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COMPOSITE MATERIAL FOR THE DETECTION OF CHEMICAL SPECIES
FIELD

The technical field generally relates to chemical sensors, and more particularly to

composite materials for the optical detection of chemical species.
BACKGROUND

Chemical sensors are used in many applications, including industrial, biomedical
and clinical applications. Industrial applications include environmental emission
control, agricultural industry, oil industry and food industry. Examples of biomedical
and clinical applications include determination of the pH or the presence of specific

ions, oxygen, alcohol or other components of interest, in a sample.

Several chemical sensors which make use of polymer membranes or films are
known in the art. The analyte to be detected is typically transported from the
medium to be analyzed into the polymer membrane. The presence of the analyte
inside the polymer membrane typically changes the optical response of the
polymer membrane, and the analysis of the optical properties of the polymer
membrane therefore provides an indication on the presence of the analyte in the

medium to be analyzed.

One limitation of existing polymer membranes is that the temperature of operation
is limited by the glass transition temperature of the polymer. More specifically, at
temperatures below the glass transition temperature, the polymer is in a vitreous
state and the analyte cannot permeate through the membrane. Furthermore, when
the temperature increases to a certain point beyond the glass transition
temperature, the polymer typically loses its mechanical properties, and the
mechanical cohesion of the membrane is no longer sufficient to function as a

chemical sensor.

In view of the above, many challenges still exist in the field of chemical sensors

based on polymer materials.
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SUMMARY

In one general aspect, there is provided a composite material for sensing a

chemical species in a medium, the composite material including:
a polymer having a glass transition temperature (TQ);

a porosity promoter dispersed in the polymer in an amount such that the
chemical species is transportable from the medium into the composite

material at a temperature below the Tg; and

a chemical indicator dispersed in the composite material, the chemical
indicator providing an optical response varying with a concentration of the

chemical species in the composite material.

In another aspect, there is provided a composite material for sensing cations
solvated in a solution, the composite material including:

a polymer material having a glass transition temperature (Tg);

a porosity promoter which is an unfunctionalized mesoporous oxide, the
porosity promoter being dispersed in the polymer in an amount such that
the cation is transportable from the solution into the composite material at a
temperature below the Tg; and

a chemical indicator including an ionic additive, a chromoionophore and an
ion-selective ionophore, the chemical indicator being dispersed in the
composite material and providing an optical response varying as a function
of a concentration of the chemical species in the composite material,

wherein the wherein the chemical indicator includes at least 130 nmol of
ionic additive per square meter specific surface area (SSA) of the porosity

promoter, and
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wherein the ratio polymer/porosity promoter is between 80/20 and 50/50

(Wiw).

In yet another aspect, there is provided a composite material for sensing cations
solvated in a solution, the composite material including:

a polymer material of formula I, la, Ib, Ic or Id as defined herein;

a porosity promoter which is an unfunctionalized mesoporous oxide, the

porosity promoter being dispersed in the polymer; and

a chemical indicator including an ionic additive, a chromoionophore and an
ion-selective ionophore, the chemical indicator being dispersed in the
composite material and providing an optical response varying as a function

of a concentration of the chemical species in the composite material,

wherein the wherein the chemical indicator includes at least 130 nmol of
ionic additive per square meter specific surface area (SSA) of the porosity

promoter, and

wherein the ratio polymer/porosity promoter is between 80/20 and 50/50

(wiw).

In some embodiments, the medium is a liquid and the chemical species is solvated

in the liquid.
In some embodiments, the chemical species is an ion.
In some embodiments, the ion is a cation.

In some embodiments, the porosity promoter is substantially non-reactive to the

polymer.

In some embodiments, the Tg is higher than 150°C.
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In some embodiments, the polymer includes a polyimide, a polyether ketone, a
polyacrylate, a poly-etherimide, a polyacrylamide, a polyamide-imide, a
polysulfone, a polyethersulfone, a polynorbornene, a polyurethane, or a blend

thereof.

5 In some embodiments, the polymer includes a polyimide of general formula I

@) @)

——NKAXN-—- Z+
X
| O o y
()
wherein:

A is a tetravalent linker, which is:

10 a substituted or unsubstituted, saturated, unsaturated or aromatic
monocyclic or polycyclic group having 5 to about 50 carbon atoms; or

a group of general formula:

wherein:

15 each A1 is independently a substituted or unsubstituted, saturated,
unsaturated or aromatic monocyclic or polycyclic group having 5

to about 50 carbon atoms, and

W is a bond, -O-, -CR3R4-, -NRs -, -S-, -(CO)-, arylene, or

substituted arylene; and
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Z is -(CR3R4)m-, arylene, or substituted arylene; or Z is of general formula:

{oexya—

n

wherein:
each Z1 is independently arylene or substituted arylene;

5 each X is independently a bond, -O-, -CR3R4-, -NRs -, -S-, -(CO)-,
arylene, or substituted arylene;

each Rs, R4 and Rs is independently: H, a (C1-Cas)alkyl or a
substituted (C1-Ca)alkyl,

p is from 1 to 16; and
10 nis from 1 to 16.

In some embodiments, A is:

JOGRDOeE
o« A3

wherein Wis a bond, -O-, -CRs3R4-, -NRs -, -S-, -(CO)-, arylene, or substituted
arylene.

2

15 In some embodiments, Z is:



CA 03006221 2018~05-24

WO 2017/088069 PCT/CA2016/051399

El

wherein X is a bond, -O-, -CR3Ra4-, -NRs -, -S-, -(CO)-, arylene, or substituted

arylene; and
nis from 1 to 4.

5 In some embodiments, the polymer includes a polyimide of general formula (la):

I‘R1 R‘ :éN@x}Q_

0]
O

(1a)

wherein:

each X is independently: -O-, -CR3R4-, -NRs -, S, arylene, or substituted

10 arylene;
nis1, 2, 3or4; and

each Ri1, Rz, Rs, R4 or Rs is independently: H, a (C1-Cas)alkyl or a substituted
(C1-Ca)alkyl.

In some embodiments, the arylene is para-phenylene.
15  In some embodiments, each X is independently -O- or -CRsR4-.
In some embodiments, nis 1, 2 or 3.

In some embodiments, each R1, Rz, Rz or R4 is independently: H, a (C1-C4)alkyl or
a (C1-Ca)haloalkyl.
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In some embodiments, each Ri, R2, Rs or Ra is independently a (Ci1-
C4)perfluoroalkyl.

In some embodiments, each R1, Rz, Rz or R4 is CFs.

In some embodiments, the polymer includes a polyimide of general formula (1a):

0 FsC  CF, 0O
O n

O

(Ib)

wherein:
each X is independently: -O- or -CR3R4-;
nis1,2or3; and
10 Rs and R4 are CFa.

In some embodiments, the polymer includes a polyimide of Formula (Ib):

o) F3C. CFs o)
GFs
—1-N | O N——< >—o—< >—c|:—< >—o—< >——
CFs
| O )

dy

(Ic)

In some embodiments, the polymer includes a polyimide of Formula (Ic):
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y

(Id)
In some embodiments, the porosity promoter includes a mesoporous material.
In some embodiments, the mesoporous material includes a mesoporous oxide.

In some embodiments, the mesoporous oxide includes mesoporous silica,
mesoporous alumina, a mesoporous oxide of niobium, a mesoporous oxide of
tantalum, a mesoporous oxide of titanium, a mesoporous oxide of zirconium, a
mesoporous oxide of cerium, a mesoporous oxide of tin or a mixture thereof.

In some embodiments, the mesoporous oxide includes mesoporous silica,

mesoporous alumina, or a mixture thereof.
In some embodiments, the mesoporous oxide is unfunctionalized.

In some embodiments, the mesoporous oxide includes MCM-41, SBA-15, MSU,
KSW, FSM, HMM or a mixture thereof.

In some embodiments, the porosity promoter and the polymer are present in the
composite material in a ratio polymer/porosity promoter between 95/5 and 50/50

(wiw).

In some embodiments, the porosity promoter and the polymer are present in the
composite material in a ratio polymer/porosity promoter between 90/10 and 50/50

(wiw).

In some embodiments, the porosity promoter and the polymer are present in the
composite material in a ratio polymer/porosity promoter between 80/20 and 50/50

(wiw).
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In some embodiments, the ratio polymer/porosity promoter is between 70/30 and
50/50 (wiw).

In some embodiments, the ratio polymer/porosity promoter is between 70/30 and
60/40 (wiw).

In some embodiments, the ratio polymer/porosity promoter is between 80/20 and
60/40 (wiw).

In some embodiments, the ratio polymer/porosity promoter is between 80/20 and
70/30 (wiw).

In some embodiments, the chemical indicator includes an ionic additive.

In some embodiments, the ionic additive includes Sodium tetrakis[3,5-
bis(trifluoro)phenyl]borate (NaTFPB), potassium tetrakis[3,5-
bis(trifluoromethyl)phenyllborate, sodium tetrakis[3,5-bis(1,1,1,3,3,3-hexafluoro-2-
methoxy-2-propyl)phenyllborate trinydrate, potassium tetrakis(4-
chlorophenyl)borate, potassium tetrakis(4-biphenylyl)borate, potassium tetrakis(4-
tert-butylphenyl)borate, sodium tetra(p-tolyl)borate, sodium  tetrakis(4-

fluorophenyl)borate dihydrate, sodium tetraphenylborate, tetradodecylammonium

tetrakis(4-chlorophenyl)borate, tetraheptylammonium tetraphenylborate,
tetraphenylphosphonium tetraphenylborate, sodium tetrakis[3,5-
bis(tridecafluorohexyl)phenyl]borate, 1,2-dimethyl-3-nitrobenzene,

dimethyldioctadecylammonium bromide, tridodecylmethylammonium chloride,
tetraoctylammonium bromide, tetraoctadecylammonium bromide,
hexadecyltrimethylammonium bromide, tridodecylmethylammonium nitrate, or a

mixture thereof.

In some embodiments, the chemical indicator includes at least 130 nmol of ionic

additive per square meter specific surface area (SSA) of the porosity promoter.

In some embodiments, the chemical indicator includes between 130 nmol and 270

nmol of ionic additive per square meter SSA of the porosity promoter.
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In some embodiments, the chemical indicator includes a chromoionophore.

In some embodiments, the chromoionophore includes choromoionophore-l,

choromoionophore-ll, choromoionophore-lil, choromoionophore-IV,
choromoionophore-V, choromoionophore-VI, choromoionophore-VIl,
choromoionophore-VIlI, choromoionophore-IX, choromoionophore-X,

choromoionophore-XI, choromoionophore-XVII, 10{3-(dansylamino)propyl]-1,4,7-
trithia-10-azacyclododecane, 4-(dioctylamino)-4’-(trifluoroacetyl)azobenzene, 7-
[3-(dansylamino)propyl]-1-oxa-4,10-dithia-7azacyclododecane or octadecyl2-(4-

dipropylaminophenylazo)benzoate.
In some embodiments, the chemical indicator includes an ion-selective ionophore.

In some embodiments, the ion-selective ionophore includes aluminium ionophore-
I, ammonium ionophore-I, cadmium ionophore-l, calcium ionophore-l, calcium
ionophore-ll, - calcium ionophore-lll, calcium ionophore-IV, calcium ionophore-V,
calcium ionophore-VI, cerium(lll) ionophore-l, cesium ionophore-l, cesium
ionophore-ll, cesium ionophore-lll, chromium(lll) ionophore-Ill, chromium(lV)
ionophore-lll, cobalt ionophore-IV, copper(ll) ionophore-|, copper(ll) ionophore-IV,
copper(ll) ionophore-V, erbium ionophore-lIV, hydrogen ionophore-l, hydrogen
ionophore-ll, hydrogen ionophore-Illl, hydrogen ionophore-IV, hydrogen
ionophore-V, Iron(lll) ionophore-lV, lead ionophore-l, lead ionophore-Il, lead
ionophore-lll, lead ionophore-1V, lead ionophore-VII, lithium ionophore-l, lithium
ionophore-ll, lithium ionophore-lll, lithium ionophore-IV, lithium ionophore-VI,
lithium ionophore-VII, lithium ionophore-VIIl, magnesium ionophore-I, magnesium
ionophore-ll, magnesium ionophore-lll, magnesium ionophore-IV, magnesium
ionophore-VI, magnesium ionophore-VIl, mercury ionophore-l, potassium
ionophore-l, potassium ionophore-ll, potassium ionophore-lll, potassium
ionophore-IV, rubidium ionophore-l, samarium ionophore-I, samarium ionophore-
Il, silver ionophore-lll, silver ionophore-lV, silver ionophore-VI, silver ionophore-
VIl, sodium ionophore-l, sodium ionophore-ll, sodium ionophore-lll, sodium
ionophore-IV, sodium ionophore-V, sodium ionophore-VI, sodium ionophore-VIlI,
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sodium ionophore-X, thulium ionophore-l, tin ionophore-l, uranyl ionophore-l,
ytterbium(lll) ionophore-ll, zinc ionophore-l, zirconium ionophore-l, benzoate
ionophore-l, carbonate ionophore-VIl, chloride ionophore-l, chloride ionophore-ll,
chloride ionophore-lil, chloride ionophore-IV, cyanide ionophore-ll, fluoride
ionophore-l, hydrogen sulfite ionophore-I, iodide ionophore-l, iodide ionophore-IV,
molybdate ionophore-l, nitrate ionophore-lll, nitrate ionophore-V, nitrate
ionophore-VI, nitrite ionophore-l, nitrite ionophore-ll, perchlorate ionophore-l,
phtalate ionophore-l, salicylate ionophore-l, salicylate ionophore-ll, sulfate

ionophore-l, or amine ionophore-I.

In some embodiments, the optical response includes a change in the perceivable
color of the composite material upon exposure to the chemical species.

In some embodiments, the optical response includes a change in refractive index
or a change in absorption, reflection or emission spectrum of the composite

material upon exposure to the chemical species.

In some embodiments, there is provided the use of the composite material in a
chemical sensor.

In some embodiments, the chemical sensor is an ion-selective sensor.
In some embodiments, the ion-selective sensor is a cation-selective sensor.
In some embodiments, the chemical sensor is an optical fiber chemical sensor.

In some embodiments, the composite material is a sensing cladding surrounding

a core of the optical fiber.

In yet another aspect, there is provided a composite material for sensing cations
solvated in a solution, the composite material including:
a polymer material having a glass transition temperature (Tg),
wherein the polymer material is a homopolymer selected from the

group consisting of a polyimide, a polyether ketone, a polyacrylate, a

Date Recue/Date Received 2022-09-15
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poly-etherimide, a polyacrylamide, a polyamide-imide, a polysulfone,
a polyethersulfone, a polynorbornene, and a polyurethane;
a porosity promoter which is an unfunctionalized mesoporous oxide,
the porosity promoter being dispersed in the polymer material in an
amount such that the cation is transportable from the solution into the
composite material at a temperature below the Tg; and
a chemical indicator including an ionic additive, a chromoionophore
and an ion-selective ionophore, the chemical indicator being
dispersed in the composite material and providing an optical
response, the optical response being a variation of diffuse reflectance
as a function of a concentration of the cations in the composite
material,
wherein the chemical indicator includes at least 130 nmol of ionic additive
per square meter specific surface area (SSA) of the porosity promoter, and
wherein the porosity promoter and the polymer material are present in the
composite material in a ratio polymer material/porosity promoter between
80/20 and 50/50 wiw,

the composite material being substantially homogeneous and porous.

In yet another aspect, there is provided a cation-selective sensor for sensing
cations solvated in a solution, the cation-selective sensor comprising:
a diffuse reflectance detector; and
a composite material, the composite material comprising:
a polymer material having a glass transition temperature (Tg),
wherein the polymer material is a homopolymer selected from the
group consisting of a polyimide, a polyether ketone, a polyacrylate,
a poly-etherimide, a polyacrylamide, a polyamide-imide, a
polysulfone, a polyethersulfone, a polynorbornene, and a
polyurethane;
a porosity promoter which is an unfunctionalized mesoporous oxide,

the porosity promoter being dispersed in the polymer material in an

Date Recue/Date Received 2022-09-15
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amount such that the cation is transportable from the solution into
the composite material at a temperature below the Tg; and
a chemical indicator comprising an ionic additive, a chromoionophore
and an ion-selective ionophore, the chemical indicator being
dispersed in the composite material and providing an optical
response, the optical response being a variation of diffuse
reflectance as a function of a concentration of the cations in the
composite material,
wherein the chemical indicator comprises at least 130 nmol of ionic additive
per square meter specific surface area (SSA) of the porosity promoter, and
wherein the porosity promoter and the polymer material are present in the
composite material in a ratio polymer material/porosity promoter between
80/20 and 50/50 wiw,
the composite material being substantially homogeneous and porous.

BRIEF DESCRIPTION OF THE FIGURES

Figure 1 is a series of plots showing the ratio K/S as a function of the wavelength
for composite material A, under acidic (pH = 2, HCI solution) and basic (pH = 13,
KOH solution) conditions;

Date Recue/Date Received 2022-09-15
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Figure 2 is a plot of the ratio of deprotonation a as a function of the pH, for

composite material A,;

Figure 3 is a plot of the ratio of deprotonation a as a function of the pH, for

composite material B; and

Figure 4 is a plot showing the ratio of deprotonation a as a function of the sodium

concentration, for composite material A.
DETAILED DESCRIPTION

The materials described herein are embodiments of a composite material which
can be used in chemical sensors. More specifically, the composite material can be

used for the optical detection of chemical species in a medium.

Generally, the composite material, according to embodiments of the present
description, first includes a polymer having a glass transition temperature (Tg). The
composite material also includes a porosity promoter dispersed in the polymer in
an amount such that the chemical species is transportable from the medium into
the composite material at a temperature below the Tg. The composite material
further includes a chemical indicator which is dispersed in the composite material.
The chemical indicator provides an optical response which depends on the

concentration of the chemical species in the composite material.

The composite material described herein may generally be useful in any
application where it is desired to detect a chemical species in a medium, or
determine the concentration of a chemical species in a medium. The detection or
concentration measurement may be selective to a specific chemical species. By
way of example, embodiments of the composite material may take the form of a
membrane or a film, which may be used in the detection/concentration
measurement of ions in solution for industrial applications such as environmental
emission control, agricultural and food industries, and in the biomedical field.
Embodiments of the composite material may also be used in applications requiring

sensing of a target compound in adverse environmental conditions.
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The "glass transition temperature" or "Tg" of the polymer, as commonly defined in
polymer science, refers to a temperature within a glass transition range at which a
metastable melt of the polymer transforms into an amorphous material in the
course of its cooling, and at which amorphous regions of the polymer transform
into a metastable melt in the course of its heating. It is understood that the Tg, as
referred to herein, can be measured by differential scanning calorimetry (DSC)
using the "Standard Test Method for Assignment of the Glass Transition
Temperatures by Differential Scanning Calorimetry" (ASTM E1356-08). It is also
understood that the extrapolated onset temperature Tf can be used as the
measured value for Tg, wherein Tf is the point of intersection of the tangent drawn
at the point of greatest slope on the DSC transition curve with the extrapolated

baseline prior to the glass transition.

In some embodiments, the chemical species is not only transportable from the
medium into the composite material at temperatures below the Tg, but is also
transportable at temperatures above the Tg. In some scenarios, the chemical
species is transportable at such temperatures above the Tg, up to temperatures at
which the composite material loses its mechanical integrity. In other words, the
composite material may allow for a detection of chemical species over a wide
range of temperatures, including below the Tg, around the Tg and above the Tg,
the upper limit of this range being determined by the loss of mechanical properties

of the composite material.

In some embodiments, the polymer used in the composite material is selected such
that the Tg of the polymer is of at least 150°C, at least 200°C or at least 250°C.
Selecting a polymer which has a high Tg can be desirable in some applications,
for example for detecting chemical species in certain adverse environmental
conditions. In some embodiments, the polymer is substantially non-reactive to the
porosity promoter. By "substantially non-reactive", it is meant that the polymer and
the porosity promoter do not engage in chemical reactions which would deactivate
them or otherwise modify their chemical structure, at the operating temperatures
at which the optical detection is performed. However, it is understood that the
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polymer and the porosity promoter may, in some instances, engage in non-

covalent interactions.

In some embodiments, the medium may be a gas mixture such as air, an industrial
gaseous mixture such as flue gas, or a gaseous reaction mixture. In such case,
the chemical species is a gas molecule present in the gas mixture. In other
embodiments, the medium may be a liquid and the chemical species is a solvated
ion or molecule. It should be understood that the term "liquid" may refer to a
solution, such as an aqueous solution, a solvent or mixture of solvents (e.g. an
organic solvent), and may also refer to a liquid which is absorbed or otherwise
impregnated in a solid sample. Examples of solid samples include soil samples or
gels which can be impregnated with liquid. In some embodiments, the medium
(liquid or gas) may be pressurized. For example, the liquid can be a pressurized
aqueous solution. In such case, the composite material can be used at
temperatures up to the boiling temperature of the water at the given pressure,
provided that the temperature is below the temperature at which the composite
material loses its mechanical properties, and below the degradation temperature

of the compounds forming the composite material.

In some embodiments, the polymer used in the composite material is a
thermoplastic polymer, and/or can be prepared from either plasticized or
plasticizer-free polymer(s). In some embodiments, the polymer includes an organic
polymer, such as a polyimide, a polyether ketone, a polyacrylate, a poly-
etherimide, a polyacrylamide, a polyamide-imide, a polysulfone, a
polyethersulfone, a polynorbornene, a polyurethane, or a blend thereof. In some
embodiments, the polymer includes a fluorinated polymer. In some embodiments,

the fluorinated polymer includes a fluorinated polyimide.

In some embodiments, the polymer includes a polyimide of general formula (1):
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(h
wherein:
A is a tetravalent linker, which is:

5 a substituted or unsubstituted, saturated, unsaturated or aromatic
monocyclic or polycyclic group having 5 to about 50 carbon atoms; or

a group of general formula:

N /
A—W-A
e N

wherein:

10 each A1 is independently a substituted or unsubstituted, saturated,
unsaturated or aromatic monocyclic or polycyclic group having 5

to about 50 carbon atoms, and

W is a bond, -O-, -CR3R4-, -NRs -, -§-, -(CO)-, arylene, or

substituted arylene; and

15 Z is -(CR3R4)m-, arylene, or substituted arylene; or Z is of general formula:

farrpar
n
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wherein:
each Z1 is independently arylene or substituted arylene;

each X is independently a bond, -O-, -CR3R4-, -NRs -, -S-, -(CO)-,
arylene, or substituted arylene;

5 each Rs, R4 and Rs is independently: H, a (C1-Ca4)alkyl or a
substituted (C1-Ca)alkyl;

m is from 1 to 16; and
nis from 1 to 16.

In some embodiments, A is:

JOGED e E
! o IO

wherein Wis a bond, -O-, -CR3R4-, -NRs -, -S-, -(CO)-, arylene, or substituted
arylene.

2

In some embodiments, Z is:

fo-jo-

15 wherein X is a bond, -O-, -CR3R4-, -NRs -, -S-, -(CO)-, arylene, or substituted

arylene; and

nis from 1 to 4.
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In some embodiments, the polymer includes a polyimide of general formula (la):

(1a)

wherein:

each X is independently: a bond, -O-, -CR3R4-, -NRs -, -S-, -(CO)-, arylene,

or substituted arylene;
nis1, 2, 3or4; and

each R1, Rz, R3, R4 or Rs is independently: H, a (C1-C4)alkyl or a substituted
(C1-Ca)alkyl.

In some embodiments, the arylene is para-phenylene.
In some embodiments, each X is independently -O- or -CR3R4-.
In some embodiments, nis 1, 2 or 3.

In some embodiments, each R1, Rz, Rz or R4 is independently: H, a (C1-C4)alkyl or
a (C1-Ca)haloalkyl.

In some embodiments, each Ri, Rz, Rs3 or R4 is independently a (Ci-

Ca)perfluoroalkyl.
In some embodiments, each R1, Rz, Rs or R4 is CFs.

In some embodiments, the polymer includes a polyimide of general formula (Ib):
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O FBC CF3 O
T CEHO-OT
n
e 0 1y

(Ib)

wherein:
each X is independently: -O- or -CR3R4-;
5 nis1,2or3; and
R3 and R4 are CFa.

In some embodiments, the polymer includes a polyimide of Formula (Ic):

Q FsC  CFs; 0O
GFa

N | O N— )oK )¢ )oK )t
CF3

e O

-y

(Ic)

10 In some embodiments, the polymer includes a polyimide of Formula (ld):

o) F3C_ CF; o)
e 0

-y
(1d)
The term “arylene”, as used herein, refers to a divalent aromatic substituent

containing a single aromatic ring or multiple aromatic rings which are fused

15 together or linked covalently. In some embodiments, the arylene groups contain
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one aromatic ring or two fused or linked aromatic rings. “Substituted arylene” refers
to an arylene moiety substituted with one or more substituent groups.

The term "(C1-C4)" in "(C1-Ca)alkyl", "(C1-Ca)haloalky!" and "(C1-Cas)perfluoroalkyl",
as used herein, refers to groups which have 1, 2, 3 or 4 carbon atoms. For
example, (C1-Ca)alkyl groups (also referred to as "lower alkyl" groups) include

methyl, ethyl, n-propyl, isopropyl, n-butyl, s-butyl, isobutyl and f-butyl groups.

By "substituted" in "substituted (C1-C4)alkyl" or "substituted arylene", it is meant
that in the (C1-Cas)alkyl or the arylene, at least one hydrogen atom bound to a
carbon atom is replaced with one or more substituents that are functional groups

such as hydroxyl, alkoxy, thio, amino, halo, among others.

The terms “halo” and “halogen” are used in the conventional sense to refer to a
chloro, bromo, fluoro or iodo substituent. The terms “haloalkyl,” refers to an alkyl
in which at least one of the hydrogen atoms has been replaced with a halogen
atom. The term "perfluoroalkyl" refers to an alkyl in which all of the hydrogen atoms
have been replaced with fluoro substituents.

As mentioned above, the composite material further includes a porosity promoter
dispersed in the polymer in an amount such that the chemical species is
transportable from the medium into the composite material at a temperature below
the Tg. In other words, dispersing the porosity promoter in the polymer allows to
increase the porosity of the composite material at temperatures below the Tg of
the polymer, such that the chemical species to be detected is able to migrate into
the composite material. The transport of chemical species into the composite
material is based on a chemical equilibrium which will be described in further detail

below.

At temperatures lower than the Tg, with no or very low amount of dispersed
porosity promoter, the composite material may not respond to stimuli. With an
increase of the amount of dispersed porosity promoter, the composite material can

become porous enough to allow gas molecules, such as gaseous acids (e.g. HCI)
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and gaseous bases (e.g. NH3), to be transported. By further increasing the amount
of dispersed porosity promoter, the composite material can become porous
enough to allow solvated chemical species to be transported. The solvated
chemical species can include cations, anions or small molecules. For example, the
solvated chemical species can include protons, cations such as alkali ions, alkali-
earth ions, or transition metal ions, or anions such as halogen ions, polyatomic
ions and organic ions. The solvated chemical species can also include small

solvated organic molecules.

It is understood that the term "dispersed"”, as used herein, refers to distributing the
porosity promoter in the polymer. In other words, dispersing the porosity promoter
in the polymer means that the porosity promoter is mixed with and spread (evenly
or not) throughout the polymer. In some scenarios, the porosity promoter is
dispersed in the polymer by solubilizing the polymer into a solvent and solubilizing
or suspending the porosity promoter into the solvent, and then removing the
solvent. The solvent can be removed by evaporation under vacuum, or by heating.
In some scenarios, the porosity promoter is dispersed in the polymer by melting
the polymer and directly solubilizing or suspending the porosity promoter into the
melted polymer, before cooling the mixture obtained. It is understood that other
means for dispersing the porosity promoter in the polymer may be used. It should
also be understood that the term "dispersed" is taken to have the same meaning
for other components of the composite material, such as the chemical indicator,
which is dispersed in the composite material. It should also be understood that the
term “dispersed” does not limit in any way the order of addition or dispersion of
each component of the composite material. In other words, the polymer, porosity
promoter and each separate component of the chemical indicator can be mixed

sequentially and dispersed in any order or together in one single step.

In some embodiments, the porosity promoter includes a mesoporous material. The
term "mesoporous material"', as used herein, refers to a material containing pores
with diameters between 2 and 50 nm. The mesoporous material may be disordered
or ordered in a mesostructure. In some embodiments, the mesoporous material
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includes a mesoporous oxide. Examples of mesoporous oxides include
mesoporous silica, mesoporous alumina, a mesoporous oxide of niobium, a
mesoporous oxide of tantalum, a mesoporous oxide of titanium, a mesoporous
oxide of zirconium, a mesoporous oxide of cerium, a mesoporous oxide of tin, or a
mixture thereof. In some embodiments, the mesoporous silica includes MCM-41,
SBA-15, MSU, KSW, FSM, HMM or a mixture thereof. It is understood that other

grades and types of mesoporous silica can be used in the composite material.

The mesoporous oxide can be functionalized or unfunctionalized. In some
scenarios, using an unfunctionalized mesoporous oxide, such as unfunctionalized
mesoporous silica, can increase the interactions with cationic chemical species to
detect. Similarly, in other scenarios, using a mesoporous oxide which is
functionalized by a group bearing a positive charge or having an affinity with anions
can increase the interactions with anionic chemical species to be detected. In some
scenarios, using a mesoporous oxide which is functionalized with hydrophobic
groups can increase the interactions with small organic molecules or apolar
gaseous species. In some embodiments, the type of mesoporous oxide is selected
so as to optimize the interactions between the mesoporous oxide and the chemical

species to detect, thereby facilitating the transport.

The ratio polymer/porosity promoter can allow for a tuning of the porosity of the
composite material, in a temperature range of interest below the Tg. The porosity
can be tuned to a value which is suitable to allow the chemical species to be
transported, while retaining selectivity of the composite material. In other words,
depending on the chemical species to be detected, the porosity of the composite
material can be set to be large enough to allow the chemical species to be
transported via chemical equilibrium, but small enough to prevent various
compounds and species from migrating in the composite material by means of a
diffusion-driven mechanism. Depending on the polymer, the amount of porosity
promoter which can be added can also be limited by the mechanical properties of
the composite material, which can become brittle if too much porosity promoter is

dispersed in the polymer. In some embodiments, the ratio polymer/porosity
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promoter is between 95/5 and 50/50 (w/w), between 98/2 and 50/50 (w/w),
between 90/10 and 50/50 (w/w), between 80/20 and 50/50 (w/w), between 80/20
and 70/30 (w/w), between 80/20 and 60/40 (w/w), between 70/30 and 50/50 (w/w),
or between 70/30 and 60/40 (w/w).

As mentioned above, the composite material further includes a chemical indicator
dispersed in the composite material. The chemical indicator provides an optical
response which can vary with the concentration of the chemical species in the
composite material. The chemical indicator can directly or indirectly provide the
optical response to a given chemical species or to several chemical species. Direct
sensitivity (or direct detection) refers to a chemical indicator which is directly in a
chemical equilibrium with the analyte. An example of a direct detection is a pH
indicator for sensing protons solvated in a solution. Indirect sensitivity (or indirect
detection) refers to equilibrium between the chemical indicator and the analyte
which is carried on by several chemical equilibriums between other chemical
intermediates, as detailed below. An example of indirect sensitivity is the indirect
detection of sodium ions or calcium ions solvated in a solution.

In some embodiments, the chemical indicator includes an ionic additive (or ionic
sites) R when the chemical species to be detected is an anion or a cation. The
ionic additive provides electroneutrality by ensuring charge conservation in the
composite material. The ionic additive R allows for an ionic exchange, provided
that the composite material is selective with regard to the ion to be detected. The
ionic additive can be selected to have a bulky anion or cation which remains in the
composite material, the bulky anion or cation being paired with an exchangeable

counterion.

In some embodiments, when the chemical species to be detected is a cation, the
ionic additive can include a bulky anion, or a weakly coordinating anion, such as
tetrakis[3,5-bis(trifluoro)phenyl]pborate, hexafluorophosphate, tetrafluoroborate,
perchlorate AI(OC(CF3)3)4~, or B(CsFs)s, tetrakis[3,5-bis(1,1,1,3,3,3-hexafluoro-2-
methoxy-2-propyl)phenyl]borate trinydrate, tetrakis(4-chlorophenyl)borate,
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tetrakis(4-biphenylyl)borate, tetrakis(4-tert-butylphenyl)borate, tetra(p-tolyl)borate,
tetrakis(4-fluorophenyl)borate dihydrate, tetraphenylborate, tetraphenylborate,
tetrakis[3,5-bis(tridecafluorohexyl)phenyl]borate or a mixture thereof. Examples of
ionic additives include sodium, potassion, calsium salts of the anions mentioned
above. Other examples of ionic additives can include potassium tetrakis[3,5-
bis(trifluoromethyl)phenyllborate, sodium tetrakis[3,5-bis(1,1,1,3,3,3-hexafluoro-2-
methoxy-2-propyl)phenyllborate trinydrate, potassium tetrakis(4-
chlorophenyl)borate, potassium tetrakis(4-biphenylyl)borate, Potassium tetrakis(4-
tert-butylphenyl)borate, @ sodium  tetra(p-tolyl)borate, sodium tetrakis(4-

fluorophenyl)borate dihydrate, sodium tetraphenylborate, tetradodecylammonium

tetrakis(4-chlorophenyl)borate, tetraheptylammonium tetraphenylborate,
Tetraphenylphosphonium tetraphenylborate, sodium tetrakis[3,5-
bis(tridecafluorohexyl)phenyl]borate, 1,2-dimethyl-3-nitrobenzene,

dimethyldioctadecylammonium bromide, tridodecylmethylammonium chloride,
tetraoctylammonium bromide, tetraoctadecylammonium bromide,
hexadecyltrimethylammonium bromide, tridodecylmethylammonium nitrate, or a
mixture thereof.

In certain scenarios when the porosity promoter is an unfunctionalized
mesoporous oxide and the chemical species to be detected is a cation, it has been
surprisingly found that the activity of the ionic additive was reduced to some extent.
Without being bound to theory, it has been hypothesized that some of the
exchangeable counterions of the ionic additive can interact with the oxygen atoms
of the mesoporous oxide, thereby reducing the effective concentration of the ionic
additive, which can effectively reduce the exchange rate with the cation to be
detected. More ionic additive can be added to overcome this reduced activity. In
some embodiments, the chemical indicator includes at least 130 nmol, or between
130 nmol and 270 nmol of ionic additive per square meter specific surface area
(SSA) of the unfunctionalized porosity promoter. As a comparison point, it has
been found that about 70 nmol of ionic additive per square meter SSA of the
unfunctionalized porosity promoter can be sufficient for the transport of uncharged

gaseous molecules into the composite material.
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In some embodiments, the chemical indicator includes a chromoionophore C
which can provide the optical response of the composite material. It is to be noted
that the chromoionophore can be omitted in the instance that the chemical species
to be detected can provide an optical response by itself (e.g. for detecting bromide
anions, a red coloration can be observed without the need to use a
chromoionophore). In some embodiments, the chemical indicator includes an ion-

selective ionophore L which can provide chemical selectivity.

Taking the example of the detection of a cation, the composite material is based
on a reversible chemical equilibrium between cations M+ to be detected, present
in solution, and protons in the composite material. The chemical equilibrium can
be as follows:
K
nL(m) + CH (m) + R (m) + M*(aq) d—

C(m) + [ML,]*{m) - H (aq) + R"(m).
wherein:

n is the stoichiometry of the ion-selective ionophore complex [MLn]*;

(m) means that the substance is in the composite material, and (aq) means
that the substance is in solution; and

K is the chemical equilibrium constant.

This ionic exchange directly affects the equilibrium between the protonated state
CH* of the chromoionophore, and the deprotonated state C of the
chromoionophore. Since CH* and C have different optical responses, a change in
their relative concentrations can be quantified using optical detection means. The
relative concentration of the deprotonated state is referred to as the degree of

deprotonation a or (1-x), and is given by:
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. C
- [C]+ [CHT]

1l —x

The degree of deprotonation (1-x) is related to the concentration - or, to be exact,
to the activity - of the targeted ion present in the material. This relation depends on
the chemical equilibriums in the composite material, and can be determined by

known methods. In some embodiments, the chromoionophore C includes

choromoionophore-l, choromoionophore-ll, choromoionophore-lll,
choromoionophore-IV, choromoionophore-V, choromoionophore-VI,
choromoionophore-Vll, choromoionophore-VllI, choromoionophore-IX,

choromoionophore-X, choromoionophore-Xl, choromoionophore-XVIl, 10-[3-
(dansylamino)propyl]-1,4,7-trithia-10-azacyclododecane, 4-(dioctylamino)-4’-
(trifluoroacetyl)azobenzene, 7-[3-(dansylamino)propyl]}-1-oxa-4,10-dithia-

7azacyclododecane or octadecyl2-(4-dipropylaminophenylazo)benzoate.

The ion-selective ionophore can be selected such that it can complex the targeted
ion with a binding constant which is several thousand times higher than the binding
constants between the ionophore and other species present in the medium. In
some embodiments, the composite material can be used as an ion-specific sensor
for the specific detection of a chemical species having a higher affinity with the ion-
selective ionophore compared to other species present in the medium. The ion-
selective ionophore may therefore be selected to selectively bind the targeted ion
over other ions or compounds present in the medium. In some embodiments, the
ion-selective ionophore includes aluminium ionophore-l, ammonium ionophore-l,
cadmium ionophore-l, calcium ionophore-l, calcium ionophore-ll, - calcium
ionophore-lll, calcium ionophore-IV, calcium ionophore-V, calcium ionophore-VI,

cerium(lll) ionophore-l, cesium ionophore-l, cesium ionophore-ll, cesium
ionophore-lll, chromium(lll) ionophore-lll, chromium(lV) ionophore-Ill, cobalt
ionophore-IV, copper(ll) ionophore-l, copper(ll) ionophore-IV, copper(ll)

ionophore-V, erbium ionophore-IV, hydrogen ionophore-I, hydrogen ionophore-Il,
hydrogen ionophore-lll, hydrogen ionophore-IV, hydrogen ionophore-V, Iron(lll)
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ionophore-lIV, lead ionophore-l, lead ionophore-ll, lead ionophore-lll, lead
ionophore-IV, lead ionophore-VII, lithium ionophore-|, lithium ionophore-Il, lithium
ionophore-lll, lithium ionophore-IV, lithium ionophore-VI, lithium ionophore-VIl,
lithium ionophore-VIll, magnesium ionophore-l, magnesium ionophore-ll,
magnesium ionophore-Illl, magnesium ionophore-IV, magnesium ionophore-VI,
magnesium ionophore-VIl, mercury ionophore-l, potassium ionophore-l,
potassium ionophore-ll, potassium ionophore-lll, potassium ionophore-IV,
rubidium ionophore-l, samarium ionophore-l, samarium ionophore-ll, silver
ionophore-lll, silver ionophore-IV, silver ionophore-VI, silver ionophore-VIl, sodium
ionophore-l, sodium ionophore-Il, sodium ionophore-lll, sodium ionophore-1V,
sodium ionophore-V, sodium ionophore-VI, sodium ionophore-VIll, sodium
ionophore-X, thulium ionophore-|, tin ionophore-l, uranyl ionophore-I, ytterbium(lil)
ionophore-ll, zinc ionophore-l, zirconium ionophore-lI, benzoate ionophore-l,
carbonate ionophore-VIl, chloride ionophore-l, chloride ionophore-ll, chloride
ionophore-lll, chloride ionophore-IV, cyanide ionophore-ll, fluoride ionophore-l,
hydrogen sulfite ionophore-l, iodide ionophore-l, iodide ionophore-IV, molybdate
ionophore-l, nitrate ionophore-lll, nitrate ionophore-V, nitrate ionophore-VI, nitrite
ionophore-l, nitrite ionophore-Il, perchlorate ionophore-l, phtalate ionophore-lI,
salicylate ionophore-l, salicylate ionophore-Il, sulfate ionophore-l, or amine

ionophore-I.

Due to the electroneutrality of the composite material, the number of
cations/anions that can enter into the composite material is lower than the
concentration of the respective ionic additive R. In turn, the ionophore L can
modulate the selectivity of the ionic exchange provided by the ionic additive R, by
means of reversible selective binding/complexation of the ion to be detected. The
concentration of the ion-selective ionophore can be selected to be higher than that
of the ionic sites to provide a predominantly complexation-determined selectivity
for the composite material. Furthermore, it is understood that the ion-selective
ionophore should not be selective to the exchangeable counterion of the ionic
additive R. In some embodiments, the counterion of the ionic additive R can be

exchanged (i.e., replaced) with a second counterion by conditioning of the
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composite material. The conditioning can for example include soaking the
composite material in a solution which has a high concentration of the second

counterion.

In some embodiments, the composite material aims at detecting ions (i.e. targeted
ions), and the chemical indicator includes the chromoionophore C, the ion-

selective ionophore L and the ionic additive R. The chemical indicator allows for:

— the transport of the targeted ions in the composite material at

temperatures below the Tg;

— the complexation of the targeted ions by the ion-selective ionophore,
in the composite material, the ion-selective ionophore thereby

releasing a stimulus, such as a proton, as a result; and

— a change in the optical response of the composite material via a
change of the chemical state of the chromoionophore (e.g. protonated

chromoionophore).

It is understood that the term "optical response”, as used herein, may refer to
changes in the interaction of the composite material with light as a result of the
presence of the transported targeted ions. This optical response can therefore be
monitored by observing or measuring the spectral properties of the composite
material. In some applications, such a monitoring can provide a qualitative
indication of the presence of targeted ions within the composite material. For
example, the presence of the targeted ions may alter the perceived color of the
composite material. By way of example, a sodium-sensitive membrane made from
a composite material according to one embodiment may appear light blue when
immersed in a sodium-free solution, and may appear dark purple when immersed
in a solution containing a sufficient concentration of NaCl. In other
implementations, a change in refractive index, and/or in the optical absorption
and/or the reflection or emission spectrum of the composite material may be
induced upon exposure to the chemical species. Such a change may be detected
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by known techniques, based for example on absorption spectroscopy, reflectance
spectroscopy or evanescent-wave spectroscopy. An example of an evanescent-
wave spectroscopic technique may for example be found in U.S. Patent No.
7,864,321 (CARON et al.).

In some implementations, spectroscopy techniques may provide a quantitative
indication of the concentration of the targeted ions present in a solution. For
example, a given chromoionophore may co-exist in the composite material in
neutral and acidic forms, the relative proportions of these forms being directly
related to the concentration of targeted ions transported through the composite
material, and therefore to the concentration of the target chemical species in the
solution. As chromoionophores in each form has an optical response characterized
by a distinct spectral shape, the resulting spectral response of the composite
material will be a combination of these two distinct spectra weighted by the ratio of
chromoionophores in neutral and acidic forms. This ratio can be determined by
analyzing the spectral response, and the concentration of targeted ions calculated
using an equation describing the equilibrium between the chromoionophore C,

ionophore L, ionic site R and targeted ion.

In some embodiments, the composite material described herein is used in a
chemical sensor. The chemical sensor can be an ion-selective sensor, such as an
anion-selective sensor or a cation-selective sensor. In some embodiments, the
chemical sensor is an optical fiber chemical sensor. The composite material may
be deposited at an extremity of the fiber, for direct sensing, or may define a sensing
cladding that surrounds the core of the optical fiber, for evanescent-wave sensing.

In some embodiments, the composite material is used in a chemical sensor for
sensing sodium ions. The composite material exhibits an optical response which
varies with the concentration of sodium ions present in the composite material. An
optical system can be used for monitoring the optical response and quantifying the

concentration of the sodium ions present in an aqueous solution.
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It will be readily understood that the monitoring of the optical response of the
composite material may be performed in a variety of manners according to the
requirements and preferences of specific applications. Such a monitoring may be

quantitative or qualitative, manual or automatized, etc.

One possible application of the composite material is the quantitative
measurement of ion concentrations in adverse environmental conditions. For
example, measurements may be carried out at temperatures between 80°C and
350°C in certain circumstances/applications. In some scenarios, the composite
material can perform ion-selective measurements from room temperature up to at

least the glass transition temperature of the polymer.

A method for manufacturing the composite material is provided. The method
includes mixing together the porosity promoter, the polymer, and the chemical
indicator. Each one of the polymer, porosity promoter and components of the
chemical indicator can be solubilized or suspended in a solvent, in any suitable
order, prior to mixing. It should be understood that the polymer, porosity promoter
and each separate component of the chemical indicator can be mixed sequentially
in any order or together in a single step, so as to obtain the solution or suspension.
The mixing can include ultrasonic mixing, carried out for example in an ultrasonic
bath, and/or mechanical mixing. In some embodiments, using a combination of
ultrasonic and mechanical mixing allows obtaining a substantially homogeneous
composite material. It should be understood that the mixing can be carried out by
other means, and that a composite material that is somewhat heterogeneous can
be suitable in certain applications. The method also includes a solvent removal
step, which allows obtaining the composite material. The solvent removal step can
include evaporating the solvent under vacuum and/or heating of the solvent.

In some embodiments, the method includes the steps of:

— solubilizing or suspending the polymer, porosity promoter and
chemical indicator in a solvent in order to obtain a solution or a

suspension,;
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— mixing the solution or suspension; and
— removing the solvent, thereby obtaining the composite material.

It should be understood that the scope of the appended claims should not be
construed as being limited by the embodiments described herein, but should be
given the broadest interpretation consistent with the description as a whole.

EXAMPLES

Example 1 (preparation of composite materials):

Experiments were performed to prepare composite materials A, B, C, D, E and F,

sensitive to H* and to sodium cations.
Composite material A

Composite material A was prepared by mixing mesoporous silica powder (SBA-15
type, SSA= 600m?/g) with a solution of fluorinated polyimide solution of formula
(Ic) in tetrahydrofuran (THF), using an ultrasonic bath and mechanical mixing.
Then, a pH-sensitive dye (Chromoionophore 1), a sodium-selective ionophore (Na
ionophore X) and an ionic additive (Sodium tetrakis[3,5-bis(trifluoro)phenyl]borate)
in THF were added to the mixture. The solution obtained this way was mixed, and
the solvent evaporated to obtain the composite material A. The Tg of the
fluorinated polyimide of formula (Ic) was measured to be 255°C.

The amount of starting material used to prepare the composite material A was as

follows:

— 3.489 mg of mesoporous silica SBA-15;

— 100 pL of polyimide solution (89.275 mg /1 mL THF); and

— 160 uL of sodium-sensitive cocktail solution containing (for 1 mL of THF):
o 2.072 mg of Sodium ionophore X;
o 0.301 mg of Chromoionophore I; and
o 1.565 mg of Sodium tetrakis[3,5-bis(trifluoro)phenyl]borate.
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13 mg of the composite material A was obtained as a light blue solid membrane.
Composite material A had a 71.9/28.1 polymer/porosity promoter ratio and 135
nmol of ionic additive per square meter specific surface area (SSA) of the

unfunctionalized porosity promoter.
Composite material B

Composite material B was prepared by mixing mesoporous silica powder (SBA-15
type) with a solution of fluorinated polyimide solution of formula (Ic) in
tetrahydrofuran (THF), using ultrasonic bath and mechanical mixing. Then, a pH-
sensitive dye (Chromoionophore VII), a sodium-selective ionophore (Na ionophore
X) and an ionic site (Sodium tetrakis[3