of a bond, such as a
covalent bond (e.g. carbon-carbon, carbon-oxygen, ox-
ygen-silicon, sulfur-sulfur, phosphorus-nitrogen, carbon-
nitrogen, metal-oxygen or other covalent bonds), an ionic
bond, a hydrogen bond (e.g., between hydroxyl, amine,
carboxyl, thiol and/or similar functional groups, for exam-
ple), a dative bond (e.g. complexation or chelation be-
tween metal ions and monodentate or multidentate lig-
ands), and the like. The interaction may also comprise
Van der Waals interactions. In one embodiment, the in-
teraction comprises forming a covalent bond with an an-
alyte. In some cases, the interaction between the device
and the analyte may comprise a reaction, such as a
charge transfer reaction. In some other embodiments,
the species and/or another device component may un-
dergo a chemical or physical transformation upon a
change in the surrounding environment (e.g., change in
temperature) to produce a determinable signal from the
device.
[0060] The detector 102 in the paste 104 used to form
the sensor material 203 may also interact with an analyte
via a binding event between pairs of biological molecules
including proteins, nucleic acids, glycoproteins, carbohy-
drates, hormones, and the like. Specific examples in-
clude an antibody/peptide pair, an antibody/antigen pair,
an antibody fragment/antigen pair, an antibody/antigen
fragment pair, an antibody fragment/antigen fragment
pair, an antibody/hapten pair, an enzyme/substrate pair,
an enzyme/inhibitor pair, an enzyme/cofactor pair, a pro-
tein/substrate pair, a nucleic acid/nucleic acid pair, a pro-
tein/nucleic acid pair, a peptide/peptide pair, a pro-
tein/protein pair, a small molecule/protein pair, a glutath-
ione/GST pair, an anti-GFP/GFP fusion protein pair, a
Myc/Max pair, a maltose/maltose binding protein pair, a
carbohydrate/protein pair, a carbohydrate derivative/pro-
tein pair, a metal binding tag/metal/chelate, a peptide
tag/metal ion-metal chelate pair, a peptide/NTA pair, a
lectin/carbohydrate pair, a receptor/hormone pair, a re-

ceptor/effector pair, a complementary nucleic acid/nucle-
ic acid pair, a ligand/cell surface receptor pair, a virus/lig-
and pair, a Protein A/antibody pair, a Protein G/antibody
pair, a Protein L/antibody pair, an Fc receptor/antibody
pair, a biotin/avidin pair, a biotin/streptavidin pair, a
drug/target pair, a zinc finger/nucleic acid pair, a small
molecule/peptide pair, a small molecule/protein pair, a
small molecule/target pair, a carbohydrate/protein pair
such as maltose/MBP (maltose binding protein), a small
molecule/target pair, or a metal ion/chelating agent pair.
Specific non-limiting examples of species include pep-
tides, proteins, DNA, RNA, PNA.
[0061] In some embodiments, the analyte may contact,
or may be positioned in sufficient proximity to the sensor
material 203, or may permeate into an interior portion of
the sensor material 203 to interact with the paste 104. In
some embodiments, a volumetric or dimensional change
(e.g., increase, decrease) of the sensor material may oc-
cur upon interaction with an analyte. For example, a com-
ponent of the device may "swell" upon absorption of the
analyte, wherein the change in volume may produce a
change in a property of the device. In some embodi-
ments, the analyte may cause a change in color of the
sensor material 203.
[0062] The applicants have surprisingly found that
combination of a detector with carbonaceous nanoma-
terial particles and including this combination in a paste
formed using ionic liquids provides unexpected and ad-
vantageous properties. These are, but not limited to, sig-
nificantly improved signal of response to the presence of
an analyte, elongated service life of the sensor, increased
sensitivity, lower limit of detection, and enhanced selec-
tivity. These advantageous properties cover multiple key
performance metrics of a sensor and thus present a sig-
nificant advance.
[0063] Applicants have further surprisingly discovered
that the above paste provides greater sensitivity for sens-
ing an analyte than compositions lacking an ionic liquid
carrier and/or not in paste form. Since the analyte is re-
quired to diffuse into the paste and interact with the de-
tector to alter the properties such as electrical properties
to produce a signal which may be detected and analyzed
for the detection of the analyte, one of ordinary skill in
the art would expect the performance, in terms of sensi-
tivity and selectivity, of such a sensor to be significantly
reduced. Additionally, it is expected that due to the polar
nature of the ionic liquids, the detector has a tendency
to dissociate from the carbonaceous nanoparticle mate-
rial and show a selective affinity towards the ionic liquid.
Due to this the performance of the sensor can be seri-
ously impaired. Surprisingly, and contrary to common
wisdom, the applicants have identified that not only is
this feasible, but the resulting sensor material provides
enhanced properties as discussed below. The applicants
hypothesize that the interaction of the ionic liquid with
the carbonaceous nanoparticle surface leads to debun-
dling of the carbonaceous nanoparticle and thus increas-
es the available carbonaceous nanoparticle surface ar-
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ea. As a result, the detector can interact more easily with
the carbonaceous nanoparticle and detector-analyte in-
teractions lead to an enhanced effect for the conductivity
of the carbonaceous nanoparticle or the network of car-
bonaceous nanoparticles.
[0064] Without being bound by theory, it is believed
that the blending with the ionic liquid improves the dis-
persion of the detectors and the carbonaceous nanoma-
terial particles, thereby increasing the surface area of
exposure. Also, contrary to the expected behavior, the
presence of the ionic liquid does not impede the interac-
tion of the analyte with the detector and the carbonaceous
nanomaterial particles.

Illustrative Examples

Materials and Measurements

[0065] The single-walled carbon nanotubes (SWCNT),
1-butyl-3-methylimidazolium tetrafluoroborate , (97%,
BMIM BF4), 1-ethyl-3-methylimidazolium bis(trifluor-
omethylsulfonyl)imide (97%, Ethyl TFMS), 1-Butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide
(98%, Butyl TFMS),1-Hexyl-3-methylimidazolium bis(tri-
fluormethylsulfonyl)imide (98%, Hexyl TFMS) with 1-
Butyl-3-methylimizaolium hexafluorophosphate (97%,
Butyl HFP), cadaverine (>97%), isopropanol (>99%), o-
dichlorobenzene (anhydrous), Palladium (II) Chloride
and 3,6-Di-2-pyridyl-1,2,4,5-tetrazine were purchased
from Sigma-Aldrich and used as received. The detector,
5,10,15,20-tetraphenylporphyrinatocoblat(III) perchlo-
rate ([Co(tpp)]ClO4) was synthesized following literature
procedures (Sugimoto et al., Bull. Chem. Soc. Jpn., 54,
3425-3432). The analytes 1% ethylene gas in nitrogen
(1.0001 vol% 6 2%) and 1% ammonia gas in nitrogen
(0.9979% 6 2%), and the carrier gas dry nitrogen, were
obtained from AirGas.
[0066] To determine the sensing capability of the de-
vices, the change in conductivity of the sensor was mon-
itored upon analyte exposure. The sensing measure-
ments were performed using a PalmSens EmStat-MUX
(PalmSens BV). The devices were placed in a custom-
built Teflon enclosure, consisting of an inlet/outlet for gas
flow and a gas chamber for exposure of the sensor to
the analyte. The device was connected to the potentiostat
via a 64pin IC Test Clip (3M). A Sierra Instruments gas
mixer system, a kin-tek gas generator, a custom-built set-
up consisting of syringe pumps, or a custom-built setup
consisting of peristaltic pumps was used to generate var-
ious concentrations of the analyte by mixing the analyte
with nitrogen gas, air, or humidified nitrogen gas.
[0067] Sensing material was applied to devices via two
different methods 1) applied with a metal spatula or 2)
using a screen printing mimicking method. The screen
printing mimicking method was performed by placing a
mask across the device. The mask had laser cut holes
over the space between the electrodes. Sensing material
was spread across the holes, and scraped using a blade

giving a uniform thickness. Thickness of the material var-
ied by using different thicknesses of the masks.

Example 1

[0068] The following example describes the fabrication
and measurement of a sensor comprised of a SWCNT-
BMIM BF4 paste, with [Co(tpp)]ClO4 as the detector for
the analyte.
[0069] The paste was prepared by grinding SWCNT,
BMIM BF4, and [Co(tpp)]ClO4 for 10 min using mortar
and pestle. The composition of the paste was 10wt%
SWCNT in BMIM BF4 and a 1:1 mass ratio of [Co(tpp)]
ClO4 to SWCNT. The substrate was made by depositing
a gold electrode pattern, with a 1mm electrode gap, onto
a glass slide using a thermal evaporator (Mill Lane En-
gineering, EV-2000). The electrode pattern was made
using a shadow mask and layering 10nm of chromium
then 100nm of gold. The sensors were fabricated by plac-
ing the paste between the electrodes using a metal spat-
ula. Additional paste was added until the resistance of
the sensor material between the electrodes was between
7 and 30kΩ for each sensor.
[0070] To determine the sensing capability of the de-
vices, the change in conductivity of the sensor was mon-
itored upon exposure to analyte, using the method de-
scribed in "Materials and Measurements." The sensors
were alternatingly exposed to the analyte, 40ppm ethyl-
ene in nitrogen, and the carrier gas nitrogen for three
cycles. FIG. 3 shows the sensing response of sensors
fabricated using a paste of SWCNTs, BMIM BF4, and
[Co(tpp)]ClO4 with 10 wt% SWCNT content in BMIM BF4
and an SWCNT to [Co(tpp)]ClO4 ratio of 1:1 by mass.
Arrows indicate the start of a 100 sec exposure to 40
ppm ethylene. The average of the sensing response for
the sensors was determined to be 0.94%.

Example 2

[0071] The following example describes the fabrication
and measurement of a sensor composed of a 3,6-di-2-
pyridyl-1,2,4,5-tetrazine paste on a flexible paper device.
[0072] The paste was prepared by grinding SWCNT
and BMIM BF4 using a mortar and pestle. Then 3,6-di-
2-pyridyl-1,2,4,5-tetrazine was added to achieve a 4:1
mass ratio (tetrazine:SWCNT) and the components were
mixed. The substrate was made by depositing a gold
electrode pattern, with a 1mm electrode gap, onto weigh
paper using a thermal evaporator (Mill Lane Engineering,
EV-2000). The electrode pattern was made using a shad-
ow mask and layering 10nm of chromium then 100nm of
gold. The sensor was fabricated by placing the paste
between the electrodes using a metal spatula. Additional
paste was added until the resistance of the sensor ma-
terial between the electrodes was between 1 and 4kΩ
for each sensor.
[0073] To determine the sensing capability of the de-
vices, the change in conductivity of the sensor was mon-
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itored upon exposure to analyte, using the method de-
scribed in "Materials and Measurements." The sensor
was alternatingly exposed to the analyte, 40ppm ethyl-
ene in nitrogen, for 300sec and 600sec, respectively, and
nitrogen gas. FIG. 4 shows the sensing response of a
sensor fabricated using a paste of SWCNTs, BMIM BF4,
and [Co(tpp)]ClO4 with 10 wt% SWCNT content in BMIM
BF4 and a [Co(tpp)]ClO4 to SWCNT ratio of 4:1 by mass.
Arrows indicate the start of a 300 sec and 600 sec expo-
sure to 40 ppm ethylene. The sensing response was de-
termined to be a 0.96% with a 300sec exposure, and a
1.0% with a 600sec exposure, with a mostly irreversible
response.

Example 3

[0074] The following example describes the fabrication
and measurement of [Co(tpp)]ClO4 paste sensors on a
paper device.
[0075] The pastes were prepared by grinding the
SWCNT, BMIM BF4, and [Co(tpp)]ClO4 for 10min using
an agate mortar and pestle. Three 5wt% of SWCNT in
BMIM BF4 pastes were made: 1:1, 5:1 and 10:1 mass
ratio of [Co(tpp)]ClO4 to SWCNT. The substrate was
made by depositing a gold electrode pattern, with a 1mm
electrode gap, onto weigh paper using a thermal evap-
orator (Mill Lane Engineering, EV-2000). The electrode
pattern was made using a shadow mask and layering
10nm of chromium then 100nm of gold. The sensor was
fabricated by placing the pastes between the electrodes
using a metal spatula. Additional paste was added until
the resistance of the sensor material between the elec-
trodes was between 7 and 30kΩ for each sensor.
[0076] To determine the sensing capability of the de-
vices, the change in conductivity of the sensor was mon-
itored upon exposure to analyte, using the method de-
scribed in "Materials and Measurements." The sensors
were alternatingly exposed to the analyte, 40ppm ethyl-
ene in nitrogen, and the carrier gas nitrogen for three
cycles.
[0077] FIG. 5 shows the sensing response of sensors
fabricated using a paste of SWCNTs, BMIM BF4, and
[Co(tpp)]ClO4 on paper with 5 wt% SWCNT content in
BMIM BF4 and a [Co(tpp)]ClO4 to SWCNT ratio of 10:1,
5:1, and 1:1 by mass, respectively. Arrows indicate the
start of a 100 sec to 40 ppm ethylene. The average sens-
ing response for the 1:1 mass ratio pastes was 1.7%,
while the 5:1 and 10:1 pastes were lower at an average
of 0.24% and 0.33%, respectively.
[0078] This result suggests that as the amount of the
sensor material is increased, the sensor response in-
creases. However, a threshold is expected after which
additional increase in the detector amount will not pro-
duce a proportional increase in the response, since the
conductivity of the total system will be marginalized due
to the reduction of the conductive carbonaceous nano-
material particles, such as carbon nanotubes.

Example 4

[0079] The following example describes the fabrication
and measurement of three types of sensors: 1) SWC-
NT-[Co(tpp)]ClO4 layer, 2) BMIM BF4 layered on a SWC-
NT-[Co(tpp)]ClO4 layer, and 3) SWCNT-[Co(tpp)]ClO4
paste.
[0080] The substrate was made by depositing a gold
electrode pattern, with a 1mm electrode gap, onto a glass
slide using a thermal evaporator (Mill Lane Engineering,
EV-2000). The electrode pattern was made using a shad-
ow mask and layering 10nm of chromium then 100nm of
gold.
[0081] The SWCNT-[Co(tpp)]ClO4 sensors were pre-
pared by dropcasting a suspension containing SWCNT
and [Co(tpp)]ClO4. The suspension was prepared by
sonicating [Co(tpp)]ClO4 (10:1 mass ratio of [Co(tpp)]
ClO4 to SWCNT) and 0.25mg/mL SWCNT in o-dichlo-
robenzene for 1 minute. The suspension was dropcast
until the resistance of each sensor was between 7-10kΩ.
Between each successive dropcast of the suspension,
the device was vacuum dried until complete solvent re-
moval.
[0082] The sensor comprised of a BMIM BF4 layer on
a SWCNT-[Co(tpp)]ClO4 layer, was prepared by drop-
casting the SWCNT-[Co(tpp)]ClO4 suspension until the
resistance of each sensor was between 2-5kΩ. Between
each dropcast, the device was vacuum dried until solvent
was completely removed. A 10mg/mL BMIM BF4 solution
in methanol was dropcast (1mL drop) on the SWC-
NT-[Co(tpp)]ClO4 layer. The device was vacuum dried
to remove the methanol.
[0083] The [Co(tpp)]ClO4 paste sensors were pre-
pared by grinding SWCNT, BMIM BF4, and [Co(tpp)]ClO4
for 20min using an agate mortar and pestle. The paste
composition was 1wt% of SWCNT in BMIM BF4 with a
5:1 mass ratio of [Co(tpp)]ClO4 to SWCNT. The sensors
were fabricated by placing the paste between the elec-
trodes using a metal spatula. Additional paste was added
until the resistance of the sensor material between the
electrodes was between 7 and 30kΩ for each sensor.
[0084] Additionally, a pristine SWCNT sensor was fab-
ricated by dropcasting a suspension of SWCNTs in ortho-
dichlorobenzene. The suspension was prepared by son-
icating SWCNT (0.25mg/mL) in o-dichlorobenzene for 1
minute. The suspension was dropcast until the resistance
of each sensor was between 7-10kΩ. Between each suc-
cessive dropcast of the suspension, the device was vac-
uum dried until complete solvent removal.
[0085] To determine the sensing capability of the de-
vices, the change in conductivity of the sensor was mon-
itored upon exposure to analyte, using the method de-
scribed in "Materials and Measurements." The sensors
were alternatingly exposed to the analyte, 40ppm ethyl-
ene in nitrogen, and the carrier gas nitrogen for three
cycles FIG. 6 shows the average sensing response of
sensors fabricated using a suspension of SWCNTs and
([Co(tpp)]ClO4, a suspension of SWCNTs and ([Co(tpp)]
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ClO4 coated with BMIM BF4, a paste of SWCNTs, BMIM
BF4, and ([Co(tpp)]ClO4, and a suspension of pristine
SWCNTs to 40 ppm ethylene.
[0086] The average sensing response for the single
layered SWCNT-[Co(tpp)]ClO4 sensors was 0.13%. The
BMIM BF4 coated SWCNT-[Co(tpp)]ClO4 sensors had
an average 1.3% response, thus a ten-fold improvement
compared to the uncoated SWCNT-[Co(tpp)]ClO4 sen-
sor. The [Co(tpp)]ClO4 paste sensors had an average
2.5% response at 40ppm, with a two-fold improvement
compared to the BMIM BF4 coated sensor and a twenty-
fold improvement compared to the uncoated SWC-
NT-[Co(tpp)]ClO4 sensor.
[0087] As discussed above, this unexpected improve-
ment in the signal is attributed to the improved dispersion
of the detector and the carbon nanotubes in the ionic
liquid paste. As identified by the applicants, since the
ionic liquid does not impede the diffusion of the analyte
into the paste, the relative response produced by the
paste as a sensor material is significantly stronger than
other configurations, such as a simple detector and car-
bon nanotube combination without the ionic liquid, or a
configuration wherein the ionic liquid is coated above the
detector and the carbon nanotubes.
[0088] Further, it is anticipated that the improved re-
sponse of the device with the paste as the sensor material
will elongate the working life. This is expected since, the
sensor has a longer available functioning period before
the strength of the response falls below a threshold after
which detection of the analyte is not possible.

Example 5

[0089] The following example describes the fabrication
and measurement of three types of sensors over the
course of four weeks: 1) SWCNT-[Co(tpp)]ClO4 layer, 2)
BMIM BF4 layered on a SWCNT-[Co(tpp)]ClO4 layer, and
3) [Co(tpp)]ClO4 paste.
[0090] The substrate was made by depositing a gold
electrode pattern, with a 1mm electrode gap, onto a glass
slide using a thermal evaporator (Mill Lane Engineering,
EV-2000). The electrode pattern was made using a shad-
ow mask and layering 10nm of chromium then 100nm of
gold.
[0091] The SWCNT-[Co(tpp)]ClO4 sensors were pre-
pared by dropcasting a SWCNT and [Co(tpp)]ClO4 sus-
pension. The suspension was prepared by sonicating
[Co(tpp)]ClO4 (10:1 mass ratio of [Co(tpp)]ClO4 to SWC-
NT) and 0.25mg/mL SWCNT in o-dichlorobenzene for 7
minutes. The suspension was dropcast until the resist-
ance of each sensor was between 7-10kΩ. Between
each successive dropcast of the suspension, the device
was vacuum dried until complete solvent removal.
[0092] The sensor comprised of a BMIM BF4 layer on
a SWCNT-[Co(tpp)]ClO4 layer, was prepared by drop-
casting the SWCNT-[Co(tpp)]ClO4 suspension until the
resistance of each sensor was between 2 and 5kΩ. Be-
tween each dropcast, the device was vacuum dried until

solvent was completely removed. A 2 mg/mL BMIM BF4
solution in methanol was dropcast (1 mL drop) on the
SWCNT-[Co(tpp)]ClO4 layer. The device was vacuum
dried to remove the methanol.
[0093] The [Co(tpp)]ClO4 paste sensor was prepared
by grinding SWCNT, BMIM BF4, and [Co(tpp)]ClO4 for
10min using an agate mortar and pestle. The paste com-
position was 1wt% of SWCNT in BMIM BF4 with a 5:1
mass ratio of [Co(tpp)]ClO4 to SWCNT. The sensors
were fabricated by placing the paste between the elec-
trodes using a metal spatula. Additional paste was added
until the resistance of the sensor material between the
electrodes was between 7 and 30 kΩ for each sensor.
[0094] To determine the sensing capability of the de-
vices, the change in conductivity of the sensor was mon-
itored upon exposure to analyte, using the method de-
scribed in "Materials and Measurements." The sensors
were alternatingly exposed to the analyte, 40ppm ethyl-
ene in nitrogen, and the carrier gas nitrogen for three
cycles. After four weeks, the measurement was repeat-
ed. FIG. 7 shows the percent of initial response of sensors
fabricated using a suspension of SWCNTs and ([Co(tpp)]
ClO4, a suspension of SWCNTs and ([Co(tpp)]ClO4 coat-
ed with BMIM BF4, and a paste of SWCNTs, BMIM BF4,
and ([Co(tpp)]ClO4 to 40 ppm ethylene four weeks after
sensor fabrication.
[0095] The average sensing response after this time
for the single layered SWCNT-[Co(tpp)]ClO4 sensors
was 51.6% of the initial response. The BMIM BF4 coated
SWCNT-[Co(tpp)]ClO4 sensors was 8.6 % of the initial
response after four weeks. The [Co(tpp)]ClO4 paste sen-
sors were 102.5% of the initial response at 40ppm.

Example 6

[0096] The following example describes the fabrication
and measurement of [Co(tpp)]ClO4 paste sensors.
[0097] The paste was prepared by grinding the SWC-
NT, BMIM BF4, and [Co(tpp)]ClO4 for 20min using an
agate mortar and pestle. The composition of the paste
was 1wt% SWCNT in BMIM BF4 and a 5:1 mass ratio of
[Co(tpp)]ClO4 to SWCNT. The substrate was made by
depositing a gold electrode pattern, with a 1mm electrode
gap, onto a glass slide using a thermal evaporator (Mill
Lane Engineering, EV-2000). The electrode pattern was
made using a shadow mask and layering 10nm of chro-
mium then 100nm of gold. The sensors were fabricated
by placing the paste between the electrodes using a met-
al spatula. Additional paste was added until the resist-
ance of the sensor material between the electrodes was
between 7 and 30kΩ for each sensor.
[0098] To determine the sensing capability of the de-
vices, the change in conductivity of the sensor was mon-
itored upon exposure to analyte, using the method de-
scribed in "Materials and Measurements." The sensors
were alternatingly exposed to the analyte, 40ppm ethyl-
ene in nitrogen, and the carrier gas nitrogen for three
cycles. FIG. 8 shows the sensing response of sensors

19 20 



EP 3 170 002 B1

13

5

10

15

20

25

30

35

40

45

50

55

fabricated using a paste of SWCNTs, BMIM BF4, and
[Co(tpp)]ClO4 with 1 wt% SWCNT content in BMIM BF4
and a [Co(tpp)]ClO4 to SWCNT ratio of 5:1 by mass. Ar-
rows indicate the start of a 100 sec to 40 ppm ethylene.
The average sensing response for the sensors was 4.5%.

Example 7

[0099] The following example describes the fabrication
and measurement of a [Co(tpp)]ClO4 paste sensor. The
sensor was exposed to ethylene, ethyl acetate, ethanol,
hexanes, chloroform, and acetonitrile.
[0100] The paste was prepared by grinding SWCNT,
BMIM BF4, and [Co(tpp)]ClO4 for 20min using an agate
mortar and pestle. The composition of the paste was
1wt% SWCNT in BMIM BF4 and a 5:1 mass ratio of
[Co(tpp)]ClO4 to SWCNT. The substrate was made by
depositing a gold electrode pattern, with a 1mm electrode
gap, onto a glass slide using a thermal evaporator (Mill
Lane Engineering, EV-2000). The electrode pattern was
made using a shadow mask and layering 10nm of chro-
mium then 100nm of gold. The sensor was fabricated by
placing the paste between the electrodes using a metal
spatula. Additional paste was added until the resistance
of the sensor material between the electrodes was be-
tween 7 and 30kΩ for each sensor.
[0101] To determine the sensing capability of the de-
vices, the change in conductivity of the sensor was mon-
itored upon exposure to analyte. The sensors were al-
ternatingly exposed to the analyte, 40ppm ethylene in
nitrogen, and the carrier gas nitrogen for three cycles and
the response measured using the method described in
"Materials and Measurements". The average sensing re-
sponse to ethylene for the sensors was 4.5%.
[0102] The other analytes gas streams were obtained
using a gas generator (Kin-Tek, 491M Base Module).
The sensors were alternatingly exposed to the analyte
in nitrogen, and the carrier gas nitrogen for three cycles.
FIG. 9 shows the average sensing response of sensors
fabricated using a suspension of pristine SWCNTs, and
sensors fabricated from a paste of SWCNTs, BMIM BF4,
and [Co(tpp)]ClO4 to different analytes. The average
sensing response to ethyl acetate (200 ppm) was 1.6%.
The average response to hexanes (200 ppm) and chlo-
roform (200 ppm) was 1.4% and 1.8%, respectively. The
average response to ethanol (200 ppm) was 13.5%. The
average response to 100ppm acetonitrile was 21.5%.

Example 8

[0103] The following example describes the fabrication
and measurement of a [Co(tpp)]ClO4 paste sensor, test-
ed at different concentrations of ammonia.
[0104] The paste was prepared by grinding SWCNT,
BMIM BF4, and [Co(tpp)]ClO4 using a ball mill. The com-
position of the paste was 1 wt% SWCNT in BMIM BF4
and a 5:1 mass ratio of [Co(tpp)]ClO4 to SWCNT. The
electrode pattern was made using a shadow mask and

layering 10 nm of chromium then 100 nm of gold. The
sensor was fabricated by placing the paste between the
electrodes using the screen printing like technique de-
scribed in "Materials and Methods". The paste was ap-
plied in thicknesses of 0.05 mm.
[0105] To determine the sensing capability of the de-
vices, the change in conductivity of the sensor was mon-
itored upon exposure to analyte, using the method de-
scribed in "Materials and Measurements". The sensors
were alternatingly exposed to the analyte, 1 ppm, 2 ppm,
and 5 ppm ammonia, respectively, in dry nitrogen for 100
sec, and the carrier gas of dry nitrogen for three cycles.
FIG. 10A shows the sensing response at the various an-
alyte concentrations. The arrows indicate the start of
each 100 sec exposure to ammonia. The average sens-
ing response, shown in FIG. 10B, is 1.2% 6 0.1% to 1
ppm ammonia, 3.8% 6 0.4 to 2 ppm ammonia, and 7.1%
6 .0.7% to 5 ppm ammonia.

Example 9

[0106] The following example describes the fabrication
and measurement of a [Co(tpp)]ClO4 paste sensor,
measured at different concentrations of cadaverine.
[0107] The paste was prepared by grinding SWCNT,
BMIM BF4, and [Co(tpp)]ClO4 using a ball mill. The com-
position of the paste was 1 wt% SWCNT in BMIM BF4
and a 5:1 mass ratio of [Co(tpp)]ClO4 to SWCNT. The
electrode pattern was made using a shadow mask and
layering 10 nm of chromium then 100 nm of gold. The
sensor was fabricated by placing the paste between the
electrodes using the screen printing like technique de-
scribed in "Materials and Methods". The paste was ap-
plied in thicknesses of 0.05 mm.
[0108] To determine the sensing capability of the de-
vices, the change in conductivity of the sensor was mon-
itored upon exposure to analyte, using the method de-
scribed in "Materials and Measurements". The sensors
were alternatingly exposed to the analyte, 2 ppm, 4 ppm,
and 8 ppm cadaverine, respectively, in air with 8500 ppm
humidity for 100 sec, and the carrier gas air with 8500
ppm humidity for three cycles. FIG. 11A shows the sens-
ing response at the various analyte concentrations. The
arrows indicate the start of each 100 sec exposure to
cadaverine.
[0109] FIG. 11B shows the irreversible portion of the
sensing response which can be correlated to amine con-
centration according to the literature (Liu, S. F., Petty, A.
R., Sazama, G. T. and Swager, T. M Angew. Chem. Int.
Ed., 2015, 54, 6554-6557). Sensing responses of 4.0%
6 1.0%, 5.2% 6 1.2%, and 9.5% 6 1.1% were obtained
at 2 ppm, 4 ppm, and 8 ppm cadaverine, respectively.

Example 10

[0110] The following example describes the fabrication
and measurement of PdCl2 paste sensors with different
imidazolium-based ionic liquids, tested at 80 ppm ethyl-

21 22 



EP 3 170 002 B1

14

5

10

15

20

25

30

35

40

45

50

55

ene. The ionic liquids used were: 1-ethyl-3-methylimida-
zolium bis(trifluoromethylsulfonyl)imide (Ethyl TFMS), 1-
Butyl-3-methylimidazolium bis(trifluoromethylsulfo-
nyl)imide (Butyl TFMS),1-Hexyl-3-methylimidazolium
bis(trifluormethylsulfonyl)imide (Hexyl TFMS).
[0111] The pastes were prepared by grinding SWCNT,
ionic liquid, and PdCl2 using a ball mill. The composition
of the paste was 1 wt% SWCNT in ionic liquid and a 5:1
mass ratio of PdCl2 to SWCNT. The ionic liquids tested
were BMIM BF4, 1-Butyl-3-methylimidazolium bis(trif-
luoromethylsulfonyl)imide (Butyl TFMS), 1-Ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide
(Ethyl TFMS), 1-Hexyl-3-methylimidazolium bis(trifluor-
omethylsulfonyl)imide (Hexyl TFMS). A control sensing
material was prepared by drop-casting from a suspen-
sion of PdCl2 and SWCNTs in a 5:1 mass ratio in isopro-
panol. The suspension was prepared by sonication for 5
minutes.
[0112] The electrode pattern was made using a shad-
ow mask and layering 10 nm of chromium then 100 nm
of gold.. The sensor was fabricated by placing the paste
between the electrodes using the screen printing like
technique described in "Materials and Methods". The
paste was applied in thicknesses of 0.05 mm.The control
sensor was fabricated by drop-casting the control sens-
ing material between the electrodes. Between each suc-
cessive dropcast the device was allowed to dry in air.
The suspension was dropcast until the resistance of each
sensor was between 0.95 and 1.5 kΩ.
[0113] To determine the sensing capability of the de-
vices, the change in conductivity of the sensor was mon-
itored upon exposure to analyte, using the method de-
scribed in "Materials and Measurements". The sensors
were exposed to the analyte, 80 ppm ethylene in nitrogen
with 10,000 ppm humidity for 500 sec, and the carrier
gas of nitrogen with 10,000 ppm humidity for one cycle.
FIG. 12A shows the sensing response of pastes with the
various ionic liquids. The lines indicate the start and end
of the 500 sec exposure to ethylene. The relative re-
sponse, shown in FIG. 12B, for Butyl TFMS is 0.17% 6
0.01%. The response for Ethyl TFMS is 0.28% 6 0.03%.
The response for Hexyl TFMS is 0.36% 6 0.005%. This
suggests that the polarity and viscosity of the ionic liquid
which is influenced by its alkyl side-chain has an effect
on the sensing performance. The response for the drop-
cast PdCl2 sensor is 0.11% 6 0.06%. FIG. 12C shows
the sensing response for the control sensor of dropcast
PdCl2 and the BMIM BF4 paste sensor. The lower sens-
ing response and higher error of the dropcast control sen-
sor indicates that the use of sensor material pastes is
superior to alternative methods such as drocasting a mix-
ture of SWCNTs and the detector.

Example 11

[0114] Similar to Example 10, the following example
describes the fabrication and measurement of PdCl2
paste sensors with 1-Butyl-3-methylimizaolium hex-

afluorophosphate (Butyl HFP), tested at 80 ppm ethyl-
ene.
[0115] The pastes were prepared by grinding SWCNT,
Butyl HFP, and PdCl2 using a ball mill. The composition
of the paste was 1 wt% SWCNT in Butyl HFP and a 5:1
mass ratio of PdCl2 to SWCNT. The electrode pattern
was made using a shadow mask and layering 10 nm of
chromium then 100 nm of gold. The sensor was fabricat-
ed by placing the paste between the electrodes using the
screen printing like technique described in "Materials and
Methods". The paste was applied in thicknesses of 0.05
mm.
[0116] To determine the sensing capability of the de-
vices, the change in conductivity of the sensor was mon-
itored upon exposure to analyte, using the method de-
scribed in "Materials and Measurements". The sensors
were alternatingly exposed to the analyte, 80 ppm ethyl-
ene in nitrogen with 10,000 ppm humidity for 800 sec,
and the carrier gas of nitrogen with 10,000 ppm humidity
for one cycle. FIG. 13 shows the sensing response of the
Butyl HFP pastes. The lines indicate the start and end of
the 800 sec exposure to ethylene. The relative response
for Butyl HFP was -0.226% 6 0.01%.

Example 12

[0117] Similar to Example 10, the following example
describes the fabrication and measurement of [Co(tpp)]
ClO4 paste sensors with different imidazolium-based ion-
ic liquids, tested at 80 ppm ethylene. The ionic liquids
used were: 1-ethyl-3-methylimidazolium bis(trifluor-
omethylsulfonyl)imide (Ethyl TFMS), 1-Butyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl)imide (Butyl
TFMS), 1 -Hexyl-3-methylimidazolium bis(trifluormethyl-
sulfonyl)imide (Hexyl TFMS).
[0118] The pastes were prepared by grinding SWCNT,
ionic liquid, and [Co(tpp)]ClO4 using a ball mill. The com-
position of the paste was 1 wt% SWCNT in ionic liquid
and a 5:1 mass ratio of [Co(tpp)]ClO4 to SWCNT. The
ionic liquids tested were Butyl TFMS, Ethyl TFMS, and
Hexyl TFMS. The electrode pattern was made using a
shadow mask and layering 10 nm of chromium then 100
nm of gold. The sensor was fabricated by placing the
paste between the electrodes using The sensor was fab-
ricated by placing the paste between the electrodes using
the screen printing like technique described in "Materials
and Methods". The paste was applied in thicknesses of
0.05 mm.
[0119] To determine the sensing capability of the de-
vices, the change in conductivity of the sensor was mon-
itored upon exposure to analyte, using the method de-
scribed in "Materials and Measurements". The sensors
were alternatingly exposed to the analyte, 80 ppm ethyl-
ene in dry nitrogen for 500 sec, and the carrier gas of dry
nitrogen for one cycle. FIG. 14A shows the sensing re-
sponse of the various ionic liquids. The lines indicate the
start and end of the 500 sec exposure to ethylene. The
relative response for Butyl TFMS was 0.3% 6 0.1%. The
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response for Ethyl TFMS was 1.0% 6 0.7%. The re-
sponse for Hexyl TFMS was 0.20% 6 0.01%. Relative
responses of the three ionic liquid pastes are displayed
in FIG. 14B.

Example 13

[0120] The following example describes the fabrication
and measurement of a [Co(tpp)]ClO4 paste sensor, test-
ed with ethylene at different points during the fabrication
process.
[0121] The paste was prepared by grinding SWCNT,
BMIM BF4, and [Co(tpp)]ClO4 using an agate mortar and
pestle. The composition of the paste was 1 wt% SWCNT
in BMIM BF4 and a 5:1 mass ratio of [Co(tpp)]ClO4 to
SWCNT. The electrode pattern was made using a shad-
ow mask and layering 10nm of chromium then 100nm of
gold. The sensor was fabricated by placing the paste
between the electrodes using a metal spatula. The paste
was applied after 1, 4, 7, 10, 13, 17, and 20 min of grind-
ing. Paste was added until the resistance of the sensor
material between the electrodes was between 7 and
30kΩ for each sensor.
[0122] To determine the sensing capability of the de-
vices, the change in conductivity of the sensor was mon-
itored upon exposure to analyte, using the method de-
scribed in "Materials and Measurements". The sensors
were alternatingly exposed to the analyte, 40ppm ethyl-
ene in nitrogen for 100sec, and the carrier gas nitrogen
for three cycles. FIG. 15 shows the average sensing re-
sponse at the various grinding times, with the standard
deviation shown for each time point. Although the sens-
ing response decreases with more mixing, standard de-
viation of the response also decreases with additional
grinding time.

Example 14

[0123] The following example describes the fabrication
and measurement of a PdCl2 paste sensor, tested with
ethylene at different points during the fabrication process.
[0124] The paste was prepared by grinding SWCNT,
BMIM BF4, and PdCl2 using a ball mill. The composition
of the paste was 0.25 wt% SWCNT in BMIM BF4 and a
5:1 mass ratio of PdCl2 to SWCNT. The electrode pattern
was made using a shadow mask and layering 10nm of
chromium then 100nm of gold. The sensor was fabricated
by placing the paste between the electrodes using a met-
al spatula. The paste was applied after 1, 3, 5, 7, and 10
min of grinding. Sensor material was added until the re-
sistance of the material between the electrodes was be-
tween 7 and 20kΩ for each sensor.
[0125] To determine the sensing capability of the de-
vices, the change in conductivity of the sensor was mon-
itored upon exposure to analyte, using the method de-
scribed in "Materials and Measurements". The sensors
were alternatingly exposed to the analyte, 40ppm ethyl-
ene in humidified nitrogen (10,000ppm water) for 100sec,

and the carrier gas of humidified nitrogen for three cycles.
FIG. 16 shows the sensing response at the various grind-
ing times. The arrows indicate the start of each 100 sec
exposure to 40 ppm ethylene. The sensing response de-
creases with additional grinding: an average of 5.2% after
1 min, 4.7% after 3 min, 4.6% after 5 min, 1.1% after 7
min, 0.9% after 10 min of grinding.

Example 15

[0126] The following example describes the fabrication
and measurement of a PdCl2 paste sensor, applied at
differing thickness of sensing material.
[0127] The paste was prepared by grinding SWCNT,
BMIM BF4, and PdCl2 using a ball mill. The composition
of the paste was 1 wt% SWCNT in BMIM BF4 and a 5:1
mass ratio of PdCl2 to SWCNT. The electrode pattern
was made using a shadow mask and layering 10nm of
chromium then 100nm of gold. The sensor was fabricated
by placing the paste between the electrodes using the
screen printing like technique described in "Materials and
Methods". The paste was applied in thicknesses of 0.05,
0.10, and 0.15 mm, by varying the thickness of the screen
printing mask.
[0128] To determine the sensing capability of the de-
vices, the change in conductivity of the sensor was mon-
itored upon exposure to analyte, using the method de-
scribed in "Materials and Measurements". The sensors
were alternatingly exposed to the analyte, 40ppm ethyl-
ene in humidified nitrogen (10,000ppm water) for 100sec,
and the carrier gas of humidified nitrogen for three cycles.
FIG. 17 shows the sensing response at the different thick-
nesses. The arrows indicate the start of each 100 sec
exposure to 40 ppm ethylene. The sensing response de-
creases as the thickness increases, from an average of
3.0% with a 0.05 mm thickness, to 1.6% with a 0.10 mm
thickness, to 0.3% with a 0.15 mm thickness.

Claims

1. A sensor material comprising:

a plurality of conductive carbon nanotubes;
a detector capable of interaction with an analyte
of interest, the detector being an organic, an or-
ganometallic or an inorganic species, and the
detector comprising a functional group capable
of binding an analyte of interest in a solution,
vapor phase or solid phase; and
an ionic liquid,
wherein the plurality of carbon nanotubes, the
detector and the ionic liquid are combined to
form a paste;
the ionic liquid is selected to facilitate analyte
interaction with the paste resulting in a change
of the conductivity of the paste; and
the carbon nanotubes are mixed with the detec-
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tor in a ratio ranging from 3:1 to 1:10 by weight.

2. The sensor material of Claim 1, wherein the carbon
nanotubes are mixed with the detector in a ratio rang-
ing from 1:1 to 1:10 by weight.

3. The sensor material of Claim 1 or Claim 2, wherein
the ionic liquid:

a) comprises cations selected from the group
consisting of imidazolium cations, pyridinium
cations, pyrrolidinium cations, phosphonium
cations, and combinations thereof; or
b) comprises an anion selected from the group
consisting of bis(trifluoromethanesulfonyl)imide
(TFSI-) anions, bis(fluorosulfonyl)imide (FSI-)
anions, halide anions, nitrate anions, tetrafluor-
oborate anions, hexafluorophosphate anions,
bistriflimide anions, triflate anions, tosylate ani-
ons and combinations thereof; or
c) comprises non-halogenated organic anions
selected from a group consisting of formate,
alkylsulfate, alkylphosphate, glycolate and com-
binations thereof; or
d) is 1-butyl-3- methylimidazolium tetrafluorob-
orate, 1-butyl-3-methylimidazolium hexafluoro-
phosphate, 1-ethyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)imide, 1-Butyl-3-methylim-
idazolium bis(trifluoromethylsulfonyl)imide, or
1-hexyl-3-methylimidazolium bis(trifluormethyl-
sulfonyl)imide.

4. The sensor material according to any preceding
claim, wherein the detector:

a) is covalently bonded to the carbon nanotubes;
or
b) is non-covalently bonded to the carbon nan-
otubes; or
c) is constricted inside the carbon nanotubes; or
d) is a small molecule, a polymer, or a biological
species; or
f) is electron-rich or electron-poor moiety;
wherein interaction between an analyte of inter-
est and the detector comprises an electrostatic
interaction; or
g) comprises a metal or metal-containing com-
pound; or
h) is PdCl2 or 5,10,15,20-tetraphenylporphyri-
natocoblat(III) perchlorate ([Co(tpp)]ClO4), 3,6-
Di-2-pyridyl-1,2,4,5-tetrazine.

5. The sensor material of Claim 1, wherein the func-
tional group is selected from the group consisting of
a thiol, an aldehyde, an ester, a carboxylic acid, a
hydroxyl group or a combination thereof.

6. The sensor material of Claim 4g, wherein:

a) interaction between an analyte of interest and
the detector comprises binding to the metal or
metal-containing compound;
b) the metal containing compound is selected
from a group consisting of titanium salts, silver
salts, platinum salts, gold salts, aluminum salts,
nickel salts, palladium salts, and copper salts; or
c) the metal containing compound comprises a
copper salt; or
d) the metal containing compound comprises a
palladium salt.

7. The sensor material of Claim 4d, wherein the biolog-
ical species comprises a peptide, protein, DNA, RNA
or PNA.

8. The sensor material of any one of Claims 1-4:

a) wherein 0.1 to 20 weight% of the carbona-
ceous nanomaterial particles are mixed with the
ionic liquid; or
b) wherein 0.25 to 10 weight% of the carbon
nanotubes are mixed with the ionic liquid; or
c) further comprising viscosity modifier addi-
tives.

9. The sensor material of Claim 8c, wherein the viscos-
ity modifier additive is selected from the group con-
sisting of low molecular weight solvents, high molec-
ular weight solvents, plasticizers, ethylene glycol,
tetraethylene glycol, thinners and mineral oils.

10. A device comprising:

a first electrode and a second electrode; and
a sensor material disposed in electrical contact
with the first and second electrode,
wherein the sensor material comprises the sen-
sor material as defined in any preceding claim.

11. The device of Claim 10, further including an electrical
circuit in connection with an ammeter or voltmeter
to detect the change in conductivity of the paste form-
ing the sensor material.

12. The device of Claim 10, wherein the first and second
electrodes are:

a) located on a rigid substrate; or
b) located on a flexible substrate; or
c) are part of a complex circuit.

13. The device of Claim 10 wherein:

a) the rigid substrate of Claim 12a is selected
from glass, polymeric material and printed circuit
board; or
b) the flexible substrate of Claim 12b is paper or
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a polymeric material; or
c) the complex circuit of Claim 12c is a Near
Field Communication (NFC) chip or a radio-fre-
quency identification (RFID) chip.

14. A method of detecting an analyte comprising:

providing a sensing device according to any of
Claims 10-13;
exposing the sensor material to an environment,
wherein a change in the conductivity of the sen-
sor material indicates the presence of the ana-
lyte; and
detecting said change in conductivity of the sen-
sor material.

15. The method of Claim 14, further comprising:

a) transmitting the detected changes in conduc-
tivity wirelessly to another device for analysis
and storage;
b) detecting the analyte through a wireless radio
frequency communication; and
c) detecting an output from a radio frequency
identification tag including the sensor.

16. The method of Claim 14, wherein the analyte is:

a) a vapor; or
b) selected from the group consisting of a thiol,
an ester, an aldehyde, an alcohol, an ether, an
alkene, an alkyne, a ketone, an acid, a base,
and a combination thereof; or
c) a mold; or
d) ethylene, a nitrogen-containing gas or an
amine; or
e) putrescine or cadaverine; or
f) in the range of 0 to 10%, 0 to 5%, 0 to 1%, 0
to 1000 ppm, 0 to 100 ppm, 0 to 80 ppm, 0 to
50 ppm, 0 to 10 ppm, 0 to 5ppm, 0 to 1 ppm, 0
to 0.5 ppm, 0 to 100 ppb, 0 to 50 ppb, or 0 to 10
ppb.

17. The method of Claim 14, wherein the sensor material
further undergoes:

a) a volumetric change upon interaction with the
analyte; and
detecting the volumetric change and deriving in-
formation regarding the analyte from said volu-
metric change; or
b) a color change upon interaction with the an-
alyte; and
detecting the color change and deriving infor-
mation regarding the analyte from said color
change.

18. The method of Claim 14, wherein the analyte inter-

acts with the detector:

a) to form a Van der Waals interaction, a cova-
lent bond, an ionic bond, a hydrogen bond or a
dative bond; or
b) via a binding event between pairs of biological
molecules, wherein the biological molecules are
proteins, nucleic acids, glycoproteins, carbohy-
drates or hormones.

Patentansprüche

1. Sensormaterial, enthaltend:

eine Vielzahl von leitenden Kohlenstoff-Nano-
röhren,
einen Detektor, der mit einem interessierenden
Analyten interagieren kann, wobei der Detektor
eine organische, organometallische oder anor-
ganische Spezies ist und der Detektor eine funk-
tionelle Gruppe enthält, die in der Lage ist, einen
interessierenden Analyten in einer Lösung,
Dampfphase oder festen Phase zu binden, und
eine ionische Flüssigkeit,
worin die Vielzahl von Kohlenstoff-Nanoröhren,
der Detektor und die ionische Flüssigkeit zur Bil-
dung einer Paste kombiniert sind,
die ionische Flüssigkeit ausgewählt ist, zum Er-
leichtern der Analytinteraktion mit der Paste,
was zu einer Änderung der Leitfähigkeit der Pas-
te führt, und
die Kohlenstoff-Nanoröhren mit dem Detektor in
einem Gewichtsverhältnis im Bereich von 3:1
bis 1:10 gemischt sind.

2. Sensormaterial gemäß Anspruch 1, worin die Koh-
lenstoff-Nanoröhren mit dem Detektor in einem Ge-
wichtsbereich von 1:1 bis 1:10 gemischt sind.

3. Sensormaterial gemäß Anspruch 1 oder 2, worin
die ionische Flüssigkeit:

a) Kationen enthält, ausgewählt aus der Grup-
pe, bestehend aus Imidazoliumkationen, Pyridi-
niumkationen, Pyrrolidiniuimkationen, Phos-
phoniumkationen und Kombinationen davon
oder
b) ein Anion enthält, ausgewählt aus der Grup-
pe, bestehend aus Bis(trifluormethansulfo-
nyl)imid (TFSI-)-Anionen, Bis(fluorsulfonyl)imid
(FSI-)-Anionen, Halogenidanionen, Nitratanio-
nen, Tetrafluorboratanionen, Hexafluorphos-
phatanionen, Bistriflimidanionen, Triflatanio-
nen, Tosylatanionen und Kombinationen davon
oder
c) nicht-halogenierte organische Anionen ent-
hält, ausgewählt aus der Gruppe, bestehend
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aus Formiat, Alkylsulfat, Alkylphosphat, Glyco-
lat und Kombinationen davon oder
d) 1-Butyl-3-methylimidazoliumtetrafluorborat,
1-Butyl-3-methylimidazoliumhexafluorphos-
phat, 1-Ethyl-3-methylimidazolium-bis(trifluor-
methylsulfonyl)imid, 1-Butyl-3-methylimidazoli-
um-bis(trifluormethylsulfonyl)imid oder 1-Hexyl-
3-methylimidazolium-bis(trifluormethylsulfo-
nyl)imid ist.

4. Sensormaterial gemäß einem der vorhergehenden
Ansprüche, worin der Detektor:

a) kovalent an die Kohlenstoff-Nanoröhren ge-
bunden ist oder
b) nicht-kovalent an die Kohlenstoff-Nanoröh-
ren gebunden ist oder
c) im Inneren der Kohlenstoff-Nanoröhren ein-
geengt ist oder
d) ein kleines Molekül, Polymer oder eine biolo-
gische Spezies ist oder
f) ein elektronenreicher oder elektronenarmer
Anteil ist, worin die Interaktion zwischen einem
interessierenden Analyten und dem Detektor ei-
ne elektrostatische Interaktion enthält, oder
g) eine Metall- oder eine Metall-haltige Verbin-
dung enthält oder
h) PdCl2 oder 5,10,15,20-Tetraphenylporphyri-
natocobalt(III)perchlorat ([Co(tpp)]ClO4), 3,6-
Di-2-pyridyl-1,2,4,5-tetrazin ist.

5. Sensormaterial gemäß Anspruch 1, worin die funk-
tionelle Gruppe ausgewählt ist aus der Gruppe, be-
stehend aus einem Thiol, Aldehyd, Ester, Carbon-
säure, Hydroxylgruppe oder einer Kombination da-
von.

6. Sensormaterial gemäß Anspruch 4g, worin:

a) eine Interaktion zwischen einem interessie-
renden Analyten und dem Detektor das Binden
an die Metall-oder Metall-haltige Verbindung
enthält,
b) die Metall-haltige Verbindung ausgewählt ist
aus einer Gruppe, bestehend aus Titansalzen,
Silbersalzen, Platinsalzen, Goldsalzen, Alumi-
niumsalzen, Nickelsalzen, Palladiumsalzen und
Kupfersalzen oder
c) die Metall-haltige Verbindung ein Kupfersalz
enthält oder
d) die Metall-haltige Verbindung ein Palladium-
salz enthält.

7. Sensormaterial gemäß Anspruch 4d, worin die bio-
logische Spezies ein Peptid, Protein, DNA, RNA
oder PNA enthält.

8. Sensormaterial gemäß einem der Ansprüche 1 bis 4,

a) worin 0,1 bis 20 Gew.-% der Kohlenstoff-hal-
tigen Nanomaterialteilchen mit der ionischen
Flüssigkeit gemischt sind oder
b) worin 0,25 bis 10 Gew.-% der Kohlenstoff-
Nanoröhren mit der ionischen Flüssigkeit ge-
mischt sind oder
c) weiterhin enthaltend Viskositäts-modifizie-
rende Additive.

9. Sensormaterial gemäß Anspruch 8c, worin das Vis-
kositäts-modifizierende Additiv ausgewählt ist aus
der Gruppe, bestehend aus niedermolekularen Lö-
sungsmitteln, hochmolekularen Lösungsmitteln,
Plastifizierern, Ethylenglykol, Tetraethylenglykol,
Verdünnern und Mineralölen.

10. Vorrichtung, enthaltend:

eine erste Elektrode und eine zweite Elektrode
und
ein Sensormaterial, das in elektrischem Kontakt
mit der ersten und der zweiten Elektrode ange-
ordnet ist, worin das Sensormaterial das Sen-
sormaterial wie in einem der vorhergehenden
Ansprüche enthält.

11. Vorrichtung gemäß Anspruch 10, weiterhin enthal-
tend einen elektrischen Schaltkreis im Zusammen-
hangmit einem Amperemeter oder Voltmeter, zum
Ermitteln der Änderung der Leitfähigkeit der Paste,
die das Sensormaterial bildet.

12. Vorrichtung gemäß Anspruch 10, worin die erste und
die zweite Elektrode:

a) auf einem festen Substrat lokalisiert sind oder
b) auf einem flexiblen Substrat lokalisiert sind
oder
c) Teil eines komplexen Schaltkreises sind.

13. Vorrichtung gemäß Anspruch 10, worin

a) das feste Substrat gemäß Anspruch 12a aus-
gewählt ist aus Glas, polymerem Material und
gedruckter Schaltplatte oder
b) das flexible Substrat gemäß Anspruch 12b
Papier oder ein polymeres Substrat ist oder
c) der komplexe Schaltkreis gemäß Anspruch
12c ein Near-Field-Communication (NFC)-Chip
oder ein Radiofrequenz-Identifizierungs
(RFD)-Chip ist.

14. Verfahren zum Ermitteln eines Analyten, enthaltend:

Vorsehen einer Sensorvorrichtung gemäß ei-
nem der Ansprüche 10 bis 13,
Aussetzen des Sensormaterials gegenüber ei-
ner Umgebung, worin eine Änderung der Leit-
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fähigkeit des Sensormaterials das Vorhan-
densein des Analyten anzeigt und
Ermitteln der Änderung der Leitfähigkeit des
Sensormaterials.

15. Verfahren gemäß Anspruch 14, weiterhin enthal-
tend:

a) drahtloses Transmittieren der ermittelten Än-
derungen der Leitfähigkeit zu einer anderen
Vorrichtung für die Analyse und Speicherung,
b) Ermitteln des Analyten durch eine drahtlose
Radiofrequenzkommunikation und
c) Ermitteln eines Ausstoßes von einem Radio-
frequenzidentifizierungs-Tag, der den Sensor
enthält.

16. Verfahren gemäß Anspruch 14, worin der Analyt:

a) ein Dampf ist,
b) ausgewählt ist aus der Gruppe, bestehend
aus einem Thiol, Ester, Aldehyd, Alkohol, Ether,
Alken, Alkin, Keton, einer Säure, Base oder ei-
ner Kombination davon oder
c) eine Form oder
d) Ethylen, ein Stickstoff-haltiges Gas oder ein
Amin oder
e) dem Putrescin oder Cadaverin ist oder
f) im Bereich von 0 bis 10 %, 0 bis 5 %, 0 bis 1
%, 0 bis 1000 ppm, 0 bis 100 ppm, 0 bis 80 ppm,
0 bis 50 ppm, 0 bis 10 ppm, 0 bis 5 ppm, 0 bis
1 ppm, 0 bis 0,5 ppm, 0 bis 100 ppb, 0 bis 50
ppb oder 0 bis 10 ppb ist.

17. Verfahren gemäß Anspruch 14, worin das Sensor-
material weiterhin:

a) eine volumetrische Änderung bei Interaktion
mit dem Analyten und Ermitteln der volumetri-
schen Änderung und Ableiten von Information
in Bezug auf den Analyten von der volumetri-
schen Änderung oder
b) eine Farbänderung bei Interaktion mit dem
Analyten und Ermitteln der Farbänderung und
Ableiten von Information in Bezug auf den Ana-
lyten von der Farbänderung eingeht.

18. Verfahren gemäß Anspruch 14, worin der Analyt mit
dem Detektor interagiert:

a) zur Bildung einer Van-der-Waals-Interaktion,
einer kovalenten Bindung, ionischen Bindung,
Wasserstoffbindung oder koordinierten Bin-
dung, oder
b) über ein Bindungsevent zwischen Paaren von
biologischen Molekülen, worin die biologischen
Moleküle Proteine, Nukleinsäuren, Glykoprote-
ine, Kohlenhydrate oder Hormone sind.

Revendications

1. Matériau capteur comprenant :

une pluralité de nanotubes de carbone
conducteurs ;
un détecteur capable d’interagir avec un analyte
d’intérêt, le détecteur étant une espèce organi-
que, organométallique ou inorganique, et le dé-
tecteur comprenant un groupe fonctionnel ca-
pable de lier un analyte d’intérêt dans une solu-
tion, en phase vapeur ou en phase solide ; et
un liquide ionique,
dans lequel la pluralité de nanotubes de carbo-
ne, le détecteur et le liquide ionique sont com-
binés pour former une pâte ;
le liquide ionique est sélectionné pour faciliter
une interaction d’analyte avec la pâte engen-
drant un changement de la conductivité de la
pâte ; et
les nanotubes de carbone sont mélangés avec
le détecteur à un rapport dans une plage de 3:1
à 1:10 en poids.

2. Matériau capteur selon la revendication 1, dans le-
quel les nanotubes de carbone sont mélangés avec
le détecteur à un rapport dans une plage de 1:1 à
1:10 en poids.

3. Matériau capteur selon la revendication 1 ou la re-
vendication 2, dans lequel le liquide ionique :

a) comprend des cations sélectionnés dans le
groupe consistant en cations imidazolium, ca-
tions pyridinium, cations pyrrolidinium, cations
phosphonium, et des combinaisons de ceux-ci ;
ou
b) comprend un anion sélectionné dans le grou-
pe consistant en anions bis(trifluorométhane-
sulfonyl)imide (TFSI-), anions bis(fluosulfo-
nyl)imide (FSI-), anions d’halogénure, anions de
nitrate, anions de tétrafluoroborate, anions
d’hexafluorophosphate, anions de bistriflimide,
anions de triflate, anions de tosylate et des com-
binaisons de ceux-ci ; ou
c) comprend des anions organiques non halogé-
nés sélectionnés dans un groupe consistant en
formate, alkylsulfate, alkylphosphate, glycolate
et des combinaisons de ceux-ci ; ou
d) est 1-butyl-3-méthylimidazolium tétrafluoro-
borate, 1-butyl-3-méthylimidazolium hexafluo-
rophosphate, 1-éthyl-3-méthylimidazolium
bis(trifluorométhylsulfonyl)imide, 1-Buthyl-3-
méthylimidazolium bis(trifluorométhylsulfo-
nyl)imide, ou 1-hexyl-3-méthylimidazolium
bis(trifluorométhylsulfonyl)imide.

4. Matériau capteur selon une quelconque revendica-
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tion précédente, dans lequel le détecteur :

a) est lié de manière covalente aux nanotubes
de carbone ; ou
b) est lié de manière non covalente aux nano-
tubes de carbone ; ou
c) est contraint à l’intérieur des nanotubes de
carbone ; ou
d) est une petite molécule, un polymère ou une
espèce biologique ; ou
f) est une fraction riche en électrons ou pauvre
en électrons ; dans lequel une interaction entre
un analyte d’intérêt et le détecteur comprend
une interaction électrostatique ; ou
g) comprend un métal ou un composé contenant
un métal ; ou
h) est PdCl2 ou 5,10,15,20-tétraphénylporphy-
rinatocobalt(III) perchlorate ([Co(tpp)]ClO4),
3,6-Di-2-pyridyl-1,2,4,5-tétrazine.

5. Matériau capteur selon la revendication 1, dans le-
quel le groupe fonctionnel est sélectionné parmi le
groupe consistant en un thiol, un aldéhyde, un ester,
un acide carboxylique, un groupe hydroxyle ou une
combinaison de ceux-ci.

6. Matériau capteur selon la revendication 4g, dans
lequel :

a) une interaction entre un analyte d’intérêt et le
détecteur comprend une liaison au métal ou au
composé contenant un métal ;
b) le composé contenant un métal est sélection-
né dans un groupe consistant en sels de titane,
sels d’argent, sels de platine, sels d’or, sels
d’aluminium, sels de nickel, sels de palladium
et sels de cuivre ; ou
c) le composé contenant un métal comprend un
sel de cuivre ; ou
d) le composé contenant un métal comprend un
sel de palladium.

7. Matériau capteur selon la revendication 4d, dans le-
quel l’espèce biologique comprend un peptide, une
protéine, ADN, ARN ou ANP.

8. Matériau capteur selon l’une quelconque des reven-
dications 1 à 4 :

a) dans lequel de 0,1 à 20 % en poids des par-
ticules de nanomatériau carboné sont mélan-
gées avec le liquide ionique ; ou
b) dans lequel de 0,25 à 10 % en poids des na-
notubes de carbone sont mélangés avec le li-
quide ionique ; ou
c) comprenant en outre des additifs modifica-
teurs de viscosité.

9. Matériau capteur selon la revendication 8c, dans le-
quel l’additif modificateur de viscosité est sélection-
né dans le groupe consistant en solvants à faible
poids moléculaire, solvants à fort poids moléculaire,
plastifiants, éthylène glycol, tétraéthylène glycol, di-
luants et huiles minérales.

10. Dispositif comprenant :

une première électrode et une seconde
électrode ; et
un matériau capteur disposé en contact électri-
que avec les première et seconde électrodes,
dans lequel le matériau capteur comprend le
matériau capteur selon une quelconque reven-
dication précédente.

11. Dispositif selon la revendication 10, incluant en outre
un circuit électrique en connexion avec un ampère-
mètre ou un voltmètre pour détecter le changement
de conductivité de la pâte formant le matériau cap-
teur.

12. Dispositif selon la revendication 10, dans lequel les
première et seconde électrodes sont :

a) situées sur un substrat rigide ; ou
b) situées sur un substrat souple ; ou
c) font partie d’un circuit complexe.

13. Dispositif selon la revendication 10, dans lequel :

a) le substrat rigide selon la revendication 12a
est sélectionné parmi du verre, un matériau po-
lymère et une carte de circuit imprimé ; ou
b) le substrat souple selon la revendication 12b
est du papier ou un matériau polymère ; ou
c) le circuit complexe selon la revendication 12c
est une puce de communication en champ pro-
che (NFC) ou une puce d’identification par ra-
diofréquences (RFID).

14. Procédé de détection d’un analyte comprenant :

la fourniture d’un dispositif de détection selon
l’une quelconque des revendications 10 à 13 ;
l’exposition du matériau capteur à un environ-
nement, dans lequel un changement de la con-
ductivité du matériau capteur indique la présen-
ce de l’analyte ; et
la détection dudit changement de conductivité
du matériau capteur.

15. Procédé selon la revendication 14, comprenant en
outre :

a) la transmission des changements détectés
de conductivité sans fil à un autre dispositif pour
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analyse et stockage ;
b) la détection de l’analyte par l’intermédiaire
d’une communication de radiofréquences sans
fil ; et
c) la détection d’une sortie de l’étiquette d’iden-
tification de radiofréquences incluant le capteur.

16. Procédé selon la revendication 14, dans lequel l’ana-
lyte est :

a) une vapeur ; ou
b) sélectionné dans le groupe consistant en un
thiol, un ester, un aldéhyde, un alcool, un éther,
un alcène, un alcyne, une cétone, un acide, une
base ou une combinaison de ceux-ci ; ou
c) une moisissure ; ou
d) de l’éthylène, un gaz contenant de l’azote ou
une amine ; ou
e) de la putrescine ou cadavérine ; ou
f) dans la plage de 0 à 10 %, 0 à 5 %, 0 à 1%,
0 à 1000 ppm, 0 à 100 ppm, 0 à 80 ppm, 0 à 50
ppm, 0 à 10 ppm, 0 à 5 ppm, 0 à 1 ppm, 0 à 0,5
ppm, 0 à 100 ppb, 0 à 50 ppb, ou 0 à 10 ppb.

17. Procédé selon la revendication 14, dans lequel le
matériau capteur subit en outre :

a) un changement volumétrique lors d’une inte-
raction avec l’analyte ; et
la détection du changement volumétrique et la
dérivation d’informations relatives à l’analyte à
partir dudit changement volumétrique ; ou
b) un changement de couleur lors d’une interac-
tion avec l’analyte ; et
la détection du changement de couleur et la dé-
rivation d’informations relatives à l’analyte à par-
tir dudit changement de couleur.

18. Procédé selon la revendication 14, dans lequel l’ana-
lyte est en interaction avec le détecteur :

a) pour former une interaction Van der Waals,
une liaison covalente, une liaison ionique, une
liaison d’hydrogène ou une liaison dative ; ou
b) via un événement de liaison entre des paires
de molécules biologiques, dans lequel les mo-
lécules biologiques sont des protéines, acides
nucléiques, glycoprotéines, carbohydrates ou
hormones.
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