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SOLID STATE TOUCHCHROMIC DEVICE
CROSS-REFERENCE TO RELATED APPLICATION(S)

[0001] This application claims priority to U.S. Provisional Patent Application No.
62/537,085, filed on July 26, 2017, the entire contents of which are fully incorporated herein by

reference.
BACKGROUND OF THE INVENTION

[0002] Electrochromic devices can be made from two transparent conductive electrodes with
an electroactive multilayer chromic structure in-between the two electrodes. The chromic
structure on the conducting layer can include one or more layers of a conducting polymer (CP) or
a metal oxide (MO) and an electrolyte layer. Photochromic devices, unlike electrochromic
devices, do not require external electric power. However, the coloration and decoloration of
photochromatic devices is slow compared to electrochromic devices. Therefore, there is a need
for chromic devices that can operate without an external power source and can undergo

coloration and decoloration faster than current photochromatic devices.
SUMMARY OF THE INVENTION

[0003] In one aspect, disclosed are solid touchchromic devices comprising a solid electrolyte
layer derived from a polymer, an acid, and an oxidant, a conductive plate; and a conductive

polymer film in contact with the conductive plate and the solid electrolyte layer.

[0004] In another aspect, disclosed are articles comprising the solid touchchromic devices
disclosed herein, wherein the article is selected from the group consisting of a sensor, a mirror, a

window, a toy, a display, a detector, sunglasses, and camouflage.

[0005] In another aspect, disclosed are compositions derived from poly(vinyl alcohol)

(PVA), H;PO,, and ammonium peroxydisulphate (APS), wherein the composition is a gel.

[0006] In another aspect, disclosed are methods of producing a solid touchchromic device,
the method comprising applying a conductive polymer film to a conductive plate; combining a

polymer, an acid, and an oxidant to provide a mixture; applying the mixture to the conductive
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polymer film to provide a solid electrolyte layer on the conductive polymer film, such that the
conductive polymer film contacts the conductive plate and the solid electrolyte layer; and heating
the solid electrolyte layer, the conductive polymer film and the conductive plate at less than 80

°C to form a solid touchchromic device as disclosed herein.

[0007] In another aspect, disclosed are methods of using a solid touchchromic device, the
method comprising contacting the solid electrolyte layer or a second conductive plate with the
metal of a solid touchchromic device as disclosed herein, wherein the solid touchchromic device
changes from a first color to a second color in response to the metal contacting the solid
electrolyte layer or the second conductive plate; and optionally moving the metal out of contact
with the solid electrolyte layer or the second conductive plate, wherein the solid touchchromic
device changes from the second color to the first color in response to the metal no longer

contacting the solid electrolyte layer or the second conductive plate.
BRIEF DESCRIPTION OF THE DRAWINGS

[0008] This patent or application file contains at least one drawing executed in color. Copies
of this patent or patent application publication with color drawing(s) will be provided by the

Office upon request and payment of the necessary fee.

[0009] FIG. 1 is a schematic of a solid state touchchromic device changing color, the device
including a solid electrolyte layer, a conductive polymer film, and a fluorine doped tin oxide
(FTO) coated glass where the conductive polymer film is positioned between the solid

electrolyte layer and the FTO coated glass.

[0010] FIG. 2 is a schematic of a solid state touchchromic device changing color after a

metal pin has come in contact with the solid electrolyte layer.

[0011] FIG. 3 illustrates ultra violet (UV)-visible spectra where the data marked 1 is for
PVA; 2 is for emeraldine salt (ES); 3 is for ES covered with PVA-based gel; and 4 is for ES with
a cured PVA gel layer.

[0012] FIG. 4 illustrates FTIR spectra where the data marked 1 is for PVA gel including
PVA, HCI and APS; 2 is for heat cured PVA gel including PVA, HCI and APS; and 3 is for
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cured PVA gel including PVA, HCI and APS on polyaniline (PANI) film and FTO coated glass
plate.

[0013] FIG. 5 illustrates scanning electron microscopy (SEM) images of PANI, PANI with
dye composite, and PVA gel including acid and oxidant on PANI with dye composite.

[0014] FIG. 6 illustrates images of solid layer electrolyte touchchromic films: (a) before

metal contacts (colored state); and (b) after metal contact (transparent state).

[0015] FIG. 7 is a schematic showing (a) APS in water, including reactive persulphate ions;
and (b) the persulphate ion changing emeraldine salt (ES) to a pernigraniline (PNB) state of
PANL

[0016] FIG. 8 is a schematic showing the formation of gel electrolyte by introduction of
phosphoric acid (H;PO4) in PVA.

[0017] FIG. 9 is a schematic showing radical formation in PVA after treatment with APS.

[0018] FIG. 10 is a schematic showing a stable state of PNB in the PVA gel
(PVA+H;PO4+APS).

[0019] FIG. 11 is a schematic showing the change of PNB to leucoemeraldine (LEU) when a

metal touches the solid electrolyte layer.
[0020] FIG. 12 is a schematic showing the systematic change of LEU to PNB.

[0021] FIG. 13 is a schematic showing: (a) relative energy levels in FTO, ES, and the
standard electrochemical potential for the redox couple of $,05” and SO,”"; (b) an equilibrium
state of FTO-PANI-solid layer electrolyte. The polymer electron loss converts the polymer state
to PNB with a blue color; and (¢) how contact of the solid electrolyte with a low work function

metal converts the polymer state from PNB to transparent LEU form.

[0022] FIG. 14 shows chemical names and structures of polymers that can be used to

fabricate solid electrolyte layers.
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[0023] FIG. 15 is an image showing beakers containing electrolytic solutions of PVA and
HCI, with HCI concentrations varying from 2 M on the left to 0.125 M on the right.

[0024] FIG. 16 is an image showing containers of different electrolytic solutions of APS and
HCI. All solutions shown have 0.1 M APS concentration, and HCI concentrations vary from 2 M
on the left to 0.125 M on the right.

[0025] FIG. 17 is an image showing different concentrations of electrolyte layer over PANI
films on ITO coated glass plates.

[0026] FIG. 18 is an image showing a fabricated solid touchchromic device.

[0027] FIG. 19 is images showing solid touchchromic devices fabricated using different

concentrations of PVA, APS, and HCl in electrolyte.

[0028] FIG. 20 is still frame images from a video of metal pin contact to a solid
touchchromic device and removal and subsequent decoloration and coloration, respectively. An

intermediate state can also be seen.
[0029] FIG. 21 is a schematic showing the color change in a solid touchchromic device.
DETAILED DESCRIPTION

[0030] Before any embodiments of the invention are explained in detail, it is to be
understood that the invention is not limited in its application to the details of construction and the
arrangement of components set forth in the following description or illustrated in the following
drawings. The invention is capable of other embodiments and of being practiced or of being

carried out in various ways.
1. Definitions

[0031] Unless otherwise defined, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art. In case of conflict, the
present document, including definitions, will control. Preferred methods and materials are

described below, although methods and materials similar or equivalent to those described herein
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can be used in practice or testing of the present invention. All publications, patent applications,
patents and other references mentioned herein are incorporated by reference in their entirety. The
materials, methods, and examples disclosed herein are illustrative only and not intended to be
limiting.

2
2

2
2

[0032] The terms “comprise(s)”, “include(s)”, “having”, “has”, “can

2

M 29
contain(s)”, and
variants thereof, as used herein, are intended to be open-ended transitional phrases, terms, or
[yl

words that do not preclude the possibility of additional acts or structures. The singular forms “a”,

“and”, and “the” include plural references unless the context clearly dictates otherwise. The

2% LC
2

present disclosure also contemplates other embodiments “comprising”, “consisting of”’, and
“consisting essentially of”, the embodiments or elements presented herein, whether explicitly set

forth or not.

[0033] The conjunctive term “or” includes any and all combinations of one or more listed
elements associated by the conjunctive term. For example, the phrase “an apparatus comprising
A or B” may refer to an apparatus including A where B is not present, an apparatus including B
where A is not present, or an apparatus where both A and B are present. The phrase “at least one
of A, B,...and N” or “at least one of A, B,...N, or combinations thereof” are defined in the
broadest sense to mean one or more elements selected from the group comprising A, B,...and N,
that is to say, any combination of one or more elements A, B,...or N including any one element
alone or in combination with one or more of the other elements, which may also include, in

combination, additional elements not listed.

[0034] The modifier “about” used in connection with a quantity is inclusive of the stated
value and has the meaning dictated by the context (for example, it includes at least the degree of
error associated with the measurement of the particular quantity). The modifier “about” should
also be considered as disclosing the range defined by the absolute values of the two endpoints.
For example, the expression “from about 2 to about 4” also discloses the range “from 2 to 4”.
The term “about” may refer to plus or minus 10% of the indicated number. For example, “about
10%” may indicate a range of 9% to 11%, and “about 1%” may mean from 0.9-1.1. Other
meanings of “about” may be apparent from the context, such as rounding off, so, for example

“about 17 may also mean from 0.5 to 1.4.



WO 2019/023458 PCT/US2018/043906

[0035] For the recitation of numeric ranges herein, each intervening number there between
with the same degree of precision is explicitly contemplated. For example, for the range of 6-9,
the numbers 7 and 8 are contemplated in addition to 6 and 9, and for the range 6.0-7.0, the
number 6.0,6.1,6.2,6.3,6.4,6.5,6.6,6.7,6.8,6.9, and 7.0 are explicitly contemplated.

2. Solid Touchchromic Devices

[0036] Disclosed herein are solid touchchromic devices that include a solid electrolyte layer
derived from a polymer, an acid, and an oxidant; a conductive plate; and a conductive polymer
film in contact with the conductive plate and the solid electrolyte layer. As used herein a
“touchchromic device” refers to a device which has properties which cause it to change color
such as from blue/violet to transparent, when it is contacted either directly or indirectly by a
material that can act as a source of electrons, such as a metal pin. Colors that the solid
touchchromic device can present are not limited, and can include any color within the visible
spectrum. Removal of the metal contact can bring back the original color of the solid
touchchromic device. The color change of the device can be dependent on the type of conducting
polymer (or conducting polymer-composite), thickness of the film, oxidant, acid, the
composition of the electrolyte, and types of metals. In addition, “contact” as used herein refers to

physical contact, electrical contact or both.

[0037] FIG. 1 shows a schematic of a solid touchchromic device according to the present
disclosure, including a solid electrolyte layer and a conducting polymer or conducting polymer-
composite film deposited on FTO coated glass. In this exemplary embodiment, a gel electrolyte
including polyvinyl alcohol (PVA), phosphoric acid (H;PO4) or hydrochloric acid (HCl), and
APS oxidant ((NH4),S,05g) was applied to a PANI film. The initial film color (green) can change
to dark blue or violet, suggestive of the pernigraniline (PNB) form of the PANI film. The
touchchroism mechanism for the solid touchchromic devices was unknown prior to this
disclosure, and discussion on the mechanism can be found below in the Examples. Further

schematics of embodiments of the solid touchchromic device can be seen in FIG. 2 and FIG. 21.

[0038] The solid touchchromic device does not require any externally applied energy, such
as electrical, light, or thermal energy in order to change color, which is in contrast to

electrochromic, gasochromic, photochromic, and thermochromic films. In addition to being able
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to operate without an external input power source, the solid touchchromic device can change
color in fast time scales such as seconds to minutes. For example, the solid touchchromic device
can change from a first color to a second color in about 1 second after contact with a metal, about
5 seconds after contact with a metal, about 10 seconds after contact with a metal, about 30
seconds after contact with a metal, about 1 minute after contact with a metal, about 5 minutes
after contact with a metal, about 10 minutes after contact with a metal, or about 30 minutes after
contact with a metal. In some embodiments, the solid touchchromic device changes from a first
color to a second color in about 1 second to about 30 minutes after contact with a metal. In
addition, the solid touchchromic device can change from the second color back to the first color
(e.g., upon removal of metal contact with the device) in about 30 seconds after metal contact has
been removed, about 1 minute after metal contact has been removed, about 5 minutes after metal
contact has been removed, about 10 minutes after metal contact has been removed, or about 30
minutes after metal contact has been removed. In some embodiments, the solid touchchromic
device changes from the second color to the first color in about 30 seconds to about 30 minutes
after metal contact has been removed. In some embodiments, the change back to the first color is

longer than the initial change from the first color to the second color.

[0039] The solid touchchromic device may further include a salt. Examples of salts include,
but are not limited to, sodium chloride (NaCl), cobalt chloride (CoCl,), potassium chloride
(KCl), magnesium chloride (MgCl,), methyl magnesium chloride, lithium chloride (LiCl),
lithium bromide (LiBr), lithium iodide (Lil), potassium bromide (KBr), potassium iodide (KI),
lithium trifluoroacetate, isopropyl magnesium chloride, lithium chloride, lithium sulfate, lithium
sulfate monohydrate, potassium acetate, sodium acetate, potassium aspartate, sodium aspartate,
potassium malate, sodium acetate, ammonium acetate, pyridinium hydrochloride, lithium
trifluoromethanesulfonate, NaNOs, benzenediazonium chloride (diazonium salt), N-(1-
butyl)pyridinium chloride, tetra-n-butylammonium fluoride, monosodium glutamate,
phosphonates, hydrazinium salts, urates, diazonium salts, oxalate salts, triphenylmethyl
hexafluorophosphate, tartrates, aluminum monostearate, triphenylmethyl hexafluorophosphate,
tetrapropylammonium per ruthenate, sorbates, ammonium chloride, barium chlorate
monohydrate, calcium chloride anhydrous, magnesium chloride anhydrous, magnesium

chromate hydrate, magnesium iodide anhydrous beads, magnesium nitrate hexahydrate,
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magnesium sulfate, monohydrate ammonium sodium phosphate dibasic tetrahydrate,
manganese(Il) sulfate monohydrate, magnesium bromide hexahydrate, and magnesium iodate
tetrahydrate. In some embodiments, the salt is selected from the group consisting of NaCl,
CoCl,, KCl, MgCl,, and combinations thereof. In some embodiments, the salt is included in the

solid electrolyte layer, the conductive polymer film, or both.
A. Solid Electrolyte Layer

[0040] The solid electrolyte layer can be derived from a polymer, an acid and an oxidant.
The solid electrolyte layer provides advantages over presently used liquid electrolytes because
using a liquid electrolyte can make it more difficult to fabricate practical touchchromic devices,
such as window applications, for sunglasses, for sensors, and for detector applications.
Accordingly, the solid electrolyte layer can provide a more robust application of the disclosed

solid touchchromic devices compared to touchchromic devices that include a liquid electrolyte.

[0041] The solid electrolyte layer may include a gel derived from the polymer and the acid,
which can be oxidized by the oxidant to provide an electron acceptor material. This electron
acceptor material can be useful to the solid touchchromic device’s ability to change colors. In
some embodiments, the solid electrolyte layer comprises a gel derived from the polymer and the
acid, the gel being oxidized by the oxidant. The solid electrolyte layer may also include water. In
some embodiments, the solid electrolyte layer consists essentially of a gel derived from a
polymer, an acid and an oxidant. In some embodiments, the solid electrolyte layer consists

essentially of a gel derived from a polymer, an acid, an oxidant, and water.

[0042] The solid electrolyte layer can be derived from any polymer suitable for forming solid
compatible structures (e.g., gels) that can be used in the solid touchchromic device. Examples of
polymers include, but are not limited to, polyvinyl alcohol, poly(vinyl acetate), poly(vinyl
alcohol co-vinyl acetate), poly(methyl methacrylate), poly(vinyl alcohol-co-ethylene ethylene),
poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate), polyvinyl butyral, polyvinyl chloride, and
polystyrene. Additionally, the polymers may be used in combination, and they may be combined
in different proportions. In some embodiments, the solid electrolyte layer is derived from at least

two different polymers.
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[0043] In some embodiments, the polymer is selected from the group consisting of
poly(vinyl alcohol) (PVA), poly(vinyl acetate), poly(vinyl alcohol co-vinyl acetate), poly(methyl
methacrylate), poly(vinyl alcohol-co-ethylene ethylene), poly(vinyl butyral-co-vinyl alcohol-co-
vinyl acetate), polyvinyl butyral, polyvinyl chloride, polystyrene, and combinations thereof. In

some embodiments, the polymer is PVA.

[0044] The solid electrolyte layer can be derived from any acid that is suitable for use in the
solid touchchromic device (e.g., an acid that can form gel-like structures with the polymers listed
above). Examples include, but are not limited to, acetic acid, propionic acid, hydrochloric acid,
hydrofluoric acid, phosphoric acid, sulfuric acid, formic acid, benzoic acid, hydrofluoric acid,
nitric acid, phosphoric acid, sulfuric acid, tungstosilicic acid hydrate , hydriodic acid, carboxylic
acids, dicarboxylic, tricarboxylic, oxalic acid, hexacarboxylic acid, citric acid, p-camphor

sulfonic, FeCls and polyacrylic, tartaric acid, and/or oxalic acid.

[0045] In some embodiments, the acid is selected from the group consisting of acetic acid,
propionic acid, hydrochloric acid, hydrofluoric acid, phosphoric acid, sulfuric acid, formic acid,
benzoic acid, hydrofluoric acid, nitric acid, phosphoric acid, sulfuric acid, tungstosilicic acid
hydrate, hydriodic acid, carboxylic acid, dicarboxylic acid, tricarboxylic acid, oxalic acid,
hexacarboxylic acid, citric acid, p-camphor sulfonic, a combination of FeCl; and polyacrylic

acid, tartaric acid, oxalic acid, and combinations thereof.

[0046] The solid electrolyte layer can be derived from any oxidant that is suitable for use in
the solid touchchromic device. For example, the oxidant can be a compound that can remove an
electron(s) from the polymer, the polymer-acid gel, the conductive polymer or a combination
thereof. Examples of oxidants include, but are not limited to, aluminum nitrate, ammonium
dichromate, ammonium peroxydisulphate, barium nitrate, bismuth nitrate, calcium
hypoperchlorate, copper (II) nitrate, cupric nitrate, ferric nitrate, hydrogen peroxide, lithium
hydroxide monohydrate, magnesium nitrate, magnesium perchlorate, potassium chlorate,
potassium dichromate, potassium permanganate, sodium hypochlorite, sodium periodate, zinc
nitrate hydrate, nitric acid, sulfuric acid, perchloric acid, ammonium nitrate, silver nitrate,
benzoyl peroxide, tetranitromethane, sodium perchlorate, potassium perchlorate, potassium

permanganate, potassium persulfate, sodium nitrate, and potassium chromate.
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[0047] In some embodiments, the oxidant is selected from the group consisting of aluminum
nitrate, ammonium dichromate, ammonium peroxydisulphate (APS), barium nitrate, bismuth
nitrate, calcium hypoperchlorate, copper (II) nitrate, cupric nitrate, ferric nitrate, hydrogen
peroxide, lithium hydroxide monohydrate, magnesium nitrate, magnesium perchlorate,
potassium chlorate, potassium dichromate, potassium permanganate, sodium hypochlorite,
sodium periodate, zinc nitrate hydrate, nitric acid, sulfuric acid, perchloric acid, ammonium
nitrate, silver nitrate, benzoyl peroxide, tetranitromethane, sodium perchlorate, potassium
perchlorate, potassium permanganate, potassium persulfate, sodium nitrate, potassium chromate,
and combinations thereof. In some embodiments, the oxidant comprises APS. In some

embodiments, the oxidant is APS.

[0048] The solid electrolyte layer can be derived from varying amounts of oxidant. For
example, the solid electrolyte layer can be derived from about 0.000001 M to about 0.1 M
oxidant, such as about 0.00001 M to about 0.1 M oxidant, about 0.0001 M to about 0.1 M
oxidant, or about 0.001 M to about 0.1 M oxidant. In some embodiments, the solid electrolyte
layer can be derived from less than 0.1 M oxidant, less than 0.08 M oxidant, less than 0.05 M
oxidant, or less than 0.01 M oxidant. In some embodiments, the solid electrolyte layer can be
derived from greater than 0.0001 M oxidant, greater than 0.001M oxidant, greater than 0.01M

oxidant, or greater than 0.1M oxidant.

[0049] In certain embodiments, the solid electrolyte layer is derived from poly(vinyl alcohol)
(PVA), ammonium perdisulphate (APS) oxidant, and perchloric acid or hydrochloric acid. In
some embodiments, the solid electrolyte layer consists essentially of PVA, APS oxidant, and

perchloric acid.

[0050] The solid electrolyte layer may have a varying thickness. For example, the solid
electrolyte layer may have a thickness of about 10 nm to about 1 um. In addition, the solid
electrolyte layer can be arranged in varying positions within the solid touchchromic device. As
mentioned above, the solid electrolyte layer may be in contact with the conductive polymer film.
The contact may be physical, electrical or both. In some embodiments, the solid electrolyte layer

is in contact with the conductive polymer film and the conductive plate. In addition,

10
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embodiments that include a second conductive plate (as discussed below), the solid electrolyte

layer may be in contact with the second conductive plate.

[0051] In another aspect, disclosed are compositions derived from poly(vinyl alcohol)
(PVA), H;PO,, and ammonium peroxydisulphate (APS), wherein the composition is a gel. In

some embodiments, the composition is the solid electrolyte layer.
B. Conductive Polymer Film

[0052] The conductive polymer film of the solid touchchromic device can include a
conductive polymer. The conductive polymer, which can also be referred to as a conducting
polymer, can be any polymer that is electrically conductive. Examples of conductive polymers
include, but are not limited to, a polyaniline, a polypyrrole, a polythiophene, a polyindole, a
polycarbazole, and combinations thereof. Examples of polyanilines include, but are not limited
to, poly(ortho-anisidine) (POAS), poly(o-toluidine) (POT), poly(ethoxy-aniline), substituted
polyanilines, and combinations thereof. In some embodiments, the polyaniline is selected from
the group consisting of poly(ortho-anisidine) (POAS), poly(o-toluidine) (POT), poly(ethoxy-

aniline), and combinations thereof.

[0053] Polyaniline can exist in a leucomeraldine state (faded yellow to transparent), an
emeraldine state (blue to green), or a pernigraniline state (violet), each of which is reversible.
Polyaniline requires two electrons and two hydrogen atoms to change from the pernigraniline
state to the emeraldine state, and from the emeraldine to the leucomeraldine state, in the presence
of an electric field or a solution containing an oxidizing or reducing agent. In some
embodiments, the conductive polymer comprises a polyaniline. In some embodiments, the
conductive polymer consists essentially of a polyaniline. In some embodiments, the conductive

polymer is a polyaniline.

[0054] The conductive polymer film can be responsible for imparting a color (or lack thereof
—e.g., transparent) to the solid touchchromic device. The conductive polymer film can be tuned
to different desired colors by properly selecting the conductive polymer or a composite thereof,
or a blend thereof. The conductive polymer by itself may have the ability to change color due to,

e.g., changing oxidation states where each oxidation state corresponds to a different color.

11
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Accordingly, the conductive polymer may have more than one oxidation state. For example, the
conductive polymer may have 2 to 4 oxidation states. In some embodiments, the conductive

polymer has 3 oxidation states.

[0055] The conductive polymer film may also include other components (other than the
conductive polymer) that can be useful in providing different colors for the solid touchchromic
device, other than or in addition to the color(s) provided by the conductive polymer itself. For
example, the conductive polymer film may further include a metal oxide, a dye or a combination
thereof. Examples of metal oxides include, but are not limited to, WOj3, SnO,, In,0;, TiO,, and
combinations thereof. Examples of dyes include, but are not limited to, rhodamine, congo red,
eosin dye, methylene blue, methyl viologen, and combinations thereof. Embodiments where the
conductive polymer film includes further components other than the conductive polymer may be

referred to as a conductive polymer composite film herein.

[0056] Different combinations of the conductive polymer and the metal oxide or the dye may
include, but are not limited to, a polyaniline-rhodamine composite; a polypyrrole-rhodamine
composite; a polythiophene-rhodamine composite; derivatives of polyaniline with congo red,
derivatives of polypyrrole with congo red; derivatives of polythiophene with congo red; a
polyaniline-eosin dye composite; a polyaniline derivative-eosin dye composite; a polythiophene-
eosin dye composite; a polythiophene derivative-eosin dye composite; a polyaniline-methylene
blue composite; a polyaniline derivative-methylene blue composite; a polythiophene-methylene
blue composite; a polythiophene derivative-methylene blue composite; a polyaniline-methyl
viologen composite; a polyaniline derivative-methyl viologen composite; a polythiophene-
methyl viologen composite; a polythiophene derivative-methyl viologen composite; derivatives
of polyaniline with a metal oxide, including WO3, SnO,, In,Os, and TiO;; derivatives of
polypyrrole with a metal oxide, including WO3, SnO,, In,O3, and TiO,; derivatives of
polythiophene with a metal oxide, including WO3, SnO,, In;03;, and TiO,; and/or derivatives of
polycarbazole with a metal oxide, including WOs, SnO,, In,03, and TiO,. A suitable conducting

polymer or conducting polymer composite may also include a combination of the above.

[0057] The conductive polymer and/or the conductive polymer with further components as

listed above may be applied as a film to, e.g., the conductive plate. The conductive polymer or
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conductive polymer composite film may be deposited by electrochemical or self-assembled
techniques as described in U.S. 9,684,218 and U.S. 2016/0109776, both of which are
incorporated herein by reference in their entirety, or by any suitable method known in the art.
The conductive polymer film may have a varying thickness. For example, the conductive
polymer film may have a thickness of about 10 nm to about 1 pm. In some embodiments, the

conductive polymer film may be referred to as a conductive polymer layer.

[0058] The conductive polymer film can be arranged in varying positions within the solid
touchchromic device. In some embodiments, the conductive polymer film is positioned between
the conductive plate and the solid electrolyte layer. In other embodiments, the conductive
polymer film is positioned adjacent to the solid electrolyte layer, wherein both the conductive
polymer film and the solid electrolyte layer are positioned on the conductive plate. The
conductive polymer film may be contacting (e.g., physical, electrical or both) the solid

electrolyte layer, the conductive plate, or both.
C. Conductive Plates

[0059] The conductive plates can be any suitable plate that allows the solid touchchromic
device to function as disclosed herein. Examples of conductive plates include, but are not limited
to, a conducting glass plate, a conducting plastic plate, an indium tin oxide (ITO) coated glass
plate, an indium tin oxide (ITO) coated plastic, a fluorine doped tin oxide (FTO), and other metal
oxides coated conducting plates. In some embodiments, the conductive plate is a metal oxide

coated plate.

[0060] In some embodiments, the conductive plate is selected from the group consisting of
an indium tin oxide (ITO) coated glass plate, an indium tin oxide (ITO) coated plastic plate, and
a fluorine doped tin oxide (FTO) coated plate. In some embodiments, the conductive plate is a

FTO coated plate. In some embodiments, the conductive plate is a FTO coated glass plate.

[0061] The conductive plate can be arranged in varying positions within the solid
touchchromic device. The conductive plate may be considered one end of the solid touchchromic

device, where the conductive polymer film can be positioned on the conductive plate. The
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conductive plate can contact (e.g., physical, electrical or both) the conductive polymer film or

both the conductive polymer film and the solid electrolyte layer.

[0062] In some embodiments, the solid touchchromic device includes a second conductive
plate. The second conductive plate can be positioned on the solid electrolyte layer such that the
solid electrolyte layer and the conductive polymer film are positioned between the conductive
plate and the second conductive plate. The second conductive plate may be the same type of
plate as the conductive plate, or it may be different. In some embodiments, the second
conductive plate is a FTO coated plate. In some embodiments, the conductive plate and the

second conductive plate are both FTO plates.
D. Metal

[0063] The solid touchchromic device can further include a metal. The metal can act as a
source of electrons that upon the metal contacting the solid electrolyte layer (or second
conductive plate) can initiate a chain of reactions that results in the solid touchchromic device
changing from a first color to a second color, the second color being different from the first
color. Examples of metals include, but are not limited to, copper, low carbon steel, nickel, zinc,
iron, indium, tin, aluminum, manganese, cobalt, palladium, silver, lithium, magnesium, sodium,
and their alloys. In some embodiments, the metal is selected from the group consisting of copper,
low carbon steel, nickel, zinc, iron, indium, tin, aluminum, manganese, cobalt, palladium, silver,

lithium, magnesium, sodium, and combinations thereof.

[0064] In some embodiments, the solid touchchromic device comprises a metal configured to
contact the solid electrolyte layer or the second conductive plate, wherein the solid touchchromic
device changes from a first color to a second color in response to the metal contacting the solid
electrolyte layer or the second conductive plate. The metal can be configured to alternately be

placed into and out of contact with the solid electrolyte layer and/or the second conductive plate.
3. Articles that Include the Solid Touchchromic Device

[0065] In another aspect, disclosed are articles that comprise the solid touchchromic device.

Given that the disclosed solid touchchromic devices have the advantages of not needing an
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external power source and being able to change color in fast time scales, they can be useful for a
number of different applications. Examples of applications where the solid touchchromic device
could be useful include, but are not limited to, camouflage for the military and defense sectors,

sensors, rear view mirrors for vehicles, windows, toys, and various displays applications.

[0066] In some embodiments, the article comprising a disclosed solid touchchromic device,
can be selected from the group consisting of a sensor; a mirror, including a rear view mirror; a
window; a toy; a display; a detector, sunglasses, and a form of camouflage, including

camouflage for military applications.
4. Methods of Making Solid Touchchromic Devices

[0067] In another aspect, disclosed are methods of making solid touchchromic devices. The
method may include applying a conductive polymer film to a conductive plate. As detailed
above, the conductive polymer film or conductive polymer composite film may be deposited on

the conductive plate by electrochemical or self-assembled techniques.

[0068] A polymer, an acid, and an oxidant may be combined to provide a mixture. Before
being combined in the mixture, the polymer may be dissolved in a solvent, such as water, and
then heated for a period of time to provide a polymer solution. For example, the polymer may be
heated at less than 80 °C such as about 30 °C to about 70 °C for about 1 hour to about 8 hours.
The acid can then be added to the polymer solution to provide the polymer-acid mixture. The
oxidant can then be added to the polymer-acid mixture to provide the mixture. In some

embodiments, the mixture is in the form of a gel.

[0069] The polymer, acid and oxidant may be present in the mixture at varying amounts. The
polymer may be present in the mixture at about 10 gm/L to about 100 gm/L. The acid may be
present in the mixture at about 0.00001 M to about 1 M. The oxidant may be present in the
mixture at about 0.000001 M to about 0.1 M, such as about 0.00001 M to about 0.1 M, about
0.0001 M to about 0.1 M, or about 0.001 M to about 0.1 M. In some embodiments, the oxidant is
present in the mixture at less than 0.1 M, less than 0.08 M, less than 0.05 M, or less than 0.01 M.
In some embodiments, the oxidant is present in the mixture at greater than 0.0001 M, greater

than 0.001 M, greater than 0.01 M, or greater than 0.1 M.
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[0070] The mixture can be applied to the conductive polymer film to provide a solid
electrolyte layer on the conductive polymer film, such that the conductive polymer film contacts
the conductive plate and the solid electrolyte layer. The mixture can be applied as a gel to the
conductive polymer film or may form a gel after being applied to the conductive polymer film.
The solid electrolyte layer, conductive polymer film and conductive plate can then be heated at
less than 80 °C, such as about 30 °C to about 70 °C or about 40 °C to about 50 °C. The heating
step can be done for varying periods of time. For example, the heating can be performed for
about 10 minutes to about 3 hours, such as about 30 minutes to about 2 hours or about 1 hour to
about 2 hours. The solid electrolyte layer, conductive polymer film and conductive plate may
also be exposed to a drying step (prior to the aforementioned heating step), which can be done at
room temperature for about 1 hour. The color contrast of the solid touchchromic device may
depend upon the ratio of polymer (e.g., PVA), oxidant (e.g., APS), and acid. In addition,
different ways of making the solid touchchromic device, such as different heating/curing

temperatures and times may also affect the color capabilities of the solid touchchromic device.

[0071] In some embodiments, the method further includes applying a second conductive
plate to the solid electrolyte layer such that the solid electrolyte layer and the conductive polymer
film are between the conductive plate and the second conductive plate. The second conductive
plate is at least contacting the solid electrolyte layer. In some embodiments, the second
conductive plate is contacting the solid electrolyte layer and the conductive polymer film. In still
other embodiments, the second conductive plate is contacting the solid electrolyte layer, but not

the conductive polymer film.

[0072] Generally, the above-description under the “Solid Touchchromic Devices” section
regarding the solid electrolyte layer (including the polymer, the acid and the oxidant), the
conductive polymer film, the conductive plate and the second conductive plate can also be
applied to the methods of making the solid touchchromic device. For the purposes of brevity, this

description will not be repeated here.
5. Methods of Using Solid Touchchromic Devices

[0073] In another aspect, disclosed are methods of using the solid touchchromic devices. The

method may be used for any of the articles described above that comprise the solid touchchromic
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device as disclosed herein. The method may include contacting the solid electrolyte layer or the
second conductive plate with the metal of the solid touchchromic device, wherein the solid
touchchromic device changes from a first color to a second color in response to the metal
contacting the solid electrolyte layer or the second conductive plate. The method then may
optionally include moving the metal such that it no longer contacts the solid electrolyte layer or
the second conductive plate, wherein the solid touchchromic device changes from the second
color to the first color in response to the metal no longer contacting the solid electrolyte layer or
the second conductive plate. These two steps can be repeated numerous times to repeatedly

change the color of the solid touchchromic device.
6. Examples

[0074] Film fabrication: Initially, 0.1 M of aniline solution was added to 1 M HCI and stirred
for 2 hr to produce a homogenous solution. The PANI (emeraldine form) was electrochemically
deposited at 1 mA/cm” on a cell containing FTO coated glass plate as the working electrode and
stainless steel as the counter electrode. The self-assembled PANI film was also deposited on
FTO. A dye, methanol blue (MB), HCI, and a monomer aniline solution could also be produced
by the addition of 0.01 M of MB and 5 ml of aniline in a 100 ml of 1 M HCI solution and stirred
for 8 hr for a homogenous solution. The PANI-dye composite film was deposited using an
electrochemical technique with a current density of 1 mA/cm” for 8 min. Later, the film
containing composite granules was washed with water to obtain a uniform conducting polymer

composite film on the FTO glass plate.

[0075] Preparation of the PVA—HCI solution: 20 gm of PVA was dissolved in deionized
water and adjusted to produce 250 ml. The solution was first heated at 70 °C for 8 hr. Then, the
PVA solution was divided into five parts (each 50 ml), with each part adjusted in a beaker by the
addition of different molar concentrations (2 M to 0.125 M — FIG. 15) of acid solution. Other
polymer that may be used in place of or in combination with PVA include examples shown in

FI1G. 14.

[0076] Preparation of liquid electrolyte: The liquid electrolyte was prepared by the addition
of an APS oxidant at 0.1 M to various molar ratios of acid varied from 2 M to 0.125 M (FIG.
16).
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Table 1: PVA at different molar concentrations of HCI

Sr No. PVA Solution HCI Concentration
A 40 mL 2M
B 40 mL 1M
C 40 mL 0.5M
D 40 mL 0.25M
E 40 mL 0.125M

[0077] Each PVA solution may be adjusted by addition of different molar concentrations
(about 2 M to about 0.125 M) of HCI solution, as shown in Table 1.

[0078] A liquid electrolyte may be prepared by addition of the oxidant APS at about 0.1 M
with various molar ratios of HCI, varying from about 2 M to about 0.125 M.

Table 2: Concentration of APS to HCI concentration

Sr No. APS Concentration HCI Concentration
1 0.1 M 2M
2 0.1 M 1M
3 0.1 M 0.5M
4 0.1 M 0.25M
5 0.1 M 0.125M

[0079] A solid device (see, e.g., FIG. 18) may be fabricated according to the following
procedure, although many variations will be readily apparent to one of skill in the art. Each

container with equal concentration of acid with PVA, as shown in Table 1 and Table 2, may be
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mixed to obtain various homogenous solutions. Such electrolytes may be used to form a film of
PANI coated over FTO or ITO coated glass plates. A transparent glass slide or an ITO coated
glass plate may be placed over the liquid electrolyte coated over PANI film on ITO glass plate.
The glass slide or ITO coated glass slide may be smaller in size over liquid electrolyte coated
over PANI film on ITO glass plate. Three different concentrations of liquid electrolyte treated
and covered over PANI films on ITO coated glass plates are shown in FIG. 17.

[0080] Another device fabrication included: Each container with the same concentration of
HCI was mixed with PVA to obtain various homogenous solutions. The resultant electrolyte was
applied to the PANI film on the FTO glass plate. Finally, a transparent glass slide or an FTO-
coated glass plate was placed over the liquid electrolyte. The structure was first dried at room
temperature for one hour and then dried in an oven at 40-50 °C to produce a solid touchchromic
device. FIG. 6 shows the fabricated solid electrolyte touchchromic device. The concentration of
the electrolyte, containing the synthetic polymer PVA, APS oxidant, and HCI acid greatly
affected the PANI or its composite film. The APS oxidant in the electrolyte converted the ES
form of PANI to PNB; however, if it was not used in the right proportions, the electrolyte reacted
with the PANI structure and caused film discoloration. The concentrations of the electrolyte
containing synthetic polymer “PVA”, APS “oxidant”, and acid “HCI” can have a significant
effect on the PANI film. Thus, the ratios between APS, PVA, and HCI played an important role

in the fabrication of the solid touchchromic device.

[0081] For example, the APS “oxidant” in the electrolyte brings emeraldine salt polymer to
PNB. However, if it is not used in a good proportion in the electrolyte, it reacts to PANI structure
and causes discoloration of the film as shows in FIG. 19. The top three touchchromic devices (1-
3) in FIG. 19 have no effect of oxidant. However, the bottom three touchchromic devices (4-6)
depict a color change of the film due to the presence of higher concentration of oxidant in the
electrolyte. Thus, it was important to keep the APS concentration at less than 0.1 M for the

fabrication of such devices.

[0082] UV-studies: FIG. 3 (curve 1) graphically shows that the PVA containing both HCI
and APS has an absorption peak at 350-360 nm due to the conjugation bond of the acid with the
PVA. The presence of the absorption band at 460 nm was due to the free OH group which was in
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equilibrium with the HCI acid group in the blend structure. FIG. 3 (curve 2) graphically shows
the UV-vis bands at 362 nm, 430 nm, and 820 nm of the emeraldine salt (ES) form of PANI The
band at 362 nm was due to a m-* transition, the band at 420 nm was due to the polaron and
bipolaron states whereas the band at 820 nm was due to the doped form of PANI. The electrolyte
layer applied to the ES shows UV-absorption peaks at 360 and 750 nm in curve 3 of FIG. 3. The
band has shifted from 362 nm to 360 nm with the removal of the polaron and bipolaron states.
The HCI concentration in ES has also decreased as indicated by the shift of the band at 750 nm.
FIG. 3 (curve 4) depicts interesting bands at 365, 443, and 813 nm. The sharp band for the
polaron and bipolaron states at 443 nm again appeared and the doped band shifted to 813 nm.
The UV-vis spectra (FIG. 3) show that the “APS” oxidizer had an effect on the activity of the
solid electrolyte deposited on the PANI film.

[0083] FTIR: FIG. 4 (curve 1) graphically shows the FTIR spectra of PVA-gel (made of
PVA+APS+HCI) coated over an FTO coated glass plate. The spectra were recorded using the
reflectance mode. FIG. 4 curve 2 shows FTIR spectra of heat cured PVA-gel on the FTO coated
glass plate. There is no significant variation in the infrared peak either in the liquid or solid form
deposited on the FTO coated glass plate. However, the cured PVA gel on PANI shows the mixed
bands of PANI and PVA in curve 3 of FIG. 4.

[0084] SEM: FIG. 5 shows SEM images of PANI (1), PANI+dye composite (2), and solid
PVA-gel over PANI+dye. FIG. 5 (picture 1) shows uniform PANI films, whereas when a dye is
incorporated it turns into a clay-like structure. A solid electrolyte over the PANI+dye produced a
fibril type structure. The change in the orientation and concentration of the fibril structure in the
film may be due to the different thicknesses of the solid electrolyte layer over the PANI film.
The doctor blade technique was used to apply a PVA-gel electrolyte uniformly over the film.

[0085] UV-vis transmission at 550 nm: The UV-vis transmission of the solid touchchromic
device with and without a metal contact was obtained. The color contrast varied from about 20 to
about 50% depending upon the type of film, concentration of the gel, and thickness of the smart
film.

[0086] Visual observation of touchchromism: The metal pin contact was applied on the

electrolyte of the solid touchchromic device including of PVA-gel on PANI/FTO glass. Removal
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of the metal pin brought back the original color. FIG. 6 shows images of the touchchromic

device before and after removing the metal contact.

[0087] FIG. 20 shows pictures extracted from a video for the decoloration and coloration
with metal contact. (1) The solid device. (2) The metal pin is closer to device. (3) The pin has
touched the right side of the glass edge of PVA solid electrolyte. (4) The device shows a color
change when both pins are in contact. (5) The device has completely changed color in a few
seconds of contact. (6) The pin is removed, and the film has started to change back. (7) The film
is in an intermediate stage of color change. (8) The device has approached its original color after

a couple of minutes.

[0088] FIG. 7 shows the emeraldine salt as the doped form of the PANI structure. The
oxidant APS changes emeraldine salt to the PNB state of PANI. HCI and phosphoric acid
(H5PO,4) have been used in the PVA-gel based electrolyte. Because the gelling process of PVA
has been studied in H3PO4, H3PO,4 was used to show the preparation of the PV A-gel electrolyte,
its treatment over PANI, and preparation of the solid device and the touchchromic mechanism.
Instead of H;POy, other similar acids could be used, such as HCI, H,SO4, HNO;3;, CH;COOH, for

example.

[0089] The schematic in FIG. 8 illustrates the formation of PVA-gel in H;PO,. PVA blended
well with H;PO4 when heated at 70 °C for 2 hr. It was important to form a transparent gel by
keeping the temperature below 80 °C, otherwise the gel would become dark and brownish.
Longer annealing times were avoided and the temperature was decreased to 50 °C, enabling the
PVA solution to remain transparent. FIG. 9 shows the formation of radical carbon atoms in the
PVA structure in the gel with the use of the APS oxidant. The APS oxidant removes an electron
from the PVA-H;PO, structure, producing an electron acceptor material. However, metal contact
removal reverses the process, and the presence of APS in the PVA+H;PO4+APS structure
removes electrons from PVA as well as LEU. The film changes to dark blue or blue forming
leucomeraldine form of PANI. The coloration process may be slower than the decoloration

process.

[0090] The PVA-PANI-ZnO composite powder has been previously synthesized for

antibacterial applications. The PVA-PANI-nickel nanocomposite treated with a gamma
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radiolytic method showed an increase of conductivity with dose. PANI-PVA composite films
have been synthesized to obtain good conductivity and mechanical properties. In addition, a
solid-based PV A-sodium bromide-H;PO, membrane has been fabricated by the solution casting
method for fuel cell applications. However, the adhesive properties of a PVA-PANI layer or the
application of a PVA+H;PO4+APS type electrolyte has not been previously reported. FIG. 10
shows the resultant structure when the PVA-gel is applied on the PANI film and the PANI color
changes to dark blue or purple. There is a four order of magnitude change in the conductivity of
the solid electrolyte from 100 S/cm for just PANI, to 107 S/cm for the PVA+H;PO,+APS gel
treated PANI film.

[0091] This is opposite to the conductivity obtained when only PVA with acid was applied to
PANI. FIG. 11 shows how the electron flows from the metal into the PNB film after contact with
the PVA-gel electrolyte. The formation of a radical at the carbon atom in the PVA structure was
the result of electron transfer with the reaction proceeding from PNB to LEU with a weak

interaction with the phosphoric acid group.

[0092] A metal contact brings a complete change of the PNB form of PANI to LEU, as
shown in FIG. 12. Removal of the metal contact reversed the process, with the APS in the PVA-
gel structure removing electrons from the PVA and LEU to form PNB (dark blue in color). The
coloration process was slower than the decoloration process. It is hypothesized that any excess
electrons removed from the smart film are distributed to the environment to keep the charge
balanced. The coloration and decoloration process was completely reversible. One could
conclude that the coloration and decoloration process in solid electrolyte devices is quite

different than that in liquid electrolyte touchchromic devices.

[0093] Energy band diagram: The energy structure in a touchchromic device was obtained
using theories for solid-state and electrochemical devices. FIG. 13 shows the proposed energy
structures for FTO, PANI, and gel electrolyte with and without the metal contact, based on the
energy levels of PANI at different oxidation states. The deposited polymer on the FTO substrate
was emeraldine salt with a green color (band gap about 1.5 eV). The standard electrochemical
potential of the oxidizer was much lower than the Fermi level in PANI (E, about 6.5 eV below

vacuum). Hence, electron transfer from PANI to the oxidizer was expected for the PVA gel
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including PVA+H;PO4+APS. The electron transfer direction is shown with a dashed arrow in
FIG. 13a. When gel electrolyte was applied to the film, due to the strong oxidizing property of
$,05”", the polymer was oxidized to the PNB form of PANI. Loss of the electron which used to
be at the polaron level (level ‘a’ in FIG. 13) changed the energy structure of the polymer as
observed by the color change to blue, implying a bandgap increase to about 2.2 eV. Also, as the
ions in the gel electrolyte were reduced, the electrochemical potential of the electrolyte was

increased to a higher level.

[0094] The change in the electrochemical potential could be found from the Nernst equation
based on the concentrations of S,0z and SOy in the reversible reaction between the two ions
(S,08+2¢ <> 280,4™). In equilibrium, the Fermi level should be the same in FTO, PANI, and gel
electrolyte. The equilibrium condition was changed when a low work function metal touched the
solid PVA-gel electrolyte. The interaction between the PVA-gel electrolyte and the metal
resulted in the insertion of electrons into the FTO-PANI-gel multilayer structure. The addition of
electrons changed the balance in the redox reaction between S,0s and SOy, resulting in an
increase in the electrochemical potential of the electrolyte. The change in the energy level forced
electrons to be transferred to the polymer film and reduced PNB to the LEU form, which is
transparent with a bandgap of about 3.9 eV. Shortly after the color change, a new equilibrium
condition was established in the structure with the metal contact. As shown in FIG. 13, the status
of electrons in energy level ‘a’ affected the energy structure of the polymer, resulting in the color

change.

[0095] In summary, described herein, are solid state touchchromic devices. The mechanism
of the color change is unexpected compared to previously disclosed liquid electrolyte based
touchchromic devices. Certain embodiments cover PVA+H3;PO4+APS gel over PANI film,
which is coated over conducting ITO or FTO coated glass plate. The fabrication of liquid gel,
application of gel over film, drying process, and coloration and decoloration in the solid state
device can be understood through various schematics shown in FIGS. 7-11. In certain
embodiments, the color contrast of the solid touchchromic device depends upon the ratio of
PVA, APS, acid content in the gel or solid electrolyte layer, and ways to making the solid device
with curing at different temperatures. The gelling of the PVA+H;P0O4+APS may be important

before application over PANI film. Regardless, the solid touchchromic devices disclosed herein
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bring reality to finding practical applications for camouflage, sensors, rear view mirrors for
vehicles, windows, toys, and displays applications, among others. Thus, the disclosure provides,

among other things, a solid touchchromic device.

[0096] For reasons of completeness, various aspects of the invention are set out in the

following numbered clauses:

[0097] Clause 1. A solid touchchromic device comprising: a solid electrolyte layer derived
from a polymer, an acid, and an oxidant; a conductive plate; and a conductive polymer film in

contact with the conductive plate and the solid electrolyte layer.

[0098] Clause 2. The solid touchchromic device of clause 1, wherein the conductive polymer
is selected from the group consisting of a polyaniline, a polypyrrole, a polythiophene, a

polyindole, a polycarbazole, and combinations thereof.

[0099] Clause 3. The solid touchchromic device of clause 2, wherein the polyaniline is
selected from the group consisting of poly(ortho-anisidine) (POAS), poly(o-toluidine) (POT),

poly(ethoxy-aniline), substituted polyanilines, and combinations thereof.

[00100] Clause 4. The solid touchchromic device of any of clauses 1-3, wherein the

conductive polymer film further comprises a metal oxide, a dye or a combination thereof.

[00101] Clause 5. The solid touchchromic device of clause 4, wherein the metal oxide is

selected from the group consisting of WO3, SnO,, In;03, TiO;, and combinations thereof.

[00102] Clause 6. The solid touchchromic device of clause 4, wherein the dye is selected from
the group consisting of rhodamine, congo red, eosin dye, methylene blue, methyl viologen, and

combinations thereof.

[00103] Clause 7. The solid touchchromic device of any of clauses 1-6, wherein the polymer
is selected from the group consisting of poly(vinyl alcohol) (PVA), poly(vinyl acetate),
poly(vinyl alcohol co-vinyl acetate), poly(methyl methacrylate), poly(vinyl alcohol-co-ethylene
ethylene), poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate), polyvinyl butyral, polyvinyl

chloride, polystyrene, and combinations thereof.
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[00104] Clause 8. The solid touchchromic device of any of clauses 1-7, wherein the solid

electrolyte layer is derived from at least two different polymers.

[00105] Clause 9. The solid touchchromic device of any of clauses 1-8, wherein the
conductive plate is selected from the group consisting of an indium tin oxide (ITO) coated glass
plate, an indium tin oxide (ITO) coated plastic plate, and a fluorine doped tin oxide (FTO) coated
plate.

[00106] Clause 10. The solid touchchromic device of any of clauses 1-9, wherein the oxidant
is selected from the group consisting of aluminum nitrate, ammonium dichromate, ammonium
peroxydisulphate (APS), barium nitrate, bismuth nitrate, calcium hypoperchlorate, copper (II)
nitrate, cupric nitrate, ferric nitrate, hydrogen peroxide, lithium hydroxide monohydrate,
magnesium nitrate, magnesium perchlorate, potassium chlorate, potassium dichromate,
potassium permanganate, sodium hypochlorite, sodium periodate, zinc nitrate hydrate, nitric
acid, sulfuric acid, perchloric acid, ammonium nitrate, silver nitrate, benzoyl peroxide,
tetranitromethane, sodium perchlorate, potassium perchlorate, potassium permanganate,

potassium persulfate, sodium nitrate, potassium chromate, and combinations thereof.

[00107] Clause 11. The solid touchchromic device of any of clauses 1-10, wherein the acid is
selected from the group consisting of acetic acid, propionic acid, hydrochloric acid, hydrofluoric
acid, phosphoric acid, sulfuric acid, formic acid, benzoic acid, hydrofluoric acid, nitric acid,
phosphoric acid, sulfuric acid, tungstosilicic acid hydrate, hydriodic acid, carboxylic acid,
dicarboxylic acid, tricarboxylic acid, oxalic acid, hexacarboxylic acid, citric acid, p-camphor
sulfonic, a combination of FeCl; and polyacrylic acid, tartaric acid, oxalic acid, and

combinations thereof.

[00108] Clause 12. The solid touchchromic device of any of clauses 1-11, further comprising
a second conductive plate positioned on the solid electrolyte layer such that the solid electrolyte
layer and the conductive polymer film are positioned between the conductive plate and the

second conductive plate.

[00109] Clause 13. The solid touchchromic device of any of clauses 1-12, further comprising

a metal configured to contact the solid electrolyte layer or the second conductive plate, wherein
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the solid touchchromic device changes from a first color to a second color in response to the

metal contacting the solid electrolyte layer or the second conductive plate.

[00110] Clause 14. The solid touchchromic device of clause 13, wherein the metal is selected
from the group consisting of copper, low carbon steel, nickel, zinc, iron, indium, tin, aluminum,

manganese, cobalt, palladium, silver, lithium, magnesium, sodium, and combinations thereof.

[00111] Clause 15. The solid touchchromic device of any of clauses 1-14, wherein the solid
touchchromic device comprises a salt selected from the group consisting of NaCl, CoCl,, KClI,

MgCl,, and combinations thereof.

[00112] Clause 16. An article comprising the solid touchchromic device of any of clauses 1-
15, wherein the article is selected from the group consisting of a sensor, a mirror, a window, a

toy, a display, a detector, sunglasses, and camouflage.

[00113] Clause 17. A method of producing a solid touchchromic device, the method
comprising: applying a conductive polymer film to a conductive plate; combining a polymer, an
acid, and an oxidant to provide a mixture; applying the mixture to the conductive polymer film to
provide a solid electrolyte layer on the conductive polymer film, such that the conductive
polymer film contacts the conductive plate and the solid electrolyte layer; and heating the solid
electrolyte layer, the conductive polymer film and the conductive plate at less than 80 °C to form

the solid touchchromic device of any of clauses 1-15.

[00114] Clause 18. The method of clause 17, further comprising applying a second conductive
plate to the solid electrolyte layer such that the solid electrolyte layer and the conductive polymer

film are between the conductive plate and the second conductive plate.

[00115] Clause 19. A method of using a solid touchchromic device, the method comprising:
contacting the solid electrolyte layer or the second conductive plate with the metal of the solid
touchchromic device of clause 13, wherein the solid touchchromic device changes from a first
color to a second color in response to the metal contacting the solid electrolyte layer or the
second conductive plate; and optionally moving the metal out of contact with the solid

electrolyte layer or the second conductive plate, wherein the solid touchchromic device changes

26



WO 2019/023458 PCT/US2018/043906

from the second color to the first color in response to the metal no longer contacting the solid

electrolyte layer or the second conductive plate.

[00116] Clause 20. A composition derived from: PVA, H;PO4, and APS, wherein the

composition is a gel.
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CLAIMS

What is claimed is:

1. A solid touchchromic device comprising:
a solid electrolyte layer derived from a polymer, an acid, and an oxidant;
a conductive plate; and
a conductive polymer film in contact with the conductive plate and the solid electrolyte

layer.

2. The solid touchchromic device of claim 1, wherein the conductive polymer is selected
from the group consisting of a polyaniline, a polypyrrole, a polythiophene, a polyindole, a

polycarbazole, and combinations thereof.

3. The solid touchchromic device of claim 2, wherein the polyaniline is selected from the
group consisting of poly(ortho-anisidine) (POAS), poly(o-toluidine) (POT), poly(ethoxy-

aniline), substituted polyanilines, and combinations thereof.

4. The solid touchchromic device of claim 1, wherein the conductive polymer film further

comprises a metal oxide, a dye or a combination thereof.

5. The solid touchchromic device of claim 4, wherein the metal oxide is selected from the

group consisting of WOs3, SnO», In,03, TiO,, and combinations thereof.

6. The solid touchchromic device of claim 4, wherein the dye is selected from the group
consisting of rhodamine, congo red, eosin dye, methylene blue, methyl viologen, and

combinations thereof.
7. The solid touchchromic device of claim 1, wherein the polymer is selected from the

group consisting of poly(vinyl alcohol) (PVA), poly(vinyl acetate), poly(vinyl alcohol co-vinyl
acetate), poly(methyl methacrylate), poly(vinyl alcohol-co-ethylene ethylene), poly(vinyl
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butyral-co-vinyl alcohol-co-vinyl acetate), polyvinyl butyral, polyvinyl chloride, polystyrene,

and combinations thereof.

8. The solid touchchromic device of claim 1, wherein the solid electrolyte layer is derived

from at least two different polymers.

9. The solid touchchromic device of claim 1, wherein the conductive plate is selected from
the group consisting of an indium tin oxide (ITO) coated glass plate, an indium tin oxide (ITO)

coated plastic plate, and a fluorine doped tin oxide (FTO) coated plate.

10. The solid touchchromic device of claim 1, wherein the oxidant is selected from the group
consisting of aluminum nitrate, ammonium dichromate, ammonium peroxydisulphate (APS),
barium nitrate, bismuth nitrate, calcium hypoperchlorate, copper (II) nitrate, cupric nitrate, ferric
nitrate, hydrogen peroxide, lithium hydroxide monohydrate, magnesium nitrate, magnesium
perchlorate, potassium chlorate, potassium dichromate, potassium permanganate, sodium
hypochlorite, sodium periodate, zinc nitrate hydrate, nitric acid, sulfuric acid, perchloric acid,
ammonium nitrate, silver nitrate, benzoyl peroxide, tetranitromethane, sodium perchlorate,
potassium perchlorate, potassium permanganate, potassium persulfate, sodium nitrate, potassium

chromate, and combinations thereof.

11. The solid touchchromic device of claim 1, wherein the acid is selected from the group
consisting of acetic acid, propionic acid, hydrochloric acid, hydrofluoric acid, phosphoric acid,
sulfuric acid, formic acid, benzoic acid, hydrofluoric acid, nitric acid, phosphoric acid, sulfuric
acid, tungstosilicic acid hydrate, hydriodic acid, carboxylic acid, dicarboxylic acid, tricarboxylic
acid, oxalic acid, hexacarboxylic acid, citric acid, p-camphor sulfonic, a combination of FeCl;

and polyacrylic acid, tartaric acid, oxalic acid, and combinations thereof.
12. The solid touchchromic device of claim 1, further comprising a second conductive plate

positioned on the solid electrolyte layer such that the solid electrolyte layer and the conductive

polymer film are positioned between the conductive plate and the second conductive plate.
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13.  The solid touchchromic device of claim 1, further comprising a metal configured to
contact the solid electrolyte layer or a second conductive plate, wherein the solid touchchromic
device changes from a first color to a second color in response to the metal contacting the solid

electrolyte layer or the second conductive plate.

14. The solid touchchromic device of claim 13, wherein the metal is selected from the group
consisting of copper, low carbon steel, nickel, zing, iron, indium, tin, aluminum, manganese,

cobalt, palladium, silver, lithium, magnesium, sodium, and combinations thereof.

15. The solid touchchromic device of claim 1, wherein the solid touchchromic device
comprises a salt selected from the group consisting of NaCl, CoCl,, KCI, MgCl,, and

combinations thereof.

16.  An article comprising the solid touchchromic device of claim 1, wherein the article is
selected from the group consisting of a sensor, a mirror, a window, a toy, a display, a detector,

sunglasses, and camouflage.

17. A method of producing a solid touchchromic device, the method comprising:

applying a conductive polymer film to a conductive plate;

combining a polymer, an acid, and an oxidant to provide a mixture;

applying the mixture to the conductive polymer film to provide a solid electrolyte layer
on the conductive polymer film, such that the conductive polymer film contacts the conductive
plate and the solid electrolyte layer; and

heating the solid electrolyte layer, the conductive polymer film and the conductive plate

at less than 80 °C to form the solid touchchromic device of claim 1.
18. The method of claim 17, further comprising applying a second conductive plate to the
solid electrolyte layer such that the solid electrolyte layer and the conductive polymer film are

between the conductive plate and the second conductive plate.

19. A method of using a solid touchchromic device, the method comprising:
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contacting the solid electrolyte layer or a second conductive plate with the metal of the
solid touchchromic device of claim 13, wherein the solid touchchromic device changes from a
first color to a second color in response to the metal contacting the solid electrolyte layer or the
second conductive plate; and optionally

moving the metal out of contact with the solid electrolyte layer or the second conductive
plate, wherein the solid touchchromic device changes from the second color to the first color in

response to the metal no longer contacting the solid electrolyte layer or the second conductive

plate.

20. A composition derived from:
PVA,
H3PO4, and
APS

2

wherein the composition is a gel.
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