
(12) STANDARD PATENT 
(19) AUSTRALIAN PATENT 0

(11) Application No. AU
FFICE

2009282812 B2

(54) Title
Methods for fabricating thermochromic filters

(51) International Patent Classification(s)
G02B 26/00 (2006.01) G02F 1/13 (2006.01)

(21) Application No: 2009282812 (22) Date of Filing: 2009.08.20

(87) WIPONo: WO10/022294

(30) Priority Data

(31) Number (32) Date (33) Country
61/096,042 2008.09.11 US
61/094,348 2008.09.04 US
61/105,351 2008.10.14 US
61/090,567 2008.08.20 US
61/157,086 2009.03.03 US

(43) Publication Date: 2010.02.25
(44) Accepted Journal Date: 2013.02.21

(71) Applicant(s)
RavenBrick, LLC

(72) Inventor(s)
Powers, Richard M.;McCarthy, Wil;Kish, Matthew Bryant

(74) Agent / Attorney
IP Gateway Patent and Trademark Attorneys, PO Box 1321, SPRINGWOOD, QLD, 4127

(56) Related Art
US 6559903
US 6963435



PCT

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date 
25 February 2010 (25.02.2010)

(10) International Publication Number

WO 2010/022294 A3

(51) International Patent Classification:
G02B 26/00 (2006.01) G02F1/13 (2006.01)

(21) International Application Number: (74)
PCT/US2009/054551

(22) International Filing Date:
20 August 2009 (20.08.2009) (81)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
61/090,567 20 August 2008 (20.08.2008) US
61/094,348 4 September 2008 (04.09.2008) US
61/096,042 11 September 2008 (11.09.2008) US
61/105,351 14 October 2008 (14.10.2008) US
61/157,086 3 March 2009 (03.03.2009) US

(71) Applicant (for all designated States except US):
RAVENBRICK, LLC [US/US]; 2201A Lawrence 
Street, Denver, CO 80205 (US).

(72) Inventors; and
(75) Inventors/Applicants for US only)·. POWERS, 

Richard, M. [US/US]; 14400 West Yale Place, Lake­
wood, CO 80228 (US). MCCARTHY, Wil [US/US]; 
1129 South Quail Street, Lakewood, CO 80232 (US).

KISH, Matthew, Bryant [US/US]; 2337, Fairfax Av­
enue, Denver, CO 80207 (US).

Agents: HATTENBACH, Brad, J. et al.; Republic Plaza 
Building, Suite 4700, 370 Seventeenth Street, Denver, 
CO 80202 (US).

Designated States (unless otherwise indicated, for every 
kind of national protection available)·. AE, AG, AL, AM, 
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, 
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO, 
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, 
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, 
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, 
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, 
NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD, 
SE, SG, SK, SL, SM, ST, SV, SY, TJ, TM, TN, TR, TT, 
TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every 
kind of regional protection available)·. ARIPO (BW, GH, 
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM, 
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, 
TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, 
ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV, 
MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, SM, 
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, 
ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: METHODS FOR FABRICATING THERMOCHROMIC FILTERS

W
O

 20
10

/0
22

29
4 A

3

FIG 4

(57) Abstract: Thermochromic liquid crystal filters are 
fabricated by providing two polarizers oriented at offset 
polarity with respect to each other; providing alignment 
structures adjacent the inner surfaces of the polarizers; 
placing a plurality of spacers between the polarizers; and 
filling a space created by the spacers with a thermotropic 
liquid crystal that acts as a wave block in an isotropic state 
and acts as a depolarizer in a nematic state. Alternatively, 
the filters can be created by encapsulating a ther­
mochromic liquid crystal with a polymer material to form 
a flexible film and orienting the thermochromic liquid 
crystal in the polymer material to create a structure that 
functions as a thermochromic optical filter. Such filters 
can control the flow of light and radiant heat through se­
lective reflection, transmission, absorption, and/or re-emis­
sion. The filters have particular application in passive or 
active light-regulating and temperature-regulating films, 
materials, and devices, and particularly as construction 
materials.
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1 METHODS FOR FABRICATING THERMOCHROMIC FILTERS

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application is claims priority pursuant to 35 U. S. C. § 199(e) to the following:

5 U.S. provisional patent application no. 61/157,086 entitled "Methods for fabricating, sizing, 

transporting, and installing thermochromic filters" filed 3 March 2009; U.S. provisional 

patent application no. 61/105,351 entitled "Methods for fabricating, sizing, transporting, 

and installing thermochromic filters" filed 14 October 2008; U.S. provisional patent 

application no. 61/096,042 entitled "Methods for fabricating, sizing, transporting, and

10 installing thermochromic filters" filed 1 1 September 2008; U.S. provisional patent 

application no. 61/094,348 entitled "Methods for fabricating, sizing, transporting, and 

installing thermochromic filters" filed 4 September 2008; and U.S. provisional patent 

number 61/090,567 entitled "Methods for fabricating, sizing, transporting, and installing 

thermochromic filters" filed 20 August 2008, and the disclosures of each are hereby

15 incorporated herein by reference in their entirety.

[0002] This application is also related to U.S. patent application no. 12/172,156 entitled 

"Thermally switched reflective optical shutter" filed 11 July 2008; U.S. patent application 

no. 12/340,552 entitled "Thermally switched absorptive window shutter" filed 19 

December 2008; and U.S. patent application no. 12/019,602 entitled "Thermally switched

20 optical downconverting filter" filed 24 January 2008, and the disclosures of each are 

hereby incorporated herein by reference in their entirety.

BACKGROUND

1. Technical Field

[0003] The subject matter described herein relates to the fabrication of devices for

25 controlling the flow of light and radiant heat through selective reflection, transmission, 

and/or absorption and re-emission. The technology has particular, but not exclusive, 

application in passive or active light-regulating and temperature-regulating films, materials 

and devices, especially as construction materials.

2. Description of the Related Art

30 [0004] The problem of controlling the flow of radiant energy, e.g., light and heat, in

particular in applications such as regulating solar heat gain in buildings and in other 

applications has previously been addressed using many optical methodologies.

1
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Photodarkening materials have been used for decades, for example, in sunglass lenses, to 

selectively attenuate incoming light when stimulated by ultraviolet (UV) radiation. When 

incorporated into windows, such materials can be used to regulate the internal temperature 

of a structure by darkening to attenuate bright sunlight, and by becoming transparent again 

to allow artificial light or diffuse daylight to pass through unimpeded. Such systems are 

passive and self-regulating, requiring no external signal other than ambient UV light in order 

to operate. However, because they are controlled by UV light rather than by temperature, 

such systems are of limited utility in temperature-regulating applications. For example, they 

may block wanted sunlight in cold weather as well as unwanted sunlight in hot weather. 

[0005] Wire-grid polarizers (WGPs), which reflect infrared light rather than absorbing it, 

have been used since the 1960s and are described for example in U.S. Patent 

No. 4,512,638 to Sriram, et al. With the advent of nanoscale lithography in the 1990s 

and 2000s, it became possible, though expensive, to produce broadband, wire-grid 

polarizers that reflect in visible and ultraviolet wavelengths, for use with high-end optics and 

laser technology as described, for example, in U.S. Patent No. 6,122,103 to Perkins, et al. 

[0006] More recently, low-cost reflective polarizer films combining the properties of a 

layered-polymer distributed Bragg reflector (DBR) with a stretched-polymer polarizer have 

been introduced. Such reflective polarizers are used in video displays to enhance 

brightness by reflecting the attenuated light back into the device rather than absorbing it as 

described, for example, in U.S. Patent No. 7,038,745 to Weber, et al. and U.S. Patent 

No. 6,099,758 to Verrall, et al. Such reflective polarizers can exhibit specular reflection for 

one polarization of light, as in a mirror, or diffuse reflection for one polarization of light, as in 

a coating of white paint, or a combination of the two. These films were developed 

specifically for the video display market and have not been used outside of it.

[0007] In addition, reflective polarizers can be made from certain types of liquid crystals. 

Whereas wire-grid polarizers and stretched polymer polarizers are linearly polarizing, these 

liquid crystal polarizers (LCPs) are generally circularly polarizing. Thus, light of one helicity 

(i.e., right- or left-handed) is transmitted and light of the opposite helicity is reflected.

[0008] Thermal switches allow the passage of heat energy in their ON or closed state, 

but prevent it in their OFF or open state. Many of these switches are mechanical relays, 

which rely on contact between two conducting surfaces (typically made of metal) to enable 

the passage of heat. When the two surfaces are withdrawn, heat energy is unable to 

conduct between them except through the air gap. If the device is placed in vacuum, heat 

conduction is prevented entirely in the open state. Another type of thermal switch involves 

pumping a gas or liquid into or out of a chamber. When the chamber is full, it conducts heat. 

When empty, there is no conduction, although radiative transfer across the chamber may still 

occur.
2
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1 [0009] Light can be blocked by optical filters which absorb or reflect certain frequencies of light 

while allowing others to pass through, thus acting like an optical switch. Also, the addition of a 

mechanical shutter can turn an otherwise transparent material— including a filter — into an optical 

switch. When the shutter is open, light passes through easily. When the shutter is closed, no light

5 passes. If the mechanical shutter is replaced with an electrodarkening material such as a liquid 

crystal display (e.g., a twisted nematic liquid crystal display), then the switch is "nearly solid state," 

with no moving parts except photons, electrons, and the liquid crystal molecules themselves. Other 

electrodarkening materials, described for example in U.S. Patent No. 7,099,062 to Azens, et al., 

can serve a similar function. These optical filter/switch combinations are not passive, but must be

10 operated by external signals, e.g., electrical signals.

[0010] Switchable mirrors are based on reversible metal hydride and metal lithide chemistry, 

described for example in U.S. Patent No. 7,042,615 to Richardson. These switchable mirrors rely 

on the physical migration of ions across a barrier under the influence of an electric field and 

therefore have limited switching speeds and cycle lifetimes. In addition, electrically operated "light

15 valves" combine liquid crystals with one or more reflective polarizers as described, for example, in 

U.S. Patent No. 6,486,997 to Bruzzone, et al. In these devices, the liquid crystal typically serves as 

an electrotropic depolarizer, i.e., as a structure that changes or switches the rotation of the polarity 

of the light that passes through it on and off under the influence of an electric field. Some of these 

devices may be thought of as switchable mirrors, although they are rarely described that way, since

20 their primary application is in video displays and advanced optics.

[0011] The information included in this Background section of the specification, including any 

references cited herein and any description or discussion thereof, is included for technical reference 

purposes only and is not to be regarded as subject matter by which the scope of the invention is to 

be bound, and is not to be taken as forming part of the common general knowledge in the art by

25 virtue only of its disclosure. As used hereinafter, the word “comprising" and its parts is to be taken 

to be non-limiting unless context clearly indicates otherwise.

SUMMARY

[0012] In U.S. patent application no. 12/172,156 by Powers et al., a thermoreflective filter composed 

of a low-clearing-point liquid crystal sandwiched between two reflective polarizers is disclosed,

30 which has particular but not exclusive application as a component of building materials, e.g., a 

window film. Similarly, in U.S. patent application no. 12/340,552 by Powers et al., a 

thermodarkening filter composed of a low-clearing-point liquid crystal sandwiched between two 

absorptive polarizers is disclosed, which has particular but not exclusive application as a 

component of building materials, e.g., a window film.

35 [0013] Several thermochromic optical filters (e.g., thermochromic window filters) constructed using

liquid crystals have been described previously. For the purposes of this

3
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document, the term “thermochromic” means a material that varies in absorption, reflection, 

diffusion, transmission, and/or fluorescence at one or more wavelengths in response to 

temperature change. There are multiple modes of operation of such filters, including filters 

that operate using either a thermotropic depolarizer (i.e. temperature dependent wave-block) 

between two polarizers or thermotropic distributed Bragg reflector (e.g., a distributed Bragg 

reflector where the index of refraction of one or more LC layers or regions changes with the 

state of the liquid crystal).

[0014] Flexible distributed Bragg reflectors based on materials such as plastics and 

other polymers (collectively “polymers”) exist, as do flexible polarizers based on such 

materials. In particular, reflective polarizers based on stretched distributed Bragg reflectors, 

such as 3M DBEF and DRPF (which is a diffusive reflective polarizer) are available.

[0015] Thermotropic distributed Bragg reflectors and thermotropic polarizers based on 

distributed Bragg reflectors have previously been described. These devices, as well as the 

previously described liquid-crystal-based thermochromic filters and other such devices, may 

utilize liquids, gases, liquid crystals, and other materials which must be contained inside the 

devices for proper operation. The fabrication, sizing (including cutting and sealing) 

transportation, and installation these filters (and devices) therefore present many challenges 

which must be addressed.

[0016] Thus, there are many types of thermochromic and electrochromic devices made 

of alternating layers of (or regions of) liquids, solids, gases, polymers, plastics, metals, and 

other material. In particular, making these devices or “filters” flexible, light, robust (e.g. 

resistant to shear, flexion, tearing, creasing, heat, and humidity), improves them by making 

them easy and inexpensive to transport and install. Making them so that they can be sized 

(e.g. cut to any size and sealed) reduces manufacturing, transport, and installation costs. 

Making them so that they are light, robust, and easily adhered to surfaces makes them both 

easy and inexpensive to install, and increases the market for retrofit applications.

[0017] The manufacturing methods for many electrochromic (i.e., activated via electricity 

and control system) window filters is limited by the fact that these filters are not light, robust, 

flexible, and easily sized. A typical fabrication method for these filters is to manufacture 

them to a fixed size out of glass or plastic, transport the resulting (possibly fragile or heavy) 

electrochromic filter to an insulating glass unit (IGU) fabrication facility where they are 

adhered an IGU after connecting the necessary electronics through the IGU and to the 

electrochromic filter. Many types of electrochromic window filters are based on variants of 

LCD technology.

[0018] The “bottles” of liquid crystal displays (and thus various window filters), which 

hold liquid crystals between solid, transparent sheets coated first with conductive materials 

and then alignment layer polymers, are often made from materials that offer limitedly
4
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flexibility at best (e.g., glass), but displays have also been made of plastics and other more 

flexible materials. These electrochromic devices function by locally “turning on and off” a 

liquid crystal wave block using electric fields.

[0019] Devices utilizing the temperature dependent index of refraction of liquid crystals 

and other materials, especially as components of distributed Bragg reflectors and polarizers 

based on similar effects, have been previously described. The technology disclosed herein is 

directed to making such devices—as well as thermochromic and electrochromic devices— 

flexible, robust, light, and sizable by combining these components into one or more flexible 

layers, substrates, or similar organizations, with robust and/or flexible connections between 

them.

[0020] Devices have been described that exercised temperature-based control over the 

transmissivity of a window or similar material or structure with regard to radiant energy (e.g., 

visible, UV, and infrared light), including the entire range of the solar spectrum, for the 

purpose of regulating the flow of heat into a structure based on external weather conditions, 

internal temperature, or any combination of the two. This technology may be employed as a 

device having a temperature-responsive optical depolarizer (for example, a thermotropic 

liquid crystal) sandwiched between two polarizing filters to regulate the passage of light 

energy. The incident energies passing through this device will depend on the reflection and 

absorption efficiencies of the polarizers used. For example, some polarizers are very 

efficient at reflecting radiant energy over the frequency bandwidths of interest. Using such 

polarizers, up to half of the incident radiant energy passes through the device when it is 

below a threshold temperature and up to 100% of the incident radiant energy may be 

reflected away from the device above the threshold temperature, yielding a thermally 

switched reflective optical shutter (hereinafter “TSROS” or “shutter” or generically as a type 

of “filter”). Lower efficiency polarizers, or polarizers with frequency-dependent efficiencies, 

may be used to affect percentages of reflection above and below the threshold temperatures 

that are desirable for aesthetics, energy management, or other reasons. This effect can also 

be reversed such that the TSROS device is reflective in its cold state, or expanded such that 

the transmissivity of the TSROS is higher in the transparent state, or retarded such that the 

reflectivity of the TSROS device is lower in the reflective state.

[0021] The design of such devices may include two reflective polarizing filters which 

transmit light of a polarization parallel to their own, and reflect (not absorb) light of a 

perpendicular polarization are arranged in succession. When the reflective polarizers are 

oriented in parallel, up to 50% of the incoming radiant energy may be reflected. In practice, 

a small amount is also absorbed, so that typically, the light transmission through two parallel 

polarizers is 30-40%. When the reflective polarizers are oriented perpendicular to one 

another, up to 50% of the light is blocked at one polarizer and up to the remaining 50%
5



WO 2010/022294 PCT/US2009/054551

transmitted by the first reflective polarizer is blocked by the second reflective polarizer. In 

this case, transmission of light through both reflective polarizers is very small (often less 

than 1%) and the majority of the light (often close to 100%) is reflected back in the direction 

of incidence.

[0022] Typically, a switchable depolarizer, which changes the polarization of the light 

passing through it, is also configured in conjunction with the two (or more) polarizers. In one 

embodiment, the switchable polarizer may be a liquid crystal sandwiched between two 

sheets of transparent, micro-textured material such as polymer-coated glass. The 

switchable depolarizer may be specifically selected or designed to be thermochromic, its 

polarization state shifts at a predetermined temperature. In the “off” state, the polarization 

state of incoming light is largely unaffected by the depolarizer, and in the “on” state, light of a 

particular polarization, having passed through the first polarizer, is rotated by a set amount. 

This is typically done to align the light with the second polarizer, either in a parallel or 

perpendicular state depending on the desired optical effect. Thus, the combination of two 

reflective polarizing filters and a liquid crystal forms a switchable mirror that reflects either up 

to 50% or up to 100% of the incoming light, depending on the state of the liquid crystal. An 

analogous effect can be achieved with absorptive polarizers, absorbing (rather than 

reflecting) up to 50% and up to 100% of incident light.

[0023] In another implementation of a thermochromic or thermotropic liquid crystal filter, 

a thermoreflective filter is used to increase the theoretical maximum “throw,” which is the 

percentage change on transmission of light that is possible for the device as a light valve. In 

thermochromic or thermotropic LC devices, the presence of polarizers generally limits the 

throw to 50%. In one exemplary polarizer-free thermoreflective filter (as described for 

example in U.S. patent application no. 12/019,602 by Powers et. al.), a thermochromic 

distributed Bragg reflector is created by alternating LC and polymer layers or encapsulating 

LC in polymer layers. By matching the optical index of the nematic phase of the LC to that of 

the polymer, the resulting material is very transmissive. But when the LC in the filter goes 

isotropic, the optical index of the LC changes and there is an optical mismatch between the 

polymer and the LC, and the filter becomes a (usually diffusive) distributed Bragg reflector. 

This is a thermotropic light valve analogous to electrochromic, polymer-dispersed, liquid 

crystal devices.

[0024] Other possible implementations of thermochromic filters that may or may not 

utilize polarizers are thermochromic devices and/or light valves including, but not limited to, 

the following: thermochromic chiral, thermochromic Piezkov, thermochromic guest-host, 

thermochromic polymer stabilized liquid crystal, thermochromic ferroelectric, thermochromic 

polymer stabilized liquid crystals including thermochromic twisted nematic LC, 

thermochromic supertwisted nematic, thermochromic bistable twisted nematic,
6
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thermochromic dichromic dyed guest-host material, thermochromic bistable cholesteric cell, 

thermochromic cholesteric liquid crystals, thermochromic reflective cholesteric liquid crystals, 

thermochromic active matrix I thermochromic TFT, thermochromic Pi-cell, thermochromic 

in-plane switching, thermochromic vertically aligned, thermochromic polymer-stabilized 

cholesteric texture, thermochromic polymer network liquid crystal, thermochromic sheared 

polymer network liquid crystal, thermochromic sheared polymer dispersed liquid crystal, 

thermochromic sheared cholesteric liquid crystal, thermochromic stressed liquid crystal, 

thermochromic anisotropic gel liquid crystal, and other thermochromic LC light valves. All of 

these devices can be utilized with electrochromic overrides. This list is not meant to be 

limiting either in type of thermochromic LC devices or in the phase transitions used to 

achieve these effect, and many other versions of standard LC filters using melting/nematic, 

nematic/isotropic, or other phase changes are possible.

[0025] This application describes various methods for fabricating, sizing, transporting, 

and installing thermochromic optical and near infrared filters (e.g. thermochromic window 

filters, including thermoreflective window filters). Thermochromic filters can be fashioned in 

a variety of formats, including rigid structures that can be laminated to a sheet of glass. 

However, for use in industries such as glass panel manufacturing, the ideal thermochromic 

filter should be robust, light, flexible, able to be cut to any size and shape, and easily 

transported and installed. This makes it possible for example to manufacture the filters in 

one standard size in a central location (e.g., a large sheet or roll), to trim them to an 

appropriate size before or after shipping them safely and inexpensively to other locations, 

and to conveniently install them in both pre-fit and retro-fit applications.

[0026] It is possible to construct alignment layers in flexible polarizers made of materials 

such as polymers, such as 3M DRPF, through “scratching,” “rubbing,” or micro/nano- 

patterning. Alternatively, a layer may be placed on the inside of the “bottle” that is a superior 

surface for alignment layers, having properties such as a desired pre-tilt angle. In 

electrochromic applications, the thickness of the alignment layer may be critical since it is 

between the conductive layer and the liquid crystal and thus may affect the switching speed 

of a display. However, in thermochromic and thermoreflective filters, the conductive layer 

may be omitted. It is thus possible to make the “bottle” using the “inside” surfaces of flexible 

polarizers as the alignment layers, and the resulting bottle will be robust, flexible, and light. 

Similarly, it is possible to make bottles and alignment layers out of polymer sheets that are 

not polarizers. If a separate optional alignment layer is added, the alignment layer material 

may be chosen to maximize the chemical stability of the LC, and as a barrier between the 

LC and other layers.

[0027] Spacing of the LC layer in LC devices is often created by utilizing glass or plastic 

“spacers” (of various shapes and sizes, but most often spherical beads) held between two
7
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rigid “plates” covered in layers of conductive material. In electrochromic liquid crystal (LC) 

devices, the spacing between the conductive layers is often critical for two reasons. The first 

is to provide a good electric field across the device. The second is that high contrast ratios 

are desirable in electrochromic displays, and the highest contrast ratios are achieved at 

certain thickness of a given LC fluid, the so-called first and second minima. However, 

because in thermochromic liquid crystal devices the electric field may be omitted, and the 

contrast ratios desired are relatively low, the thickness of the LC may be significantly less 

critical; in fact, the only critical determinant of the spacing or thickness may be ensuring that 

there is enough liquid crystal in the bottle in any one place such that it is thick enough to act 

as a wave block at the frequencies of light of interest. However, minimizing the amount, and 

therefore the cost, of liquid crystal used in such filters is also a goal of many possible 

spacing designs. Such designs may include using glass spacers to ensure adequate 

thickness and melting or adhering slightly larger polymer spacers into the sides of the bottle 

under pressure to limit the maximum volume of LC that can occupy the bottle.

[0028] These “bottles” can be loaded in common ways such as using capillary action 

under vacuum, in slightly less standard ways such as spraying the LC onto one of the sides 

of the bottle and then sealing the second side of the bottle to the first, or in uncommon ways 

such as pressure loading. However, perhaps the simplest way to load the LC is through the 

“slop and glop” method, i.e., dispensing the LC onto one film surface, lowering the other film 

over the top, and then pressing out the thick spots and/or air bubbles with a squeegee or 

other instrument. The bottles can then be gasketed, sealed, sized (e.g., cut and resealed), 

and plugged using a variety of methods including heat-sealing and glue gasketing, and can 

be installed (e.g., attached via adhesives) to many surfaces.

[0029] The methods of manufacturing flexible bottles, gaskets and plugs, spacers and 

tensioners, alignment layers, gaskets, and other structures for polarizer-based 

thermochromic devices, as well as cutting and resealing, as disclosed herein also apply to 

the manufacture transport, of polarizer-free thermochromic devices. This is similarly true for 

those methods for transporting, sizing, and installing such filters. Such integrated 

thermochromic liquid crystal devices are easier and less expensive to manufacture, and are 

easier to transport and install than such a filter manufactured using more traditional LC 

display methods.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] Fig. 1 is a schematic representation of a thermochromic (e.g., thermoreflective) 

filter laminated to a sheet of glass, in its cold or transparent state.

[0031] Fig. 2 is a schematic representation of a thermochromic (e.g., thermoreflective) 

filter laminated to a sheet of glass, in its hot or blocking state.

8
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[0032] Fig. 3 is a cross-section view of a thermoreflective filter incorporating a twisted 

nematic liquid crystal cell or “bottle” made from sheets of rigid glass.

[0033] Fig. 4 is an exploded cross-section view of a thermochromic (e.g., 

thermoreflective) filter incorporating a twisted nematic liquid crystal cell made from the 

polarizing film itself.

[0034] Fig. 5 is a cross-section view of a simpler embodiment in which optional layers 

have been removed.

[0035] Fig. 6 is a cross-section view of a flexible thermochromic (e.g., thermoreflective) 

filter that has a welded seam produced by a heat sealer.

[0036] Fig. 7 is a cross-section view of a flexible thermochromic (e.g., thermoreflective) 

filter that has a welded seam produced by a heat sealer through the use of an additional, 

heat-sealable polymer layer.

[0037] Fig. 8 is a cross-section view of a flexible thermochromic (e.g., thermoreflective) 

filter in which capillary action allows the liquid crystal to serve as both a spacer and tensioner 

between the polymer films.

[0038] Fig. 9 is a cross-section view of a flexible thermochromic (e.g., thermoreflective) 

filter which does not use polarizers, e.g., utilizing a thermochromic distributed Bragg reflector 

constructed from polymer and liquid crystal.

[0039] Fig. 10 is a schematic illustration of a roll-to-sheet fabrication process involving 

linear polarizers whose polarization direction is aligned with the polymer draw direction. 

[0040] Fig. 11 is a schematic illustration of a roll-to-toll fabrication process involving 

linear polarizers whose polarization direction is aligned at 45 degrees to the polymer draw 

direction.

[0041] Fig. 12 is a schematic illustration of a roll-to-toll fabrication process involving 

circular polarizers of opposite helicity.

DETAILED DESCRIPTION

[0042] Fig. 1 is a schematic representation of a thermoreflective filter (laminated to a 

sheet of glass 104) in its cold or transparent state. When unpolarized light enters the device, 

it passes through the outer polarizer 101, where up to 50% of it is reflected because it is of 

perpendicular polarity to the polarizer 101. The remaining light, with the same polarity as the 

polarizer, is transmitted through into the twisted nematic liquid crystal layer 102, where its 

polarity is rotated by approximately 90 degrees. The light is therefore able to propagate 

through the inner polarizer 103, and thus approximately 50% of the incident light is able to 

pass through the glass substrate 104. Similar principles apply to

thermoabsorptive/thermodarkening filters made from absorptive rather than reflective 

polarizers.
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[0043] Fig. 2 is a schematic representation of a thermoreflective filter (laminated to a 

sheet of glass 104) in its hot or reflective state. When unpolarized light enters the device, it 

passes through the outer polarizer 101, where approximately 50% of it is reflected because it 

is of perpendicular polarity to the polarizer 101. The remaining light, with the same polarity 

as the polarizer, is transmitted through into the liquid crystal layer 102. However, because 

the liquid crystal is above its clearing point temperature, it is in an isotropic or disorganized 

state rather than an organized. The light is therefore reflected by the inner polarizer 103, 

which has a polarity perpendicular to that of the outer polarizer 101. Thus, very little of the 

incident light is able to pass through the glass substrate 104. Again, similar principles apply 

to thermoabsorptive/thermodarkening filters made from absorptive rather than reflective 

polarizers.

[0044] Fig. 3 is a cross-sectional view of an exemplary thermochromic (specifically, 

thermoreflective) filter incorporating a twisted nematic liquid crystal cell or “bottle” made from 

rigid glass. In this exemplary device, the glass windowpane 304 has fourteen layers added 

to it. First a UV-blocking film 307 is attached using a layer of adhesive 310 (e.g., a sheet 

of 3M 8211 optical adhesive). Next, the outer reflective polarizer 301 (e.g., a sheet of 3M 

DBEF polarizing film) is attached using another layer of adhesive 31 O’. Next, a sheet of thin 

glass 306 (e.g., 1 mm thick clear float glass) is added using a third layer of adhesive 310”. 

[0045] Next, a polymer alignment layer (e.g., a spray-coated film of polyimide or vinyl a 

few microns thick) is applied to the glass and textured (e.g., by rubbing with a piece of 

specialized rubbing cloth or with some other material, such as velvet, in a single direction) so 

that it is capable of aligning liquid crystal molecules such that they are parallel to the outer 

polarizer 301. Then, glass spacer beads 302 are added to form and support the space to be 

filled by liquid crystal, and a second sheet glass 306’ bearing a rubbed polymer coating 305’ 

is added in a perpendicular alignment, so it is capable of aligning liquid crystal molecules 

such that they are parallel to the inner polarizer 303. Next, the inner polarizer 303 is 

attached with another layer of adhesive 310’”. Finally, a low-emissivity film 308 is attached 

using a final layer of adhesive 310””. The liquid crystal (not pictured) is then drawn into the 

space formed by the spacer beads 302, by capillary action or related methods, and the 

edges of the device are sealed using a heat-cured or UV-cured optical adhesive (e.g.,

Norlin 68 optical adhesive).

[0046] The layers in this exemplary device are generally adopted from the video display 

industry and were not specifically designed for use in thermochromic or thermoreflective 

window filters. Therefore, the standard method for laminating them is with a clear sheet 

adhesive such as 3M 88211 optical adhesive. As a result, the device involves fourteen 

separate layers, not including the glass substrate 304, and requires no fewer than 35 

separate manufacturing steps to produce. In addition, the device is rigid, thin, fragile, and
10
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potentially very large, making it extremely difficult to handle or transport unless it is 

fabricated directly on top of a sheet of heavy glass (e.g., 6 mm tempered float glass) and 

encapsulated in an insulating glass unit (IGU), otherwise known as a double-paned window. 

[0047] Thus, while this device offers a significant energy benefit when installed in 

buildings, it may be cumbersome to produce and ship. In an alternative implementation, 

methods for producing, sizing, and shipping flexible thermochromic (including 

thermoreflective) filters, developed specifically to overcome these difficulties, is described in 

the following figures.

[0048] Fig. 4 is a cross-sectional view (exploded for clarity) of an exemplary 

thermochromic (e.g., thermoreflective) filter incorporating a twisted nematic liquid crystal cell 

or “bottle” made from the polarizing film itself. This much simpler device requires only seven 

layers and does not need a glass substrate to hold it rigid to prevent damage, e.g., from 

flexing and cracking. In this exemplary device, the outer polarizer 401 and the inner 

polarizer 403 have been textured with a rubbing cloth so that they are capable of aligning 

liquid crystal molecules parallel to their own polarization. Thus, the thin glass layers 306 

and 306’and the polymer alignment layer coatings 305 and 305’ of Fig. 3 are eliminated, 

along with three layers of adhesive 305. To construct this device, the UV-blocking film 407 

is laminated to the outer polarizer 401 with a layer of adhesive 410. Alternatively, the UV 

blocking capability may be within the adhesive itself, as is commonly the case with window 

film adhesives (e.g., Cytec GMS AX-4000-01 with Cyasorb 24). Next, spacer beads 402 are 

added to form a cavity for the liquid crystal (not pictured). Next, the inner polarizer 403 is 

added, and the low-emissivity film 408 is laminated to it using another layer of adhesive 410’. 

Finally, the liquid crystal is drawn into the space formed by the spacers 402, and the edges 

of the device are sealed.

[0049] In addition, the optical properties of the polarizers may be selected to produce or 

enhance certain optical effects. For example, the polarizers may have wide or narrow 

bandwidths, single or multiple bandwidths, may produce neutral or colored light, and/ormay 

affect either visible light or invisible radiation such as UV and NIR. The polarizers may be 

reflective, absorptive, diffusive, or of some other distinctive character. In the case of 

absorptive polarizers, the filter may be capable of serving as both the downconverter and the 

thermochromic filter in a thermally-switched, optical downconverting device, for example, as 

described in U.S. Patent Application Publication No. 2008/0210893 to Powers et al.

[0050] Other variants on this embodiment are also possible and may be advantageous. 

For example, the spacer beads 402 may be mixed in with the liquid crystal and applied 

together via the “slop and glop” method as already described. Alternatively, the LC mixture, 

with or without the space beads included, may be doped with an adhesive or other polymer 

that can later be cured using heat, UV, visible light, or some other method. An advantage of
11
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this process is that it may make the liquid crystak more viscous an/or tend to adhere the 

spacer beads in place, preventing them from migrating, accumulating, or falling to the bottom 

edge of a filter held in a vertical orientation. At higher concentrations, such polymer or 

adhesive yields a polymer-stabilized liquid crystal (PDLC) or a polymer-stabilized twisted 

nematic (PSTN) or related structures including, but not limited to, polymer-stabilized 

cholesteric textured (PSTC) and polymer network LC, which may tend to adhere the two 

polarizing films together and/or prevent the liquid crystal from migrating. In the most 

extreme cases, this doping may yield a solid layer that behaves like a liquid crystal-based 

thermotropic waveblock, but that does not leak when cut (e.g., with scissors).

[0051] Fig. 5 is a cutaway view of an even simpler embodiment of the thermochromic LC 

filter, wherein the UV-blocking film and low-emissivity film have been deleted, along with the 

adhesive layers used to laminate them. The device consists solely of the rubbed polarizing 

films 501 and 503, with a layer of spacer beads 502 creating a void into which the liquid 

crystal is loaded. The edges of the device are then sealed by any of a variety of methods, 

including adhesives, tapes, RF welding and heat sealing.

[0052] The spacer beads 502 may be made of glass or polymer, but a variety of other 

materials including metals and ceramics may also perform the same function. However, 

glass spacer beads are more likely than polymer spacer beads to damage a polymer film, 

particularly if the film is very thin or made from inelastic materials. In addition, the positions 

of glass spacer beads within the device are not constrained; i.e., the beads can roll around 

between the polarizing films, clump together, crowd to the edges, etc. Also, while glass 

spacers can preserve the optical properties of the device by preventing the two polarizing 

films from touching, or coming any closer to one another than the diameter of the beads, 

they cannot prevent the two polarizing films from moving farther apart, creating “baggy” 

regions where the liquid crystal is thicker than desired. In the extreme case, under the 

influence of gravity the device could even pull itself into a teardrop shape and essentially 

cease to function unless sufficient tension is maintained to hold it in the proper shape.

These problems may be solved through the use of spacer beads that are heat-meltable, 

coated with adhesive, chemically functionalized to promote bonding, or that have a physical 

or molecular structure that encourages their adherence to the film by physical means 

including but not limited to suction, Van Der Waals forces, and mechanical hooking (as in a 

hook and loop fastener). For example, adhesive-type Sekisui micropearl LCD spacers 

perform very well in this function, although a variety of other spacer types could be used 

instead.

[0053] Alternatively, spacers and tensioners to join and separate the polarizing films may 

be produced directly on the films themselves through various surface imprint technologies, 

for example, by deposition or etching processes that leave the spacers and/or tensioners
12
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behind as posts or patterns. The forms to be deposited or etched may be defined 

lithographically including by, for example, but not limited to, nano-imprint lithography, 

photolighography, holography or interference lithography, nano-indentation lithography, and 

electron-beam lithography. Spacers and tensioners can also be formed by localized heating 

or photopolymerization of a surface (e.g., with a laser), or by chemical self-assembly (e.g., 

with block copolymers), or using chemicals such as Dow chemical cyclotene and 

photoimaging, or via inkjet printing, which are all considered forms of surface imprint 

technologies for the purposes of this disclosure. Tensioners hold the bottle together, just as 

spacers hold it apart, and the two can be combined into the same objects (as with an 

adhesive-type spacer bead).

[0054] The spacers in the bottle may be in the form of one or more of the following: 

spacers dissolved or suspended in the LC, spacers glued/adhered to just one side of the 

bottle, functional features of the bottle such as dimples, interconnections, knobs, mounds, or 

droplets made using adhesives; spacers melted into or sputtered onto the bottle; or seals in 

the bottle (or subsections of the bottle) closed with sufficient amounts of liquid crystal such 

that the volume of the liquid crystal itself holds the filter apart sufficiently. In this last 

configuration, a stiff edge seal may limit the ability of the filter to flex and displace liquid 

crystal. Alternatively, spacing may be achieved by mixing adhesives with the LC, loading the 

mixture with the sides of the bottle held at an appropriate distance, and curing the adhesive 

in processes similar to those used in polymer-dispersed liquid crystal displays. The spacing 

may additionally be created using inkjet printing of small features made of polymer or 

adhesives, by photolithography of materials such as cyclotene, or by imprint lithography. 

Encasing some of the liquid crystal in small spheres as “spacers” is also possible. These 

and similar methods for creating appropriate spacing in the bottle may not be acceptable, or 

even possible, in electrochromic applications but function well in thermochromic (e.g., 

thermoreflective) filters.

[0055] Because it is flexible, light, and durable, the filter can attached to windows, walls, 

doors (including garage doors), curtain wall frames, storefront frames, window frames, roofs, 

skylights, and automobiles, among many other possibilities. The filter may then be used to 

control solar heat gain, based on external temperature, for any and all of these applications. 

[0056] Diffusively reflective polarizing versions of the filter, as well as IR only polarizers 

and absorptive polarizers, are suitable for application in areas which would otherwise not be 

ideal for reflective polarizer based filters, including roofs, skylights, curtain walls, and 

automobiles. Since the transmission of light through diffusively reflecting and transmitting 

polarizers is not specular, it is possible to use alignment and spacer technology that would 

be unsuitable (e.g., have large occlusions) in “window filter” type applications. The filter is 

thus a method for controlling solar heat gain on virtually any surface using the filter, including
13



30/01/2013 13:30 IP GATEWAY <FAX)6173a087466 P.007/033

61738087466
20

09
28

28
12

 
30

 Ja
n 

20
13 windows, walls, doors including garage doors, curtain wall frames, storefront frames, 

window frames, roofs, skylights, tents, and vehicles.

[0057] In one embodiment, the filter is formed using two pieces of a flexible reflective
5 polarizer made of polymers (e.g. 3M DRPF or APF). The alignment layer is scratched or 

rubbed into one surface of the polymer polarizer. An effective alignment layer can be 
created using a coarse abrasive such as 600 grade sandpaper or a soft rubbing cloth 
(e.g., Yoshikawa Chemical Company YA-19R or YA-25-C brand rubbing cloth, or generic 
non-linting velvet from a fabric store), which produces far superior optical properties. The

10 alignment layers are directed such they are at a 90 degree angle when the polarizer and 
analyzer are at 90 degree angle as well for maximum change in contrast in the 
"transmissive" (e.g. "cold") and "reflective" (e.g. "hot") states of the thermochromic filter, 
although many other configurations are possible. Glass and/or polymer spacers are 
deposited on the inner alignment surface of one of the polarizers, and then the "bottle" of

15 the thermochromic LC filter is formed by sealing the edges of the two polarizers such that 
the alignment sides are toward each other, leaving one or more openings through which 
to load the LC. Such a seal is analogous to a gasket in electrochromic LC devices.

[0058] The thermotropic LC (which must have suitable freezing and isotropic transition
20 points for the intended use) is then brought into contact with one or more of the openings, 

drawing the LC into the bottle using capillary action. This can be done under vacuum if 
desired. Once the bottle is "loaded," internal or external plugs may be used to seal the 
bottle. The thermotropic liquid crystal sandwiched between the two polarizing alignment 
layers functions as a depolarizer at low temperatures. When the thermotropic liquid

25 crystal becomes an isotropic liquid layer at high temperatures, the “bottle” functions as a 
wave block. In combination with the polarizing effects of the "bottle”, this structure is a 
thermochromic filter, which may be specular or diffusive depending on the components 
used.

30 [0059] The bottle and plugs can be sealed via heat, pressure, chemical means, various
forms of radiation (including laser), and UV among other means. Pressure may be used in 
combination with heat to lower the temperatures, times, and other factors necessary to 
seal layers together. The bottle may further be subdivided by sealing it into small, 
compartmentalized sections for robustness. PET (Polyethylene terephthalate) "bottles"

35 are suited to this operation as they are easily heat-sealed. If both glass and polymer 
spacers are used, interconnections of the filter may be achieved by compressing the filter 
while applying heat, radiation, or other means such that the glass spacers provide a 
constant spacing, while the polymer spacers attach themselves to the polarizers creating 
the interconnections. The resulting filters can be subdivided either by forming new

40 gaskets by the processes discussed above and then trimming around the new gasket, or 
by simply trimming the filter around previously formed subdivisions. This forms a robust, 
flexible, and sizable filter, which can be covered with adhesive and a protective backing 
for both the adhesive and filter. The result is a filter which is light, robust, and 
conveniently and cost-effectively shipped. The filter may be sized and installed when

45 received at another location. In this embodiment, the filter can be sized with a device

14
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13 designed to apply heat, pressure, chemicals, and/or internal/external gaskets to the bottle 

(e.g., a soldering iron or "heat sealing knife").

[0060] A flexible thermochromic filter comprising two polarizing films 501 and 503
5 separated by spacers 502 to maintain the cell gap for a liquid crystal material may be 

formed in a variety of ways. In one variant of this embodiment, the alignment layer may 
be formed using the nano-patterned aluminum wires of a flexible wire-grid polarizer 
embedded in a flexible polymer substrate such as PET.

10 [0061] In other variants, nano-imprint lithography or other lithographic patterning method
(including, but not limited to, photolithography, holography or interference lithography, 
nanoindentation lithography, and e-beam lithography) may be used to create the 
alignment layers.

15 [0062] Alternatively, the alignment layer may be produced using chemical self-assembly
(e.g., with block copolymers), by stretching of the polymers to produce aligning surface 
features, by inkjet printing, by forming photopolymers, or other comparable methods.

[0063] Additionally, materials which have properties suitable for alignment layers, such as
20 pre-stretched polymers, may be used. In another variant, the alignment layers may be 

created in or on materials specifically chosen for their suitability, such as polyimides. 
Among many methods, these materials may be adhered or glued to, laminated to, or 
deposited on the polarizer layer or mediation layer.

25 [0064] In other variants of the present embodiment, the spacers may be formed using
deformations of the bottle, or using the combination of sub-gaskets and/or 
interconnections and the volume of the liquid crystal. The sub gaskets or interconnections 
can be formed using heat, radiation, pressure, or other methods. In other variants of this 
embodiment, the thickness of the liquid crystal is limited to control optical properties

30 and/or to control the amount of liquid crystal used. In still other variants, the alignment 
layer consists of or includes a layer and or structure designed to assist in the wetting 
and/or loading speed of the liquid crystal.

[0065] All of the variants thus described should be considered exemplary rather than
35 limiting, as further permutations and combinations of elements may be used in their place 

without departing from the spirit of the embodiment.

[0066] Fig. 6 is a cutaway view of an embodiment similar to the one shown in Fig. 5, 
except that the two polarizers 601 and 603 have been heat sealed or RF welded together,

40 creating a welded seam 612. The device can now be cut in two — or cut into any number 
of pieces of any desired shape and size— by cutting along the welded seam or seams 
612. The welded seam 612 forms a gasket which prevents the liquid crystal 604 material

15
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13 from leaking out. The materials used in the layers of this embodiment are chosen such 

that they can be sealed and cut using methods common to materials such as polymers, or 
reliably sealed using adhesives or glues, or chemically bonded. For example, the 3M 
DBEF reflective polarizing film may contain one or more of polyethylene terephalate

5 (PET) or polycarbonate, a transparent, heat-sealable material which can easily be cut 
using scissors, knives, cutting wheels, or any number of other standard methods, and 
which does not contaminate the liquid crystal mixture when heated. The method for 
sealing this embodiment is quite simple, as a heat sealer or RF welder can press and seal 
the two polarizing films 601 and 603 together right through the liquid crystal layer 604.

10 Spacer beads 602 and liquid crystal molecules 604 are either pushed aside or 
incorporated into the welded seam 612, without damage to either the liquid crystal 604 or 
the seam.

[0067] Thus, it is possible to produce, ship, and store the thermochromic or
15 thermoreflective filter in large sheets or rolls, and then cut them to size as needed for 

incorporation into insulated glass units or other building materials.

[0068] Fig. 7 is a cutaway view of a similar embodiment wherein the polarizing films 701 
and 703 are made from a non-heat-sealable material. For example, 3M's DRPF reflective

20 polarizer films may contain polystyrene, a thermoset plastic that may deform, cross-link, 
additionally polymerize, harden, and degrade under heat and pressure rather than 
welding together and sealing. In this embodiment, a layer of additional, sealable polymer 
71 1 has been bonded to the polarizers 701 and 703 such that the device can be welded, 
sealed, and cut as in the previous embodiment to create a welded seam 712. Spacer

25 beads 702 and liquid crystal molecules are either pushed aside or incorporated into the 
welded seam 712, without damage to either the liquid crystal or the seam. The additional 
polymer layer 71 1 is specifically chosen for both its sealing properties and its optical 
properties (typically including colorlessness, high transparency, low birefringence, and low 
haze), such as Surlyn (a transparent low melting temperature material) or cellulose

30 diacetate, among many other possibilities. There may be two heat-sealable layers that 
seal together, or there may be one layer that heat seals to the polymer or plastic of the 
other side of the “bottle". Such methods to allow for the filters to be cut to arbitrary sizes 
as well as the use of external devices such as "heat-sealing shears" make the process of 
cutting and sealing the filters portable. Additionally, it is possible to create external

35 gaskets over the top of the heat seal using Kapton tape or other polymer tapes, Norlin 68 
optical adhesive, or other similar sealers. Any of these methods can be thought of as 
ways to replace the "fixed" gaskets common to LC devices with gaskets that can be used 
to seal cut-down pieces of filter.

40 [0069] The materials used either for "gasket" seals and for spacing may be chosen so
that they have optical properties such that they aid or reduce the total transmission of 
light. The filters may have an adhesive suitable for in-place application included, and 
there may be
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a backing or “release liner” or “release sheet” on the adhesive to prevent it from prematurely 

adhering. There may also be a protective layer to prevent scratching, bending, or other 

damage that is attached to one or both sides of the filter that can be removed before or after 

application. Numerous other permutations may be employed without departing from the 

spirit of the embodiment, which is a heat-sealable thermochromic filter made from non-heat- 

sealable polarizing films.

[0070] Fig. 8 is a cross sectional view of a further embodiment, wherein the liquid crystal 

acts as its own spacer and tensioner, and the polarizing film acts as its own alignment layer. 

The first requirement to enable this property is that the polarizing films 801 and 803 must 

have a surface that is wettable by (i.e., not chemically repellant to) the liquid crystal 802.

This wettability may be inherent in the polarizer materials themselves (as is the case with the 

vast majority of polymers) or may be applied as a surface treatment or bonded layer on the 

polarizing film. For example, the fluorinated polymer Teflon resists wetting by a wide variety 

of liquids and liquid crystals. However, a surface coating or bonded layer of a wettable 

polymer such as polyethylene renders the surface wettable.

[0071] The second requirement is that the surface of the polarizing films 801 and 803 

must have nanoscale or microscale physical or chemical features that are capable of 

aligning the liquid crystal molecules. Ideally, such alignment will be parallel with the 

polarization axis of the polarizing film, although other orientations will also work. Fortunately, 

the manufacture of polymer-based polarizing films (both the absorptive and reflective variety) 

usually involves a stretching step to confer a preferred molecular orientation within the film. 

Even for films with very smooth surfaces, this alignment of the long-chain polymers that 

make up the film results in a functional alignment layer for the liquid crystal 802. In fact, 

most polymer films produced via any sort of reel-to-reel or web winding process have a 

“draw direction” that produces a similar effect, though less strongly.

[0072] When these conditions are present, the wettability of the surface creates a 

spreading force that attempts to pull the liquid crystal 802 outward in all directions until it 

covers the entire surface. This same effect can be seen, for example, when rain hits a 

sidewalk; the water spreads and wets the entire surface, rather than forming beads (as it 

would, for example, on a Teflon surface). At the same time, the surface tension of the liquid 

crystal 802 creates a force that attempts to pull the liquid together to form a bead or sphere. 

These forces act in opposite directions, so that in practical terms there is a minimum 

thickness for the resulting layer of liquid crystal 802 on top of the polarizing film 803 in order 

to achieve full wetting. Finally, when a second polarizing film is added and the liquid 

crystal 802 is sandwiched between the two polarizers 801 and 803, a capillary force comes 

into play that draws the two films 801 and 803 together. This effect can be seen, for 

example, when a drop of water is placed between two sheets of wettable film. The films will
17
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stick together, even though neither the films nor the water drop have any adhesive 

properties per se. And yet, because of the balancing of wetting forces and surface tension, 

the water is not pressed out from between the films, instead forming a layer of approximately 

uniform thickness between them. In fact, when an external pressure squeezes the liquid out 

of a particular region (as when the films are pressed between thumb and forefinger), the 

liquid quickly moves back into the formerly compressed area once the pressure is removed. 

[0073] Thus, a liquid crystal 802 sandwiched between two polarizing films 801 and 803 

is capable of forming a thin, relatively uniform layer that both prevents the two polarizers 801 

and 803 from touching one another and also prevents them from pulling apart beyond a 

certain distance. In this case, the liquid crystal itself is acting as both spacer and tensioner. 

This effect is most pronounced when the films involved are fairly stiff. For extremely thin or 

flimsy films in a vertical orientation, there is a maximum size above which the force of gravity 

will overcome the wetting and capillary forces, and the liquid crystal 802 will tend to pool at 

the bottom.

[0074] There must be sufficient distance between the polarizers 801 and 803 that their 

aligning properties give enough room for the liquid crystal molecules to complete a 90Q 

nematic twist (or any other desired amount of twist) across the gap from one aligning surface 

to the other. Thus, there is an optimal volume of liquid crystal per square centimeter such 

that the amount of liquid crystal is minimized but the desired nematic twist is achieved. 

Empirically, for a pure 6CB liquid crystal sandwiched between two 3M DRPF polarizers, this 

value appears to be approximately 0.086 milliliters per square centimeter, although we do 

not wish to be bound by this. In addition, for chiral-doped liquid crystal mixtures, there is an 

optimum amount of chiral additive (generally very small) that allows the liquid crystal to 

complete one and only one twist, or for superwisted cells, an optimum amount of chiral 

dopant that allows a particular number of twists to be completed across the cell gap to 

produce particular desired optical effects, such as Distributed Bragg Reflection (DBR) of a 

particular wavelength of light.

[0075] Because this embodiment incorporates fewer components, fewer manufacturing 

steps, and potentially less liquid crystal than other embodiments, it is highly desirable from 

an economic standpoint because it is likely the cheapest to manufacture. It is also likely to 

be more robust than any of the other embodiments listed herein, because it has fewer failure 

points and fewer self-interaction modes. Thermochromic and thermoreflective filters made 

by this method can be produced via a very simple web-winding process, heat sealed at the 

edges (e.g., with a heat sealer, sonic welder, RF welder, or even an implement as basic as a 

soldering iron), stored and transported on rolls, heat sealed into smaller units and cut to size, 

and installed on the inside or outside of IGUs or other building materials.
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[0076] This embodiment can be hybridized with others. For example, it may be 

desirable to incorporate a small number of spacers to establish a minimum allowable cell 

gap, or a small number of tensioners to establish a maximum allowable cell gap, while 

largely retaining the self-organizing properties of wetting, surface tension, and capillary 

forces. For example, a small number of adhesive spacers (e.g., Sekisui Micropearl adhesive 

spacers) can be used as both spacers and tensioners to define the cell gap, while wetting, 

surface tension, and capillary forces do the “heavy lifting” of maintaining that cell gap once 

the liquid crystal is loaded in the cell.

[0077] In other embodiments, the spacing and/or interconnections are achieved using 

methods such as polymer stabilized liquid crystal mixtures, where polymers are mixed into 

the LC solution and are fixed to become either spacers, tensioners, or interconnections 

using heat, pressure, radiation, or other methods.

[0078] Fig. 9 is a cross-section view of a further embodiment of a flexible thermochromic 

(e.g., thermoreflective) filter which does not use polarizers, but instead uses a 

thermochromic material constructed from polymer and liquid crystal 902 within a substrate 

material 903.

[0079] In one exemplary form of this embodiment, the thermochromic layer is a 

thermotropic distributed Bragg reflector. It is possible to construct thermochromic and/or 

thermotropic (e.g., thermoreflective) LC filters using polymer-dispersed, chiral, guest-host, 

and other LC filter variants that do not require polarizers to function. These thermochromic 

and/or thermotropic filters can use any of the possible phase transitions as their mode of 

operation (e.g., nematic to isotropic phase changes) as light valves. Thermoreflective filters, 

which become more reflective about a set transition temperature, can be constructed by 

mixing a photopolymer together with LC chosen for their optical indexes, using an electric 

field or other means to align the LC such that the optical index is well matched to the 

polymer in the desired optical direction, and photopolymerizing the polymer such that there 

are alternating layers or encapsulated regions of polymer and LC. In such a polymer- 

dispersive LC device, below the transition temperature the LC and polymer have well- 

matched optical indexes and therefore appear transparent, but in the isotropic phase of the 

LC a distributed Bragg reflector or scatterer is formed by the differences in refractive index. 

[0080] One possible variant of this polarizer-free embodiment is to dope the liquid crystal 

with dye molecules (including nanorods and other “mechanical dyes”), and let the optical 

properties of the dye molecules at various orientations (i.e., where various states of the liquid 

crystal dictate the orientation of the dye molecules) determine the absorptivity, reflectivity, 

and/or diffusivity of the filter, rather than periodic changes in index of refraction. For 

example, where the dye molecules are suspended by, and their orientation constrained by, 

the LC such that they interact with very little light (e.g., the dye molocules are aligned
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perpendicular to the polymer sheet via a homeotropic alignment), the filter, largely transmits 

solar energy while in the organized cold/nematic state, but significantly blocks solar energy 

in the disorganized hot/isotropic state, where the apparent cross-sectional area of the dye 

molecules is much larger. For example, amphiphilics used as surface coupling agents on 

surfaces with strong polarity tend to give homeotropic alignment layers. Soap is an example 

of a substance that can perform this role, either as a surface treatment or as a dopant for the 

liquid crystal, that is drawn preferentially to the inner surface of the “bottle.” When heated to 

an isotropic state, the dye (whether reflective, absorptive, or fluorescent) is oriented at all 

angles and thus blocks more light. This is the high transmission version, but is “darker” off of 

the normal axis, so that it may, for example, tend to limit summer sun while transmitting 

sunlight at lower angles (e.g., in winter).

[0081] In another exemplary form of this embodiment, the nematic liquid crystal may 

have a homogeneous (parallel to the polymer sheet) alignment. Dyes that interact more with 

light (either absorptively, fluorescently, or reflectively) and that molecularly align (usually 

along the long axis of the molecule) act as polarizers. For example, there are dyes that are 

more absorptive of light which is polarized along one axis (usually the long axis) of the 

molecule. Examples of this include the two classes of dyes: azos and anthraquinones, but 

there are many others. In this implementation, the LC and the dye are mixed together, and 

the LC holds the dye in place, as if it were also LC. This is sometimes described as the 

guest-host effect. When this mixture goes isotropic, the dye absorbs/fluoresces/reflects in all 

polarizations; if enough dye is included, then transmission is reduced by

absorbing/fluorescing/reflecting more light. Dyes exist which exibit dichroic ratios and order 

parameters desirable for thermotropic devices. There are polarization-specific types of dyes 

called positive dichroic dyes (pleochroics) and negative dichroic dyes, which absorb the E 

vector of light along the long molecular axis of the dye and perpendicular to the long 

molecular axis of the dye, respectively. Each of these polarization types effect the way the 

dye interacts with light for a given state of the liquid crystal and thus generate different 

thermochromic devices. Thermotropic devices that operate in ways analogous to 

electrochromic display devices such as White-Taylor mode, Heilmeier dichroic, quarter-wave 

dichroic, double cell guest-host dichroic, dye doped twisted nematic, supertwist dye effect, 

and polymer dispersed dichroic, among others, are possible.

[0082] In another exemplary form of this embodiment, the nematic liquid crystal has a 

homogeneous (parallel to the polymer sheet) alignment, with dyes that interact more with 

light absorptively, flourescently, or reflectively) which is polarized along one axis (usually the 

long axis) of the molecule (examples of this include the two classes of dyes: azos and 

anthraquinones, but there are many, many others. LC and dye are mixed together, and the 

LC holds the dye in place, as if it were also LC, sometimes described as the guest-host
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effect. When this mixture goes isotropic, the dye absorbs/fluoresces/reflects in all 

polarizations, and if enough dye is included, then transmission is reduced by 

absorbing/fluorescing/reflecting more light. This is the low-transmission device, as to get 

good throw it may require it to be a very efficient polarizer when nematic). Dyes exist which 

exibit dichroic ratios and order parameters desirable for thermotropic devices. There are 

polarization-specific types of dyes called positive dichroic dyes (pleochroics) and negative 

dichroic dyes, which absorb the E vector of light along the long molecular axis of the dye and 

perpendicular to the long molecular axis of the dye respectively, and each of these can affect 

the way the dye interacts with light for a given state of the liquid crystal and thus generate 

different thermochromic devices. Thermotropic devices that operate in ways analogous to 

electrochromic display devices such as White-Taylor mode, Heilmeier dichroic, quarter-wave 

dichroic, double cell guest-host dichroic, dye doped twisted nematic, supertwist dye effect, 

and polymer dispersed dichroic, among others, are possible.

[0083] Still another exemplary form of this embodiment uses a combination LC-dye 

structure. There are also aggregated dye liquid crystals, which are dyes that when solvated 

in certain materials (e.g., water) form LCs by aggregating into LCs. Such a solution has a 

nematic and isotropic range, with a “coexistence” range in-between, so it is possible to make 

it perform as both an LC and a polarization-specific dye. One example is the food coloring 

dye Sunset Yellow FCF, although its transition temperature or clearing point temperature 

may not be ideal for some applications. In the cold (nematic) state the molecules orient 

themselves just as dyes in LC are oriented, but the molecules then stop behaving as LCs 

when heated and only act as dyes.

[0084] However, there is a second mode of operation for this exemplary device. 

Research has shown that the order parameter (i.e., how well all the molecules line up on the 

director at any given moment) varies enough with temperature for some dyes and 

combinations of dyes that a phase transition is not needed to generate a thermochromic 

effect. In effect, the dye naturally becomes more absorptive as it gets hotter. These dyes 

are, in operation, like absorptive versions of the chiral and cholesteric referred to by Powers 

et al. in U.S. Patent Application Publication No. 2009/0167971. If multiple, chemically similar 

dyes are employed simultaneously, the effect may be very powerful as the device is capable 

of covering an extremely wide band of wavelengths.

[0085] In still another exemplary form of this embodiment, a fluorescent dye/liquid crystal 

mixture may be combined with band reflectors tuned to specified wavelenths—e.g., light of 

multiple wavelengths is downshifted to infra-red (IR) and then reflected out using an IR 

reflector such as distributed Bragg reflectors or low-e coatings, in a manner similar to that 

described by Powers et al. in U.S. Patent Application Publication No. 2009/0167971. 

Narrowband reflectors for the appropriate wavelengths may be inserted where light is re­
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emitted by the fluorescent dye. Such a device may be particularly effective if the dye or 

combination of dyes absorbs light across a broad range of wavelengths but emits light in a 

narrow range of wavelengths, such that the emissions can easily be reflected by a 

narrowband reflector while incident radiation is allowed to pass through. Quantum dot or rod 

particles are particularly suited to this role, although numerous other types of dyes will also 

work and may be advantageous.

[0086] Still another exemplary form of this embodiment is a parallel alignment device 

such as a twisted nematic (TN) or super-twisted nematic (STN) version of the standard 

“guest-host cell” liquid crystal device, using either one or two polarizers. This may allow the 

use of less dye or fewer kinds of dye, as the nematic twist of the LC can be used to make 

the device more or less absorptive as light is rotated, especially for smaller wavelengths.

This arrangement is also ideal for augmenting one or two polarizer versions, and can 

improve polarization efficiency, off-axis performance, and color balance for two polarizer 

devices.

[0087] Still other exemplary forms of the embodiment are possible. For example, a 

thermochromic analog to the White-Taylor display may have a chiral LC material distributed 

between two polymer sheets with parallel alignment such that the LC rotates by a particular 

desired amount across the cell gap of the device, so that the absorptive dyes inside (i.e., 

dyes that are absorptive when aligned with the LC) are absorptive when nematic, and less 

so when isotropic. However, if a less absorptive dye “from the side” is used rather than 

“end-on”, then the transition from cholesteric to isotropic could also be used to make a 

thermotropic film. Furthermore, if only a small rotation, e.g., 90 degrees is used, then the 

temperature dependence of the chiral LC would allow more or less light to pass through 

based on temperature even without using the isotropic transition. This is once again a 

hybrid device using a combination of related effects to achieve thermochromism.

[0088] In addition, it is generally recognized that electrochromic “Pi-cell” display cells 

exhibit better off-axis performance than TN or STN, resulting in fewer color anomalies and 

more consistent contrast ratios as the viewing angle is varied. A thermochronic film using 

dyes or reflectors in Pi-cells may have improved or altered off-axis performance, 

directionality, or other attributes. Pi-cells work on variable retardation of the light rather than 

on optical activity as in TNs, which is another exemplary thermochromic LC effect that can 

be exploited in the present embodiment.

[0089] Finally, convection cells may be used to make optically diffusive filters. 

Electrochromic devices do this by torquing LC molecules with an electric field, which can be 

done with nematics or smectics for different effects. However, a similar effect can be 

achieved through localized disorganization of the LC molecules due to thermal convection. 

This is a thermochromic analog of Williams domains wherein, due to electrically driven
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turbulence, the electricity creates a convective-1 ike mode called the dynamic scattering mode 

(DSM), which is also a method of providing electrochromic override for difussive 

thermochromics. In DSM, the distortion of the director orientation of the LC focuses light 

with a polarization parallel to the director. Such turbulence may also be created via small 

absorptive lines and/or thickness variations within the LC cell, creating convection zones 

when the LC is in its isotropic state and is thermally excited resulting in random motion. 

[0090] “Typical” liquid crystal molecules are not required to produce the above effects, 

because by many estimates roughly 40% of all molecules (potentially including small carbon 

nanotubes, metal nanorods, etc.) are capable of exhibiting liquid crystal states. There are 

also analogues to the dyes in nanotubes and there are metallotropic LCs (typically 

composed of both organic and inorganic molecules) whose LC transition depends not only 

on temperature and concentration, but also on the inorganic-organic composition ratio.

These can be configured in absorptive, reflective, diffusive, or fluorescent arrangements to 

produce the effects described above. It is also quite feasible, for example, to use 

thermotropic effects on disclinations to increase the diffusivity of an LC device. None of 

these variations alter the essential nature of the device or the methods for producing it. 

Rather the “thermochromic LC” in all its various forms is treated as a single component 902 

within a substrate material 903.

[0091] Although these numerous variations are difficult to capture visually and are not 

individually elucidated in Fig. 9, the various molecules and materials used in the 

methodologies disclosed herein are well described in the prior art and will be readily 

understood by a reader of ordinary skill in the art of liquid crystal device fabrication. With 

respect to the technology disclosed and described herein, it is the method of exploiting the 

thermochromic effects of various molecules and materials for use in flexible optical filters 

that is important. All of the above variations are exemplary (rather than limiting) forms of this 

implementation of a method for constructing robust, flexible thermochromic (including 

thermodiffusive and thermoreflective) filters using various thermochromic or thermotropic 

arrangements of liquid crystal without the need for the two polarizers described in earlier 

embodiments. Many of these devices will also work in conjunction with one or more 

polarizers (not pictured in Fig. 9), because they have polarizing effects or are polarizers 

themselves, and that their function may be significantly improved as a result. In addition, 

even the polarizer-free forms of this embodiment may be sandwiched between two polymer 

films 903 that have been prepared with appropriate alignment layers, rather than distributed 

within a single flexible substrate 903.

[0092] Fig. 10 is a schematic illustration of a roll-to-sheet fabrication process. In this 

exemplary fabrication method, the polarizers 1001 and 1003 are polymer-based linear 

polarizers whose polarization axis is aligned with the polymer drawn direction. In this
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embodiment, a square or other shaped piece of material 1001 is cut from the upper polymer 

roll 1011, and a matching square or other shaped piece 1003 is cut from the lower polymer 

roll 1013, and then rotated such that its polarization axis is 90 degrees (or some other 

desired angle) from that of the upper piece 1001. The liquid crystal or other depolarizer (not 

pictured) is then added between the two sheets and the edges are sealed, as described 

above.

[0093] Fig. 11 is a schematic illustration of a roll-to-toll fabrication process involving 

linear polarizers whose polarization direction is aligned at 45 degrees to the polymer draw 

direction. One polarizer, aligned at 45 degrees from its draw direction, will be at 90 degrees 

to a similar polarizer which has been flipped over. Therefore, in this embodiment, the two 

polarizers 1101 and 1103 can be pulled continuously off the rolls 1111 and 1113. The liquid 

crystal or other thermotropic depolarizer (not pictured) may then be added between them 

and the edges sealed, as described above. This embodiment of the fabrication method is 

superior in that the resulting continuous thermochromic filter can be wound onto another roll 

in the sort of “roll to roll” or “web winding” process that is very familiar to workers in the 

polymer films industry. It also allows large quantities of thermochromic (e.g., 

thermoreflective) film to be shipped using industry standard methods. Angles than 45 

degrees may be employed to produce different optical effects and multiple draw directions 

could be used to create patterns in the filter as desired for particular applications.

[0094] In addition, if the liquid crystal mixture placed between the two polarizers is a 

polymer-dispersed liquid crystal (PDLC), polymer stabilized twisted nematic (PSTN), or other 

stabilized mixture with a solid or gelled consistency, then individual thermochromic filters can 

be cut from the roll (e.g., with scissors or other cutting blade), and the resulting filter is 

usable and durable even without heat sealing of the edges. Thus, the thermochromic filter is 

more industrially applicable and can be used even by unskilled persons, as with ordinary 

window films that are marketed directly to consumers.

[0095] Fig. 12 is a schematic illustration of a roll-to-toll fabrication process involving 

circular polarizers of opposite helicity, such as for example the cholesteric liquid crystal 

polymer circular polarizers made by Chelix Technologies. This process is similar to that of 

Fig. 11, except that the polarizers are of a different type. Specifically, they are right-handed 

and left-handed circular polarizers, respectively. In general, it does not matter whether the 

upper polarizer 1201 or the lower polarizer 1203 are right- or left-handed. However, 

depending on the configuration of the depolarizer (not pictured) they will need to be either 

both of the same handedness or of opposite handedness in order to function correctly. The 

depolarizer between these two polarizers may take many forms. For example, it may be a 

twisted nematic liquid crystal, as described for example in U.S. Patent No. 5,319,478 to 

Funfschilling et al.; it may be a pi cell, pi-phase retardation panel, or controlled birefringence
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cell as described for example in U.S. Patent No. 6,912,018 to Faris et. al; or it may have 

some other structure such that through the interaction of the depolarizer (not pictured) and 

the circular polarizers 1201 and 1203, incoming light is largely blocked in one state and 

largely transmitted in the other. However, in these cases the depolarizer must be 

thermotropic (e.g., a low-clearing-point liquid crystal), as opposed to the disclosure of the 

aforementioned patents, which describe electrochromic devices wherein the depolarizer is 

actuated by an electric field. In contrast, the technology disclosed herein describes a 

method for producing flexible thermochromic (e.g., thermoreflective, thermodiffusive, 

thermodarkening, and color-changing) filters, wherein the optical properties of the 

depolarizer are actuated by temperature rather than by electric fields.

[0096] Although the foregoing embodiments have been described with particularity, 

numerous variations are possible for making flexible thermochromic (e.g., thermoreflective, 

thermodiffusive, or thermodarkening) filters. For example, in other embodiments, 

thermochromic and/or thermotropic (e.g. thermoreflective) LC filters that do not use 

polarizers to function can be constructed using flexible photopolymers with one or more UV 

protection layers as the bottle.

[0097] In other embodiments, the liquid crystal may be contained inside structures, such 

as polymer spheres, or it may be loaded between the two sides of the bottle using inkjet 

application, so-called “slop and glop” methods, pressure injection or vacuum drawing, 

immersion, and other methods.

[0098] In other embodiments, the filter may be sealed and/or cut (sized) using pressure, 

heat radiation and/or light, laser or water cutters, external and/or internal adhesives, glues or 

materials such as polymers or plastics, a heat sealer and/or knife, an adhesive installing and 

sealing knife, or by cutting outside of subdivisions in the filter. Additionally, the filter may be 

sealed by having spacers which when melted and/or placed under pressure become an 

adhesive layer.

[0099] In other embodiments, one or more layers or materials may be included to 

improve the heating and/or cutting properties of the filter. These layers may include dyes or 

metallic spheres, rods, etc. tuned to respond to specific frequencies of radiation or laser 

light.

[00100] In other embodiments, one or more additional layers may be included to allow for 

the filter to be affixed or adhered to walls, windows, and other objects, and which may be 

integrated into the filter itself, covered with backing to prevent damage or premature 

adhesion, or be externally applied prior to affixing the filter itself.

[00101] In other embodiments, the filter may have additional layers or materials, attached 

via adhesives or manufactured integrally as part of the filter, to protect it from heat, humidity 

and weather damage, to operate as a UV blocker (including polarizers and distributed Bragg
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reflectors which reflect or absorb UV), or can be removed before or after application to 

protect the filter during transport and/or installation.

[00102] In other embodiments, the filter may be manufactured using web winding 

processes or methods, or rolled up after manufacture, or stacked in sheets, or affixed to 

another object, to improve the transportability, handleability, and laminability of the filter.

[00103] In other embodiments, the filter may be used to construct objects with 

thermochromic properties, either before or after shipping, by sewing, laminating, gluing, 

chemically or heat-bonding, wedge welding, or otherwise attaching separate pieces of filter, 

and/or by using the heat-sealable subdivided gasket or other related approach to prevent 

damage to one section of the object from affecting other sections.

[00104] In other embodiments, human factors of widespread use of the filter may be 

improved by utilizing reflective, specular, diffusive, absorptive, or infrared polarizers, or 

mixtures of these types.

[00105] In other embodiments, an electrochromic override may be included in the filter, by 

utilizing attachments points to include conductive layers in the filter, such as wire-grid 

polarizers, in such a way that it is possible to both cut and seal the filter and still provide a 

conductive channel.

[00106] In other embodiments, a thermal override may be included in the filter (e.g., 

resistive heating using transparent electrodes including but not limited to indium tin oxide 

coatings).

[00107] In other embodiments, various layers or materials may be included that provide 

good sealing properties with good alignment properties.

[00108] In other embodiments, the filter may be mounted or affixed inside of a window, 

IGU, or other object to protect the filter from weather and other harmful exposures.

[00109] In other embodiments the filter may be affixed to the outside of virtually any 

object exposed to the sun (and thus solar heat gain), for example, windows and walls, as a 

means of retrofitting for solar heat gain control.

[00110] In other embodiments, air and gas bubbles may be removed, prevented from 

forming, or directed out of the viewing area before or following sealing of the filters utilizing 

chemical or physical absorption of the components of the air or gas by components or layers 

of the filter, directed air pressure, gravity or capillary action, using vacuum, and/or vibration. 

For example, the liquid crystal mixture (whether or not including spacer beads, polymer or 

adhesive dopants, chiral dopants, or other additives) may be exposed to vacuum in a 

vacuum chamber to remove dissolved air prior to its inclusion in the thermochromic filter.

[00111] In other embodiments, gaskets, plugs, or interconnections of the filter that remain 

flexible may be created using flexible adhesives such as 3M 88211 or two-sided tape, or
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chemically sealed, radiation sealed, or heat sealed films that remain flexible during and/or 

after the process, and externally or internally applied flexible gaskets and plugs.

[00112] In other embodiments, the gaskets (e.g., heat-sealed gaskets) may be made to 

be more ductile by applying chemicals (e.g., solvents, acids, bases, sealants) to the gaskets 

to alter their chemical and/or physical properties.

[00113] In other embodiments, the external gasket can be formed using a hot melt 

polymer such as Poly-iso-butylenes (PIB), or a flexible adhesive such as epoxy resin, to 

create a flexible external gasket. The material of this gasket can additionally be drawn into 

the space between the sides of the bottle using capillary action to create an internal as well 

as external gasket.

[00114] In other embodiments polarizers, which are somewhat diffusive in reflection and 

somewhat transmissive in reflection, may be used to create a filter which is window-like 

while reducing glare. Alternatively or in combination, thermotropic guest-host LC designs 

may be used to adjust the contrast ratio of polarizer-free devices or to adjust the contrast 

ratio of polarizing embodiments without realigning or misaligning the polarizer or polarizers in 

the device.

[00115] In other embodiments, self-sealing gaskets or plugs may be employed.

[00116] In other embodiments, the chemistry and components of the gasket, plugs,

and/or interconnections may be chosen to be compatible with the thermotropic liquid crystal 

over sustained or repeated exposures to UV, light, heat, humidity, or other environmental 

factors.

[00117] In other embodiments, optional enhancements such as antireflection coatings or 

refraction-matching coatings may be added either to the polarizing films or to the spacer 

beads to improve their transparency or otherwise improve their optical properties.

[00118] In other embodiments, any or all of the layers (e.g., UV protection) may be added 

to the filter via spraying, sputtering, adsorption, and/or polymerization in place, among other 

methods. In still other embodiments, one or more of the component materials may be 

heated, exposed to vacuum, or chemically treated to “outgas” them, i.e., to drive out 

dissolved gases, residual solvents, incompletely polymerized monomers, etc., such that 

these residual materials do not become a source of potential contamination.

[00119] None of these embodiments is to be taken as limiting in any way, and many other 

methods of aligning, spacing, tensioning, gasketing, cutting, and thermochromically 

shuttering are possible. In addition, many different forms and types of thermochromic and 

thermoreflective filters (especially liquid crystal based ones) can be constructed, sized, and 

shipped using these methods.

[00120] Although these embodiments have been described with particular detail, a reader 

of ordinary skill in the art will understand that numerous additional variations and optional
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enhancements can be applied. For example, the filters can include additional layers, 

whether integrated, bonded, or attached via adhesives, that provide protection from heat, 

humidity, UV, oxygen, ozone and other gases, and other environmental conditions, or a 

passivating layer (e.g., polyimide) may be applied to prevent the liquid crystal from reacting 

chemically with certain polymers (e.g., PET) in the polarizing film. The form factor of the 

filter may be such that it is suitable for web-winding processes, and thus can be delivered in 

rolls, or such that it is suitable for sheet processes and thus can be delivered in sheets, or 

may be attached in the place of application before shipping.

[00121] Furthermore, although various embodiments of this invention have been 

described above with a certain degree of particularity, or with reference to one or more 

individual embodiments, those skilled in the art could make numerous alterations to the 

disclosed embodiments without departing from the spirit or scope of this invention. It is 

intended that all matter contained in the above description and shown in the accompanying 

drawings shall be interpreted as illustrative only of particular embodiments and not limiting.

All directional references e.g., proximal, distal, upper, lower, inner, outer, upward, downward, 

left, right, lateral, front, back, top, bottom, above, below, vertical, horizontal, clockwise, and 

counterclockwise are only used for identification purposes to aid the reader’s understanding 

of the present invention, and do not create limitations, particularly as to the position, 

orientation, or use of the invention. Connection references, e.g., attached, coupled, 

connected, and joined are to be construed broadly and may include intermediate members 

between a collection of elements and relative movement between elements unless otherwise 

indicated. As such, connection references do not necessarily imply that two elements are 

directly connected and in fixed relation to each other. Stated percentages of light 

transmission, absorption, and reflection shall be interpreted as illustrative only and shall not 

be taken to be limiting. It is intended that all matter contained in the above description or 

shown in the accompanying drawings shall be interpreted as illustrative only and not limiting. 

Changes in detail or structure may be made without departing from the basic elements of the 

invention as defined in the following claims.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A method for constructing a flexible thermotropically-actuated, thermochromic liquid 
crystal filter comprising

providing a first polarizer film and a second polarizer film each having inner
5 surfaces facing the other;

orienting the second polarizer film to provide an offset polarity with respect to the 

first polarizer film;
providing a first alignment structure adjacent the inner surface of the first 

polarizer film and a second alignment structure adjacent the inner surface of the second
10 polarizer film

placing a plurality of spacers between the first polarizer film and the second 
polarizer film; and

filling a space created by the spacers between the first polarizer film and the 
second polarizer film with a thermotropically-actuated liquid crystal that has insignificant

15 effect on incident light in an isotropic state and acts as a depolarizer film in a twisted
nematic state to rotate a polarity of light from that of the first polarizer to that of the 
second polarizer.

2. The method of claim 1, further comprising
adhering an ultraviolet blocking film to either the first polarizer film or the second

20 polarizer film; or

adhering a low-emissivity film to either the first polarizer film or the second 
polarizer film; or

adhering a fixed or removable protective material or coating to an outer surface 

of either the first polarizer film or the second polarizer film; or
25 applying a layer of adhesive to an outer surface of either the first polarizer film or

the second polarizer film to adhere the thermochromic liquid crystal filter to a structure.

3. The method of claim 1 or claim 2, further comprising selecting a reflective polarizer 
material as the first polarizer film, the second polarizer film, or both.

4. The method of any one of claims 1 to 3, wherein the operation of providing the first and
30 second alignment structures further comprises

rubbing or scratching the inner surfaces of the first polarizer film and the second
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polarizer film parallel to the polarization of the first polarizer film and the second polarizer 
film, respectively; or

patterning a surface imprint upon the first polarizer film and the second polarizer 
film to create the first and second alignment structures; or

5 providing a wire grid polarizer fixed within a polymer film for one or both of the
first polarizer film or the second polarizer film, wherein the wire grid polarizer forms a 
surface pattern in the polymer film that acts as the first and second alignment structures; 
or

selecting the first polarizer film, the second polarizer film, or both in the form of a
10 stretched polymer sheet, wherein the first and second alignment structures are formed

by polymer alignment in the stretched polymer sheet.

5. The method of any one of claims 1 to 4, wherein the placing operation further comprises 
mixing the spacers with the thermotropic liquid crystal before the filling operation;

or

15 selecting a size of the spacers to control a thickness of the thermotropic liquid
crystal to ensure function of the thermotropic liquid crystal as a wave block; or

selecting the first polarizer film, the second polarizer film, or both to have a 
plurality of raised structures formed on the inner surface that separate the first polarizer 
film from the second polarizer film.

20 6. The method of any one of claims 1 to 5, and further comprising forming interconnections
between the inner surface of the first polarizer film and the inner surface of the second 
polarizer film.

7. The method of claim 6, wherein the operation of forming interconnections further 
comprises one or more of the following:

25 mixing an adhesive with the thermotropic liquid crystal that provides adherence
between the spacers, the first polarizer film, and the second polarizer film; or

coating the spacers with an adhesive to adhere the spacers to the first polarizer 
film and the second polarizer film; or

melting the spacers, the first polarizer film, and/or the second polarizer film to
30 attach the spacers to first and second polarizer films; or

chemically attaching the spacers to the inner surfaces of the first and second
polarizer films; or
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mixing the thermochromic liquid crystals with a polymer stabilizer that attaches to 
the inner surfaces of the first and second polarizer films; or

fixing portions of the inner surfaces of the first and second polarizer films 
together using one or more of pressure, heat, radiation, or light; or

forming spherical structures between the first and second polarizer films and 

filling the spherical structures with the thermochromic liquid crystal; or
sealing the portions of the inner surface of the first polarizer film to corresponding 

portions of the inner surface of the second polarizer film to create independent sections 
of the flexible thermochromic liquid crystal filter that can be cut apart, wherein the 
sealing operation is performed by one or more of the following processes:

pressure, heat, radiation, or light; 
laser cutting; 
water cutting;

adhering with adhesives, glues, or polymers;
sealing with a heat sealing knife;
sealing with an adhesive installing, sealing knife; or
inserting gaskets to subdivide the filter into independent sections, wherein each 

section is enclosed by a individual gasket.

The method of claim 6 or claim 7, wherein

the interconnections limit a maximum thickness of the thermochromic liquid
crystal filter; or

the interconnections seal the thermotropic liquid crystal into a plurality of regions.

The method of any one of claims 1 to 8, further comprising inserting a conductive layer 

having multiple connection points between the first polarizer film and the second 
polarizer film to provide an electrochromic override, wherein it is possible to both cut and 
seal the filter and still provide a conductive channel.

The method of any one of claims 1 to 9, and further comprising removing or relocating 
air bubbles in the thermochromic liquid crystal filter using one or more of the following 
processes:

chemical or physical absorption of the components of the air in layers or 
components of the filter;

directed pressure;

30
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gravity;
capillary action; or 
vibration.

11. The method of any one of claims 1 to 9, and further comprising balancing wettability,
5 surface tension, and capillary forces of the liquid crystal such that the liquid crystal

functions as the spacers and further as a tensioner between the first polarizer film and 
the second polarizer film.

12. The method of any one of claims 1 to 11, and further comprising
receiving the first polarizing film from a first continuous web or first substantially 

10 continuous roll;

receiving the second polarizing film from a second continuous web or second 
substantially continuous roll; and

transferring the flexible thermochromic liquid crystal filter once completed to a
roll; or

15 cutting the flexible thermochromic liquid crystal filter once completed into sheets.

13. A method for constructing a thermochromic filter comprising

encapsulating a thermochromic liquid crystal with a polymer material to form a 
flexible film; and

orienting the thermochromic liquid crystal in the polymer material to create a 
20 structure that functions as a thermotropically-actuated, thermochromic optical filter that

has insignificant effect on incident light in an isotropic state and acts as a depolarizer in 
a twisted nematic state to rotate a polarity of incident light.

14. The method of claim 13, wherein the operation of encapsulating further comprises 
sandwiching the thermochromic liquid crystal between sheets of the polymer material.

25 15. The method of claim 13 or claim 14, wherein
the orienting operation further comprises applying an electric field to the

thermochromic liquid crystal to match an optical index of the thermochromic liquid crystal 
to an optical index of the polymer material; and

the encapsulating operation further comprises 
30 mixing the thermochromic liquid crystal with the polymer material; and

32
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photopolymerizing the polymer material to create encapsulated regions of liquid 
crystal within the polymer material.

16. The method of any one of claims 13 to 15, and further comprising doping the 
thermochromic liquid crystal with dye molecules or other_additives that together form the

5 thermochromic optical filter.

17. The method of any one of claims 13 to 16, and further comprising selecting the 

thermochromic liquid crystal, the additive, or both to be one or more of thermoreflective, 
therrnodarkening, thermodiffusive, or thermofluorescent.

18. The method of any one of claims 13 to 17, and further comprising adhering a polarizer
10 film to the polymer material to effect changes in transmission, reflection, and absorption

of the filter.

19. A method for constructing a flexible thermochromic liquid crystal filter substantially as 
hereinbefore described in the detailed description with reference to the accompanying 
Figures 3 to 12.

15 20. A method for constructing a thermotropically-actuated, thermochromic liquid crystal filter
comprising:

providing a first polarizer film and a second polarizer film;

abrading an inner surface of the first polarizer film with an alignment pattern 
oriented in a common direction with a polarity of the first polarizer film;

20 abrading an inner surface of the second polarizer film with an alignment pattern

oriented in a common direction with a polarity direction of the second polarizer film;

positioning the inner surface of the first polarizer film facing the inner surface of 
the second polarizer film;

orienting the second polarizer film to provide an offset polarity with respect to the 
25 polarity of the first polarizer film;

mixing a plurality of spacers with a thermotropically-actuated liquid crystal that 
has insignificant effect on incident light in an isotropic state and acts as a depolarizer in

33
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a twisted nematic state to rotate a polarity of light from the polarity of the first polarizer to 
the polarity of the second polarizer;

filling a space between the first polarizer film and the second polarizer film with 
the mixture of the spacers and the thermotropically-actuated liquid crystal to form an

5 unsealed bottle;

sealing an area of the unsealed bottle in any shape or size by applying heat and 
pressure to form a heat seal between the first polarizer film and the second polarizer film 
as a perimeter defining the area; and

cutting along the heat seal to remove the area out of the unsealed bottle.

10 21. A method for constructing a thermotropically-actuated, thermochromic liquid crystal filter
comprising

providing a first polarizer film and a second polarizer film;

covering an inner surface of the first polarizing film with a heat sealable material
layer;

15 abrading an exposed surface of the heat sealable material layer on the first
polarizer film with an alignment pattern oriented in a common direction with a polarity of 
the first polarizer film;

covering an inner surface of the second polarizing film with a heat sealable 
material layer;

20 abrading an exposed surface of the heat sealable material layer on the second
polarizer film with an alignment pattern oriented in a common direction with a polarity 
direction of the second polarizer film;

positioning the inner surface of the first polarizer film facing the inner surface of 
the second polarizer film;

25 orienting the second polarizer film to provide an offset polarity with respect to the
polarity of the first polarizer film;
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mixing a plurality of spacers with a thermotropically-actuated liquid crystal that 
has insignificant effect on incident light in an isotropic state and acts as a depolarizer in 
a twisted nematic state to rotate a polarity of light from the polarity of the first polarizer to 
the polarity of the second polarizer;

5 filling a space between the first polarizer film and the second polarizer film with
the mixture of the spacers and the thermotropically-actuated liquid crystal to form an 
unsealed bottle;

sealing an area of the unsealed bottle in any shape or size by applying heat and 
pressure to form a heat seal between the heat sealable material layer on the first

10 polarizer film and the heat sealable material layer on the second polarizer film as a
perimeter defining the area; and

cutting along the heat seal to remove the area out of the unsealed bottle.

22. The method of claim 21, wherein

the step of covering the inner surface of the first polarizing film with the heat
15 sealable material layer further comprises adhering a heat sealable material to the inner

surface of the first polarizing film; and

the step of covering the inner surface of the second polarizing film with the heat 
sealable material layer further comprises adhering a heat sealable material to the inner 
surface of the second polarizing film.

20
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