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(57) Abstract: The disclosure relates generally to electrochromic devices wherein the self-bleaching behavior of an electrochromic
polymer (ECP) film is suppressed, and related methods. In some embodiments, provided are ECP films on moditied transparent con-
ductive oxide substrates, such as a partially octadecyltrichlorosilane (OTS) covered indium tin oxide (ITO) substrate (POTS-ITO sub-
strate), methods of preparing the ECP films, and electrochromic devices comprising the films.
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ELECTROCHROMIC POLYMER THIN FILMS HAVING REDUCED SELF-
BLEACHING BEHAVIOR AND ENHANCED CYCLING STABILITY

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application is based on and claims priority to U.S. Provisional Application No.
62/532,699, filed July 14, 2017, entitled “Method and device for suppressing self-bleaching
behaviors in black-to-transmissive electrochromic polymer thin films.” The entire contents of the

above-referenced application are all incorporated herein by reference.
TECHNICAL FIELD

[0002] The disclosure relates generally to electrochromic devices, and more particularly, to
electrochromic devices having electrochromic polymer (ECP) thin films with suppressed self-

bleaching behavior.
BACKGROUND

[0003] Smart electrochromic windows have received much interest as an emergent energy-
saving technology. Electrochromism refers to a reversible optical spectrum change upon an
electron transfer reaction induced via an application of voltage. Electrochromic thin films which
can manipulate light transmission by switching a small voltage bias to oxidize/reduce the active
materials have been developed for decades. Various types of the active materials, including
inorganic materials (e.g. WO3, MoQO3, V20s, Nb2O:s, etc.), small molecules (e.g. viologens,
Prussian blue, etc.), conjugated polymers and inorganic-organic hybrids have been explored.
Among them, conjugated polymers present many attractive properties such as fast coloring-
bleaching time, low cost, and flexibility. However, there are also a few obstacles to overcome,
including cycling stability, photo-stability, optical memory, etc. Despite of considerable
progresses towards a development of polymer-based electrochromics, there are still several

technological hurdles.

[0004] The optical memory is the ability of an electrochromic material to maintain its
colored/bleached state at an open circuit. Although conjugated polymer thin films generally have
good adhesion on device electrodes, a self-bleaching behavior of conjugated polymer often

exists, and it has not been fully understood. A self-bleaching behavior refers to a phenomena that
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an electrochromic material resumes its bleached state from a colored state with an application of
voltage. The self-bleaching behavior hinders the applications of electrochromic devices (ECDs)
in many scenarios. For instance, transmissivity of smart windows is required to be precisely
controlled based on variations of solar radiation. Because of the self-bleaching behavior, an
automatic control becomes more challenging. Therefore, it is important to understand and solve

the self-bleaching behaviors of conjugated polymers.
SUMMARY

[0005] In one aspect of the present disclosure, self-bleaching behaviors of ECP-black thin
films are investigated. It has been found that an electrochemical break-in process leads to a less
dense morphology and increases free volume facilitating ion permeation in the ECP-black thin
films. Polarized interface between a polymer thin film and a transparent indium-tin-oxide (ITO)

electrode makes charge transfer accessible, which causes the self-bleaching behaviors.

[0006] In another aspect of the present disclosure, two engineering strategies are proposed to
suppress the self-bleaching behaviors. First, a densely packed morphology is reformed by
increasing a cathodic polarization time at open circuit (Votr). The second strategy involves
modifying the substrate, such as partial modification of the electrode (ITO) surface with an
octadecyltrichlorosilane (OTS) layer. A combination of the two strategies can render an ECP-

black thin film capable of maintaining a colored state of at least about 300 seconds.

[0007] In another aspect of the present disclosure, a cycling stability of the ECP thin films has
been improved from about 600 cycles to more than 1000 cycles or more than 2000 cycles

without noticeable decay of color contrast.

[0008] In another aspect, provided is an electrochromic device (ECD) comprising an
electrochromic polymer (ECP) film on a modified transparent conductive oxide substrate which
is a transparent conductive oxide (TCO) substrate partially or fully covered with a modification
material selected from Cs-Casalkyltrichlorosilane, TiO2, ZnO, WOs3, MoO3, V20s, NiO, Ni20s3,
and NizOs, HMDS (bis(trimethylsilyl)amine), APTS ((3-aminopropyl)triethoxysilane), and
trimethoxy(2-phenylethyl)silane, poly(vinylidene fluoride-co-hexafluoropropylene) (PVDEF-
HFP), poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS), or a combination
thereof.
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[0009] In another aspect, provided is an electrochromic device (ECD) comprising an
electrochromic polymer (ECP) film on a POTS-ITO substrate which is an indium tin oxide (ITO)
substrate partially covered with octadecyltrichlorosilane (OTS).

[0010] In another aspect, provided is an electrochromic device (ECD) wherein the self-
bleaching behavior of an electrochromic polymer (ECP) film is suppressed, the ECD comprising:
a partially octadecyltrichlorosilane (OTS) covered indium tin oxide (ITO) substrate
(POTS-ITO substrate) obtained by a method comprising immersing the ITO substrate
in an OTS hexane solution for a period of time, and

the ECP film on the POTS-ITO substrate.

[0011] In another aspect, provided is a method for suppressing a self-bleaching behavior of
an electrochromic polymer (ECP) film, comprising:
obtaining a modified transparent conductive oxide (TCO) substrate partially or fully
covered with a modification material selected from Ce-Czsalkyltrichlorosilane,
Ti0z2, ZnO, WO3, Mo0O3, V20s, NiO, Ni203, and NizO4, HMDS
(bis(trimethylsilyl)amine), APTS ((3-aminopropyl)triethoxysilane), and
trimethoxy(2-phenylethyl)silane, poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP), poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS), or a combination thereof; and
forming the ECP film on the modified TCO substrate.

[0012] In another aspect, provided is a method for suppressing a self-bleaching behavior of
an electrochromic polymer (ECP) film, comprising:
obtaining a partially octadecyltrichlorosilane (OTS) covered indium tin oxide (ITO)
substrate (POTS-ITO substrate); and
forming the ECP film on the POTS-ITO substrate.

[0013] The ECP film that can be used in this technology can be made of any ECP, such as
poly-3,4-ethylenedioxy thiophene (PEDOT), poly-2,2’-bithiophene, polypyrrole, polyaniline
(PANI), polythiopene, polyisothianaphthene, poly(oaminophenol), polypyridine, polyindole,
polycarbazole, polyquinone, octacyanophthalocyanine, viologen, anthraquinone, phenocyazine,
or an electrochromic polymer described in U.S. Patent Application Publication No.

US2017/0321002, and combinations thereof.
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[0014] The electrochromic devices disclosed herein may be smart windows or display
devices, e.g., anti-glare car mirrors; smart windows configured to modulate the transmission or
reflected solar radiation for use in cars, aircrafts, buildings, and the like; protective eyewear;

camouflage and/or chameleonic materials; etc.

[0015] Itis to be understood that the foregoing general description and the following detailed
description are exemplary and explanatory only, and are not restrictive of the invention, as

claimed.
BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The accompanying drawings, which constitute a part of this disclosure, illustrate
several non-limiting embodiments and, together with the description, serve to explain the

disclosed principles.

[0017] FIG. 1(a) is graphical representation illustrating chemical structures of an ECP-Black,
an ECP-Magenta, and an ECP-Blue thin film; and FIG. 1(b) is a diagram illustrating cyclic
voltammetry measurement results of the ECP-Black, ECP-Magenta, and ECP-Blue thin films,

consistent with exemplary embodiments of the present disclosure.

[0018] FIGs. 2(a) — (b) are diagrams illustrating in-situ optical density measurement results of
the ECP thin film: (a) at a pristine state and (b) after a break-in process and at different
potentials; and FIGs. 2(¢) — (d) are diagrams illustrating EIS measurement results of the ECP-
Black thin film: (c) at a pristine state and (d) after a break-in process and with 300 s of a cathodic

polarization, consistent with exemplary embodiments of the present disclosure.

[0019] FIG. 3(a) is a diagram illustrating an exemplary short-term percentage change of
optical density after applied different periods of reverse bias (-0.2 V) in an ambient environment;
and FIG. 3(b) is a diagram illustrating an exemplary short-term percentage change of optical
density after applied different periods of reverse bias (-0.2 V) under nitrogen flow with a 10

L/min flow rate, consistent with exemplary embodiments of the present disclosure.

[0020] FIG. 4(a) is a diagram illustrating cyclic voltammetry measurement results of 0.1 M
Ferrocene in 0.1 M TBAPF¢ PC using a POTS-ITO, COTS-ITO, and ITO as working electrodes;
FIG. 4(b) is a graphical representation illustrating exemplary AFM images of the ITO and
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POTS-ITO; and FIG. 4(c) is exemplary contact angle images of bare ITO, UV-ozone treated ITO

and POTS-ITO thin films, consistent with exemplary embodiments of the present disclosure.

[0021] FIGs. 5(a) — (¢) are diagrams illustrating long-term percentage changes of optical
density of exemplary ECP-Black, ECP-Magenta, and ECP-Blue thin films, consistent with

exemplary embodiments of the present disclosure.

[0022] FIG. 6 (a) is a diagram illustrating a coloration efficiency of exemplary ECP-Black
thin films on a bare ITO and a POTS-ITO; FIG. 6 (b) is a diagram illustrating anodically peak
currents of the exemplary ECP-Black thin films on a POTS-ITO and a bare ITO versus number
of cycles; and FIGs. 6(¢c) — (d) are diagrams illustrating selected cycling voltammetry of
exemplary ECP-Black thin films on a bare ITO and a POTS-ITO, consistent with exemplary

embodiments of the present disclosure.

[0023] FIGs. 7(a) — (b) are diagrams illustrating transmittance of exemplary ECP-Black thin
films on a POTS-ITO and a Bare ITO under double potential step chronoamperometric

experiments, consistent with exemplary embodiments of the present disclosure.
DETAILED DESCRIPTION OF THE EMBODIMENTS

[0024] Reference will now be made in detail to exemplary embodiments, examples of which
are illustrated in the accompanying drawings. The following description refers to the
accompanying drawings in which the same numbers in different drawings represent the same or
similar elements unless otherwise represented. The implementations set forth in the following
description of exemplary embodiments consistent with the present invention do not represent all
implementations consistent with the invention. Instead, they are merely examples of systems

and methods consistent with aspects related to the invention.

[0025] Unless defined otherwise, all technical and scientific terms used herein have the same

meaning as is commonly understood by one of skill in the art to which this invention belongs.

[0026] As used herein, the term “comprising” is intended to mean that the compositions and
methods include the recited elements, but not excluding others. “Consisting essentially of” when
used to define compositions and methods, shall mean excluding other elements of any essential
significance to the combination. For example, a composition consisting essentially of the

elements as defined herein would not exclude other elements that do not materially affect the
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basic and novel characteristic(s) of the claimed invention. “Consisting of” shall mean excluding
more than trace amount of other ingredients and substantial method steps recited. Embodiments

defined by each of these transition terms are within the scope of this invention.

[0027] Numeric ranges are also inclusive of the numbers defining the range. Additionally,

the singular forms “a”, “an” and “the” include plural referents unless the context clearly dictates

otherwise.

29 CC

[0028] Reference throughout this specification to “one embodiment,” “an embodiment” or
“some embodiments” means that a particular feature, structure or characteristic described in
connection with the embodiment is included in at least one embodiment of the present invention.
Thus, the appearances of the phrases “in one embodiment,” “in an embodiment” or “in some
embodiments” in various places throughout this specification are not necessarily all referring to
the same embodiment or embodiments, but may be in some instances. Furthermore, the
particular features, structures, or characteristics may be combined in any suitable manner in one

or more embodiments.

[0029] The term “about” when used before a numerical value indicates that the value may

vary within reasonable range, such as + 10%, + 5%, and + 1%.

[0030] “Alkyl” refers to a straight or branched hydrocarbon chain radical consisting solely of
carbon (C) and hydrogen (H) atoms, which is saturated or unsaturated (i.e., contains one or more
double and/or triple bonds). In some embodiments, alkyl has from 1 to 30 carbon atoms (C1-C3o
alkyl), and which is attached to the rest of the molecule by a single bond, e.g., methyl, ethyl,
n-propyl, 1-methylethyl (iso-propyl), n-butyl, n-pentyl, 1,1-dimethylethyl (#-butyl),
3-methylhexyl, 2-methylhexyl, ethenyl, prop-1-enyl, but-1-enyl, pent-1-enyl, penta-1,4-dienyl,
ethynyl, propynyl, butynyl, pentynyl, hexynyl, and the like. Unless stated otherwise specifically
in the specification, an alkyl group may be optionally substituted. In some embodiments, alkyl is
a straight or branched hydrocarbon chain radical having 1 to 24 carbon atoms (C1-Ca4 alkyl), 1 to
10 carbon atoms (C1-Cio alkyl), 1 to 6 carbon atoms (C1-Cs alkyl), or 1 to 4 carbon atoms (C1-Ca
alkyl).

[0031] In this disclosure, ECP films having low self-bleaching and/or enhanced cycling
stability and electrochromic devices comprising the ECP films are provided. In some

embodiments, the ECP films have a percentage change of the optical density (AOD/OD (%)) of
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no more than about 15% or about 10% after 120 seconds under Vofr. In some embodiments, the
ECP films have a percentage change of the optical density (AOD/OD (%)) of no more than about
20% or about 10% after 900 seconds under Voft. In some embodiments, the ECP films have a
cycling stability of maintaining at least about 95% of color contrast after about 1000 redox

cycles or more.
Cathodic Polarization

[0032] In some embodiments, provided is a method for suppressing the self-bleaching

behavior of an ECP film comprising applying a cathodic polarization.

[0033] In some embodiments, provided is a method for preparing an electrochromic device

comprising applying a cathodic polarization for at least about 60 seconds.

[0034] In some embodiments, the cathodic polarization is applied for at least about 60
seconds, or at least about 120 seconds, or at least about 150 seconds, or at least about 180
seconds, or at least about 210 seconds, or at least about 240 seconds or at least about 270
seconds, or at least about 300 seconds. In some embodiments, the cathodic polarization is
applied for about 60 seconds to about 360 seconds. In some embodiments, the cathodic
polarization is applied for about 300 seconds. In some embodiments, the polarization potential is
from about -0.1 V to about -0.5 V, or from about -0.1 V to about -0.4 V, about -0.1 V to

about -0.3 V, or about -0.2 V.

[0035] In some embodiments, the ECP film is capable of maintaining a colored state for at
least 300 seconds or at least 600 seconds. In some embodiments, the ECP film has a percentage
change of the optical density (AOD/OD (%)) under Vofr of no more than about 15% or about
10% after 120 seconds. In some embodiments, the ECP film has a percentage change of the

optical density (AOD/OD (%)) under Vosr of no more than about 5 % after 120 seconds.
Substrate Modification

[0036] In some embodiments, provided is an electrochromic device (ECD) comprising an
electrochromic polymer (ECP) film on a modified transparent conductive oxide substrate which
is a transparent conductive oxide (TCO) substrate partially or fully covered with a modification
material selected from Cs-Casalkyltrichlorosilane, TiO2, ZnO, WOs3, MoO3, V20s, NiO, Ni20s3,
and NizOs, HMDS (bis(trimethylsilyl)amine), APTS ((3-aminopropyl)triethoxysilane), and
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trimethoxy(2-phenylethyl)silane, poly(vinylidene fluoride-co-hexafluoropropylene) (PVDEF-
HFP), poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS), or a combination
thereof. Such surface modification could increasing the adhesion between ECP and the

conductive surface.

[0037] In some embodiments, the transparent conductive oxide substrate comprises indium
tin oxide (ITO), fluorine-doped tin oxide (FTO), aluminium-doped zinc oxide (AZO), or
antimony-doped tin oxide (ATO), or a mixture thereof. In some embodiments, the transparent
conductive oxide substrate comprises ITO. In some embodiments, the transparent conductive
oxide substrate comprises FTO. In some embodiments, the transparent conductive oxide
substrate comprises ATO. In some embodiments, the transparent conductive oxide substrate

comprises AZO.

[0038] In some embodiments, the modification material comprises TiO2. In some
embodiments, the modification material comprises ZnO. In some embodiments, the
modification material comprises WOs. In some embodiments, the modification material
comprises MoOs. In some embodiments, the modification material comprises V20s. In some
embodiments, the modification material comprises NiO. In some embodiments, the modification
material comprises Ni203. In some embodiments, the modification material comprises NizO4. In
some embodiments, the modification material comprises HMDS (bis(trimethylsilyl)amine). In
some embodiments, the modification material comprises APTS ((3-
aminopropyl)triethoxysilane). In some embodiments, the modification material comprises
trimethoxy(2-phenylethyl)silane. In some embodiments, the modification material comprises
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP). In some embodiments, the
modification material comprises poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)

(PEDOT:PSS).

[0039] In some embodiments, the modification material comprises Co-
Casalkyltrichlorosilane. In some embodiments, the modification material comprises Cio-
Caoalkyltrichlorosilane. In some embodiments, the alkyl is saturated straight or branched

hydrocarbon chain. In some embodiments, the alkyl is saturated straight hydrocarbon chain.

[0040] In some embodiments, the modification material comprises octadecyltrichlorosilane
(OTS).
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[0041] In some embodiments, the modification material is in the form of a thin layer. In
some embodiments, the modification material forms a self-assembled monolayer on the TCO

substrate.

[0042] In some embodiments, the thickness of a thin layer is less than about 100 nm or less

than about 50 nm, or less than about 20 nm, or less than about 10 nm.

[0043] In some embodiments, the transparent conductive oxide substrate is fully covered
with the modification material. In some embodiments, the transparent conductive oxide
substrate is partially covered with the modification material. In some embodiments, about 100%,
99%. 95%, 90%, 85%, 80%, 75%, 70%., 65%, 60%, 55%, 50%, 45%, 40%, 35%, 30%, 25%,
20%, 15%, 10%, or 5 %, or any range between any two of the numbers (end points inclusive), of
the transparent conductive oxide substrate is covered with the modification material. In some
embodiments, the coverage of the modification material on the transparent conductive oxide

substrate is between about 10% to about 40%.

[0044] In some embodiments, the modified TCO substrate has a higher hydrophobicity than
an unmodified TCO substrate.

[0045] In some embodiments, the modified TCO substrate has contact angles of at least 100°,

or at least 110°, such as about 116°.

[0046] In some embodiments, provided is an electrochromic device (ECD) wherein the self-
bleaching behavior of an electrochromic polymer (ECP) film is suppressed, the ECD comprising:
a modified TCO substrate that is partially or fully covered by a modification material,
and
the ECP film on the modified TCO substrate, wherein the modified TCO substrate is
obtained by a method comprising immersing the TCO substrate in a solution of a

modification material for a period of time.

[0047] In some embodiments, provided is an electrochromic device (ECD) wherein the self-
bleaching behavior of an electrochromic polymer (ECP) film is suppressed, the ECD comprising:
a partially octadecyltrichlorosilane (OTS) covered indium tin oxide (ITO) substrate
(POTS-ITO substrate); and
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the ECP film on the POTS-ITO substrate, wherein the POTS-ITO substrate is
obtained by a method comprising immersing the ITO substrate in an OTS hexane

solution for a period of time.

[0048] In some embodiments, the period of time is about 60 minutes to about 15 hours, or
about 60 minutes to about 2 hours, or about 60 minutes to about 100 minutes. In some

embodiments, the period of time is about 80 minutes.

[0049] In some embodiments, provided is a method for preparing an electrochromic device
comprising forming an electrochromic polymer film on modified TCO substrate partially or fully

covered with a modification material.

[0050] In some embodiments, provided is a method for preparing an electrochromic device
comprising forming an electrochromic polymer film on an indium tin oxide substrate partially

covered with octadecyltrichlorosilane.

[0051] In some embodiments, provided is a method for suppressing a self-bleaching behavior
of an electrochromic polymer (ECP) film, comprising:
obtaining a partially octadecyltrichlorosilane (OTS) covered indium tin oxide (ITO)
substrate (POTS-ITO substrate); and
forming the ECP film on the POTS-ITO substrate.

[0052] In some embodiments, the obtaining the POTS-ITO substrate comprises immersing
the ITO substrate in an OTS hexane solution for a period of time, such as from about 60 minutes
to about 15 hours, about 60 minutes to about 2 hours, about 60 minutes to about 100 minutes, or

about 80 minutes.

[0053] In some embodiments, the concentration of the OTS hexane solution is about 0.1
vol% to about 10 vol%. In some embodiments, the concentration of the OTS hexane solution is

about 1 vol%.

[0054] In some embodiments, the method further comprises cleaning the ITO substrate prior

to immersing the ITO substrate in the OTS hexane solution.

[0055] In some embodiments, cleaning the ITO substrate comprises
washing the ITO substrate in one or more ultrasonic baths, such as a ultrasonic bath

of ethanol, acetone, and/or ethanol;

10
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drying the ITO substrate; and

treating a conducting side of the ITO substrate in a UV-ozone chamber.

[0056] In some embodiments, cleaning the ITO substrate comprises
washing the ITO substrate in ultrasonic bath of ethanol, acetone, ethanol for about 10
minutes each;
drying the ITO substrate by nitrogen blowing; and
treating a conducting side of the ITO substrate in a UV-ozone chamber for about 20

minutes.

[0057] In some embodiments, the method further comprises applying a cathodic polarization

as described herein.

[0058] In some embodiments, the OTS coverage on the ITO substrate is between about 10%
to about 40%.

[0059] In some embodiments, the OTS forms a self-assembled monolayer on the ITO

substrate.
[0060] In some embodiments, the thickness of the OTS layer is about 2 nm to about 4 nm.

[0061] In some embodiments, the POTS-ITO substrate has a higher hydrophobicity than the
ITO substrate.

[0062] In some embodiments, the ITO substrate has contact angles of at least 100°, or at least

110°, such as about 116°.

[0063] In some embodiments, the ECP film on a modified transparent conductive oxide
substrate, such as a POTS-ITO substrate, has a cycling stability that is higher than that of the
ECP film on an unmodified transparent conductive oxide substrate, such as an unmodified ITO

substrate.

[0064] In some embodiments, the ECP film is further treated with a cathodic polarization for
about 60 seconds to about 360 seconds, such as at least about 60 seconds, or at least about 120
seconds, or at least about 150 seconds, or at least about 180 seconds, or at least about 210
seconds, or at least about 240 seconds, or at least about 270 seconds, or at least about 300

seconds. In some embodiments, the ECP film is further treated with a cathodic polarization for

11
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about 300 seconds. In some embodiments, the polarization potential is from about -0.1 V to

about -0.5 V, or from about -0.1 V to about -0.4 V, about -0.1 V to about -0.3 V, or about -0.2 V.

[0065] In some embodiments, the ECP film on a modified transparent conductive oxide
substrate, such as a POTS-ITO substrate, with cathodic polarization is capable of maintaining a
colored state for at least about 600 seconds or at least about 900 seconds. In some embodiments,
the ECP film has a percentage change of the optical density (AOD/OD (%)) under Vot of no
more than about 20% or about 10% after 900 seconds. In some embodiments, the ECP film has
a percentage change of the optical density (AOD/OD (%)) under Vot of no more than about 8 %

after 900 seconds.

[0066] In some embodiments, the modified transparent conductive oxide substrate, such as a
POTS-ITO substrate, shows a lower peak current density than an unmodified transparent
conductive oxide substrate, such as an unmodified ITO substrate, in a cyclic voltammetry
measurement. In some embodiments, the modified transparent conductive oxide substrate, such
as a POTS-ITO substrate, has a peak current density of less than about 0.04 mA/cm?. In some
embodiments, the modified transparent conductive oxide substrate, such as a POTS-ITO
substrate, has a peak current density of about 0.03 mA/cm?. In some embodiments, the modified
transparent conductive oxide substrate, such as a POTS-ITO substrate, shows a larger distance
between cathodic and anodic peaks than an unmodified transparent conductive oxide substrate,
such as an unmodified ITO substrate, in a cyclic voltammetry measurement. In some
embodiments, the modified transparent conductive oxide substrate, such as a POTS-ITO
substrate, has a distance between cathodic and anodic peaks of at least about 0.5 V. In some
embodiments, the modified transparent conductive oxide substrate, such as a POTS-ITO

substrate, has a distance between cathodic and anodic peaks of about 0.6 V.

[0067] In some embodiments, the ECP film has a cycling stability of maintaining at least

95% of color contrast after about 1000 redox cycles or about 2000 redox cycles or more.

[0068] In some embodiments, the OTS forms a self-assembled monolayer on the ITO

substrate, and the coverage of the OTS on the ITO substrate is between about 10% to about 40%.

[0069] In some embodiments, the POTS-ITO substrate has a higher hydrophobicity than the
ITO substrate.
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Electrochromic Polymers

[0070] In some embodiments, the ECP film comprises an ECP selected from poly-3,4-
ethylenedioxy thiophene (PEDOT), poly-2,2’-bithiophene, polypyrrole, polyaniline (PANI),
polythiopene, polyisothianaphthene, poly(oaminophenol), polypyridine, polyindole,

polycarbazole, polyquinone, octacyanophthalocyanine, viologen, anthraquinone, phenocyazine,

and combinations thereof.

[0071] In some embodiments, the ECP film comprises an ECP selected from

R
\ [
0

R R D), s (1),
R

"\ /

0 0
o) O
/ \
S

" (1),

wherein R is C1-Cso alkyl, each of x, y and n 1s independently an integer greater than 0.
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[0072] In some embodiments, R is 2-ethylhexyl. In some embodiments, each of x and y is
independently an integer from 1 to 50, from 1 to 25 or from 1 to 12. In some embodiments, n is

an integer from 1 to 200, from 1 to 100 or from 1 to 50.

[0073] In some embodiments, the ECP film is selected from a group consisting of an ECP-
Black film, an ECP-Magenta film, and an ECP-Blue film.

[0074] In some embodiments, the thickness of the ECP film is about 200 nm to about 500

nm, or about 250 to about 450 nm, or about 300 nm to about 400 nm, or about 375 nm.

[0075] In some embodiments, provided is an electrochromic device (ECD) comprising an

electrochromic polymer (ECP) film described herein.
[0076] In some embodiments, the ECD is a smart window or a display system.
EXAMPLES

[0077] In this disclosure, we present our studies on the electrochemical processes of ECP-
Black thin films in association with self-bleaching behaviors. First, the impact of an
electrochemical break-in process was probed. Then, the effect of cathodic polarization time on
the self-bleaching behaviors of conjugated polymers was investigated. Finally, we propose a
method for impeding a spontaneous charge transfer at interfaces by modifying the substrate
surface. Combing a long cathodic polarization (300 seconds (s)) and a modified surface, our
method can suppress the self-bleaching of the ECP-Black thin films. This approach is general
and applicable to ECP-Magenta, and ECP-Blue thin films as well. In addition, a cycling stability

of the ECP-Black thin film on an ITO can also be improved upon the surface modification.

[0078] FIG. 1(a) is a graphical representation illustrating chemical structures of an ECP-
Black, an ECP-Magenta, and an ECP-Blue thin film, where R is 2-ethylhexyl. FIG. 1(b) is a
diagram of cyclic voltammetry (CV) measurement results of the ECP-Black, ECP-Magenta, and
ECP-Blue thin films. As shown in FIG. 1(b), in some embodiments, a HOMO energy level of the
ECP-Black was estimated to be - 4.8 eV by using an empirical formula (Eqn. (1)). Thus, the self-
bleaching of the ECP-Black polymer could occur under Vo due to an interface electron transfer
(IET) according to a previous work (Shin, H.; Seo, S.; Park, C.; Na, J.; Han, M.; Kim, E. Energy
Saving Electrochromic Windows from Bistable Low-HOMO Level, Conjugated Polymers.
Energy Environ. Sci. 2016, 9 (1), 117-122).

14



WO 2019/014369 PCT/US2018/041679

Enomo = - [48 + (on - EI/Z(ferrocene))] eV (1)

where Enomo is the HOMO energy level of the conjugated polymer; Eox is an onset oxidation
potential of the conjugated polymer obtained from the CV measurement result of the ECP-Black
thin film, which is comparable to an Eox measured in a differential pulse voltammetry (DPV)

measurement; the Ei.2¢erocene) 18 the half-wave potential of ferrocene.

[0079] FIG. 2(a) shows a diagram illustrating an in-situ optical density (OD) measurement
result of the ECP thin film at a pristine state; consistent with exemplary embodiments of the
present disclosure. An inset in FIG. 2(a) shows a photograph of an exemplary pristine film. In
some embodiments, an optical memory of the pristine ECP-Black thin film was evaluated with
recording the absorption change at ~ Amax (640 nm) for 900 s under Vofr. As shown in FIG. 2(a),
the absorption of the pristine film remained unchanged, suggesting that the pristine thin-film did
not undergo self-bleaching within the observation period. This observation does not follow the
early report that conjugated polymers with HOMO levels higher than — 5.0 eV will undergo self-
bleaching on the ITO substrate.

[0080] Next, in some embodiments, 15 cycles of break-in processes was applied to the ECP-
Black thin film by cycling from -0.2 Vto 1.0 V at 40 mV/s. After that, the ECP-Black thin film
was first oxidized to its bleached state. The pre-oxidized thin film was then subjected to 1 V for
30 s and the potential was switched off from the 30" to 150" second. The absorption profile of
the bleached ECP-Black thin film had little change, indicating that a self-coloring is absent.
Subsequently, the ECP-Black thin film was reduced back to its colored (neutral) state by
applying a reverse bias at -0.2 V for 30 s. When the cathodic voltage bias was removed, the OD
of the colored thin film immediately started to decay, as shown in FIG. 2(b). Insets in FIG. 2(b)
show photographs of the exemplary ECP-Black film at different states. The ECP-Black thin film
can be reversely switched from transmissive state to its original black-blue color state,
suggesting that the polymer thin film does not decompose during the break-in process and the
cycling test. Therefore, we propose that an activation of the self-bleaching behavior can be
ascribed to a change of a structure of the ECP-Black thin film during oxidation-reduction (redox)

processes.

[0081] In some embodiments, atomic-force microscopy (AFM) and electrochemical

impedance spectroscopy (EIS) experiments may be conducted to probe the structural changes of
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the ECP-Black thin film after the break-in process. For example, in measured AFM images,
looser topologies can be observed for ECP-black thin films after the break-in process. As a
result, the loose morphologies can facilitate diffusions of solvated ions to compensate the
positive charges generated on the polymer backbone during the self-bleaching process.
Dramatical structural changes for the pristine film may also be observed in a volume change of
polypyrrole (dodecylbenzenesulfonate) (PPy(DBS)) during redox cycles by using in-situ AFM
experiments (Smela, E.; Gadegaard, N. Surprising Volume Change in PPy(DBS): An Atomic
Force Microscopy Study, Adv. Mater. 1999, 11 (11), 953-957). In some embodiments, the
volume changes of the first cycle may be between 60 - 100%, whereas only a 30 - 40% of
volume change may be obtained in the following cycles. The differences of volume change
indicate that the pristine compactness of the PPy(DBS) thin films cannot be recovered. Wang et
al. also observed the slow ion diffusion in the first reduction of PPy (DBS) could be due to
exceptionally compact of the as-deposited film (Wang, X ; Shapiro, B.; Smela, E. Visualizing
Ion Currents in Conjugated Polymers, Adv. Mater. 2004, 16 (18), 1605-1609). Our results are in
good agreement with the previous studies that initial electrochemical processes can cause the

structural change of the pristine conjugated polymer thin films.

[0082] The structural change of the ECP-Black caused by the break-in process was further
confirmed by EIS measurements. FIGs. 2(c) — (d) are diagrams illustrating the EIS measurement
results of the ECP-Black thin film: (¢) at a pristine state and (d) after a break-in process and with
300s of a cathodic polarization, consistent with exemplary embodiments of the present
disclosure. In some embodiments, the EIS of the ECP-Black film before the break-in process was
first measured, and the EIS was measured with a frequency from 1 Hz to 1 MHz. Then, the
break-in process was carried out, followed by a 300 s cathodic polarization potential (-0.2 V) that
was applied to reset the ECP-Black thin film back to its color state. Right after the cathodic
polarization, the EIS of the broken-in thin film (i.e., the thin film experienced with a break-in

process) was taken, as shown FIG. 2(d).

[0083] In the EIS experiment, because an electrode was coated with a neutral semiconducting
polymer thin film, the counter-ions need to penetrate through the polymer thin film to reach the
interfaces where the charge transfer occurred. The EIS results can hence be fitted by the equation
Rs(QrimRsitm)(QaiRct), where Rs is a solution resistance; Qriim and Ryim are capacitance and

resistance of the thin film; Qa and Retare double layer capacitance and charge transfer resistance
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at the ECP-Black film/ITO interfaces. The fitted results are summarized in the following Table 1.
Both Rsiim and Ret decreased dramatically for the broken-in thin film, even after applying a 300 s
cathodic pre-polarization to reset the film. This may imply that the ECP-Black thin film became
looser, which could be easier for the counter-ions to permeate through and facilitate the self-

bleaching process (as indicated in Eqn 1).

Pristine Film Thin film (after break-in + 300s polarization)
Rs/ Q 52.72 59.93
Qritm /F - s @D | 0.5713 x 10°¢ 2.04 x 10
afilm 0.959 0.8896
Riiim/ Q 45.97 x 10° 1.97 x 10°
Qa/F -s@D 4313 x 10® 2.461 x 10®
adl 0.5649 0.6049
Ret/ Q 6693 111.4
Table 1

[0084] A relationship between the cathodic polarization and a degree of the self-bleaching of
the ECP-Black thin film has also been explored. The degree of self-bleaching was quantified as
the percentage change of the optical density (AOD/OD (%)) under Votr. FIG. 3(a) shows an
exemplary short-term percentage change of the optical density after applied different periods of
reverse bias (-0.2 V) in an ambient environment, consistent with exemplary embodiments of the
present disclosure. The degree of self-bleaching within 120 s may decrease with an increase of
the cathodic polarization time. The result matches the ESCR model. The longer the cathodic
polarization, the more counter-ions/electrolyte can be expelled out from the polymer matrix, and
the polymer matrix may become more condensed due to the electroosmotic processes. A
electroosmotic process refers to a motion of ions induced by an applied potential across a porous
material. Once the voltage is turned off, the degree of self-bleaching becomes lower, since it
becomes more difficult for ions to penetrate into the thin film to compensate the positive charge
generated in the self-bleaching process. These results may suggest that the permeation of the
compensated ions is necessary for the self-bleaching processes and can be potentially taken
advantage to mediate the degree of the self-bleaching. Also, it is consistent with the previous
observation (FIG. 2(a) — (b)) that the self-bleaching behaviors may only occur when the ECP-

Black thin film presents a loose structure resulted from the break-in process.
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[0085] A more rigorous procedure was adopted to rule out the effect of oxidant (e.g.
molecular oxygen in the air) that might cause the self-bleaching of ECP-Black. FIG. 3(b) shows
an exemplary short-term percentage change of the optical density after applied different periods
of reverse bias (-0.2 V) under nitrogen flow with a 10 L/min flow rate, consistent with exemplary
embodiments of the present disclosure. In some embodiments, a freeze pump treatment was
applied to get rid of oxygen residues inside the electrolyte. A cuvette was sealed by a Teflon tape
and parafilm inside the N2 glove box. The spectral measurement was conducted under the N2
protection. Results in FIG. 3(b) suggest that the cathodic polarization may still play a role in
controlling the degree of self-bleaching, which is similar to the results obtained under the
ambient conditions. The degree of self-bleaching decreases when increasing the period of
cathodic polarization. In addition, if the existing of the oxidant were the dominant factor that
caused the self-bleaching of the black-ECP thin film, then the self-bleaching would be observed
for the pristine film before any electrochemical experiments (which cannot be observed in FIG.
2(a)). Thus, the self-bleaching of the break-in ECP-Black thin films may be due to the
spontaneous electron transfer from the ECP-Black thin film to the ITO electrode, instead of the

effect of an oxidant.

[0086] To mitigate the self-bleaching problem, interfacial engineering has been proposed to
evade a need for redesigning the polymer structure. Octadecyltrichlorosilane (OTS) modification
has been widely used in the field of organic field effect transistor (OFET) to increase the
adhesion of the organic layer (e.g. pentacene) to the substrate (Si wafer/ ITO). For
electrochromic devices, the insulated nature of the OTS could be used to impede the spontaneous
electron transfer associated with the self-bleaching of ECP thin film. However, the

electrochemical processes of ECP thin films could be hampered at the same time.

[0087] Therefore, we propose a method for suppressing the self-bleaching behavior of an ECP
thin film by making an ITO partially covered by an OTS (POTS). To generate a partially
coverage of the OTS on the ITO, in some embodiments, both roughness of the ITO and an
immersion time of the ITO in the OTS solution are critical. For a rough unpolished ITO, it may
take longer time (~15 hrs) to form a condensed self-assembled monolayer (SAM) layer. Kept
under a 1 vol% OTS hexane solution for a short time (for example, 80 mins), ITO substrates may

be partially modified by the OTS.
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[0088] In one embodiment, to make a POTS covered ITO, ITO substrates was first washed by
ultrasonic bath of ethanol, acetone, ethanol for about 10 mins each. Then the washed ITO
substrates was dried by nitrogen blowing. Next, conducting sides of the ITO substrates was
treated for about 20 mins in a UV-ozone chamber. Then the ITO was partially covered by the

OTS monolayer (POTS) after immersing in a 1 vol% OTS hexane solution for about 80 mins.

[0089] To evaluate the coverage of the as-formed SAM layer, cyclic voltammetry
experiments of 0.1 M ferrocene in propylene carbonate with 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPFs) was conducted by using a bare ITO and an OTS modified ITO,
respectively. In some embodiments, potential was scanned from -0.4 Vto 1.0 V vs. Ag/AgCl at
40 mV/s. FIG. 4(a) is a diagram illustrating cyclic voltammetry results of 0.1M Ferrocene in 0.1
M TBAPFs propylene carbonate (PC) using a POTS-ITO, a condensed OTS (COTS)-ITO, and
an ITO as working electrodes, consistent with exemplary embodiments of the present disclosure.
For the OTS modified ITO, the voltammogram of ferrocene shows a lower peak current density,
and a larger distance between cathodic and anodic peaks, as compared to the bare ITO. By
extending the absorption time to 15 hours, a more condensed OTS layer can be formed on an
ITO, which is indicated by the extremely small current from the CV of ferrocene, as shown in
FIG. 4(a). The distinct difference between the CV signals of ferrocene may demonstrate that the
ITO is partially covered by the OTS at which electron transfer is interfered, but could proceed
with the aid of an external potential. The coverage of the OTS on the ITO may be between 10%

to 40%, estimated from the anodic peak current of cyclic voltammetry results.

[0090] To further evaluate the formation of POTS layer on the ITO, contact angle and AFM
measurements was performed. FIG. 4(b) is a graphical representation illustrating exemplary
AFM images of the ITO and POTS-ITO; and FIG. 4(c) is exemplary contact angle images of a
bare ITO, a UV-ozone treated ITO and a POTS-ITO, consistent with exemplary embodiments of

the present disclosure.

[0091] In the contact angle measurements, in some embodiments, 5 uL. of deionized water
was first titrated on the top of each substrate, and images then was taken immediately. The
substrate was cleaned by a UV-ozone before the OTS modification. The surface wettability of

the bare ITO, UV- ozone cleaned ITO, and partially OTS modified ITO (POTS-ITO) can be
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determined by their contact angles, respectively. In some embodiments, the average contact

angle values may be obtained from measurements at four different positions (shown in Table 2).

Bare ITO UV-0Ozone-ITO POTS-ITO

7987591 |80.02+630 [4912+243 |49.04+327 |11595+2.09 | 11546+1.63

Table 2

[0092] As shown in FIG. 4(c) and Table 2, after the UV-ozone treatment, the ITO surface may
become more hydrophilic with a small contact angle. The hydrophobicity of the ITO surface
increases after the OTS modification, suggested by a larger value of the contact angle ~ 116°.
The increase of the contact angle compared to that of the UV-zone treated ITO (~ 49°) suggests
the formation of OTS layer on the ITO surface. From the exemplary AFM measurement resutls
shown in FIG. 4(b), the average Rq increases slightly from 2.93 to 3.38 nm which may suggest a

SAM layer has been formed on most of the surfaces.

[0093] To test the effect of the POTS layer on the self-bleaching behavior of the broken-in
ECP-Black thin films, the degree of self-bleaching was measured for ECP-Black thin films on
both ITO and POTS-ITO. From curves of the first derivative of the OD (640 nm) as a function of
time, the change of the OD (640 nm) was negligible after ~ 500 s, which is indicated by a small
value of the decay rate (dOD/dt). Thus, in some embodiments, 900 s is sufficient and can be
selected as a time period for monitoring the degree of a self-bleaching behavior.

[0094]  FIGs. 5(a) — (¢) are diagrams illustrating long-term percentage changes of the OD of
an ECP-Black, an ECP-Magenta, and an ECP-Blue thin film, consistent with exemplary
embodiments of the present disclosure. FIG. 5(a) shows a long-term percentage change of the
OD of an ECP-Black thin film on a bare ITO after a 60 s cathodic polarization, and on a POTS-
ITO after 60 s and 300 s cathodic polarization. In some embodiments, the degree of self-
bleaching was observed to decrease from 27.6% + 4.6% to 15.5 + 2.98% after using the POTS-
ITO and 60 s cathodic polarization. Here, the average and standard deviation are calculated
based on three individual experiments. This decrease in self-bleaching is because that the
spontaneous electron transfer is disturbed by the insulated POTS layer. By using 300 s of
cathodic polarization, the degree of self-bleaching was further reduced to 7.6% =+ 1.4%. This
phenomenon may also support that the self-bleaching behaviors of the ECP-Black thin film are
primarily caused by the IET at the organic/ITO interfaces.
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[0095] To demonstrate a universality of the POTS layer and cathodic polarization on the
suppression of the self-bleaching behaviors, in some embodiments, an ECP- Magenta, and an
ECP-Blue thin film was selected to measure the optical memory after break-in on both bare ITO
and POTS-ITO, and exemplary measurement results are presented in FIGs. 5(b) and (¢)
respectively. Both the ECP-Magenta and ECP-Blue polymer films showed self-bleaching
behaviors, because of their high HOMO levels which are calculated to be - 4.79 eV and - 4.95
eV, respectively (shown in FIG. 1). By using the POTS-ITO and a long cathodic polarization, the
degree of the self-bleaching was reduced from 56.78% to 9.75% for the broken-in ECP- Magenta
thin film, and from 21.92% to 5.56% for the broken-in ECP-Blue thin film. Therefore, the POTS
modification and cathodic polarization may be able to suppress the self-bleaching behaviors of
ECP.

[0096] In some embodiments, spectroelectrochemical behaviors and electrochromic switching
of the ECP-Black thin film on the POTS-ITO was also studied. Comparing the ECP-Black thin
film on a bare ITO and a POTS-ITO, in some embodiments, no obvious difference was
identified. Since the ITO surface is partially covered by the OTS, electrochemical
oxidation/reduction can still progress when driven by an external potential. From an energy point
of view, coloration efficiency (CE) measurements can be carried out for the broken-in thin films
of the ECP-Black on both substrates. Coloration efficiency can be defined as a change in optical
density per unit of inserted charge. FIG. 6(a) is a diagram illustrating a coloration efficiency of
exemplary ECP-Black thin films on a bare ITO and a POTS-ITO, consistent with exemplary
embodiments of the present disclosure. The CE of the bleached processes can be calculated from
a slope of a curve plotted by AOD vs. ejected charge density. Compared to the slope obtained
from the ECP-Black on the bare ITO, the CE of the ECP-Black on the POTS-ITO is more
inclined at the beginning, but starts to gradually decrease till the end, as shown in FIG. 6(a). The
initial larger values of the CE may be due to a better contact between the polymer thin film and
the ITO electrode, so the electron transfer driven by externally applied voltage is more efficient
at the beginning. However, due to the existing of insulated features of POTS modified surfaces,
it may require more energy to completely oxidize the whole ECP-Black thin film.

[0097] In some embodiments, a cycling stability of the ECP-Black on the POTS-ITO was
tested by cyclic voltammetry (CV) and double potential step chronoamperometric (DPSC). The
CV cycling test can access the adhesion of the ECP-Black thin film on the substrate by
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monitoring the development of the voltammogram and peak current density of each cycle. On
the other hand, DPSC cycling experiments can provide in-situ transmittance change at an on-off
switching mode. However, the transmittance measurement is based on one spot where the light
penetrates through, so the result may not represent the conditions of the entire film. Therefore,
we can combine these two methods to evaluate the effect of POTS in term of the cycling
stability.

[0098] FIG. 6 (b) is a diagram illustrating anodically peak currents of the exemplary ECP-
Black thin films on a POTS-ITO and a bare ITO versus number of cycles; and FIGs. 6(c) — (d)
are diagrams illustrating selected cycling voltammetry of exemplary ECP-Black thin films on a
bare ITO and a POTS-ITO, consistent with exemplary embodiments of the present disclosure. In
some embodiments, the CV cycling experiments were scanned between -0.2 Vto 1.0 V at a scan
rate of 40 mV/s. The development of the anodic peak current density (Ipa) of CV is summarized
in FIG. 6(b). The voltammogram of the initial cycle, 4" cycle, and the last cycle were shown in
FIGs. 6(¢) and 6(d) for the ECP-Black on the POTS-ITO and the bare ITO, respectively. The Ipa
of the first scan (dash line) was excluded due to a first scan effect as shown in FIGs. 6(c) and
6(d). For the ECP-Black on the bare ITO, the Ipa of the CV decreased rapidly, and shapes of the
CV changed dramatically with more and more cycles, indicating a delamination of the ECP-
Black from the bare ITO. During the redox cycles, the electrochromic thin films on the ITO may
be expanded/contracted due to incorporations and extractions of solvated ions. The hydrophilic
surface of the ITO may not provide enough adhesion to hydrophobic conjugated polymer thin
films to overcome the volume change. It may lead to the delamination of the thin film, indicated
by a 28% decrease (from 2" cycle to 150" cycle) of the value of Ipa. For the CV of the ECP-
Black on the POTS-ITO, the position of anodic peak slightly moved towards higher potential
while the oxidation onset was comparable, indicating that electron transfer is partially impeded.
The Ipa for the ECP-Black on the POTS-ITO increased slightly from the 1% to 4™ cycle as the thin
film became looser for solvated ions to permeate into, and more materials could get involved in
the reaction. Then, the Ipa decreased 10% from 4™ cycle to 200% cycle (shown in FIG. 6(b)). The
overall shape of CV only changed slightly for the 200 cycles, indicating that the ECP-Black on
the POTS-ITO can maintain its adhesion via the hydrophobic interaction (FIG. 6(d)), thus the

cycling stability is improved.
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[0099] FIGs. 7(a) — (b) are diagrams illustrating transmittance at 640 nm of exemplary ECP-
Black thin films on a POTS-ITO and a Bare ITO under DPSC experiments, consistent with
exemplary embodiments of the present disclosure. In the DPSC measurements, in some
embodiments, the potential was switching between -0.2 V and 1.0 V with a 10 s interval. In some
embodiments, the optical contrast of ECP-Black thin film on POTS-ITO was maintained up to
2300 cycles with losing only 5% of its original contrast. After ~ 4300 cycles, most part of the
ECP-Black thin film could remain a good adhesion on the POTS-ITO, as shown in FIG. 7(a). An
inset in FIG. 7(a) is a photography of the thin film after 4300 cycles. As a comparison, in FIG.
7(b), losses of optical contrast can be observed for the ECP-Black thin film on a bare ITO at
about 600 cycles, and increased to about 35 % loss of its original contrast after about 1800
cycles, indicating the delamination of the thin film. After 3300 cycles, the ECP-Black thin film
delaminated from the bare ITO, and was not capable of being fully reduced back to black-blue
color as shown in the photograph in FIG. 7(b).

[0100] In some embodiments, electrochemistry related experiments may be performed using
BioLogic SP-150. A UV-vis spectrum and an optical memory which is a kinetic measurement of
absorption at certain wavelength may be obtained from Agilent Cary 5000 UV-Vis-NIR
spectrophotometer. AFM images may be taken by using the Veeco dimension 3100. Contact

Angle measurements may be carried out by using Ramé-Hart Model 790.

[0101] In some embodiments, CV experiments may be carried out by using a conventional
three-electrode system. Working electrodes may be ITO coated by polymer thin films; the
pseudoreference electrode is an Ag wire coated by AgCl; the counter electrode may be a
platinum wire; the electrolyte may be 0.2 M TBAPFs in PC. The thin film of polymer may be
made by spin-coating ~ 0.1 ml of 40 mg/ml solution on top of the ITO with a 1500 rpm/s spin
rate to form a film with ~ 375 nm thick which shows the highest optical contrast. The voltage
may be scanned from -0.2 Vto 1.0 V at a 40 mV/s scan rate for the ECP-Black and ECP-
Magenta, and from -0.2V to 1.3V at a 40 mV/s scan rate for the ECP-Blue. Same set-up and
parameters may be also used for the CV cycling stability test. The anodic peak current density in
the voltammogram may be used to indicate the cycling stability of the polymer thin film.
Moreover, 15 cycles of break-in may be used before the characterizations of the polymer thin

films unless otherwise mentioned.
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[0102] In some embodiments, DPV measurements may be done by using a platinum bottom
as a working electrode. A thin polymer layer may be coated on top of the platinum bottom by
drop casting the 3 — 5 mg/ml solution. All other set-ups may be the same as CV experiments. A
pulse height of 20 mV, a pulse width of 50 ms, a step height of 1.0 mV, and a step time of 100

ms may be used. The potential range for the experiment may be set between -0.2 and 1.0 V.

[0103] In some embodiments, an optical memory may be tested by measuring AOD (640 nm)
of the thin films under open circuit conditions. The broken-in thin film may be oxidized by
applying 1.0 V for 30 s for the ECP-Black and ECP-Magenta, and 1.3 V for 30s for the ECP-
Blue. Then, the optical memory at bleached state may be recorded for 2 mins. Right after 2 mins,
a - 0.2 V cathodic potential may be applied for certain time (5 s, 10's, 20 s, 30 s, 60 s, 300 s).
Finally, the potential may be switched to voltage off and the optical memories at color state may
be recorded for 120 s for short-term measurement, and 900 s for long-term measurement. For the
optical memory measurement under the N2 protection, N2 may be pre-purged into the chamber of
the Cary 5000 for 30 mins at 10 L/mins before the experiments, and may be continuously

supplied in the rest of the experiments.

[0104] In some embodiments, EIS experiments may be obtained using a 20 mV perturbation
amplitude (Vims = 14.4 mV) in a frequency range from 1.0 Hz to 1.0 MHz. AFM images may be
obtained in a tapping mode at a 0.5 Hz scan rate. The average Rq may be calculated based on

three different images.

[0105] In this disclosure, we propose two approaches: 1) a fully or partially modified
transparent conductive oxide substrate, for example, partially OTS modified ITO, and 2)
cathodic polarization, to probe and study the self-bleaching behaviors of the ECP-Black thin
films. Accordingly we propose a method to mitigate the self-bleaching problems of ECP thin
films with these two approaches. Moreover, such surface modification could increasing the
adhesion between EC polymer and the conductive surface. For example, the POTS layer can
turn the ITO surface to hydrophobic which provides stronger adhesion to the conjugated polymer

thin films. As a result, the cycling stability of the ECP-Black thin film can be enhanced.

[0106] In addition, a SAM layer can also be investigated, since it can induce an interface
dipole to increase a work function of the ITO, so that the electron transfer at the ITO/ECP

interfaces can be completely prevented under Vosr. Also, the adhesion of thin film can be
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improved on the ITO surface to enhance the cycling stability. By introducing the SAM modified
ITO, other aspects including switching time, coloration efficiency, color contrast should be also

taken into consideration.

[0107]  This disclosure could provide instructions on an automation control of electrochromic
windows for improving energy saving. Knowing the factors that can control the self-bleaching
behaviors, the colored state of the electrochromic windows can be maintained by refreshing
cathodic bias at a low frequency and with a minimum energy consumption. This disclosure
provides more insight into the self-bleaching behaviors of the ECP polymers and brings the ECP

a step forward to practical applications.

[0108] The invention described and claimed herein is not to be limited in scope by the
specific preferred embodiments disclosed herein, as these embodiments are intended as
illustrations of several aspects of the invention. Indeed, various modifications of the invention in
addition to those shown and described herein will become apparent to those skilled in the art
from the foregoing description. Such modifications are also intended to fall within the scope of

the appended claims.
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WHAT IS CLAIMED IS:

1. An electrochromic device (ECD) comprising an electrochromic polymer (ECP) film on a
modified transparent conductive oxide substrate which is a transparent conductive oxide (TCO)
substrate partially or fully covered with a modification material selected from Ce-
Cuaalkyltrichlorosilane, TiO2, ZnO, WO3, MoOs3, V20s, NiO, Ni203, and NizO4, HMDS
(bis(trimethylsilyl)amine), APTS ((3-aminopropyl)triethoxysilane), and trimethoxy(2-
phenylethyl)silane, poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP), poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS), or a combination thereof.

2. The electrochromic device of claim 1, wherein the transparent conductive oxide substrate
comprises indium tin oxide (ITO), fluorine-doped tin oxide (FTO), aluminium-doped zinc oxide

(AZO), or antimony-doped tin oxide (ATO), or a mixture thereof.

3. The electrochromic device of claim 1 or 2, wherein the modification material is Cs-

Cualkyltrichlorosilane.

4. The electrochromic device of claim 1 or 2, wherein the modification material is

octadecyltrichlorosilane (OTS).

5. The electrochromic device of any one of claims 1-4, wherein the modification material is

in the form of a thin layer.

6. The electrochromic device of claim 5, wherein the thickness of a thin layer is less than

about 100 nm.

7. The electrochromic device of any one of claims 1-6, wherein the modification material

fully covers the transparent conductive oxide substrate.

8. The electrochromic device of any one of claims 1-6, wherein the modification material

partially covers the transparent conductive oxide substrate.

9. The electrochromic device of any one of claims 1-6, wherein the coverage of the
modification material on the transparent conductive oxide substrate is between about 10% to

about 40%.
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10.  The electrochromic device of any one of claims 1-9, wherein the ECP film is further

treated by applying a cathodic polarization.

11.  An electrochromic device (ECD) comprising an electrochromic polymer (ECP) film on a
POTS-ITO substrate which is an indium tin oxide (ITO) substrate partially covered with
octadecyltrichlorosilane (OTS).

12. An electrochromic device (ECD) wherein the self-bleaching behavior of an
electrochromic polymer (ECP) film is suppressed, the ECD comprising:

a partially octadecyltrichlorosilane (OTS) covered indium tin oxide (ITO) substrate
(POTS-ITO substrate); and

the ECP film on the POTS-ITO substrate, wherein the POTS-ITO substrate is obtained by
a method comprising immersing the ITO substrate in an OTS hexane solution for a period of

time.

13. The electrochromic device of claim 12, wherein the concentration of the OTS hexane

solution is about 0.1 vol% to about 10 vol%.

14. The electrochromic device of claim 12 or 13, wherein the period of time is about 60

minutes to about 100 minutes.

15. The electrochromic device of any one of claims 12-14, wherein the method to obtain the
POTS-ITO substrate further comprises

washing the ITO substrate in ultrasonic bath of ethanol, acetone, and/or ethanol,

drying the ITO substrate; and

treating a conducting side of the ITO substrate in a UV-ozone chamber prior to

immersing the ITO substrate in the OTS hexane solution.

16. The electrochromic device of any one of claims 11-15, wherein the ECP film is further

treated by applying a cathodic polarization.

17.  The electrochromic device of claim 16, wherein the cathodic polarization is applied for

about 60 seconds to about 300 seconds.
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18.  The electrochromic device of any one of claims 11-17, wherein the OTS coverage on the

ITO substrate is between about 10% to about 40%.

19. The electrochromic device of any one of claims 11-18, wherein the OTS forms a self-

assembled monolayer on the ITO substrate.

20.  The electrochromic device of any one of claims 11-19, wherein the thickness of the OTS

layer is about 2 to 4 nm.

21.  The electrochromic device of any one of claims 11-20, wherein the ITO substrate has

contact angles of at least 100°.

22.  The electrochromic device of any one of claims 11-21, wherein the POTS-ITO substrate

has a higher hydrophobicity than the ITO substrate.

23.  The electrochromic device of any one of claims 11-22, wherein the POTS-ITO substrate
shows a lower peak current density and a larger distance between cathodic and anodic peaks than

the ITO substrate in a cyclic voltammetry measurement.

24.  The electrochromic device of any one of claims 1-23, wherein the ECP film comprises an
ECP selected from poly-3,4-ethylenedioxy thiophene (PEDOT), poly-2,2’-bithiophene,
polypyrrole, polyaniline (PANI), polythiopene, polyisothianaphthene, poly(oaminophenol),
polypyridine, polyindole, polycarbazole, polyquinone, octacyanophthalocyanine, viologen,

anthraquinone, phenocyazine, and combinations thereof.

25.  The electrochromic device of any one of claims 1-23, wherein the ECP film comprises an

ECP selected from
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wherein R is C1-Cso alkyl, each of x, y and n 1s independently an integer greater than 0.

26. The electrochromic device of claim 25, wherein R is 2-ethylhexyl, each of x and y is

independently an integer from 1 to 12, and n is an integer from 1 to 200.

27.  The electrochromic device of any one of claims 1-23, wherein the ECP film is selected

from a group consisting of an ECP-Black film, an ECP-Magenta film, and an ECP-Blue film.

28. The electrochromic device of any one of claims 1-27, wherein thickness of the ECP film

is about 200 nm to about 500 nm.

29.  The electrochromic device of any one of claims 1-28, wherein the ECP film is capable of

maintaining a colored state for at least 300 seconds or at least 600 seconds.
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30.  The electrochromic device of any one of claims 11-29, wherein the ECP film on the
POTS-ITO substrate has a cycling stability that is higher than that of the ECP film on the ITO

substrate.

31.  The electrochromic device of any one of claims 1-30, wherein the ECP film has a cycling

stability of maintaining at least 95% of color contrast after 2000 redox cycles or more.

32.  The electrochromic device of any one of claims 1-31, wherein the ECD is a smart

window or a display system.

33. A method for preparing an electrochromic device of any one of claims 1-32 comprising

applying a cathodic polarization for at least about 60 seconds.

34. A method for preparing an electrochromic device comprising forming an electrochromic
polymer film on a modified transparent conductive oxide substrate partially or fully covered with
a modification material selected from Cs-Crsalkyltrichlorosilane, TiO2, ZnO, WOs3, MoOs, V20s,
NiO, Ni203, and Ni304, HMDS (bis(trimethylsilyl)amine), APTS ((3-
aminopropyl)triethoxysilane), and trimethoxy(2-phenylethyl)silane, poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP), poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS), or a combination thereof.

35. A method for suppressing a self-bleaching behavior of an electrochromic polymer (ECP)
film, comprising:

obtaining a modified transparent conductive oxide substrate which is a transparent
conductive oxide (TCO) substrate partially or fully covered with a modification material selected
from Ce-Casalkyltrichlorosilane, TiO2, ZnO, WO3, MoQs, V20s, NiO, Ni203, and Ni30s, HMDS
(bis(trimethylsilyl)amine), APTS ((3-aminopropyl)triethoxysilane), and trimethoxy(2-
phenylethyl)silane, poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP), poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS), or a combination thereof; and

forming the ECP film on the modified transparent conductive oxide substrate.

36. The method of claim 34 or 35, wherein the modified transparent conductive oxide
substrate is a POTS-ITO substrate which is an indium tin oxide (ITO) substrate partially covered

by octadecyltrichlorosilane (OTS) as the modification material.
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37. The method of claim 36, wherein the obtaining the POTS-ITO substrate comprises

immersing the ITO substrate in an OTS hexane solution.

38. The method of claim 37, wherein the concentration of the OTS hexane solution is about

0.1 vol% to about 10 vol%.

39. The method of claim 37 or 38, wherein the ITO substrate is immersed in the OTS hexane

solution for about 60 minutes to about 100 minutes.

40. The method of any one of claims 37-39, further comprising cleaning the ITO substrate

prior to immersing the ITO substrate in the OTS hexane solution.

41. The method of claim 40, wherein cleaning the ITO substrate comprises
washing the ITO substrate in an ultrasonic bath of ethanol, acetone, and/or ethanol,
drying the ITO substrate; and

treating a conducting side of the ITO substrate in a UV-ozone chamber.

42. The method of any one of claims 34-41, wherein the modification material forms a self-
assembled monolayer on the substrate, and the coverage of the modification material on the

substrate is between about 10% to about 40%.

43, The method of any one of claims 34-42, further comprising applying a cathodic

polarization.

44.  The method of claim 43, wherein the cathodic polarization is applied for about 60

seconds to about 300 seconds.

45.  The method of any one of claims 34-44, wherein the modified substrate has a higher
hydrophobicity than the unmodified substrate.

46. The method of any one of claims 34-45, wherein the ECP film comprises an ECP
selected from poly-3,4-ethylenedioxy thiophene (PEDOT), poly-2,2’-bithiophene, polypyrrole,
polyaniline (PANI), polythiopene, polyisothianaphthene, poly(oaminophenol), polypyridine,
polyindole, polycarbazole, polyquinone, octacyanophthalocyanine, viologen, anthraquinone,

phenocyazine, and combinations thereof.
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47. The method of any one of claims 34-45, wherein the ECP film comprises an ECP

selected from

R
\ /
o

R R D), s 1),
R

N\ /

0 0
o) O
/ \
S

" (1),

wherein R is C1-Cso alkyl, each of x, y and n 1s independently an integer greater than 0.

48. The method of claim 47, wherein R is 2-ethylhexyl, each of x and y is independently an

integer from 1 to 12, and n is an integer from 1 to 200.

49. The method of any one of claims 34-45, wherein the ECP film is selected from a group
consisting of an ECP-Black film, an ECP-Magenta film, and an ECP-Blue film.
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50. The method of any one of claims 34-49, wherein thickness of the ECP film is about 200

nm to about 500 nm.

51. The method of any one of claims 34-50, wherein the cycling stability of the ECP film on
the modified substrate is higher than that of the ECP film on the unmodified substrate.

52.  The method of any one of claims 34-51, wherein the modified substrate shows a lower
peak current density and a larger distance between cathodic and anodic peaks than the

unmodified substrate in a cyclic voltammetry measurement.

53. The method of any one of claims 34-52, wherein the ECP film is capable of maintaining

a colored state for at least 300 seconds or at least 600 seconds.

54. The method of any one of claims 34-53, wherein the ECP film has a cycling stability of

maintaining at least 95% of color contrast after 2000 redox cycles or more.

33



PCT/US2018/041679
1/8

WO 2019/014369

19l

tinfivifiy “5a A PRSI0
AT T (TR < N 7 Y
3 £ s P |1 i i 1 Wﬁ m&

&

9€|9-d03

ejuage|N-dd3

PSLES T} Jasann

oNn|g-d24d

AR A)

ARG DT -~ | o
wpuBBep 40y o
an mm) &um AAAAA e

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ - h .
i (q)
HIEI-A 03

e

-

aranaan:

X

e



WO 2019/014369 PCT/US2018/041679
2/8

B

oo

R LR

P sseg =00
o (R} oleyoy poyddy  DOWIEIIO o

g Filtn
805

14

#

450
Tioe 53

EpE
%‘v‘z’ff"’! .

,,,,,,,,, 2 T B k3
% o B e e T
Ea] £ K s ey =
ey o~ e b
! i

EHEE S Sy le] I

faxy
w

()

FIG. 2



PCT/US2018/041679

WO 2019/014369

3/8

(e)e ‘ol

0cl 001 08 09 1) % 0¢

SO0E-IIV €—

SOE- W —#

soL-1v
soc-1v
soe-1v
S09-11V
so0c-1v

SG-IY

O

S

o

0
-—

(%) (wupy9)ao/(wupy9)aov

T
[
N

T
©
™

To)
<



PCT/US2018/041679

WO 2019/014369

4/8

(9)€ oI

0zl 06 (s) awny

SO0E-TN

S09-IN
T-\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

SOE-IN 2 ..
\\\\\\\\\\\\\\\\\\\\\

SQ¢-¢ )
N \\\\\\\\\\\\k\\\»\w\\\\\\\\\\\\\\\\\\\\

SOT-
HNZA|§\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

SG-TN

(%) (wu < o
0¥9)a0/(wuoy9)aov

1
N~
N

T
©
L3P

To)
<



PCT/US2018/041679

5/8

¥ "Old

...... Yl uliy o 1) g
) By R @ T8 we LW ¥

A

WO 2019/014369

Loy ApEnusg N

w 011-510d Oll =eqg

““““““““““““““““““““““ ks



PCT/US2018/041679
6/8

WO 2019/014369

SOl

LAY o muy
(soog- AT'0-) OLI-SLOd

st Busty,
o w4 o _ & it ‘ Gl G
[S00€- AZ0Y) OLI-SLOd s (500€- AT'0-) OLI-SLOd,

:::&&%&%\E\

]

sy

N
=

i %&«w\%&&«\m

(509- AZ'0-) OLI-SLOd

 (509- AZ'0) OLI-S10d =
I
......................... - 3

Oll aJieg

w
£
m
Z
2
b
7
=
:
S

=
7

B B A F ST Ol dueg
S s DI Ty

[ony-ads T by AR

N
})

SRR ez T - AT AP RIDE #
mm@mo &mmnﬁwwﬁw»ﬁ« s 155 - WER S 0d - g
B A5 ) TS A0 Aot =0
&@Q*Wﬂ,ﬂ)w \Uk\.m &m&.@ % SRR AL G CABITE %

®
o
B

§

an|g ejuaden {13 Yoe|g



PCT/US2018/041679

WO 2019/014369

7/8

Yol “ah 53 1BIRIROY
v ev g0 v 7o we rw

994

41007 <

Ul <«
15T 47

SRR b i -

S i0d n&wueﬁu YL e

gl

i3

farapyan) Susung W

EER

SIS B

11554 f3s i &4 %

N,

p)

0l 2ieg

e g

%o

R S .
%
OLl-S10d SRR AP

11 seog

oirsiod Y -

BEH

&

oy
)
=]

TR Azwu@a mmrél:; yavg

3

gk

e,
L3
S’

By By Bh AY kR

£

Z
\\\\\ T, 2%

- P

15T K5 o

DL B AR gL W.im,m

Ciraimg - apiapL = |

£

TG} Sy ) Ay
¥

z

e
, \\\
\\\\\\\\\\

P
01I-S10d

{41 =
DireL0d #

RUERIGOV

TRNRY

R
RO

Rk

Lt &



PCT/US2018/041679

WO 2019/014369

8/8

L "9l

WTT-YL
YISOE-YITOE

41Z09-Y1865 -

YILTOT-YIETOT §é—-.,

Wirwl- fmiuﬁf
Y10S8T-419v8T ?




INTERNATIONAL SEARCH REPORT

International application No.
PCT/US18/41679

A.  CLASSIFICATION OF SUBJECT MATTER
é:PPCC - CO01G 15/00, 19/00; GO2F 1/15, 1/153 (2018.0

C01G 15/00, 19/00; GO2F 1/15, 1/153

1

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by ¢

See Search History document

lassification symbols)

See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of
See Search History document

data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Adhesion Strength; Journal of Nanomaterials; April 201

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y US 4,973,391 A (MADOU, MJ et al) 27 November 1990; column 2, lines 12-25; column 6, lines | 1-2, 3/1-2, 4/1-2, 11,
35-36 34-35, 36/34-35

Y ~ [(HERZER, N et al.) Fabrication of PEDOT-OTS-patterned ITO substrates; Journal of Materials | 1-2, 3/1-2, 4/1-2, 11,
Chemistry; August 2010; page 6619, second and eighth paragraphs 34-35, 36/34-35

A US 2010/0039690 A1 (AGRAWAL, A et al) 18 February 2010; paragraphs [0016], [0030}, figure | 12-13, 14/12-13
1

A *1(GE, L et al.) Anti-lcing Property of Superhydrophobic Octadecyltrichlorosilane Film and Its lce | 12-13, 14/12-13,

37/36/34-35,
38/37/36/34-35

3; page 2, first paragraph

L___l Further documents are listed in the continuation of Box C.

|:| See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

6 September 2018 (06.09.2018)

Date of mailing of the international search report

010CT 2018

Name and mailing address of the ISA/

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Shane Thomas

PCT Helpdesk: 571-272-4300
PCT OSP: 671-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT International application No.

PCT/US18/41679

Box No. Il Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. I:] Claims Nos.:

beeause they relate to subject matter not required to be searched by this Authority, namely:

2. [:I Claims Nos.:

because they relate to parts of the intemnational application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. Claims Nos.: 5-10, 15-33, 39-54
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. 11l Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found muitiple inventions in this international application, as follows:

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims,

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. D No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

EI No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - claims
	Page 35 - claims
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - wo-search-report
	Page 45 - wo-search-report

