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Summary 

Infrared Regulating Smart Windows 

This thesis discusses the fabrication of cholesteric liquid crystal based smart 

windows which could selectively manage excess solar radiation (infrared radiation, 

or IR) to save energy on both heating and cooling in the built environment. Most 

importantly, such windows would be transparent in the visible region so that extra 

energy is not required to maintain indoor illumination level.  

To understand the impact of infrared reflecting windows, static infrared (IR) 

polymer reflectors which continuously reflects near IR radiation without interfering 

with the visible light, were first fabricated and their impact on interior temperature 

of a model building was studied. It was found that using the static reflector system 

could result in a temperature difference of ~5 °C in summer, although in winter it 

has a negative impact on energy savings due to continuous reflection of otherwise 

desirable IR radiation. Hence, it was concluded that static IR reflectors are useful in 

saving energy on cooling but extra energy needs to be spent on heating in winter 

climate conditions. Therefore, as a next step ‘electrically switchable IR reflectors’ 

were fabricated which could be switched between IR reflective and transmissive 

states while remaining transparent in the visible region. Using this window 

technology, excess solar energy could be reflected in summer while allowing it to 

enter during winter time so that energy spent on both heating and cooling could be 

saved. A simulation study predicted that such a switchable system are most useful in 

a location which has good summer as well as good winter. These ‘switchable 

windows’ consume energy in switching from one state to other and also in 

maintaining them in one particular state. Therefore, the first steps using the principle 

of Luminescent Solar Concentrator (LSC) were taken to generate energy from the 

windows with the goal of enabling the windows to provide their own power needs.  

A dual responsive IR reflector which changes from broadband to narrowband in 



x 

presence of heat and electric field as stimuli, was also fabricated, by fine tuning the 

concentration of polymer network used in switchable IR reflector system.  

The usefulness of switchable IR reflectors is limited in moderate climate 

conditions like spring and autumn, as it is difficult for the user to choose between 

complete reflection and transmission of IR radiation. Thus, a user friendly 

‘electrically tunable IR reflector’ which could be tuned to selectively reflect excess 

solar IR in response to changes in the environmental temperature was fabricated. 

This tunable smart window could be switched from one reflective state to another 

within seconds. Using such windows, more than 12% of energy used for heating and 

cooling in a Madrid-like climate could be saved.  

All the above methods were designed using a cell architecture by 

sandwiching the active material between two glass plates. To implement these 

windows would require existing windows to be replaced, which may not be 

convenient. Therefore, as a next step, a temperature responsive IR reflecting coating 

was developed on a flexible polycarbonate substrate. The fabricated coating reflects 

different wavelengths of IR radiation depending on the environmental temperature 

condition. Such a coating could eventually be used for the retrofitting of an existing 

window.  

In conclusion, using the properties of cholesteric liquid crystals, different 

kinds of smart windows and coatings, whose infrared reflection properties could be 

tuned depending on environmental conditions while remaining transparent in the 

visible region, were designed. The use of smart windows is not limited to the built 

environment as there is also an enormous potential of employing such windows in 

automobiles and greenhouses.  

 



 

 

Chapter 1 

Introduction 

 

Abstract  

 

Windows are vital elements in the built environment that have a large impact on the 

energy consumption in indoor spaces, affecting heating and cooling and artificial 

lighting requirements. Since sunlight is important for human health and their 

productivity, windows play an important role in building architecture. In this thesis, 

next generation of smart windows which can change their properties by reflecting or 

transmitting excess solar energy (infrared radiation) in such a way that comfortable 

indoor temperatures can be maintained throughout the year, are discussed. Moreover, 

windows that maintain transparency in the visible region so that additional energy is 

not required to retain natural illumination are emphasised. This chapter provides an 

overview of the principles to fabricate organic material-based windows which 

remain as permanent infrared control elements throughout the year as well as 

windows which can alter transmission properties in the presence of external stimuli 

such as electric fields, temperature and incident light intensity. Potential 

advantages/limitations of these windows on energy saving in different climate 

conditions have also been discussed.  

 

This chapter is reproduced from H. Khandelwal, A. P. H. J. Schenning and M. G. Debije, 

Infrared regulating smart window based on organic materials, Adv. Energy Mater., 2016, 

1602209. 
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1.1 Introduction 

More than 50% of the total energy used in the building envelope in the 

Western world is spent on cooling, heating and lighting the interior places (Fig. 

1.1a).[1,2] A significant fraction of this energy use is related to our inability to control 

the ingress and egress of infrared light from the sun through windows. Near infrared 

light (IR), here defined as light with wavelengths between 700 nm and 2500 nm, 

accounts for around 50% of the total energy emitted by the sun reaching Earth (Fig. 

1.1b),[3,4] and this light produces interior heating but is invisible to the unaided eye. 

 

Fig. 1.1  (a) U.S. Buildings Energy End-Use in 2008.[2] (b) Solar spectrum on Earth (Data 

taken from National Renewable Energy Laboratory). 

The absorption of sunlight by building materials and passage of IR through 

transparent surfaces such as windows is responsible for much of the interior 

overheating of office rooms, automobile interiors, greenhouses, and other similar 

spaces. The use of artificial cooling and heating systems will only increase with the 

continued influence of global climate change, with energy used for cooling systems 

surpassing energy used for heating around the year 2070, and a 40 fold increase in 

air cooling energy use is expected by 2100.[5]   
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In areas with human inhabitants employing windows, more aspects must be 

considered than simply reducing the use of energy in the room: any switchable 

window used in, for example, a commercial office space has several other 

requirements that must be met before it may be installed.[6] Among these requirement 

are reasonably fast switching speeds[7] (although for IR control, relatively longer 

times compared to visible light switching should be acceptable), good optical 

transparency with minimum haze, an acceptable device lifetime,[8] and functionality 

over a range of exterior temperatures. Controlling the excess of solar energy without 

compromising the visible transparency of the window is an important consideration 

for human health: maintaining inside/outside contact and daylighting are vital in 

retaining well-being and productivity, as well as providing economic and aesthetic 

gain by reducing the need for artificial lighting systems.[9,10] These are challenging 

goals for a window to realize.  

 

Fig. 1.2 Schematic representation of an ideal smart window reflecting infrared radiations in 

warm days (left) and allowing it to enter in cold days (right), while remaining transparent in 

visible region in both climate conditions. 

A number of materials have been developed over the past few decades to 

maintain indoor temperatures. Many of these focus on the opaque structural building 

elements like walls and roofing.[10–13] Other solutions target the transparent window, 

employing external mechanical shutters and blinds,[14] phase change materials 

(PCMs),[15] thermochromic materials[16], aerogels,[17] trapped gas in fluid 

membranes,[18] and even phononic materials,[19] among other options. Indeed, 
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controlling heat passage through the window in response to changing climate 

conditions is a great challenge; ideally, one would accomplish this without 

compromising the influx of visible light and the integrity of the view beyond the 

window.[20] 

The focus of this chapter is to provide an overview on infrared regulating 

windows based on organic materials which can adjust the transmittance of IR 

radiation depending on the environmental conditions (Fig. 1.2). There are advantages 

to employing organic rather than inorganic materials in IR window control systems: 

for instance, since they are non-metallic, they do not interfere with electromagnetic 

waves (signals from/to radios, cell phones, GPS, or garage door openers, for 

example)[21–23] and often are much easier to process at lower temperatures than 

inorganic materials.  

Cholesteric (or ‘chiral nematic’) liquid crystalline (Ch-LC) materials have 

attracted a lot of attention for development of infrared regulating windows. They 

could be formed when nematic liquid crystals are doped with chiral molecules. The 

chiral dopants generate a LC organization wherein successive ‘layers’ of nematic LC 

are displaced by a small rotation in molecular director with respect to their 

neighboring layers. The ‘twist’ generated may be either right- or left-handed, 

depending on the nature of the chiral dopant molecule. The central reflection band 

of a Ch-LC is determined by the pitch (P), average refractive index (navg) (Equation 

1) of the material and incident angle of light (Equation 2). Pitch (P) of the Ch-LC 

depends on the concentration (C) and helical twisting power (HTP) of the chiral 

dopants (Equation 3). Ch-LC selective mirrors demonstrate a distinct advantage 

over, say, an inorganic Bragg reflector in that the LC self-organizes into a helical 

structure and can be easily processed from solution. Moreover, Ch-LCs can be made 

responsive to external stimuli, including temperature, electric/magnetic fields, light, 

pH, humidity and gasses that makes them interesting for a variety of application.[24,25]   
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Fig. 1.3 (a) Schematic diagram showing the reflection of light by Ch-LCs: reflecting circular 

polarized light of same handedness. (b) Typical transmission spectrum of Ch-LC.  

It is important to note that since cholesteric-based reflector has a degree of 

angular dependence with respect to the incident light (Equation 2), a blue shift in 

reflection band will be observed on deviating from the normal incident angle.[26,27] 

The bandwidth of the light reflected by the Ch-LC is determined by the difference 

between the extraordinary (ne) and ordinary (no) refractive indices and the pitch of 

the host LC (Equation 4). Here θ is the angle between the helical axis and incident 

light propagation direction. 

   𝑛𝑎𝑣𝑔 =
𝑛𝑒+𝑛𝑜

2
                (1) 

𝜆𝑜 = P × 𝑛𝑎𝑣𝑔 × cos 𝜃     (2) 

P =
1

C × 𝐻𝑇𝑃
                 (3) 

 

=  (𝑛𝑒 − 𝑛0) × 𝑃            (4)
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The maximum reflection by the cholesteric reflector layer is limited to 50% 

of the incident sunlight, matching the polarization of the helix: that is, a right-handed 

cholesteric will reflect only right circularly-polarized light. Both left-circularly 

polarized light and light outside of the cholesteric reflection bandwidth are 

unaffected by the liquid crystal matrix and are transmitted normally (Fig. 1.3).[25]  

 

Fig. 1.4 Different orientation of Ch-LC molecules in the cell and their optical behavior (a) 

planar orientation: reflecting a certain wavelength of light depending on the pitch (b) focal 

conic orientation: scattering the incident light (c) homeotropic orientation: transparent for all 

the wavelengths of light. 

LC molecules can be oriented in number of ways between two glass plates 

(Fig. 1.4). The arrangements of the LC molecules determine their collective optical 

properties. For example, when the molecules are arranged in a helical fashion and 

parallel to the substrate, known as planar alignment, the layer reflects light of specific 

wavelengths depending on the pitch and is transparent for the rest of the wavelengths 

as described above. In a focal conic alignment, which consists of aligned molecules 

where the helical structure is preserved but tilted with respect to the substrate, results 

in more scattering of the incident light as the refractive index changes continuously 

from the top to the bottom of cell. In the homeotropic alignment, where molecules 

extend perpendicular to the substrate, the layer is transparent to all the wavelengths 

of light.  

Planar orientation 

(reflective state)

Focal conic orientation 

(scattering state)
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(transparent state)
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Apart from LC materials, organic materials originally intended for control of 

visible light that could be adapted to IR control elements are briefly discussed. 

Furthermore, the influence of these IR managing windows on temperature control 

and energy savings in the built environment have also been discussed. Inorganic-

based window solutions, including metallic based reflective layers,[28–31] 

photochromic,[3,32,33] electrochromic,[3,8,34–39] and thermochromic[3,40–43] systems, 

plasmonic nanoparticles,[36,44–46] aerogel glazing,[47] privacy windows,[48] thin film 

photovoltaics,[49] and even microfluidic[50] based windows, have not been discussed 

in this chapter. Additionally, organic based window devices and materials primarily 

intended to absorb and control visible light passage, including electro-,[51–53] photo-, 

and thermochromic[3] windows, are also beyond the scope of this chapter of infrared 

control materials.  

This chapter describes efforts in the areas of static systems and dynamic 

(adjustable) IR regulating elements.  

1.2. Static IR regulating window 

Here, static IR regulating window is defined as a window whose properties do 

not change with external stimuli. In other words, the infrared control is a permanent 

feature of the window, regardless of exterior conditions.  

1.2.1 Absorption based technologies 

The simplest IR control solution is to use a dye which is transparent in the 

visible region and absorbs only infrared radiation.[54] The shortcoming of absorbing 

based systems is the majority of absorbed energy is eventually re-released as heat, 

with approximately half the heat being radiated into the room space. A more 

advanced absorption-based concept is the luminescent solar concentrator (or 

LSC)[55], illustrated in Fig. 1.5. The LSC uses dyes embedded in the polymer or glass 

plate which functions as the window. The dyes absorb the near IR sunlight which 
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subsequently fluoresce at a longer wavelength. A fraction of this re-emitted light is 

trapped in the higher refractive index polymer or glass panel which acts as a 

lightguide. The trapped emitted light is transported by total internal reflection and 

only exits at the edges of the window, where it may be converted to electricity via 

the use of attached photovoltaic cells.[56] A significant fraction of absorbed light 

energy in LSCs is still lost through the top and bottom surfaces[57], and thus still 

would contribute towards interior heating. In addition, the absorption ranges of the 

dyes in such devices are still quite limited, often with significant absorption in the 

visible wavelength region and thus only process a small fraction of the total incident 

light.[58]  

 

Fig. 1.5 Schematic of the visible transparent luminescent solar concentrator. Infrared 

radiation from the sun is absorbed by the fluorescent IR dye and re-emitted at longer 

wavelengths which undergo total internal reflection and reach the edge where an attached 

solar cell converts it to electricity.  

1.2.2 Reflection based technologies 

There is an enormous amount of literature on Ch-LCs being employed to 

reflect visible light for a wide variety of (display) applications.[59] What has not been 

so widely exploited are cholesterics as IR control elements in transparent windows 

in buildings and automobiles. One of the key challenges to employ Ch-LCs as IR 

reflectors are their limited bandwidths when directly processed from solution. For 

regular cholesterics, bandwidth is restricted to around 100 nm in the IR due to the 

S
o
la

r 
C

el
l

Incident Visible Sunlight

Fluorescent IR Dye 



Introduction 

   

   9 

 

limited n of the LC itself (Equation 4), which would have limited impact on 

controlling interior temperatures.  

The range of IR wavelengths reflected may be increased by creating a 

broadband cholesteric reflector. There are a variety of ways in which this may be 

achieved. The simplest is to simply layer narrow band cholesterics of different 

pitches on top of one another.[60] The drawback of this is that the layers need to be 

laminated together in an extra processing step, and the number of layers necessary 

for effective IR control grow rapidly: to cover the spectrum from 750-1100 nm 

requires a minimum of three cholesterics layers. However, as mentioned earlier, even 

this will allow a maximum of 50% reflection (one handedness of the incident light), 

so a full six layers will be minimally required for effective IR control.  

 Another method to fabricate the broadband reflector is developed by Zhang 

et al. They fabricated an ultra-broadband reflector using the properties of so-called 

layered smectic A (SmA)-like short-range ordering (SSO) structures. SSO structures 

are formed just above the SmA to cholesteric transition temperature where the layers 

start to twist and consist of very large pitches. The LC mixture was photo-

polymerized just above the SmA-Ch transition temperature to induce diffusion of the 

nematic (diacrylate) molecules toward the illuminated side (Fig. 1.6a), resulting in a 

gradient from cholesteric to SmA-like short-range ordering structures (Fig. 1.6b), 

forming the ultra-broad reflector which reflects light from 780 to 14000 nm (Fig. 

1.6c).[61]  Using two layers of opposite handedness (reflecting 100% of total infrared 

energy), such an ultra-broadband reflector could have a significant impact on energy 

savings in the built environment.  
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Fig. 1.6 (a) Schematic diagram of diffusion of the monomers. (b) Schematic presentation of 

the procedure of film preparation: (I) formation of a homogenous Ch-LC thin film from a 

mixture of nematic monoacrylate (NM), nematic diacrylate (ND), smectic monoacrylate 

(SM), dye and photoinitiator; (II) UV radiation creates a ND concentration gradient inducing 

the intensity gradient of the SSO; and (III) a film with a pitch gradient is prepared after 

polymerization. (c) Transmission spectra of different Ch-LC polymer films showing that the 

bandwidth of the reflection band can be tuned by varying the composition and polymerization 

conditions. (Adapted from Ref [61], by permission of the publisher Taylor & Francis Ltd, 

http://www.tandfonline.com.) 

Chen et al. made a broadband infrared reflector reflecting light from 1000 nm 

to 2400 nm by polymerizing LC crosslinker in the presence of a chiral photoisomer, 

which was an azobenzene derivative displaying different HTPs in the cis and trans 

forms (Fig. 1.7a).[62] Upon illuminating the monomer mixture with UV light, the 

trans- azobenzene isomerizes into cis. Due to absorption of UV by the azobenzene, 

a UV light gradient was formed through the thickness of the film. This causes the 

ND

NM

SM

UV(a) (b)

(c)
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crosslinker to polymerize faster at the illuminated side compared to the bottom of 

the cell, resulting in diffusion of the crosslinker from the bottom to the top of the 

cell.[63] Upon subsequent exposure of the film to visible light, the cis-azobenzene 

isomerizes back to the trans- form, but only in the lightly crosslinked region at the 

bottom of the cell, whereas the higher crosslinked areas at the top of the cell remain 

in the cis-form as there is less network flexibility to allow the embedded azobenzene 

to isomerize (Fig. 1.7b). Due to the presence of both cis (low HTP) and trans (high 

HTP) state azobenzenes throughout the thickness of the film, there is a gradient of 

the pitch from top to bottom, and hence there is formation of a broadband (= 1400 

nm) reflector (Fig. 1.7c). However, due to absorption of the azobenzene at shorter 

wavelengths, such reflectors are colored and thus, are not completely transparent in 

the visible region. 

 

Fig. 1.7 (a) Molecular structure of the crosslinker C6M and chiral trans-azobenzene. (b) 

Schematic diagram showing the principle of fabrication of broadband reflector using chiral 

azobenzene in polymer-stabilized Ch-LC. (c) Transmission spectrum Ch-LC film before 

(blue) and after illuminating UV-light (red). (Adapted from Ref. [62] with permission from 

The Royal Society of Chemistry.) 

(a)

C6M

Chiral trans-azobenzene
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Fig. 1.8 (a) Schematic showing the fabrication of IR shielding film with different pitch length 

shown as PI, PII and PIII. (b) Transmission spectra of the film in different regions. (c) Change 

in temperature of the model house under exposure of sunlight. Here, ISF: the house with the 

IR shielding film attached to its window, CTRL: the house with two layers of Polyethylene 

terephthalate film laminated with EVA attached to its window as a control experiment (inset 

picture is the photo of the model houses) (d) Peeling strength results of the sample (ISF) and 

control film (CTRL). (Reproduced from Ref. [64] with permission from The Royal Society 

of Chemistry.) 

Gao et al. fabricated IR reflecting films by blending cholesteric side chain 

liquid crystal polymers (ChSCLCPs) with the glass laminating transparent material 

ethylene-vinyl acetate (EVA) copolymer.[64] ChSCLCPs were used for the window 

application due to their thermal stability and easy processability. ChSCLCPs of 

different pitches with reflection bands centered at 1000 nm (PI), 1400 nm (PII) and 

1800 nm (PIII) were blended with EVA and stacked together (Fig. 1.8). The film 

was then heated and compressed to thermally diffuse the different pitches into each 

(a)

(c)
(d)

(b)
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other so that a continual infrared-broadband reflector could be achieved. An energy 

conservation efficiency of 40.4% was determined by calculating the change in the 

absorbed energy of the model house with and without the IR reflector. A temperature 

difference of 3 to 4 oC was observed using these materials compared to a window 

consisting of only two layers of a polyethylene terephthalate film laminated with 

EVA. Peeling strength of the EVA/ChSCLCPs film was measured to be the same as 

pure EVA laminated film, which makes the mix suitable for practical application. 

Unfortunately, the scattering of visible light was relatively high, impairing vision of 

objects through the window. 

Apart from LC materials, distributed Bragg reflectors using purely organic 

materials can also be made,[65] but in general the difference in refractive indexes of 

the organic materials are too low to make effective reflectors without a great number 

of layers. Hybrid organic/inorganic distributed Bragg reflectors are also an option, 

for example using three alternating pairs of sputtered CFx / TiOx,[66] or CFx/CFx(Au) 

resulting in reflection bands that are 400-500 nm broad.[67]  

Organometallics display reflective properties in the IR, including copper 

phthlocyanines[68] and chlorophyll,[69] although the cause of reflection of IR by the 

latter has not been confirmed; it may well be a supramolecular or other structure in 

the leaf that is actually responsible for the reflection.[70] More exotic structures found 

in nature, such as fractal superlattices that can reflect a broadband of IR light, 

although they often reflect components of visible light as well.[71] 

1.3 Dynamic IR regulating window 

In areas of the world under constant heat stress, such as the Middle East, 

continual rejection of IR light could be quite desirable. However, in more temperate 

zones, such as the Midwestern United States, it may be more appropriate to employ 

materials capable of reflecting unwanted IR light in periods of high environmental 



Chapter 1 

 

14 
 

temperatures in summer months, but allowing passage of IR light in periods when 

warming from external sunlight would be desirable, such as spring, autumn, and 

winter (Fig. 1.2). This section describes several responsive systems that regulate 

their properties to reflect/transmit the IR light to balance the indoor temperature 

conditions throughout the year. The trigger for this switch could be a variety of 

stimuli: electrical field, temperature, or perhaps even the intensity of incident light. 

However, electric fields, used to regulate window properties manually, and 

temperature and intensity of light, used to regulate window properties autonomously 

with environment changes, are the most common triggers for the window 

application.  

1.3.1 Electrically responsive window 

 

 Before discussing infrared regulators based on LC materials, it is important to 

understand the anisotropy of the LC molecules. In simple terms, a positive dielectric 

(+) anisotropic rod-like LC molecule exhibits dipole moment along the molecular 

axis, whereas negative dielectric (-) anisotropic molecules display dipole 

moments perpendicular to the main molecular axis. Therefore, on application of an 

electric field between two glass plates of a planar aligned LC cell, LC molecules 

with + undergo homeotropic orientation, in contrast to – LCs which remain in 

their initial planar state. In this chapter and thesis, the anisotropy of the molecule 

should be considered as positive, if not mentioned specifically.  

1.3.1.1 Scattering and absorption based technologies 

A number of switchable privacy windows based on polymer dispersed liquid 

crystals (PDLC) and polymer stabilized liquid crystals (PSLC) have been designed 

to control visible light. In PDLC based windows, micrometer sized LC droplets are 

dispersed in a polymer matrix, whereas PSLC windows employ composites of non-

polymerizable LC mesogens and a polymer network. (Fig. 1.9).  
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Fig. 1.9 Schematic diagram of normal mode (a) PDLC and (b) PSLC based window showing 

scattering of light in ‘off’ state (left) and transparent state in presence of electric field (right).  

Privacy state (scattering of light) in PDLC windows is due to mismatch in 

refractive indices between polymer matrix and LC droplets, whereas in PSLC it is 

due to polydomain focal conic arrangement of the LC molecules. To obtain the 

transparent state, LC molecules in PDLC based windows orient themselves in such 

a way that their refractive index matches with polymer matrix, whereas in PSLC 

windows they arrange themselves in homeotropic/planar fashion. Two modes are 

generally available in these privacy based windows: a normal mode, where the 

window is in a scattering/privacy mode in the ‘off’ state, and a reverse mode, where 

the window is transparent in the ‘off’ state.[72] Generally, the reverse mode is 

preferred, since in case of ‘power failure’, the window remains in a transparent state 

rather than in a scattering state.[73–78] PDLC based windows are already commercially 

available[76] and mostly used for indoor purposes. Privacy based windows have also 

been developed using smectic/cholesteric liquid crystal phases where the window 

V

Glass plate

Polymer Matrix

LC droplets

Voltage
supply

(a)

V
Liquid Crystals

Polymer Network
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can be switched reversibly between transparent (planar and homeotropic) and 

scattering (focal conic) states.[79–81]  

 

Fig. 1.10 Transmission spectrum of the poly (3,3-dimethyl-2,2-bithiophenyl)-ITO film 

showing that different fraction of IR and visible light can be control by applying different 

voltages. (Reprinted with permission from [82], Copyright 2016 American Chemical 

Society.) 

A recent nanoparticle/polymer construct using indium tin oxide (ITO) 

nanoparticles and polythiophenes showed electrochromic behavior and 

demonstrated promising characteristics in being able to reversibly control IR ingress 

above 800 nm by applying just 1.25 V (Fig. 1.10).[82]  However, there is evidence of 

considerable absorption in the visible light range. A similar situation is seen in 

Co(II)-based metallo-supramolecular polymer systems.[83] Other options, such as 

organic electrochromics, appear confined to visible wavelengths.[84–86] An 

electrically responsive system which functions by redox reaction of the organic 

based ionic liquid crystals to control visible light passage has also been studied,[87] 

but to our knowledge no subsequent efforts in the IR region have been reported. 
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1.3.1.2 Reflection based technologies  

Using uniform pitch Ch-LCs, a number of narrowband reflectors with 

bandwidths of 100-200 nm have been fabricated. Upon exposure to an electric field, 

they could be switched between planar (reflective state) to homeotropic (transparent 

state) orientations (Fig. 1.4). A number of Ch-LC based narrowband reflectors, both 

in visible and infrared regions, have also been developed which can tune the position 

of reflection notch within a limited wavelength region in the presence of an electric 

field.[88,89] Such narrow bandwidth reflectors can influence only a minor fraction of 

infrared light, and would have only limited impact on interior temperatures.    

 

Fig. 1.11 (a) Transmission spectra of films PSCLC1, PSCLC2 and UV-cured sandwich cell 

of PSCLC1 and PSCLC2. (b) Transmission spectra of sandwich cell upon application of 

different voltage showed that polymer stabilized Ch-LC can be switched from reflection 

(0.86 V) to scattering (47 V) to transparent state (169 V). (Adapted from [90], with the 

permission of AIP Publishing) 

Binet et al. have fabricated broadband infrared reflectors by inter-diffusing 

two layers of different pitch lengths, consisting of polymer stabilized siloxane and 

non-reactive LC mesogens.[90] Interestingly, the reflection band obtained is not 

simply the sum of the reflection band of the individual layers and can be controlled 

by UV curing conditions (Fig. 1.11a). These siloxane-based layers can be further 

switched between planar and homeotropic states by application of an electric field, 

and therefore can be used to make switchable IR reflectors (Fig. 1.11b). The 

(b)(a)
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bandwidth of the broadband, centered around 1810 nm, is 310 nm. However, this 

can further be tuned to an onset wavelength of 700 nm to have greater impact on the 

energy saving. 

 

Fig. 1.12 (a) Molecular structure of the ionic chiral dopant used. (b) Transmission spectra of 

the cell upon application of different DC voltages. (c) Schematic drawing showing the 

mechanism of fabrication of broadband from narrowband reflector and vice versa. (Fig. 

adapted from [91], with permission from John Wiley & Sons) 

Hu et al. demonstrated a broadband reflector in the infrared region by using a 

charged chiral ionic liquid in a Ch-LC mixture (Fig. 1.12a).[91,92] Due to diffusion of 

the charged chiral dopant in a negative dielectric anisotropic (-) Ch-LC mixture 

in the presence of a DC electric field, a pitch gradient is created throughout the 

thickness of the cell, leading to formation of the broadband reflection (Fig. 1.12b). 

At the same time, DC electric fields also introduce disorder in the alignment of the 

LC molecules, resulting in light scattering. To reduce scattering, an AC electric field 

was applied and turned off quickly just after application of a DC field to obtain the 

(c)

(a) (b)

i) ii) iii) iv)
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planar orientation of the Ch-LC mixture. On further applying the reverse DC bias 

with a suitable field, broadband was switched to narrowband as a result of uniform 

distribution of the chiral dopant throughout the thickness of the film (Fig. 1.12c). 

Similar mechanisms using chiral ionic polymer networks in – Ch-LC  has also 

been used to generate tunable broad-to-narrow bandwidth reflectors upon 

application of electric fields.[93] These systems can be further optimized for real 

applications by tuning the broadband to the near infrared region and improving the 

transparency in the visible region. 

Xiang et al. have designed narrowband tunable reflectors which can modify 

the reflection position over a wide range by utilizing the properties of the heliconical 

Ch-LC state.[94] By systematically increasing the electric field, a blue shift in the 

reflection band with changes in the positon of the reflection notch from 1100 to 300 

nm was observed. The limitation of these systems is that they reflect only a fraction 

of infrared energy because of their inherent narrowband nature, which results in 

limited impact on indoor temperature. However, this system can be improved by 

stacking multiple switchable cholesteric windows for full spectral coverage, but this 

would be a considerable design and manufacturing challenge.   

1.3.2 Temperature responsive windows 

1.3.2.1 Scattering and absorption based technologies 

Hydrogels based on poly(N-isopropylacrylmide) have been used to control 

visible light at elevated temperatures.[95] The hydrogel film of a specific thickness is 

transparent at room temperature but as the temperature rises above the lower critical 

solution temperature (LCST), the film starts scattering, resulting in less light entering 

the interior spaces (Fig. 1.13). Similar behavior has also been demonstrated using 

hydroxypropylcellulose based hydrogel.[96] Photo-thermotropic hydrogels can alter 

their transparency and reflective properties when illuminated by sunlight.[97] In these 

systems, a material such as graphene is dispersed in a hydrogel network. The 
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graphene enhances uptake of energy which is stored in the water while maintaining 

transparency. Upon an increase in the water temperature to a specified level, the 

network breaks apart, resulting in a semi-reflective scattering state and loss of 

transparency. 

 

Fig. 1.13 (a) Molecular structure of the poly(N-isopropylacrylmide) hydrogel. (b) Schematic 

diagram showing the change in solar transmittance below and above LCST (c). (c) 

Temperature dependence transmission spectra of the sample of 200 μm thickness. (d) 

Hydrogel of different thickness at room temperature (left) and 35 °C (right). (Reproduced 

from Ref. [95], with permission from The Royal Society of Chemistry.) 

Phase change materials (PCMs) have most often been applied to opaque 

elements but there are examples of application in window systems.[98] The PCM 

takes advantage of the latent heat storage potential in the phase transition between 

the liquid and solid states. This transition can be used for heat storage and by 

increasing the thermal inertia of the window, which both aid in maintaining interior 

(a)

(c) (b)

(b)

26 mm

52 mm

78 mm

200 mm
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temperatures. The transmission of light through the window for both the solid and 

liquid states have, however, often proven to be only modest using commercially 

available materials[99] and often resulted in scattering, and thus completely disrupt 

the exterior view.[100] While the commercial materials tend to be inorganic based, 

there are organic PCMs that could conceivably fill this role,[101] but it remains to be 

seen if they could be considered for use in window applications. 

The phase transition from SmA to cholesteric at elevated temperature has been 

used to fabricate a scattering-based visible light controlling window. Homeotropic 

orientation of SmA LC at lower temperatures results in the transparent state of the 

window whereas at elevated temperature, LC changes to cholesteric phase, leading 

to a change in the orientation of the molecules to a focal conic state, resulting in 

scattering of light.[102] A particularly interesting system employed a printed organic-

based photovoltaic with embedded inorganic VO2 nanoparticles that would change 

transmission upon exposure to increased temperature.[103] While the device interfered 

with visible light, the authors were clear in their desire to target the NIR spectrum 

for purposes of interior temperature control while simultaneously generating 

electricity from visible light. If this could be accomplished by using embedded 

organic materials absorbing outside the visible range, this could be a very attractive 

device.  

An exotic example of a dynamic heat control element using organics are 

holographic polymer dispersed liquid crystals.[104] These films are quite angularly 

dependent, and while can be efficient on excluding IR light at specific incident 

angles, they are generally transparent at other incident angles, which makes control 

of diffuse light difficult. The report demonstrated a change of 15% in transmission 

through a sample cell as the temperature approached 30 °C. 
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1.3.2.2 Reflection based technologies  

 

Fig. 1.14 (a) Molecular structure of the chiral dopant used. (b) Temperature dependent 

change in transmission of cell containing polymer stabilized and non-polymer stabilized Ch-

LC (Sample A and B are non-polymerized and polymerized LC mixture, respectively). (c) 

Mechanism of formation of broadband at elevated temperature. (Reprinted from [105], with 

the permission of AIP Publishing.) 

Yang et al. developed a method which would be quite effective if used as a 

temperature responsive window.[105] The device used a chiral dopant which increases 

its helical twisting power in a polymer stabilized Ch-LC upon increasing the 

temperature (Fig. 1.14a). At higher temperatures, the LC molecules will not be able 

to twist as much in areas of high polymer network density due to the anchoring effect 

from the polymer network, whereas in the low polymer network density region, the 

LC molecule will be able to twist to accommodate the increased HTP of the chiral 

dopant.[106–108] Therefore, via the combination of lower (longer wavelength reflection 

band) and higher (shorter wavelength reflection band) twisting in a single sample, a 

broadband infrared reflector was formed at higher temperature (Fig. 1.14c). At lower 

(b)

(a)

(c)
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temperatures (around 5 ºC), the device reflected light from 2050-2400 nm. As the 

temperature increased to 40 ºC and 50 °C, this polymer stabilized system reflected 

light from 950-2400 nm and 800-2400 nm, respectively (Fig. 1.14b). This 

configuration allows the maximum amount of infrared energy to enter in winter 

while reflecting a large amount of solar infrared energy in summer, so that it would 

save on both heating and cooling energy demands in the built environment.  

 

Fig. 1.15 (a) Temperature dependent transmission spectra of Ch-LC containing S811 (chiral 

dopant, 28 wt%) in nematic LC host. (b) Change in the position of reflection notch of the cell 

containing 26 wt% S811 in nematic LC host. (Reprinted from [89], with the permission of 

AIP Publishing.) 

Natarajan et al. have demonstrated a remarkable blue shift of a narrow band 

reflector from 2300 to 500 nm on increasing the ambient temperature, as shown in 

Fig. 1.15.[89] This thermal tuning was attributed to the pre-transitional effect of 

smectic-to-cholesteric phase transition. As the infrared energy from the sun increases 

continuously from far to near infrared region, with this method a lesser-to-greater 

amount of infrared energy can be reflected on continual increase in temperature. 

However, the tuning temperature is not ideal for window applications (from 30-

60 °C), but could be further optimized. The total amount of energy reflected is 

limited as only a small bandwidth of IR light is reflected, but by optimizing the LC 

mixture it could be useful where the change in the temperature is not extreme.  

(a) (b)
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1.3.3 Light responsive smart window 

 An interesting trigger to switch the properties of the window could be intensity 

of light. In the past decade, a number of light responsive chiral dopants which can 

change their HTP either upon isomerization or helical inversion have been used to 

tune the position of a cholesteric reflection notch over a wide range.[109–111] A light 

responsive system which can change its reflection bandwidth based on the intensities 

of light would be very attractive. First steps for such a responsive system in the 

visible and infrared regions have been taken by White et al. using a chiral 

azobenzene photoisomer doped in a Ch-LC cell.[112] The reflection bandwidth was 

increased to 1700 nm with a specific sample thickness and intensity of light. This 

system would be even more interesting if the effective reflection bandwidth is stable 

for longer duration of time and could be accomplished using a light responsive dye 

which does not absorb visible light. 

1.4 Aim and outline of the thesis 

 Windows have a significant influence on energy consumption in the built 

environment and human health of the occupants of the buildings. Several methods, 

starting from blinds and shutters to advanced liquid crystals-based technologies have 

been developed to control indoor temperatures. Recent requirements for windows 

demand that they should simultaneously regulate indoor temperatures by controlling 

passage of excess solar energy while also maintaining high transparency in the 

visible region to reduce dependence on artificial lighting. In this thesis novel solar 

infrared reflectors are fabricated, and their impact as smart windows on energy 

savings in the built environment are discussed.   

 Chapter 2 describes the fabrication of a polymer bilayer static IR reflector 

which reflects ~ 60% of total infrared radiation without interfering with the visible 

region. The effect of such a broadband IR reflector on interior temperature was 

studied. Furthermore, the limitation or advantage of using static IR reflectors in 
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different climate conditions is also shown. Chapter 3 describes the fabrication of a 

switchable IR reflector which reflects light from 700 to 1400 nm ( = 700 nm), and 

can switch between reflection to transparent state upon application of electric field 

(8.6 V mm-1). Using such a window, a significant amount of IR light can be reflected 

in summer while allowing it to enter in the winter climate conditions so that energy 

spent on heating and cooling could be saved. With the help of simulation studies, the 

amount of energy saving in the built environment in different regions around the 

globe is also predicted. With ambition to make the window self-powered so that extra 

energy is not required to maintain it in the transmissive state, first steps to generate 

energy using the principle of luminescent solar concentrators is demonstrated. In 

chapter 4 fabrication of dual responsive broadband reflector by fine tuning the 

concentration of polymer network in switchable IR reflector system is shown. Such 

a system could be switched from broadband to narrowband upon application of 

electric field (manually) and temperature (autonomously).  

 Switchable IR reflectors were revealed not to be user friendly in moderate 

climate conditions, as it is difficult to decide whether to keep window in the 

reflective or transmissive state. Therefore, in chapter 5, fabrication of a user friendly 

electrically tunable reflector which can selectively tune the bandwidth of reflected 

light ranging from 120 nm to 1100 nm in the infrared region, without interfering with 

the visible region is demonstrated. Using this method infrared energy ranging from 

5% to 45% could be reflected which would allow to maintain the comfortable indoor 

temperature throughout the year and thus save energy. All the above methods were 

designed using a cell architecture (that is, sandwiching the active material between 

two glass plates). This would require existing windows to be replaced to use these 

technologies, which may not be convenient for all applications. So, as a next step, 

chapter 6 describes the development towards a temperature responsive IR reflecting 

coating on a flexible polycarbonate substrate which undergoes a blue shift of 400 nm 

upon increasing the temperature. Such a coating could eventually be used for the 

retrofitting of an existing window. Chapter 7 discuss the steps to be taken to further 
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improve the efficiency of the reflectors that were developed and presented in this 

thesis. Future challenges in scaling up these systems and stability issues are also 

discussed.  
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 Chapter 2 

A static IR polymer reflector  

 

Abstract  

 

An infrared (IR) polymer reflector based on cholesteric (chiral nematic) liquid 

crystals has been fabricated which can reflect ~60% of solar IR energy without 

interfering with the visible solar radiation. Simulations show that the polymer bilayer 

film applied to a window of a typical building can have a significant impact on the 

interior temperature in living and working spaces. 

 

 

 

 

 

 

 

 

 

 

 

This chapter is reproduced from H. Khandelwal, R. C. G. M. Loonen, J. L. M. Hensen, A. P. 

H. J. Schenning and M. G. Debije, Application of broadband infrared reflector based on 

cholesteric liquid crystal polymer bilayer film to windows and its impact on reducing the 

energy consumption in buildings, J. Mater. Chem. A, 2014, 2, 14622. 
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2.1 Introduction  
 

Most IR-reflectors reported today are based on inorganic materials.[1] 

Recently, a switchable IR reflector based on tin-doped indium oxide nanocrystals 

into niobium oxide glass has been reported.[2,3] Reflection of infrared light using 

alternating layers of low and high refractive index organic materials have also been 

reported.[4] However, fabrication of IR reflectors for office windows, for example, 

demands low-cost processing in which the number of layers necessary is reduced 

and that they maintain transparency in the visible wavelength range. Polymer based 

reflectors are attractive due to their ease of processing and the possibility of tailoring 

specific properties.  

In this chapter facile processing methods that use only two organic layers of a 

Ch-LC to achieve maximum reflection of infrared light from 700 to 1100 nm with 

transparency in the visible region are presented. Infrared radiation from the sun spans 

wavelengths from 700 nm to 1 mm. However, more than 60% of the energy of the 

entire infrared solar spectrum lies between 700 and 1100 nm.[5] Therefore, in this 

chapter the focus is on achieving reflection of this relatively small wavelength 

regime. This chapter also demonstrate the potential impact of these reflectors on 

room environments by presenting a simulation for an office room in a temperate city 

and shows interior temperature reduction of more than 5 ºC by employing these 

reflectors on windows.  
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2.2 Materials and Methods 

 

Fig. 2.1 Molecular structures of the chemicals used for fabricating the right- and left-handed 

reflective Ch-LC films and their respective phases. 

 The liquid crystals DB-162 and DB-335 were received from Philips research 

Laboratory. The LCs RM-257 and RM-96 were purchased from Merck; the 

photoinitiator Irgacure-651 and UV-absorber Tinuvin-328 were purchased from 

Ciba Specialty Chemicals Ltd (Fig. 2.1). A halfwave retarder (Design Wavelength 
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DW: 560 nm) was purchased from Edmund Optics. The following four liquid crystal 

mixtures were prepared to fabricate the IR reflectors: 

Right-handed liquid crystal mixture 

Mixture 1 DB-162/DB-335/Irgacure-651 (71/28/1 wt%) 

Mixture 2 DB-162/DB-335/Irgacure-651/Tinuvin-328 (70/28/1/1 wt%) 

Left-handed liquid crystal mixture 

Mixture 3 RM-257/RM-96/Irgacure-651 (64/35/1 wt%) 

Mixture 4 RM-257/RM-96/Irgacure-651/Tinuvin 328 (63/35/1/1 wt%) 

 Rubbed antiparallel polyimide cells with gap thickness 6 and 25 µm were 

filled with mixtures 1, 2 and 3, 4, respectively, at 105 °C by capillary action. Films 

1 and 3 were photopolymerized at 105 °C in presence of UV light of intensity ~7.5 

mW cm-2. Films 2 and 4 were exposed to UV light of intensity ~1 x 10-5 W cm-2 for 

3 and 60 min. The samples were subsequently post-cured with a UV flood exposure 

of intensity ~7.5 mW cm-2. The curing intensity was optimised considering the 

thickness of the sample and reactivity of the chemical compositions. All the UV-Vis 

transmission measurements are corrected for glass as reference. Temperature 

dependent transmission measurements were carried out using Linkem heating stage 

in Shimadzu UV-Vis spectrophotometer.   

2.3 Results and Discussion   

2.3.1 Fabrication of broadband reflector 

 Right- and left-handed Ch-LC mixtures were developed to have a reflectance 

peak centered around 900 nm. For the right-handed reflective film, a blend (mixture 

1) of a diacrylate chiral LC dopant and a monoacrylate achiral LC was used as 

reported previously.[6] With 28% chiral dopant, a polymer film with a reflection band 

centered at 875 nm and a bandwidth of 110 nm (Fig. 2.2a) after UV-polymerization 

was obtained. For the fabrication of the left-handed mixture, an achiral diacrylate LC 
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was mixed with a chiral monoacrylate LC dopant (mixture 3). Using 35% chiral 

dopant, the left-handed polymer film showed a reflection band centered at 900 nm 

with a bandwidth of 100 nm (Fig. 2.2b). Due to the birefringent nature of organic-

based LC materials, the bandwidth obtained from right- and left-handed mixtures 

(i.e. 110 and 100 nm) are too small to reflect a substantial amount of infrared light. 

 To achieve broadband infrared reflection from 700 to 1100 nm, 

polymerization induced diffusion during photo- polymerization was used. A UV-

intensity gradient was created by adding a UV absorbing dye (Tinuvin 328, Fig. 2.1) 

to both right- and left- handed mixtures. Upon UV irradiation, the intensity gradient 

induces the diacrylate (bi-functional) molecules to undergo faster polymerization at 

the top of the film compared to the bottom. This results in the depletion of diacrylate 

molecules at the top side of the cell and diffusion of diacrylate molecule from bottom 

to top. Diffusion of this sort causes an uneven concentration distribution of chiral 

dopant, and thus a pitch gradient is attained throughout the thickness of the film. In 

the case of the right-handed mixture, the concentration of chiral dopant will be 

maximum at the exposed side of the film, in contrast to the left-handed film, which 

will have the highest chiral dopant concentration at the non-exposed side.  

 To obtain broadband infrared reflection, the right- handed mixture was 

illuminated with UV light of intensity ~1 x 10-5 W cm-2 at 105 °C for 3 min. 

Thereafter, the sample was post cured by exposing UV light of intensity ~7.5 mW 

cm-2. The resulting bandwidth of the film made from the right-handed sample 

(mixture 2) was observed to be 268 nm (Fig. 2.2c). To obtain the same enhancement 

in the bandwidth in left-handed mixture 4, the filled cell was exposed to UV 

illumination for one hour, and a broadband reflector was obtained having a 

bandwidth of 280 nm (Fig. 2.2d), comparable to the right-handed Ch-LC film. The 

large difference in UV illumination time is probably the result of the difference in 

the reactivity of the chiral molecule and/or difference in viscosity in both mixtures, 

and/or differences in cell thickness. The increase in the bandwidth of 158 and 177 

nm, respectively, is due to photoinduced diffusion during photopolymerization. The 
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films reflect a broad range of right- and left-handed circularly polarized (CP) infrared 

light and are transparent (T > 90% at 500 nm) in the visible region (Inset Fig 2.2(c) 

and (d)).  

 

Fig. 2.2 Transmission spectra of mixtures (a) 1 and (b) 3 after UV polymerization; mixtures  

(c) 2 and (d) 4 after photo-polymerization by low intensity UV (for photoinduced diffusion) 

followed by high intensity UV light respectively. (Insets) Photographs of the cells 

demonstrate the clarity of the samples.  

 To confirm the stability of the reflection band at elevated temperatures, we 

carried out temperature dependent transmission measurements of the polymer films. 

The spectra were found to be approximately the same over the temperature range of 

20 °C to 100 °C (Fig. 2.3), suggesting these IR reflectors can be operated at most 

terrestrial locales without significantly affecting the reflecting properties of the 

liquid crystal polymer film. 
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Fig 2.3 Transmission spectra (unpolarised light) of film 2 upon varying the temperature from 

20 °C to 100 °C. 

 

2.3.2 Fabrication of broadband 100% reflector 

 

Fig. 2.4 Schematic representation for the (a) preparation of right- (film 2) and left- (film 4) 

handed films superimposed on each other (approach 1). (b) Combination of halfwave plate 

inserted between two left-handed Ch-LC films (film 4). 

 Two approaches were used to achieve the goal of nearly 100% reflection of 

unpolarized infrared light. In the first, right- and left-handed broadband films 

(mixture 2 and 4) were superimposed on each other to fabricate a polymer bilayer 

(Fig. 2.4a). The transmission spectrum of the bilayer film shows reflection of more 

than 95% of unpolarised infrared light between 700 and 1100 nm (Fig. 2.5a) while 

Film- 4

Film- 2

Film- 4

Film- 4

(a) (b)
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maintaining fairly good transparency for visible light (Inset Fig. 2.5a). The decrease 

in the transparency compared to the single film could be due to scattering at interface.  

 

Fig. 2.5 (a) Transmission spectrum of right- (film 2) and left- (film 4) handed films 

superimposed on each other (approach 1, total film thickness ~31 m). (b) Transmission 

spectrum of the combination of halfwave plate inserted between two left-handed (film 4) Ch-

LC films (approach 2). (Insets) Photographs of the cells demonstrate the clarity of the 

samples. 

 In the second approach, a halfwave birefringent polymer plate is used to 

achieve more than 50% reflection of unpolarised infrared light (Fig. 2.4b). Halfwave 

plates introduce a phase shift of  between the two orthogonal plane polarized field 

vectors that represent right- and left-handed circularly polarized (CP) light. As a 

result, the right-/left-handed CP light transforms into left-/right-handed CP light, 

respectively. Fig. 2.5b shows the transmission spectrum of the halfwave plate 

sandwiched between two left-handed Ch-LC. The transmitted right-handed CP light 

through the left-handed Ch-LC (film 4) is transformed into left-handed CP light on 

passing through halfwave plate and reflected by left-handed Ch-LC below. 

Furthermore, the reflected left-handed CP light is converted into right-handed CP 

light by the halfwave plate and it was transmitted through the top left-handed Ch-

LC. Thus, the reflection of broadband infrared reflective left-handed Ch-LC film is 

now enhanced and results in more than 80% reflection while maintaining good 

visible transmission (Inset Fig. 2.5b). By using this method, only two Ch-LC films 
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of identical content can be used without the need for developing two different 

broadband Ch-LC films having opposite handed reflection.  

 The decrease in reflection maximum while using the halfwave plate from the 

first approach using layered right- and left-handed cholesterics could be attributed to 

the inability of the halfway plate to effectively invert light-handedness over the entire 

incident range. The reflection could be enhanced to 100% by using the halfwave 

plate which is more efficient in the infrared region In this latter approach, three layers 

were needed to fabricate a full infrared reflector as opposed to stacking right- and 

left-handed layers directly. With the increase in number of layers, scattering of the 

light increases and therefore the performance decreases. 

2.3.3 Angle dependent studies 

 

Fig. 2.6 Angle dependent transmission spectrum of right- and left-handed films 

superimposed on each other. Inset: viewing angle of the film (0° angle represents the top 

view of film). 

 Since the position of the central reflection band of the Ch-LC films is 

dependent on the incidence angle of light,[7] reflectance of infrared and transparency 

of visible light at various viewing angles of the polymer bilayer film was studied. As 
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shown in Fig. 2.6, a blue shift of the central wavelength of 142 nm was observed 

upon changing the view angle from 0º to 60º (Inset Fig. 2.6). 

2.3.4 Simulation Studies  

 

 

Fig. 2.7 Simulated decrease in interior maximum temperature as a function of the day of the 

year for superimposed right-and left-handed cholesteric for an office room in (a) London, 

UK and (b) Chicago, USA. (Insets show the temperature decrease on a selected day of June 

24th). (Here T is defined as (Treference – Tcholesteric) of room temperature) 

 To obtain an insight of the potential impact of our IR reflecting polymers 

incorporated into the building envelope, a set of dynamic building performance 

simulations (BPS) was performed using ESP-r.[8,9] ESP-r is a basic energy modelling 

software which consider thermal and moisture conditions. This software does not 

consider the air movement. Using this software the effects of the single layer 

right/left-handed and superimposed right- and left-handed broadband cholesteric 

bilayer films on indoor environmental quality were evaluated: initially by comparing 

operative room temperatures for two identical cases, using a window with and 

without the cholesteric reflector. In a later phase, the energy saving potential was 

assumed to a set point temperature of 25 °C for the active cooling system. 
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 The transmittance values for the reflector used in the simulation were taken 

from experimental data as a function of incident angle of the light. For the simulation 

a standard, south facing office zone (3 x 4.5 x 3 m3) with a window-to-wall ratio of 

60% was considered. The building model uses a typical scenario (occupancy 

schedule and internal heat gains) for office buildings, and has a ventilation rate as 

prescribed by the building standards.[10] It was assumed that the building has no solar 

shading system. The cholesteric reflector is applied to the inner side of an exterior 

pane of a regular 2 x 6 mm double glazing system (U-value = 2.8 W m-2 K-1, 

Emissivity = 0.84). The performance of the coating for the climate conditions of 

London, UK and Chicago, USA for the entire year, respectively, using reference 

weather data for the regions was evaluated. On average, in London the peak decrease 

in daytime temperature with the polymer bilayer coating compared to a double 

glazing window on sunny days was calculated to be 4 °C (Fig. 2.7a).  

 The temperature difference using only a single handed coating is less than 

50% of the effect with superimposed left- and right-handed coating (Fig. 2.8). This 

is explained by the fact that transmittance in the visible range is also higher for the 

left- or right-handed films (~95%) than for the superimposed left- and right-handed 

films (~80%) coating, which has an additional impact on the total solar 

transmittance. The calculated temperature difference is directly proportional to the 

amount of solar radiation incident on the window. On the south facing facade, it is 

therefore more pronounced in spring and autumn than in summer due to the lower 

altitude of the sun. During cloudy days the expected temperature difference is 

smaller, but still significant. The continental climate of Chicago, USA, is known to 

have higher temperatures in summer and colder winters compared to the temperate 

conditions in London. A stronger effect on the temperature difference with the 

cholesteric coatings can also be found for Chicago (Fig. 2.7b). The results show a 

temperature difference up to 6 °C. 
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Fig. 2.8 Simulated decrease in interior maximum temperature as a function of the day of the 

year for right- or left-handed cholesteric for an office room in (a) London, UK and (b) 

Chicago, USA. (Insets show the temperature decrease on a selected day of June 24th). (Here 

T is defined as (Treference – Tcholesteric) of room temperature) 

 On comparing the results in terms of cooling demand, the superimposed 

coating shows the potential to reduce energy consumption for cooling by 23% and 

20% in London and Chicago, respectively. It should be emphasized that all these 

effects take place without interfering with the visible part of the solar spectrum, in 

contrast to conventional types of low-solar-gain windows where temperature 

decrease (or energy saving potential) is achieved at the expense of less effective 

daylight utilization and a reduction of the view to the outside, with unnatural colour 

rendering effects. 

 In many climates, the cholesteric bilayer has an effect not only on cooling load 

and overheating risk, but also influences heating energy consumption. Due to its 

lower solar transmittance, the positive contribution of useful solar gains in the 

heating season also reduces. This negative implication leads to a predicted increase 

in annual heating energy demand up to 21% and 40% for the case of London and 

Chicago, respectively. Since the cooling demand is higher in absolute terms, a net 

yearly energy saving of 16% and 14% can be achieved in London and Chicago, 

respectively. To further improve the performance of the selectively-reflecting 

organic layers, a coating that is able to dynamically adapt its IR optical properties in 
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response to variable occupants’ needs and weather conditions would be a promising 

direction for further development.[11–13] 

2.4 Conclusions 

 This chapter described the fabrication of Ch-LC polymer IR reflectors which 

reflect ~60% of the total solar infrared radiation energy while maintaining 

transparency to the visible region. In this approach, two opposite-handed cholesteric 

selective reflecting films were superimposed, yielding a polymer bilayer film 

reflecting both polarization of infrared light. Temperature dependent transmission 

studies suggest the cholesteric films are stable over the temperature range of 20 °C 

to 100 °C, and that these films could be used all over the globe without affecting the 

reflecting properties. These results show that it is possible to prepare efficient 

polymer IR reflectors using only two layers of polymer film comparable to the 

system employing multilayer inorganic or organic reflectors.  

 Simulations show that when these polymer bilayers are coated over the 

windows of buildings or cars, a considerable amount of incident, unwanted heat 

could be reflected and therefore a significant amount of energy could be saved on 

cooling. The simulation predicts a temperature difference of up to 4.5 °C and 6 °C 

in London and Chicago respectively, by having the superimposed right- and left-

handed bilayer film on a typical office window. 
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Abstract  

 

Electrically switchable broadband infrared reflectors that are transparent in the 

visible region have been fabricated using polymer stabilised cholesteric liquid 

crystals. The IR reflectors can change their reflection/transmission properties by 

applying an electric field in response to changes in the environmental conditions. 

Simulations predict that a significant amount of energy can be saved on heating, 

cooling and lighting of buildings in places such as Madrid by using this switchable 

IR reflector. A switchable IR reflector which can also generate electricity was 

fabricated. These polymer based switchable IR reflectors are of high potential as 

windows of automobiles and buildings to control interior temperatures and save 

energy. 

 

 

 

This chapter is reproduced from H. Khandelwal, R. C. G. M. Loonen, J. L. M. Hensen, M. 

G. Debije and A. P. H. J. Schenning, Electrically switchable polymer stabilised broadband 

infrared reflectors and their potential as smart windows for energy saving in buildings, Sci. 

Rep., 2015, 5, 11773.  



Chapter 3 

 

46 

 

3.1 Introduction 

To overcome the limitations of static IR reflectors, as discussed in chapter 

2, switchable broadband infrared reflecting/transmitting windows which can reflect 

a large amount of infrared solar energy in summer and transmit it in winter appear 

to be very attractive.[1] Such windows should be transparent over the entire visible 

light region (400-700 nm) so that extra energy is not required to maintain the 

illuminance level of the room.[2] Infrared light from the sun spans from 700 nm to ~1 

mm; however, more than 75% of the energy of infrared light lies between 700 to 

1400 nm.[3]  

In this chapter, fabrication of electrically switchable broadband infrared 

reflectors based on the properties of Ch-LC along with study of its impact on energy 

saving in buildings is reported. Such an integrated approach combining the 

fabrication of switchable infrared reflector with simulation studies has not been 

reported before. The fabricated broadband switchable IR reflector can be switched 

manually between IR reflective and transmissive modes on applying an electric field 

to respond to changes in environmental conditions without interfering with the 

visible region. The impact of this switchable IR reflecting window on energy savings 

in office buildings in various climates across the globe is also predicted: using 

infrared reflectors in an office building in Madrid, Spain could save more than 12% 

of the energy used on heating and cooling without any increase in energy 

consumption for lighting. First steps towards the fabrication of a switchable IR 

reflector that can simultaneously act as an electricity generating window are also 

demonstrated. 
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3.2 Materials and Methods 

 

Fig. 3.1 Molecular structures of the chemicals used. 

Chiral dopant CD-267 was obtained from Philips Research Lab. Nematic 

liquid crystal mixture E7 (∆ε = +14.3) and chiral dopant CB-15 ((S)-4'-(2-

Methylbutyl)[1,1'-biphenyl]-4-carbonitrile) were purchased from Merck. 

Photoabsorber Tinuvin-328 and photoinitiator Irgacure-651 were purchased from 

Ciba Specialty Chemicals Ltd (Fig. 3.1). Indium Tin Oxide (ITO) coated rubbed 

polyimide cells with 20.4 µm gap thickness were purchased from Instec Inc. 
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Transmission spectra were measured using Shimadzu UV-VIS-NIR 

spectrophotometer and were corrected for ITO coated glass plate unless it is 

mentioned otherwise. For electrical switching, AC source of 50 Hz frequency was 

used.  

 Nematic liquid crystal E7 (70.2 wt%), right handed chiral dopants CD-267 

(13.8 wt%) and CB-15 (12.1 wt%), UV absorbing dye Tinuvin-328 (2.0 wt%), 

photoinitiator Irgacure-651 (1.2 wt%) and cross-linker RM-82 (0.7 wt%) were mixed 

in a glass vial by stirring continuously for one hour at room temperature. For the 

fabrication of electricity generating IR reflector, 0.25 wt% Coumarin based dye was 

added to the above mixture. These mixtures were used to fill cells via capillary 

action. These were then photopolymerized with UV light of intensity approximately 

5×10-5 W cm -2 at room temperature for 60 min.  

3.3 Results and Discussion 

3.3.1 Fabrication of the broadband infrared reflector 

 

Fig. 3.2 Schematic diagram shows the planar state (left) and homeotropic state on applying 

the electric field (right). 

Ch-LCs are known to reflect light as a result of their self-organized 

molecular helices.[4] The so-called pitch of the helix determines the wavelength of 

reflection. The reflection bandwidth is normally limited to ~ 75 to 100 nm, 

depending on the central wavelength and the birefringence.[5] A polymer stabilized 

Glass plate
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Ch-LC approach was previously used for the fabrication of electrically switchable 

mirrors and optical components in the visible region.[6–16] In this research the 

polymer network is used to create a broadband IR reflector and to stabilize the planar 

orientation of the nonreactive LC component (Fig. 3.2). Monoacrylate (CD-267) and 

diacrylate (RM-82) molecules were chosen to fabricate a lightly cross-linked 

network (Fig. 3.1). The nonreactive liquid crystal mixture (E7) was chosen as it has 

high dielectric anisotropy (∆ε= +14.3) which allows the molecules to switch easily 

to the homeotropic state on applying an electric field. Upon removing the electric 

potential, orientation of the molecules reverts back to the original state in presence 

of an alignment layer and polymer network. 

 

Fig. 3.3 Transmission spectra of cholesteric liquid crystal gel (a) before polymerization (b) 

after photo-polymerization with the influence of the ITO coated glass plates omitted and (c) 

after photo-polymerization including the absorbance of ITO and (d) Photograph of the IR 

reflector demonstrate the transparency in the visible region. 
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To induce a cholesteric phase, chiral dopants CD-267 and CB-15 were added 

to the host nematic liquid crystal mixture. To fabricate the broadband IR reflector, a 

concentration of chiral dopant was chosen such that the reflection peak of the Ch-

LC mixture was centered around 1000 nm. Fig. 3.3a shows the transmission 

spectrum of the Ch-LC gel before polymerization. The reflection peak of the mixture 

was found to be centered around 970 nm with a typical bandwidth of 105 nm. To 

achieve the broadband IR reflection, a pitch gradient was attained using 

photoinduced diffusion during photopolymerization.[17] According to Beer-Lambert 

law,[18] if light is absorbed by the mixture, the intensity of light decreases 

exponentially through-out the thickness of the film.[19] Therefore, to create UV-

intensity gradient throughout the thickness of the film 2 wt% of UV absorber 

(Tinuvin-328) was added to the mixture Upon UV irradiation, the intensity gradient 

induces the chiral monoacrylate (monofunctional) molecule to undergo faster 

polymerization at the top compared to the bottom of the sample. This depletion of 

monoacrylate at the top causes diffusion of monoacrylate molecules from the bottom 

towards the top of the film. Thus, diffusion of monoacrylate leads to a non-uniform 

distribution of chiral dopant (monoacrylate) in the liquid crystal gel and thus a pitch 

gradient is generated.[5] Fig. 3.3b shows the transmission spectrum corrected for the 

electrode layers (ITO), to emphasize changes in the active reflecting material of the 

liquid crystal gel after polymerization. The Ch-LC polymer gel reflects a broader 

band of infrared light from 700 to 1400 nm while remaining predominantly 

transparent in the visible region (400 to 700 nm, Fig. 3.3d). The ITO layer on the 

glass plate absorbs in the infrared region as can be seen in the non-normalized (with 

respect to the ITO plate) transmission spectrum (Fig. 3.3c). However, absorption of 

ITO does not have a significant impact on energy savings in a building because it 

only absorbs light primarily > 1300 nm. 
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3.3.2 Electrically switchable infrared reflector 

 

Fig. 3.4 (a) Transmission spectrum of IR reflector on varying the AC electric field from 0 to 

8.6 V m-1 (b) Transmission spectrum of cholesteric gel in reflective and transmissive states 

at 0 and 8.6 V m-1, respectively (c) Switching measurements shows stable bandwidth after 

600 cycles between 0 and 8.6 V m-1. 

After successfully fabricating the infrared reflecting gel, the switching 

behaviour by applying an electric field was studied. From zero to approximately 2.1 

V m-1, the gel exhibits a broad infrared reflection band with high transparency in 

the visible region. On further increasing the electric field (e.g. 5.4 V m-1), scattering 

in the visible region increases while reflection in the infrared remains approximately 

the same (Fig. 3.4a). This could be attributed to tilting of the cholesteric liquid crystal 

yielding most likely a focal conic state along with some unwinding of the helix, 

resulting in more scattering.[20] Such a situation (at 5.4 V m-1) could be useful as a 

‘privacy’ state of a window device, effectively controlling IR transmission while 
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simultaneously causing a scattering state which is translucent but not transparent. On 

further increasing the electric field to 8.6 V m-1, the liquid crystal gel becomes 

transparent to infrared as well as visible light (Fig. 3.4b). This effect is attributed to 

a homeotropic orientation of the E7 molecules.[20–22]  To use the IR reflector for 

window applications, it is essential for the device to be able to switch many times 

without altering the transmissive or reflective qualities. It is also important to note 

that no significant change in the transmission spectrum, even after switching 

between 0 and 8.6 V m-1 for 600 cycles, was observed (Fig. 3.4c). 

3.3.3 Simulation study 

On employing the cholesteric liquid crystal gel between the glass panes of 

windows, a significant fraction of infrared light can be reflected (0 V m-1) or 

transmitted (8.6 V m-1) depending on the applied electric field, without significantly 

affecting the transmission in the visible region (Fig. 3.4b). To understand the 

potential impact of this electrically switchable infrared reflector on the energy 

demand in a building, simulations studies were carried out using a medium size 

office building (Appendix Table S1, Fig. 3S.7), with properties as defined by the 

U.S. Department of Energy as the model using the Trnsys simulation software 

(TRNSYS v 17- Transient system simulation tool, 2013). In these dynamic whole-

building performance predictions, the effect of the switchable IR reflector on 

potential primary energy savings for heating, cooling and artificial lighting were 

analyzed.[23] In the simulation study energy required to switch the gel from reflective 

to transmissive state was not included (vide infra). The window was switched to the 

transparent state when the indoor operating temperature was lower than 22 °C during 

the daytime. In this way, solar heat gains are allowed to enter the building when it is 

cold, but reflected when there is a risk of indoor overheating (T > 22 °C). 

Three different climates were chosen to understand the relation between 

environmental conditions and energy savings in buildings by using a switchable IR 

reflector: (1) Abu Dhabi, United Arab Emirates (2) Amsterdam, the Netherlands and 



Electrically Switchable IR Reflector 

 

53 
 

(3) Madrid, Spain. The results are compared to a reference configuration employing 

normal double glazing (DG) for a south facing office. The results of the switchable 

IR reflector (R-IR) with the static permanent broadband IR reflector (StIR) in the 

‘off’ state were also compared. This evaluation demonstrates the potential impact a 

switchable system may have in comparison to static IR reflectors. The window 

properties that were used in the simulations were obtained using the calculation 

methods in the software Optics-5, 2013 (Appendix Table S2).  

Our simulations suggest that the impact of switchable infrared reflectors in 

office buildings depends on the local environmental conditions. In Abu Dhabi, which 

has a warm and sunny climate throughout the year, the application of a switchable 

IR reflector (R-IR, 178.1 kWh m-2 yr-1) leads to cooling energy savings of > 15% 

compared to a normal double glazing window (DG, 211.2 kWh m-2 yr-1). However, 

in such locations, the demand for cooling is high throughout the year, which makes 

non-visible solar gains unwanted at all times. Given the current window switching 

control strategy, the window would be in the transparent state for only 23 hours of 

the year. Hence, similar energy savings are achieved with static broadband IR 

reflection (Fig. 3.5, StIR versus R-IR).  

In contrast, in the Amsterdam environment the window would be switched 

from the reflective state to the transmissive state for a considerable amount of time 

(1684 hours). The simulation results reveal that in heating-dominated climates such 

as Amsterdam, there is no need for either switchable or static IR reflectors. The 

decrease in warming of building interiors by solar heat gains would lead to an 

increase in demand of energy required for heating, offsetting any energy savings for 

heat rejection in warmer seasons.  

In climates such as Madrid, which have more seasonal influences than in 

Amsterdam or Abu Dhabi, trade-offs between heating and cooling are better 

balanced. The ability of the windows to switch between a transparent and a reflecting 

state thus becomes more interesting, as well-controlled solar gains have benefits 
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during both heating and cooling periods. The total energy that can be saved by 

replacing the normal double glazing window (DG, 126.1 kWh m-2 yr-1) with the 

fabricated switchable IR reflector (R-IR, 110.6 kWh m-2 yr-1) is 12.3%. For the same 

situation, a static IR reflector (121.9 kWh m-2 yr-1) would only result in 3% energy 

savings. The climate in Madrid is predominantly sunny, yet has a relatively large 

number of cold days, so continual reflection of NIR sunlight is not always a good 

strategy. The window would need to be switched to the transparent state for an 

estimated 870 hours. It is advised that switchable IR reflectors are used in this case 

to utilize passive solar gains in a dynamic way.  
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Fig. 3.5 Comparison of energy use intensity for a normal double glazed window (DG), static 

IR reflector (StIR) and the switchable (responsive) infrared reflector (R-IR) for three different 

climates. 

The range of dynamic optical properties (Appendix Table S1) is obtained by 

modifying only the transmission of non-visible sunlight; the visible transmittance 

(Tvis) remains high. Therefore, the amount of energy consumption for interior 

illumination (lighting) by using switchable IR reflector is similar to the reference 

transparent double glazing window in all the climates studied (Fig. 3.5). The energy 
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consumption for lighting makes a significant contribution (10 – 26%) of total 

building energy use, with variations caused by differences in climatic conditions. 

Depending on the operation strategy for manual or automated opening and closing 

of light-blocking shading systems, the electricity consumption for lighting could go 

up by a factor of 2 to 3.[24,25] On considering this concomitant effect on lighting 

energy use and comparing it to the case where blinds tend to be closed and lights are 

on,[26] the energy saving performance of switchable IR reflectors in locations like 

Madrid goes above 20%. 

The performance potential for switchable IR reflectors in this study is 

compared on the basis of primary energy savings. During actual building operation, 

the implications of IR reflectors can be wider, because they reduce energy bills as 

well as carbon dioxide emissions, and can result in air-conditioning systems with 

smaller capacities. In addition, the controlled access of solar gains leads to better 

indoor environmental quality, due to more efficient daylight utilization, more view 

to outside, and lower radiant temperature of window surfaces which increases 

thermal comfort in summer.[27] All of these features have a positive effect on the 

health and well-being of the building inhabitants. 

3.3.4 Towards electricity generating switchable IR reflectors  

The energy consumption on switching a window employing an IR reflector 

was determined by   

P = V×I 

yielding a consumption of 3.74 mW (in the 10 mm × 10 mm cell) or 37.45 W m-2 (V 

is 8.6 V m-1 and I is 21.4 µA) through the cell on applying field. To offset the 

electrical energy consumption of the switching, a switchable IR reflector which 

could also be employed as an energy generating window was fabricated. Such 

window collects sunlight via embedded luminescent molecules and directing the 
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luminophore emission to edge-mounted solar cells which could be used to eventually 

switch the window between IR reflective and transmissive states.[28,29] 

 

Fig. 3.6 (a) Transmission spectrum of the IR reflector containing 0.25 wt% coumarin-based 

dye in the mixture at 0 V m-1 and 8.6 V m-1. (b) Normalized absorption of the dye and 

edge emission from cell at 0 V m-1 and 8.6 V m-1 (c) photograph of the Ch-LC gel with 

the middle of the cell in the planar (left) and homeotropic (right) state viewed through crossed 

polarizers. (d) Schematic (ideal case) representing the orientation of the Ch-LC gel in the 

planar (left) and homeotropic (right) states and the absorption and waveguiding of sunlight. 

A fluorescent coumarin-based dye (0.25 wt%) as a model system, which 

partially absorb light only in the visible light region was added, to the same 

cholesteric liquid crystal mixture. Photopolymerization of the dye incorporated Ch-

LC was carried out as described earlier, resulting in reasonably similar reflection 

bands as previous samples that did not include fluorescent dye (Fig. 3.3b). Fig. 3.6a 

shows the transmission spectrum of the IR reflector with the dye incorporated in the 

mixture at 0 V (red spectrum). The absorption band of the coumarin dye is centered 

at = 455 nm. On applying an electric field (8.6 V m-1), the cholesteric polymer 

gel becomes transparent in the infrared region (Fig. 3.6a) and the peak absorption of 
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the dye decreases by 37% (Fig. 3.6b). The decrease in the absorption suggests that 

the dye aligns with E7, yielding a homeotropic alignment on applying field. This was 

confirmed by observing the cell under crossed polarizers as it turns black on applying 

an electric field (Fig. 3.6c, 3.6d). When this glass plate was exposed to sunlight, an 

edge emission of the cell was observed at  = 510 nm. The embedded dye absorbs 

sunlight and emits at longer wavelengths. A fraction of this emitted light is trapped 

in the glass plate which then guides the light towards the edges via total internal 

reflection.[29] Upon application of an electric filed a decrease in edge emission was 

observed as less sunlight is absorbed. The edge emission decreases by 21% on 

changing the electric field from 0 V m-1 to 8.6 V m-1 (Fig. 3.6b). These 

experiments demonstrate that the window device is capable of absorbing and re-

emitting sunlight from the visible range so that it reaches the edge of the lightguide 

in both the planar and homeotropic states. Eventually, this emitted light could be 

converted to electrical current via attachment of a photovoltaic cell to fabricate an 

electricity generating switchable IR reflector.[30]  

3.4 Conclusions 

The electrically switchable broadband IR reflector has been fabricated 

combining several simple procedures. The fabricated reflector can tune the reflection 

and transmission fractions of infrared light depending on the applied electric field 

while remaining transparent in the visible region. Simulation studies reveal that 

switchable IR reflectors are attractive in sunny, temperate climates with a relatively 

large heating demand in buildings, such as Madrid. It is predicted that more than 

12% of energy can be saved using a switchable IR reflector compared to a normal 

double glazing window and 9.3% compared to a static IR reflector. The application 

of such IR reflectors is not limited to the windows of buildings; they also have other 

potential application such as in automobiles as it is transparent in the visible region. 

Finally, first steps to offset the electrical energy consumption in the switching was 

shown. By incorporation of a fluorescent dye into the switchable IR reflector 
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mixture, a luminescent solar concentrator can be fabricated in which the edge 

emission of the dye can be converted into electricity by a photovoltaic cell. In 

principle, such a window can be made transparent in the visible region[31] and the 

generated electricity can be used for assisting switching from the IR reflective to the 

transparent state. Overall this integrated study, combining experimental results with 

simulations, shows the great potential of switchable broadband IR reflectors for 

energy saving. 
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Appendix 

Table 1 Details and assumptions of the case study building. See [23] for a full 

description. 

  

Building description 

Window-to-wall ratio 48% 

U-value window 1.3 W m-2 K-1 

Opaque facade elements Heavyweight, insulation 

according to ASHRAE 90.1-

2010 

Room size 3.6 x 2.7 x 6.4 m3 

Emissivity value  0.05 

 

Conversion to primary energy 

Heating system efficiency 0.9 

COP heat pump 3 

Primary energy conversion 

factor 

2.5 

 

Building usage scenario 

Climate data TMY2 weather files 

Occupied hours 09:00 – 17:00 on weekdays 

Occupant heat loads 5.6 W m-2 

Equipment loads 13 W m-2 

Lighting power density 9 W m-2 

Heating and cooling set point 20 °C and 26 °C 
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Fig. 3S.7 Schematic diagram of the building used in simulation studies.  

 

Table 2 Window properties of the double glazing units in the simulations. 

 Type of Window  Tsol Tvis SHGC 

Reference 0.60 0.76 0.70 

Switchable IR reflector – 

transparent state 

0.59 0.72 0.68 

Switchable IR reflector – 

reflecting state 

0.48 0.69 0.56 

 

Tvis: Transmission in the visible region 

Tsol: Transmission in the whole solar region 

SHGC: Solar heat gain coefficient 

 

 

h= 2.7 m

w= 3.6 m

d= 6.4 m

Window (48% of the wall)
4.67 m2



 



 

 

Chapter 4 

Dual Responsive IR Reflector  
 

 

 

Abstract  

 

A broadband IR reflector based on a polymer stabilized chiral nematic liquid crystal 

has been fabricated. The reflection bandwidth can be manually controlled by an 

electric field and autonomously by temperature. The mechanism of changing the 

bandwidth from broadband to narrowband in the presence of temperature and electric 

field is also described.   

 

 

 

 

 

 

 

 

This chapter is reproduced from H. Khandelwal, G. Timmerman, M. G. Debije and A. P. H. 

J. Schenning, Dual electric and thermal bandwidth responsive broadband reflector, Chem. 

Comm., 2016, 52, 10109. 
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4.1 Introduction 

Stimuli-responsive photonic reflectors are the subject of widespread 

research.[1,2] In such systems, the reflection and transmission of light can be altered 

by exposure to stimuli including temperature,[3] light,[4–8] electricity,[9] mechanical 

stress[10] or chemicals.[11] This makes these reflectors interesting for a variety of 

applications ranging from battery-free optical sensors to smart windows for energy 

management.[12–15] For certain applications, however, it would be desirable to 

fabricate materials in which the reflection properties can be adjusted manually 

depending on user needs or autonomously upon environmental changes. Such dual 

responsive photonic reflectors have rarely been reported. 

Self-organized Ch-LCs are well-known responsive photonic reflectors.[16] 

Ch-LC narrowband reflectors have been reported which can broaden their bandwidth 

in presence of stimuli like electric fields,[17,18] temperature,[19] and light.[20] Few dual 

responsive narrowband reflectors which change their reflection position have been 

shown in the literature.[21–23] Recently, Lu et al. have shown that the bandwidth of a 

broadband ionic polymer reflector can be adjusted by applying both DC electric 

fields and temperature.[24] Diffusion of the chiral ionic polymer in presence of stimuli 

was used to create such dual responsive broadband reflector.    

As mentioned in chapter 3, a broadband infrared reflector using a flexible 

polymer stabilized Ch-LC that can be switched from a broadband reflective (planar) 

state to a transparent (homeotropic) state by applying an AC electric field was 

fabricated.[25] In this chapter, a dual responsive broadband IR reflector based on a 

flexible polymer network stabilized Ch-LC is reported. It is shown that using a 

specific polymer crosslink density, a broadband reflector can be fabricated whose 

reflection bandwidth can be reduced by more than 500 nm upon application of either 

an AC electric field or to elevated temperature. The polymer network is used to 

create the broadband reflector and stabilize the planar orientation of the nonreactive 
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LC component.[26,27] It is shown that the crosslink density is crucial for making dual 

responsive broadband reflectors. 

4.2 Materials and Methods  

 

Fig. 4.1 Molecular structure of the chemicals used for the fabrication of the dual-function 

broadband reflector.  

For the fabrication of our dual responsive bandwidth tunable broadband IR 

reflector, a similar chemical composition used in chapter 3 was used,[25] but with 

increased concentration of the crosslinker RM-82 (Fig. 4.1). The Ch-LC mixture 

consists of the nematic liquid crystal E7 (69.5 wt%), polymerizable chiral dopant 
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CD-267 (13.7 wt%), non-polymerizable chiral dopant CB-15 (12.1 wt%), 

crosslinker RM-82 (2.0 wt%), photoinitiator Irgacure-651 (1.2 wt%) and UV 

absorbing dye Tinuvin-328 (1.5 wt%). This mixture was used to fill ITO coated glass 

cells covered with antiparallel-rubbed polyimide layers with a cell-gap of 20.4 m. 

This resulted in a reflection notch centered at 980 nm with a bandwidth of 

118 nm (Fig. 4.2a (i) and 4.2b).  

4.3 Results and Discussion 

4.3.1 Fabrication of broadband reflector   

 

Fig. 4.2 (a) Diagram showing the change in pitch and crosslinking density upon 

polymerization; transmission spectrum of a cell (b) before and (c) after photopolymerization 

(inset: photograph of the sample after polymerization). 
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The broadband reflector was fabricated by generating a gradient in chiral 

dopant through photo polymerizing the mixture using low intensity of UV light for 

one hour at room temperature as described in chapter 3.[25,28,29] Due to absorption of 

UV by Tinuvin-328, a gradient of light was created throughout the thickness of the 

cell, with the intensity of UV light higher at the top side closest to the lamp compared 

to the bottom side. This causes the reactive mesogens (CD-267 and RM-82) to 

polymerize faster at the top than at the bottom side of the cell, causing depletion of 

these mesogens at the top, which resulted in diffusion of these mesogens from the 

bottom to the top of the cell. Hence, a concentration gradient of chiral dopant CD-

267 and crosslinker RM-82 was created. This also leads to generation of a pitch 

gradient throughout the thickness of the cell with a shorter pitch at the top, resulting 

in a broadband reflector with a reflection bandwidth of 620 nm (Fig. 4.2a (ii) and 

4.2c).  

4.3.2 Electrical switching of broadband to narrowband reflector  

Having fabricated the broadband reflector, the effect of AC electric field on 

the transmission spectrum was studied (Fig. 4.3a). No significant change in 

transmission was observed until a threshold electric field 2.2 V µm-1. Upon 

increasing the electric field from 2.2 V µm-1 to 8.5 V µm-1, the reflection% in the 

long wavelength region (around 1000-1400 nm) diminishes continuously. At 10.6 V 

µm-1, the long wavelength reflection disappeared completely, resulting in a 

narrowband reflector with a reflection bandwidth of 108 nm centered around 800 nm 

(Fig. 4.3b). Thus, a broadband which can systematically reduce its reflection 

bandwidth from 620 nm to 108 nm on application of electric field from 0 V µm-1 to 

10.6 V µm-1 is fabricated (Fig. 4.3c). Moreover, the switching from broadband to 

narrowband can be done multiple times without significant deviation in the reflection 

bandwidth (Fig. 4.3d). 
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Fig. 4.3 (a) Transmission spectra of the cell as a function of applied electric field at room 

temperature; (b) broadband to narrowband switching by applying 10.6 V μm−1; (c) change in 

the reflection bandwidth with increase in electric field from 0 V μm−1 to 10.6 V μm−1; (d) 

reversibility data showing the reflection bandwidth during on (0 V μm−1) and off (10.6 V 

μm−1) states over ten switching cycles; and (e) Diagram showing the proposed mechanism 

for the electrically bandwidth tunable broadband reflector. 

The narrowing in the reflection band on application of electric field can be 

attributed to a non-uniform distribution of the polymer density. As shown in Fig. 

4.3e (i), the polymer density is higher at the short pitch side (top side) compared to 
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longer pitch side (bottom of the cell) due to the polymerization induced diffusion. 

On application of E1 = 6.4 V µm-1, the Ch-LC with lower polymer density (at the 

longer pitch side) undergoes homeotropic reorientation, whereas Ch-LC embedded 

in the region with high polymer density remains unchanged (Fig. 4.3e (ii)). This 

causes a reduction in the reflection% in the longer wavelength region whereas the 

shorter wavelength reflection region remains undisturbed. On further increasing the 

electric field to E2 = 10.6 V µm-1, most of the polymer stabilized Ch-LC undergoes 

homeotropic reorientation, except in the most highly crosslinked Ch-LC side (shorter 

pitch length, Fig. 4.3e (iii)). This leads to disappearance of the longer wavelength 

reflection entirely and formation of a narrowband reflector at the shorter reflection 

edge.  
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Fig. 4.4 Transmission spectra of the broadband reflector with 3 wt% crosslinker 

concentration in the on and off state. 

It is important to note that upon further increasing the crosslinker 

concentration (RM-82, 3 wt%), the modification in the transmission spectrum is no 

longer as pronounced, as  higher crosslinked density requires higher electric fields 

(> 10.4 V µm-1) to attain homeotropic orientation (Fig. 4.4).  
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4.3.3 Temperature switching of broadband to narrowband reflector  

 

Fig. 4.5 (a) Transmission spectrum of the cell at different temperatures; (b) broadband to 

narrowband switching at 48 °C; (c) change in the reflection bandwidth on increasing the 

temperature from 20 °C and 80 °C; (d) reversibility data showing the reflection bandwidth 

can be switched multiple times between 30 °C and 50 °C; and (e) Diagram showing the 

proposed mechanism for thermal bandwidth tunable broadband reflector. 

The temperature response of the electrical responsive bandwidth tunable 

broadband Ch-LC reflector was also studied (Fig. 4.5a). At room temperature (20 
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°C), the Ch-LC broadband reflector has a bandwidth of 620 nm. As the temperature 

increases to 44 °C, the reflection% at the longer wavelength edge decreases whereas 

in the shorter wavelength region it remains the same. On increasing the temperature 

to 46 °C there is a sudden jump from broadband to narrowband at the shorter 

wavelength edge; a bandwidth of 170 nm centered around 820 nm was observed. On 

further increasing the temperature, the reflection band continues to narrow: a 

reflection bandwidth of only 80 nm is observed at 50 °C. The reflection band 

completely disappears at 100 °C. On cooling from 100 °C to room temperature, 

similar transmission behavior, as seen during heating, was observed (Fig. 4.6). 

Interestingly, this bandwidth change from 620 nm to ~80 nm on increasing the 

temperature from 20 °C to 80 °C (Fig. 4.5c) is similar to the electric field response 

(Fig. 4.5b versus 4.3b). The reflection bandwidth can be changed reversibly from 

approximately 588 nm to 80 nm on increasing the temperature from 30 °C to 50 °C 

without significant change in the transmission behavior (Fig. 4.5d). 
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Fig. 4.6 Transmission spectrum of the 2 wt% crosslinker broadband reflector on cooling from 

100 °C to room temperature. 

 

In order to better understand the temperature response of the broadband 

reflector, the effect of temperature on transmission spectrum of the uniformly 
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distributed polymer stabilized narrowband reflector was investigated (Fig. 4.7). To 

obtain a uniform distribution of the polymer network in the narrowband reflector, 

same LC mixture was polymerized, but this time the UV absorbing dye was excluded 

and photopolymerized using high intensity UV-light so that diffusion of the chiral 

dopant (CD-267) and crosslinker (RM-82) is minimized. Upon heating up the 

narrowband reflector, some narrowing in the reflection band from both the long and 

short wavelength edges, which might be due to a decrease in the birefringence of the 

Ch-LCs, was observed.[30] On further heating the sample, the reflection band 

completely disappears at 80 °C. These findings reveal that a homogenous polymer 

network having 2 wt% Crosslinker is able to uniformly stabilize the orientation of 

the non-polymerized LCs. The effect of the change in helical twisting power of CB-

15 and CD-267 at elevated temperature can be neglected,[31] as change in the position 

of the reflection notch upon heating was not observed (Fig. 4.7). Therefore, for the 

broadband reflector, the non-uniform distribution of the polymer density could be 

the main reason for narrowing in the reflection band in the short wavelength region.  
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Fig. 4.7 Temperature dependent transmission spectra of the uniformly distributed polymer 

stabilized narrowband reflector with 2 wt% crosslinker.  

As the temperature response is similar to the electrical response, the 

following underlying mechanism behind the observed narrowing of the bandwidth 
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of the broadband reflector at elevated temperatures is proposed (Fig. 4.5e). At higher 

temperatures (T1 = 48 °C), the least crosslinked Ch-LC region (at the bottom of the 

cell, cross link density < 2 wt%), becomes isotropic, whereas the higher crosslinked 

region (top of the cell, cross link density > 2 wt%) remains in the LC phase (Fig. 

4.5e (ii)). This results in the appearance of a narrowband reflector at the shorter 

wavelength side with a simultaneous disappearance of the long wavelength 

reflection band. On further increasing the temperature (T2 = 100 °C), the Ch-LC 

region with a higher polymer density also undergoes a phase change into the 

isotropic state (Fig. 4.5e (iii)) resulting in the complete disappearance of the 

reflection band. The non-uniform clearing temperature of the LC mixture throughout 

the thickness of the cell could be due to the difference in crosslink density between 

the top and bottom of the cell. The LC with high polymer network density provides 

stronger anchoring to the non-reactive LC, causing an increase in the isotropic 

transition temperature. This was confirmed with a narrowband reflector with 3 wt% 

crosslinker which was found to have a higher isotropic transition temperature 

compared to the narrowband reflector with 2 wt% crosslinker (Fig. 4.8). 
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Fig. 4.8 Temperature dependent normalized reflection of the narrowband reflectors with 2 

and 3 wt% crosslinker. This graph shows that isotropic transition temperature increases with 

an increase in the crosslinker concentration. 
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4.4 Conclusions 

In conclusion, a dual responsive broadband cholesteric reflector which can 

reduce its reflection bandwidth by more than 500 nm either upon application of an 

electric field or by changes in temperature was fabricated. A novel method has been 

developed by optimizing the concentration of the crosslinker where the reflection 

bandwidth of the broadband sample can be systematically reduced. Such findings 

can be used with other polymer stabilized liquid crystals to prepare dual responsive 

tunable photonic materials. The unprecedented manual or autonomous change in the 

infrared reflection makes these reflector interesting for application in heat 

controlling smart windows to maintain more comfortable climates within 

automobiles and buildings and improved growing conditions within greenhouses.[32] 
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Chapter 5 

Electrically Tunable IR Reflector 
 

 

 

Abstract  

A tunable infrared reflector has been fabricated using polymer stabilized cholesteric 

liquid crystals containing a negative dielectric anisotropic liquid crystal and a long 

and flexible ethylene glycol twin crosslinker. The reflection bandwidth of this 

prototype smart window can be tuned from 120 nm to an unprecedented 1100 nm in 

the infrared region upon application of only a small DC electric field, without 

interfering with the incident visible solar light. Bandwidth broadening was induced 

using very low operational power with acceptable switching speeds but only takes 

place in cells with specific gap thicknesses. Calculations reveal that between 8% and 

45% of the total incident solar infrared light can be reflected with a single cell. The 

infrared reflector can potentially be used as a smart window to maintain comfortable 

indoor temperatures throughout the year, simultaneously reducing reliance on 

artificial lighting, resulting in more than 12% reduction of building operation costs. 

 

 

 

 

 

This chapter is reproduced from H. Khandelwal, M. G. Debije, T. J. White and A. P. H. J. 

Schenning, Electrically tunable infrared reflector with adjustable bandwidth broadening upto 

1100 nm, J. Mater. Chem. A, 2016, 4, 6064. 
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5.1 Introduction 

 In chapter 3, fabrication of an electrically switchable broadband IR reflector,[1] 

has been demonstrated, based on a polymer stabilized positive dielectric anisotropic 

(cholesteric liquid crystal[2–6] that could be switched between two states, 

reflecting (planar) or transmitting IR light (homeotropic). Such reflectors were 

shown to have limited impact in seasons with more moderate temperatures like 

spring and autumn. Moreover, they required significant electric fields (8.6 V m-1) 

to switch from the reflective (planar) state to the transmissive (homeotropic) state, 

reducing the energy saving benefits of using these reflectors as a smart window.  

 This chapter describes the electrically tunable IR reflector which provides 

more control to the user to selectively reflect different fractions of infrared radiation 

without affecting the transparency in the visible region (400 nm to 700 nm), while 

only requiring low powers to operate. The design of this reflector is inspired by 

recent work of White and co-workers, in which the reflection bandwidth of visible 

light of a so-called polymer stabilized negative dielectric anisotropic ( 

cholesteric liquid crystal (Ch-LC) mixture was enhanced seven fold on application 

of 0 – 6 V m DC fields.[7] It was proposed that positive charge impurities trapped 

by the polymer network delocalized on application of a DC field causing 

enhancement in the reflection bandwidth.[8] In order to design a “smart tunable 

window” to control IR passage and reduce heating, cooling and lighting demands in 

the built environment, a new long and flexible ethylene glycol cross linker twin 

molecule was used. [9,10] (Fig. 5.1) This crosslinker improves the ability of the 

polymer stabilizing network to trap the positively charged ionic impurities while 

simultaneously reducing the cross link density of the polymer network. The result is 

a tunable IR reflector that can produce more than a nine fold enhancement in 

reflection bandwidth ranging from 120 nm to ~1100 nm while maintaining high 

transparency in the visible region. The bandwidth broadening can be induced using 

very low operational electric field (1.2 V m) and at relatively fast switching 
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speeds (few seconds); calculations reveal that between 8% and 45% of total incident 

solar IR light can be reflected using a single cell. This distinctive optical phenomena 

could be purposed as a smart window to maintain indoor temperature throughout the 

year while reducing reliance on artificial lighting, resulting in more than 12% 

reduction of building operation costs. 

5.2 Materials and Methods 

 

Fig. 5.1 Molecular structures of the chemicals used for the fabrication of the tunable infrared 

reflector. The Ch-LC mixture consists of 87 wt% of a −Δε nematic liquid crystal (MLC-

2079), 3.7 wt% and 3.6 wt% of chiral dopants S811 and S1011, 5 wt% of an ethylene glycol 

twin crosslinker and 0.7 wt% of photoinitiator Irgacure 369. 

 Fig. 5.1 shows the molecular structures of the chemicals used in the fabrication 

of the electrically tunable smart windows. The Ch-LC mixture was prepared by using 

87 wt% of the  nematic liquid crystal MLC-2079 (Merck), 3.7 wt% and 3.6 wt% 

of chiral dopants S811 and S1011 (Merck), respectively, 5 wt% of ethylene glycol 

twin diacrylate crosslinker (Philips Research Lab) and 0.7 wt% of the photoinitiator 



Chapter 5 

 

 

80 

 

Irgacure 369 (Ciba Chemicals). This mixture was used to fill 10 m and 50 m thick 

Indium Tin Oxide (ITO) coated glass cells with rubbed polyimide antiparallel layers 

by capillary action. Mixtures were photopolymerized by exposure to high intensity 

UV light (75 mW cm-2) at room temperature. Transmission spectra and transmission 

at single wavelength were measure using Perkin-elmer UV-Vis spectrophotometer 

(Lambda 750). The current flow measurement was carried out using Keithley 2400, 

where a constant voltage was applied to measure the current flow in the cell.  

5.3 Results and Discussion  

5.3.1 Fabrication of tunable IR reflector 

 In order to fabricate the tunable IR reflector, a cholesteric liquid crystal 

mixture similar to one reported earlier was used.[7] However, here a long ethylene 

glycol twin molecule was included to enhance the ability of the polymer stabilizing 

network to trap positively charged ionic species as well as allow for greater distortion 

of the network when subjected to electromechanical force. A nematic liquid crystal 

mixture MLC-2079 with negative dielectric constant (andn) was 

chosen so that the LC director remains in a planar orientation upon application of 

relatively low electric fields. The chiral dopant concentration was chosen such that 

the reflection notch of the Ch-LC was centered near 1000 nm. The LC mixture 

consisted of both reactive (polymerizable) and non-reactive (non-polymerizable) 

mesogens mixed with a photoinitiator (Irgacure 369).  

 The LC mixture was drawn into an glass cell with a 50 m gap by capillary 

action, and after photopolymerization, the resulting stabilized Ch-LC exhibited a 

reflection band centered around 998 nm (Pitch = 646.8 nm) with a bandwidth of 120 

nm. The transmission spectra of Ch-LC mixture in a 50 m cell upon application of 

DC electric fields is shown in Fig. 5.2a. At up to 25 V (threshold voltage), no change 

in the reflection band was observed. On applying DC electric fields from 25 V (0.5 

V m) to 60 V (1.2 V m), a continuous and nearly linear increase of the 

bandwidth was observed, increasing from 120 nm to 1090 nm. For example, 
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reflection bandwidth of 219 nm and 584 nm were observed on application of 30 V 

and 45 V, respectively. At higher voltages, the decreased fraction of incident light 

reflected could be due to the number of pitches not being sufficient to reflect fully 

50% of unpolarised light in the 1100 nm broadband infrared reflector. 

 

Fig. 5.2 (a) Transmission spectra of the Ch-LC mixture in 50 μm cell on application of 0–60 

V; (b) graph of the bandwidth of the Ch-LC with respect to the applied voltage per micron 

thickness of the cell. 

  

 

Fig. 5.3 Photograph of the IR reflector at various voltages demonstrating the transparency in 

the visible region. 

 In this chapter our interest is focused on maintaining transparency in the 

visible region, therefore applications beyond 60 V was not considered, as scattering 

of visible light increases due to the formation of the focal conic state. A more than 

0,0 0,2 0,4 0,6 0,8 1,0 1,2
0

200

400

600

800

1000

1200

B
a

n
d

w
id

th
, 


 (

n
m

)

Electric Field (V m
-1
)

400 600 800 1000 1200 1400 1600 1800 2000
0

20

40

60

80

100

T
ra

n
s
m

is
s
io

n
 (

%
)

Wavelength (nm)

   0 V

 25 V

 40 V

 50 V

 55 V

 60 V

(a) (b)

0 V 20 V 30 V

40 V 50 V
60 V



Chapter 5 

 

 

82 

 

nine fold increase of the bandwidth in the IR region was achieved upon application 

of an electric field of just 1.2 V mwhile maintaining relatively high transparency 

in the visible region (Fig. 5.3). The applied electric field (1.2 V m) required to 

achieve a nine fold enhancement in the reflection band (Fig. 5.2b) is much lower 

than that reported in previous efforts.[7]  

 

Fig. 5.4 Normalized schematic diagram to explain the different transmission behaviors 

between cells with smaller and larger cell gaps. The polymer network is depicted as a coil 

with a helical pitch that determines the wavelength of light that is reflected. Broadening or 

shifting of the reflection band depending on the cell gap (50 versus 10 μm, a and b, 

respectively) occurs on application of a potential across the cell.  

The inclusion of the long ethylene glycol twin crosslinker is the probable source of 

the improved performance.[7] Most likely, application of the DC field causes the 

positively charged ions to attract to and within the polymer stabilizing network, 

resulting in the distortion towards the negative electrode, compressing the cholesteric 

pitch (P-P) and repulsion from the positive electrode, expanding the cholesteric 

(a)

(b)

Compressed Pitch
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pitch (P+P).[8] Since the number of pitches in the larger gap cell (50 m) is 

relatively high (approximately 77), there are a number of pitches (near the center of 

the cell) which would be undisturbed on application of a relatively small electric 

field. The combination of compressed (P-P), expanded (P+P) and unchanged (P) 

pitches results in the formation of a broadband reflector (Fig. 5.4a).[11] It is interesting 

to note that asymmetric broadening in the reflection band was observed on 

application of DC field (Fig. 5.2a). This could be due to the increased difficulty in 

the extreme twisting and compression of the polymer network (P-P) at one side of 

the cell as compared to the unwinding and expansion (P+P) at the other. 

5.3.2 Electrical switching properties of tunable IR reflector 

 

Fig. 5.5 (a) Effect of 0 and 50 V on the transmission spectra of the Ch-LC cell and (b) 

measurement demonstrating reproducibility of the Ch-LC on repeated switching between 0 

and 50 V. (c) Effect of changing the bias applied to the cell on the transmission at 1150 nm 

in a 50 μm cell. 

0 600 1200 1800 2400 3000 3600

40

60

80

T
ra

n
s
m

is
s
io

n
 a

t 
1

1
5

0
 n

m
 (

%
)

Time (s)

0 V

50 V

0 100 200 300 400 500

40

60

80

+ 50 V- 50 V

T
ra

n
s
m

is
s
io

n
 a

t 
1

1
5

0
 n

m
 (

%
)

Time (s)

+ 50 V

0 100 200 300 400 500 600 700

40

60

80
50 V

0 V

T
ra

n
s
m

is
s
io

n
 a

t 
1

1
5

0
 n

m
 (

%
)

Time (s)

0 V

50 V

(a)

(c)

(b)



Chapter 5 

 

 

84 

 

The change in transmission at 1150 nm on application of 50 V was monitored, 

using Perkin-elmer UV-Vis spectrophotometer (Lambda 750), to study the time 

required to tune the reflection bandwidth. In the rest state (0 V) the tunable IR 

reflector shows 77% transmission at 1150 nm which decreases very rapidly on 

application of 50 V, before stabilizing at ~55% (in steady state) in about 80-100 

seconds (Fig. 5.5a). Subsequent removal of electric field demonstrated rapid 

recovery with gradual stabilization to 77% transmission in about 100-130 seconds. 

More detailed analysis of Fig. 5.5a revealed that the transmission at 1150 nm initially 

decreases rapidly before slowly increasing again on removing the electric field. This 

can be explained from Fig. 5.1a; where the reflection of the Ch-LC at 1150 nm is 

actually greater at 40 V than at 50 V. Removal of the electric field allows the polymer 

network at 50 V to relax, pass through the intermediate, high reflection state before 

the effective 'memory state’ of the crosslinked matrix manifests itself, whereupon 

the transmission spectrum returns to the initial state. Fig. 5.5b shows that the tunable 

IR reflector can be switched reversibly from rest state to broad reflection (at 50 V) 

state without significantly affecting its transmission properties. The relatively short 

time required by the Ch-LC to change from the rest state to a broad reflection state 

(at 50 V) is adequate for using the tunable IR reflector for smart window 

applications. 

 The effect of changing the polarity of the electric field on the cell 

transmittance was also studied (Fig. 5.5c). As shown earlier, application of +50 V 

resulted in a decrease in transmittance of the Ch-LC at 1150 nm to 55%. On inverting 

the polarity of electric field from +50 V to -50 V, it was observed that transmittance 

first increased (74%) and then decreased before reaching the steady state. A similar 

observation was seen upon further reversal of the polarity from -50 V to +50 V. This 

behavior suggests that upon changing the polarity, the electromechanically deformed 

polymer network first passes through the conformation found in the rest state (0 V), 
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enhancing the transmittance at 1150 nm before further deforming towards the 

opposite electrode, leading to a decrease in transmittance.  

5.3.3 Effect of cell thickness 

 

Fig. 5.6 (a) Transmission spectrum of the Ch-LC mixture upon application of 0–60 V (note: 

the oscillations seen at long wavelengths are due to interference effects of the cell) and (b) 

change in notch position as a function of the applied electric field in a 10 μm cell.  

The same liquid crystal mixture was studied in a 10 m cell (ITO coated, 

polyimide rubbed anti-parallel cell) to determine if the cells can also be used with a 

narrower gap so that less material is needed. Fig. 5.6a shows the transmission spectra 

of the 10 m Ch-LC cell upon application of DC electric fields. Remarkably, in 

contrast to the transmission behavior of the 50 m cell, predominantly a red shift in 

the position of the reflection band from 995 nm to 1545 nm (Fig. 5.6b) was observed, 

with only a modest increase of the bandwidth of the reflection band on application 

of the DC field from 0 V to 60 V (6 V m-1). Apparently, application of threshold 

voltage (V>25 V) affects all the pitches (including those in the middle of the cell), 

as there are only a few pitches (approximately 15). Most likely, the polymer network 

near the electrode deforms the most by the electromechanical forces. As the total 

number of pitches remains constant on application of electric field,[12] there must be 

a few pitches which are compressing (P-P) and therefore the rest of the pitches 

could expand (P+P) which leads to a red shift in the position of the reflection band 
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(Fig. 5.4b). The number of pitches which compresses should be less as any 

compressed pitches (blue shifted reflection band) in the transmission spectrum (from 

400-2000 nm) was not observed. It is interesting to note the electric field across the 

cell required to shift the spectrum in the cells with the 10 m gap was greater than 

that required to broaden the reflection band in the cells with the 50 m cell gap 

(compare Fig. 5.6b to 5.2b). Our results reveal that for making our IR reflector with 

adjustable bandwidth broadening a certain minimum cell gap thickness is required, 

if the same experimental conditions are used.[13,14] 

5.3.4 Energy saving by tunable IR reflector 
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Fig. 5.7 Current flow in the 50 μm cell in the presence of DC 50 V. 

To evaluate if the electrically tunable IR reflector can be potentially used as a 

smart window to save energy the power needed to switch the Ch-LC cell from 0 V 

to 50 V was calculated. Fig. 5.7 shows an exponential decay in the current flow on 

application of 50 V. The current reaches the steady state after 300 seconds. The 

power (P) consumption on application of 50 V could be calculated as: 

P = V × I 
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where the voltage (V) is 50 V and current (I) is 1.57 µA in steady state (2.5 cm × 2.6 

cm cell). The total power consumption to switch and maintain the window in a broad 

reflection state from the rest state is only around 0.12 W m-2. The potential impact 

on energy savings of using the tunable IR reflector in the built environment was 

calculated based on our earlier reported switchable IR reflector[1], yielding a control 

over 8% to 45% of total incident solar IR light (Table 1 in Appendix). The power 

needed to operate the IR reflector as a smart tunable window throughout the year is 

very low (Appendix). A simple calculation (Appendix) where it was assumed that 

the performance of “tunable smart window” was at least as good as our switchable 

IR reflector[1] (chapter 3) predicts that the minimum amount of energy saved in 

heating and cooling in office spaces, including the energy cost to switch and maintain 

the window in particular state, is 12.2% (15.34 kWh-1 m-2 yr-1) compared to a 

standard window employing double glazing. 

5.4 Conclusions 

 The fabrication of electrically tunable IR reflectors using a long, flexible 

ethylene glycol crosslinker twin molecule has been demonstrated. Through 

molecular design, it was shown that an unprecedented 1100 nm broad reflection band 

can be achieved within 1-2 minutes on application of only a small electric field (1.2 

V m-1), making this reflector effective for the use in energy saving smart windows. 

The new design provides direct control to the user, allowing bandwidth adjustable 

selective reflection ranging from 120 to 1100 nm of infrared light to avoid both 

overheating and cooling, reducing extra energy expenditures. The IR reflector 

produces a broad reflection band in cells with a large cell gap and a red shift in the 

reflection position in cells with smaller gaps on application of an electric field. A 

simple calculation has shown that at least 12% of a standard building’s energy usage 

can be saved by using this smart tunable window. Further improvements are possible 

by forming a ‘double cell’ arrangement to allow reflection of both right- and left-

circularly polarized light: the current design is restricted to reflecting one-
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handedness. The application of smart windows is not limited to the built 

environment: there is also an enormous potential of such smart window in 

automobiles, as a significant amount of fuel energy that is spent on cooling and 

heating the car interior can be saved. 
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Appendix 

 

Table 1. A rough estimate of different fractions of infrared light that may be 

reflected on application of different voltage.  

 

Applied voltage Amount of one handedness (50%) 

of IR light (from 700 nm to 4000 

nm) reflected using smart tunable 

window 

 

0 V 8.06 % 

10 V 8.06 % 

15 V 8.06 % 

20 V 9.14 % 

25 V 10.13 % 

30 V 12.05 % 

35 V 16.83 % 

40 V 22.47 % 

45 V 28.97 % 

50 V 34.82 % 

55 V 40.81 % 

60 V 45.40 % 

 

Calculation for energy savings 

In chapter 3 it was shown that the benefit of energy savings using a smart 

window in the built environment is optimum in the climate which has significant 

climate variation between summer and winter.[1] Therefore, to study the impact of 
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smart tunable window in a Madrid, Spain climate condition was chosen. Here, 

calculations shows the energy that could be saved by electrically tunable smart 

window including the power needed to run and maintain the device, by assuming 

that the performance of smart tunable window is at least as good as switchable IR 

reflector. [1] 

 The amount of energy that is spent in the office building on heating, cooling 

and lightning using the standard double glazing window= 126.1 kWh -1 m-2 yr-1 

 Energy saved by the electrically switchable window excluding the power 

needed to run the window =  15.5 kWh -1 m-2 yr-1 = Energy saved by the smart 

tunable window excluding the power needed to run the window (assumption, as 

the band width of the light reflected in both the cases are same) 

 Number of hours spent by smart window in broad reflection state:  ~1300 hours 

 Energy consumption in a year to run and maintain the tunable window : 

= Power required by the window (see chapter) × no. of hours to run the window 

in a year  

= 0.1207 × 1300 Wh -1 m-2 yr-1 

= 0.157 kWh -1 m-2 yr-1  

( ~ 0.1% of the total power spent in a year on heating, cooling and lightning) 

 Total energy saving using electrically tunable smart window including the 

power needed to run the window is : 

= (energy saving – power needed to run the window) 

= (15.5 - 0.157) kWh -1 m-2 yr-1 

 =15.34 kWh -1 m-2 yr-1  

(12.2% of total energy consumption) 

Hence, above calculation shows at least 12% of the energy can be saved on cooling, 

heating and lighting in the built environment on using smart tunable compared to 

standard double glazing window.  
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Abstract  

This chapter describes the fabrication of temperature responsive IR reflectors on 

flexible single substrates using a photo-enforced stratification method. A blue shift 

of 400 nm in the infrared region was demonstrated upon increasing the temperature 

from room temperature to 100 °C. Such responsive IR reflectors on flexible 

substrates could be used for the retrofitting of existing windows to save energy used 

for heating and cooling in buildings, greenhouses and automobiles.  
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6.1 Introduction  

 In previous chapters, various responsive IR reflectors whose transmission 

properties can be tuned manually, have been fabricated. Depending on the 

environmental conditions they can be switched on or off by means of an electric 

field.  Simulation studies showed that more than 12% energy could be saved using 

these windows installed in the built environment.[1] However, the limitations of these 

technologies are that the materials must always be placed between two glass plates 

(in cell architecture). So, to use these technologies, existing windows need to be 

replaced, which would increase the costs of the window installation and may not be 

practical or feasible in some instances. Therefore, responsive coatings for retrofitting 

of existing windows to save energy on heating and cooling are highly desirable.  

 In the last decade, several photonic coatings for diverse applications ranging 

from food to biomedical industries have been developed.[2] A few attempts have also 

been made to design similar coatings for window applications. Coatings based on 

oligomer based siloxane cholesteric flakes have been fabricated to reflect narrow 

bandwidths of light in the visible range.[3] A broadband infrared reflecting coating 

using cholesteric side chain liquid crystal polymers has also been developed.[4] 

However, most of the methods developed so far either absorb incident light in the 

visible region or are static reflectors in nature.  

 Penterman et al. have developed a coating of a non-reactive, low molecular 

mass nematic LC on a rigid glass substrate by using a photo enforced stratification 

process.[5] Inspired by this work, this chapter describes preliminary results for the 

fabrication of low molecular mass Ch-LC coatings, but now formed on flexible 

substrates using similar methods. A temperature responsive polymer coating which 

undergoes a blue shift of 400 nm in the infrared region at elevated temperature was 

also developed.  
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6.2 Materials and Methods 

 

Fig. 6.1 Molecular structures of the chemicals used for fabrication of Ch-LC-reflector on 

flexible substrate. 

 Fig. 6.1 shows the molecular structures of the chemicals used for the 

fabrication of cholesteric reflectors on flexible substrates. Mixture 1 consists of 46.8 

wt% nematic liquid crystal MLC-6653 (Merck), 44.5 wt% Isobornyl methacrylate 

(IBMA, Sigma Aldrich), 4 wt% of Bisphenol A dimethacrylate (BPAMA, Sigma 
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Aldrich), 4 wt% of chiral dopant S1011 (Merck), 0.4 wt% of photoinitiator Irgacure 

819 (Ciba Chemicals) and 0.3 wt% of UV absorber Tinuvin-328 (Ciba Chemicals).  

 Mixture 2 used for fabrication of temperature responsive IR reflector on single 

substrate consists of 36.3 wt% nematic liquid crystal MLC-6653, 43.7 wt% 

Isobornyl methacrylate (IBMA), 3.7 wt% of Bisphenol A dimethacrylate (BPAMA), 

15.2 wt% of temperature responsive chiral dopant TCD (Philips Research Lab), 0.5 

wt% of photoinitiator Irgacure 819 and 0.6 wt% of UV absorber Tinuvin 328.   

6.3 Results and Discussion  

6.3.1 Fabrication of cholesteric reflector 

To obtain the coating of low molecular mass LCs on a single substrate, the 

composition of the mixture was chosen such that it consists of almost equal amounts 

of cholesteric liquid crystalline material (MLC-6653 doped with S1011/TCD) and 

polymerizable isotropic monomers (IBMA and BPAMA). Nematic liquid crystal 

MLC-6653 and chiral dopant S1011 were used to generate the cholesteric phase to 

reflect light of specific wavelengths. Here, the concentration of the chiral dopant was 

chosen such that the reflection band is in the visible range so that the formation of 

the reflector can be seen by the naked eye. The position of the reflection notch could 

be varied to the near infrared range by reducing the concentration of the chiral 

dopant.[6] Isobornyl methacrylate was chosen as it is a non-volatile, low-viscosity 

polymerizable monomer and is transparent to visible light after polymerization. The 

glass transition temperature of poly-(IBMA) is 110 °C, which is sufficiently high to 

use this polymer as a hard top coating. Bisphenol A dimethacrylate (BPAMA) was 

chosen to crosslink the poly-(IBMA) chains to enhance the rigidity of polymer 

coating. UV- absorber Tinuvin-328 was used to create a UV intensity gradient 

throughout the thickness of the film and photo-initiator Irgacure-819 was used to 

initiate the photopolymerization of the reactive mesogens.    
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Fig. 6.2 (a) Diagram showing the mechanism used to fabricate the coating via photo-enforced 

stratification (Reproduced with permission from [5]). Transmission spectra of (b) the LC 

coating on a polycarbonate foil before polymerization, (c) the LC coating on the 

polycarbonate foil after polymerization, and (d) a cell containing only LC and chiral dopant 

with same (92.1 wt% of MLC-6653 and 7.9 wt% of S1011) composition as in the coating. 

(e) Photographs of the coating on the polycarbonate foil (i) before polymerization, (ii) after 

polymerization, with (iii) showing the flexibility of the sample and (iv) after unbending the 

foil. (These coatings are 3.5 cm in diameter after polymerization) 

As shown in the schematic diagram in Fig. 6.2a, the mixture was coated on 

the flexible polycarbonate substrate using the bar coating technique. The substrate 

was used directly, without any alignment layer or chemical treatment. The thickness 

of the coating was measured to be ~30 m using interferometry. The substrate was 

then placed in nitrogen environment at 45 °C and illuminated with 365 nm UV-light 

(LED lamp) for 20 mins. During this illumination, a UV light gradient was created 
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throughout the thickness of the film due to absorption of UV light by Tinuvin-

328,[7,8] resulting in  higher intensity of the light at the top (closer to lamp) than at 

the bottom of the coating. This causes faster polymerization of the reactive 

monomers (IBMA and BPAMA) at the top of the coating than at the bottom of the 

coating, leading to depletion of reactive molecules at the top and thus causing a 

concentration-driven diffusion of these molecules from the bottom to the top of the 

coating. During polymerization, the solubility of poly-(IBMA-BPAMA) 

continuously decreases, and finally it phase separates from the rest of the 

components, resulting in the formation of a polymer layer close to the lamp side, 

leaving the rest of the Ch-LC components underneath, similar to as reported 

previously.[9] In this way, two layers are formed (a Ch-LC and polymer layer) during 

this photo-enforced stratification process.[9]  

Fig. 6.2b and c show the transmission spectra of the coating before and after 

polymerization, respectively. The transmission spectrum shows that the coating is 

transparent to the light before polymerization (Fig. 6.2b). This may also be seen in 

the photograph of the sample (Fig. 6.2e (i)). After carrying out the photo-enforced 

stratification process, a reflection band centered at 610 nm was observed (Fig. 6.2c). 

The color of the coating changes from transparent to red upon polymerization (Fig. 

6.2e (ii)). This reflection band is almost at the same position (λo= 570 nm) if the same 

percentage of the chiral dopant was incorporated in the nematic host (Fig. 6.2d). A 

small difference of 40 nm in the position of the reflection notch could be due to 

interaction of Ch-LC molecules with the other components in the coating mixture. 

From Fig. 6.2e (iii) it is also interesting to note that this coating is flexible and can 

be twisted in any shape without damaging its optical properties. A green colour at 

the edge upon twisting is due to the angular dependence of the Bragg-like 

reflector[10,11] which return back to its initial red colour upon unbending the foil (Fig. 

6.2e (iv)). 
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6.3.2 Time dependent microscopic study  

 

Fig. 6.3 Polarised optical microscopy images of the coating after illuminating 365 nm light 

from 0 to 10 minutes.  

To further understand the method of formation of the two layers from a 

single applied coating, time dependent appearance of birefringence upon 

illuminating light was studied. Fig. 6.3 shows polarized optical microscopy images 

under cross polarizers. Initially (at t = 0 min), the coating is black under cross 

polarizers due to its isotropic nature before polymerization (Fig. 6.2e (i)). After 2 

minutes of exposure to UV-light, the coating becomes birefringent and small 

droplets were observed. This could be due the phase separation of LC molecules 

from the polymer materials causing birefringence in the coating. Within 10 minutes 

illumination, the droplets coalesce with other droplets and form a continuous layer. 

This could be due to the formation of stratified LC and polymer layers. After further 

illumination of UV-light, no additional changes in the microscopic image were 

observed. 
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6.3.3 Fabrication of temperature responsive IR reflector 

 

Fig. 6.4 Transmission spectra of a stratified coating of mixture 2 containing temperature 

responsive chiral dopant on polycarbonate foil upon (a) heating and (b) cooling.  

With an aim to use this coating on windows to save energy in the built 

environment by selectively reflecting excess infrared radiation dependant on 

environmental conditions, a temperature responsive coating was fabricated. Inspired 

from the previous report by Yang el. al[12] temperature responsive chiral dopant 

(TCD, Fig. 6.1), whose helical twisting power (HTP) increases upon increasing 

temperature, was incorporated in mixture 2.  The coating was fabricated using the 

method described above. The amount of chiral dopant was chosen such that the 

reflection band is centered (λo = 1500 nm) in the short solar energy wavelength 

region. As shown in Fig. 6.4a, on heating the coating from 24 °C to 100 °C, a 400 

nm reflection band blue shift was observed. This coating can be reversibly cooled to 

room temperature to attain the original reflection band (Fig. 6.4b). It is also important 

to note that once the coating was heated to the isotropic state, reflection band was 

completely lost and it could not be recovered. This could be due to realignment of 

the LCs in focal conic state upon cooling the reflector from isotropic state. The exact 

mechanism of such temperature responsive chiral dopant has not been reported. A 

detail study is in progress.   
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As a control, temperature dependent studies of the previous coating with 

mixture 1 were carried out. The chemical composition of the temperature responsive 

coating is similar to mixture 1 except the chiral dopant. Upon heating up the coating 

from 20 °C to 110 °C, some narrowing in the reflection band was observed. This 

narrowing from both the long and short wavelength edges could be due to a decrease 

in the birefringence of the Ch-LCs.[13] On further heating the sample, the reflection 

band completely disappears at 120 °C. These results are in contrast to the coating of 

mixture 2 suggesting that blue shift in reflection band in the coating of mixture 2 is 

due to presence of temperature responsive chiral dopant TCD.  

 

400 500 600 700 800
0

20

40

60

80

100

T
ra

n
s
m

is
s
io

n
 %

Wavelength, nm

   20 
o
C

   45 
o
C

   60 
o
C

   90 
o
C

 105 
o
C

 110 
o
C

 120 
o
C

 

Fig. 6.5 Temperature dependent transmission spectra of the stratified coating of mixture 1 on 

polycarbonate foil containing S1011 as the chiral dopant. 

6.4 Conclusions 

Photo-enforced stratification was used to fabricate a coating of low 

molecular mass molecules on a flexible substrate. This resulted in a polymer layer 

on top of a low molecular weight Ch-LC mixture. A temperature responsive IR 

reflecting coating which undergo a blue shift of 400 nm in the infrared region at 

elevated temperatures could be fabricated. Such responsive coatings could be used 

for the retrofitting of the existing window so that excess solar radiation can be 
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reflected depending on the external environmental temperature conditions, and 

hence energy spent on heating and cooling could be saved. Higher energy (lower 

wavelength region) solar radiation could be reflected at higher temperature, whereas 

this same light could be allowed to enter indoor places in lower external temperature 

conditions, so that indoor temperature could be maintained. However, the mixture 

composition still needs to be optimized to tune the transition temperature 

appropriately to be able to use these coatings for real applications. The energy saving 

could be further improved by coating opposite handedness film on other side so that 

both polarization of light could be reflected.  
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Chapter 7 

Technology Assessment 

 

Abstract  

 

In this chapter, approaches to further improve the efficiency of the IR regulating 

windows whose fabrication have been shown in this thesis, are discussed. A 

significant enhancement in energy savings could be made in buildings, greenhouses 

and car interiors by further optimizing the methods that are described in this chapter. 

Challenges which need to be addressed to make these IR regulating windows 

commercially viable, are also discussed.   

 

 

 

 

 

 

 

 

 

 

 

This chapter is partially reproduced from H. Khandelwal, A. P. H. J. Schenning and M. G. 

Debije, Infrared regulating smart window based on organic materials, Adv. Energy Mater., 

2017, 1602209. 
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7.1 Introduction 

Currently, several companies are working to develop both privacy and 

infrared reflection based smart windows. Low emissivity coatings (e-coatings) for 

windows have already been in market for several years. These coatings block the 

transfer of radiant heat from one side to the other side of the window and thus help 

in maintaining the indoor temperature.[1] BASF has developed a static IR reflecting 

coating which is transparent to visible light and reflects near infrared light. SABIC 

Specialty Film and Sheet, FUJIFIM and 3M (Prestige 90) have also developed 

films/sheets which can block infrared radiation. Raven Window has developed a 

technology where window transits to tinted state (absorbing visible light) to block 

solar heat at higher temperature and remain transparent at lower temperature. Merck 

Window Technology has developed dye doped nematic LC based smart windows 

that can tune their absorption or transparency on application of an electric field. 

These examples demonstrate the intense commercial interest in these sun light 

control systems. However, most of the technologies developed by companies are 

either static in nature or absorb light in the visible region.  

In the previous chapters, using the properties of Ch-LC materials, a proof of 

principle to fabricate stimuli responsive windows and coatings for the retrofitting of 

existing windows have been demonstrated. However, this technology could be 

further improved to enhance energy savings in heating and cooling. This chapter will 

briefly describe methods to further improve the efficiency of IR regulating windows. 

The challenges to scale up the window from laboratory sample size to large window 

size are also discussed. The impact of IR regulating windows in buildings has already 

been detailed in previous chapters. Here, the influence of these windows in 

greenhouses and automobiles are also demonstrated.  
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7.2 Improve the efficiency of the window  

7.2.1 Broadband IR reflector reflecting both polarization of light   

As discussed in the previous chapters, there are several advantages of using 

Ch-LCs for window applications but one of the main limitations of existing Ch-LC 

based technologies is that they reflect only one polarization of light, which leads to 

a maximum of 50% reflection of unpolarized light. Reflection can be improved to 

100% by using two films of opposite handedness or inserting a halfwave plate 

between the same-handed films, as shown in chapter 2.[2,3] Few methods have also 

been developed to enhance the reflection past 50% in a single film. One example is 

using thermal helicity inversion of the chiral dopant;[4,5] in this system, a chiral 

dopant is used that changes its handedness upon heating. A second example is using 

a wash-out procedure where non-polymerizable LC is removed from a lightly-

crosslinked LC cholesteric polymer network, and the resulting empty space is 

refilled with cholesteric forming LCs with the opposite handedness.[6–8] So far, using 

these methods either narrow band reflector or a static broadband reflector are formed.   

First steps were taken to fabricate the broadband IR reflector reflecting both 

polarization of light (100% of unpolarised light) using the washed out and refilling 

method. The broadband reflector was fabricated based on the mechanism described 

in chapter 3. Non polymerizable LC mesogens were washed out and refilled with LC 

mixture of opposite handedness. As shown in Fig. 7.1, crosslinker concentration 

plays a very important role in refilling LC materials and hence in the fabrication of 

the broadband 100% reflector. Fig. 7.1c shows that the reflection band of the cell 

after refilling with LC mixture of opposite handedness is broad (~ 480 nm) from 100 

to 50 transmission% and narrow (~ 220 nm) from 50 to 0 transmission%. The broad 

reflection band corresponds to the polymer network gradient whereas narrow 

reflection band corresponds to uniformed pitched LC of opposite handedness. The 

transmission in the visible region could be further improved by optimizing 

crosslinker concentration. Switching of the broadband reflector from planar 
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(reflection state) to homeotropic state (transparent state) could be done only upto a 

certain polymer density: at higher polymer density a higher voltage is required to 

switch the reflection band to the transparent state. Therefore, an optimum polymer 

concentration should be researched to fabricate a responsive broadband 100% 

reflector.  

 

Fig. 7.1 Transmission spectra broadband reflector after refilled with opposite handed Ch-LC 

mixture. (Legend shows the amount of crosslinker used in the mixture). 

7.2.2 Angle dependent reflection band    

Reflection properties of Ch-LCs, similar to all standard Bragg reflectors, are 

incident angle dependent. In chapter 2, a blue shift of 140 nm was observed at an 

incident angle of 60°.[2] This may cause a pinkish color to be visible from the window 

at steep incident angles. Therefore, polymer stabilized Ch-LC particles could be a 
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good alternative to reduce the angular dependency of reflection based smart 

windows, as the incident light is always at the normal angle to the spherical Ch-LC 

particle.[9] Another advantage of using polymer stabilized Ch-LC particles is that 

they do not require an alignment layer on the substrate used to fabricate the device. 

Moreover, they can be easily scaled up in large quantities for effective commercial 

application compared to the polymer stabilized cholesteric films.[10] These particles 

could be dispersed in a polymer matrix and applied as a coating for existing 

windows. Ch-LC particles should be further researched to make them stimuli 

responsive and reflect in the infrared region so that these could be used for energy 

saving window applications.  

7.2.3 Power consumption in switching the window 

To reduce the power consumption of various electric field responsive 

cholesteric-based LC windows, an energy generating window could be a good 

option.[11,12] Most of the reported organic and inorganic materials based energy 

generating window absorb in the visible region.[13–16] Many energy generating 

windows relied on luminescent dye absorbing incident light and re-emitting it at a 

longer wavelength, based on the principle of luminescent solar concentrator. As 

shown in chapter 3, in this modified device, rather than deploying fluorescent dyes 

in the nematic LC host, the fluorophores are instead introduced into a polymer 

stabilized broadband IR reflecting Ch-LCs.[17] It was demonstrated that the visible-

light control aspects of the dye are preserved (and thus the potential to generate an 

electrical current), as is the ability to control IR light. To make this device 

commercially viable the level of visible light control needs to be improved.[18,19] It is 

also important to show significant potential for electricity generation (at least enough 

to switch the window) by using IR dyes which are fairly transparent in the visible 

region.[20] In chapter 5, it was calculated that the amount of energy that needs to be 

generated to obtained self-powered ‘smart tunable windows’ should be at least 157 

Wh-1 m-2 yr-1.[21] With simple calculation, it was demonstrated that with efficiency of 
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1.06 %, the window could be made self-powered (Appendix). This should be fairly 

feasible as in literature the efficacy of LSC have been reported upto 7.1%. [22,23] 

Another future application would be to design the bistable windows.[24] Bistable 

systems consume energy only to switch from one state to another and no energy is 

required to remain in any one state.[24–29] These IR reflecting smart windows should 

be further researched to be bistable so that energy spent, in switching the window 

from one state to the other state and in maintaining in one particular state, could be 

saved.  

7.2.4 Responsive IR reflecting Coatings  

It may not be feasible for everyone to replace their existing windows with 

the IR regulating windows. Therefore, there is a great need to develop coatings for 

retrofitting of existing windows. In chapter 6, the fabrication of the temperature 

responsive coating on a flexible substrate, which eventually could be coated directly 

on existing windows, have been demonstrated. One of the main limitations with this 

method is that it only reflects narrow bandwidth of the infrared light which may have 

only limited impact on energy savings. Therefore, a responsive broadband IR 

reflecting coatings which can directly be coated over existing windows should be 

further researched. Other polymer based coatings for windows, such as using 

dispersed cholesteric flakes reflecting IR light, and siloxane based responsive 

broadband reflectors are also interesting aspects for further exploration.[30]  

7.3 Challenges in scaling up the IR reflecting window  

7.3.1 Size of the window 

IR regulating window technologies which were discussed in previous 

chapters were fabricated to a maximum size of 5×5 cm2. It is a challenging task to 

scale up the size of the window from laboratory prototype size to real window size  

(> 30×30 cm2). We have taken some first steps toward scaling up of electrically 
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switchable IR reflecting window (based on Chapter 3) with the help of Merck 

Window Technology. Several parameters were optimized before making this 

window. These include, among other aspects, thickness of the glass plates, amount 

of UV absorber, cell gap and mixture composition.  

 

Fig. 7.2 Transmission spectra of the window (a) before polymerization and (b) after 

polymerization. (C) Photographs of the fabricated 30 × 30 cm2 window.  

Fig. 7.2a shows the transmission spectrum of the large size window before 

polymerization. Similar to previous results described in chapter 3, it shows a narrow 

reflection band centered around 950 nm with a bandwidth of 120 nm. After 

illuminating the window with UV-light for 1 hour, a broadband infrared reflector 

was formed (Fig. 7.2b). This shows that it is in principle possible to make polymer 

stabilized broadband IR reflector on a large scale. Although, the transmission in the 

visible region appears to be high, the window is hazy (Fig. 7.2c). This was probably 

due to presence of air pockets throughout the window. While vacuum filling the 
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mixture, some part of the cell remained unfilled, so upon removal of vacuum, LC 

mixture moved to unfilled part causing non-uniform distribution of LC materials 

throughout the cell. This causes scattering of light and results in haziness of the 

window. The transparency of the window could be improved by optimizing the 

vacuum filling method. 

7.3.2 Long term stability  

Thermal stability: To use for outdoor application, the switchable light control 

windows need to be stable over a wide temperature range for long duration of time. 

So far, to the best of our knowledge, no in-depth study has yet probed this question. 

Other liquid crystal based devices have solved these problems to a large extent: for 

example, large area LCD screens designed for outdoor use are in the marketplace. 

This gives some confidence that stability challenges to be faced in the emerging 

smart IR window industry could be similarly addressed. 

UV Stability: Degradation of polymer materials in presence of light has already been 

known in the literature.[31] Acrylic based polymers, which were used for the 

fabrication of IR reflectors, have also been known to degrade in presence of 

light.[32,33] This would decrease the window lifetime via decomposition of the 

polymer materials. Simplest solution to increase the life time is to use these windows 

as an interior pane so that some of the UV light (λabs< 290 nm) is absorbed by the 

outer (ITO coated) glass pane. UV absorber (Tinuvin, λabs< 400 nm) was added in 

the mixture to fabricate broadband IR reflecting based windows described in this 

thesis. There is also other advantages of using UV-absorber in the mixture. As it 

absorbs UV light, it reduces the exposure of the polymer materials to UV light and 

hence prevents degradation of the polymer materials. Tinuvin have been known in 

literature for their stability due to intra-molecular hydrogen bonding. [34,35] However, 

a more detailed study about the stability of UV absorber in these windows should 

also be carried out.  
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7.4 Payback time 

With current energy saving by the smart windows, based on chapter 5, the 

payback time is approximately 17.5 years (Appendix). This payback time could be 

further improved by increasing the efficiency of the windows and reducing the cost 

of fabricating the windows. It is also very important to note that direct correlation of 

energy saving to currency is not a fare comparison. One also has to calculate the 

money saved in less energy generation and most importantly, environmental impact 

due to less CO2 emission. The increase productivity of the building occupant due to 

comfortable indoor temperature is also an additional benefit.      

7.5 Application of the IR reflecting smart window  

In this thesis, the fabrication of responsive IR reflectors and their impact on 

the built environment have been discussed in detail. It was demonstrated that an IR 

tunable smart window (chapter 5) could potentially save more than 12% energy spent 

on heating and cooling.[21] Since IR regulating smart windows are transparent in the 

visible region, it provides an extra benefit of saving energy on lighting by 

maintaining indoor natural illumination. This energy saving could be significantly 

increased by reflecting both polarization of light and reducing the power needed to 

switch the window from one state to another, as discussed earlier. It should be noted 

that the energy savings are based on theoretical calculation and it would be desirable 

to experimentally test if the calculated numbers can be achieved. 

The use of a smart window is not limited to buildings: they could also have 

a huge impact on energy savings in greenhouses. For example, the energy spent on 

greenhouses is 82% of the total energy spent on agriculture in the Netherlands in 

2009.[36] Previous reports have shown that a significant energy consumption could 

be reduced by changing the transmission properties of the glass in greenhouses.[37] 

Infrared regulating smart windows are a good alternative to tune the transmission 
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properties of greenhouse glass. By using smart windows, excess solar radiation could 

be reflected at higher temperature, whereas at lower temperatures this light may be 

allowed to enter so that indoor greenhouse temperature could be maintained. These 

windows would also reduce the use of ventilators, which are generally used to 

regulate the temperature of current greenhouses. A decrease in the use of ventilations 

will further reduce energy consumption in greenhouses. The use of IR reflecting 

windows could also be envisioned in the automobile industry. For example, air-

conditioners in cars could use up to 50% of the vehicle’s total power consumption, 

depending on the model, climate and driving style.[38] Hence, if standard windows 

are replaced by IR regulating smart windows, a significant amount of energy spent 

on fuel to maintain car interior temperature could be saved. This will ultimately help 

in improving the fuel economy and therefore, will also reduce the emission of 

greenhouse gases like CO2. 

7.6 Conclusions 

This thesis has described the development of a variety of polymer based 

responsive IR reflectors having a high transparency in the visible region of 

electromagnetic spectrum. The reflection from cholesteric liquid crystals was used 

to design stimuli responsive broadband IR reflectors. It is also important to mention 

that most of the IR regulating based window technologies are still in the research 

and development phase and limited to the sample size. One of the biggest challenges 

while scaling-up is to achieve minimum haze in the visible region with good thermal 

and UV stability. The advantages of using smart windows is not only limited to the 

built environment: the interior temperature of automobiles could be better 

maintained by using such windows, leading to additional savings in fuel energy that 

is spent on running air-conditioners. Finally, such smart windows could also be very 

helpful in improving the growing conditions within greenhouses where control of 

temperature is seasonal and vital for the health of the plant.   
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Appendix 

Calculation of the efficiency of energy generation by the window 

Using the Luminescent Solar Concentrator (LSC) principle, proof of principle to 

generate the electricity was demonstrated. Here is a simple calculation showing that 

what the minimum energy generating efficiency of windows to be self-powered 

should be:   

 Amount of energy that need to generated by window to be self-powered  

= 157 Wh-1 m-2 yr-1 (per unit floor area, Fig. 3S.7)  

= 775 Wh-1 m-2 yr-1 (per unit window area) 

 The amount of solar energy irradiated on window in Madrid[39] 

 = ~1000 Wh m-2 day-1 

 Assuming that 20% of energy (in any wavelength region depending on dye) is 

absorbed by the window = energy absorbed by the window  

= 200 Wh m-2 day-1 = 73000 Wh m-2 yr-1  

Efficiency of window to be self-powered should be:  

=    
Energy need to be generated

Energy absorbed by window 
 × 100 

=  
775 × 100

73000
 = 1.06% 

This efficiency of 1.06 % to convert light into electricity is required for smart tunable 

window to be self-powered. [22]  
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Calculation of payback time: 
 

Amount of energy saved in Madrid: 15.34 kWh m-2 yr-1 (chapter 5)  

 Energy saved in building in a year  

= Energy saved per square meter floor area × total floor area   

= 15.34 x (3.6 x 6.4) = 357.15 kWh yr-1 

 Energy cost in Madrid, Spain in year 2016 [40] = ~ 0.22 €  kWh-1 

Total energy saving in building in a year = € 78.58  

Amount of windows used in building = 4.67 m2 (Fig. 3S.7) 

Price of the window in large production scale:  300 € m-2 (rough estimation)  

Total cost of windows = € 1380  

 

𝑃𝑎𝑦 𝑏𝑎𝑐𝑘 𝑡𝑖𝑚𝑒 =
Total cost of the window

Energy saving per year
=

1380

78.58
 

 

Payback time = 17.56 years 



117 

 

List of Publication 

Publications related to this thesis 

 Temperature responsive infrared regulating coating on flexible polycarbonate 

substrate for energy savings in building envelope                             

H. Khandelwal, M. G. Debije, D. J. Broer, and A. P. H. J. Schenning 

(Manuscript in preparation). 

 Infrared regulating smart window based on organic materials                                    

H. Khandelwal, A. P. H. J. Schenning and M. G. Debije, Adv. Energy Mater., 

2017, 1602209. 

 Dual electrically and thermally responsive broadband reflectors based on 

polymer network stabilized chiral nematic liquid crystals: the role of crosslink 

density                           

H. Khandelwal, G. Timmerman, M. G. Debije and A. P. H. J. Schenning, Chem. 

Comm., 2016, 52, 10109.  

 Electrically tunable infrared reflector with adjustable bandwidth broadening 

upto 1100 nm                     

H. Khandelwal, M. G. Debije, T. J. White and A. P. H. J. Schenning, J. Mater. 

chem. A, 2016, 4, 6064. 

 Electrically switchable polymer stabilised broadband infrared reflectors and 

their potential as smart windows for energy saving in buildings   

H. Khandelwal, R. C. G. M. Loonen, J. L. M. Hensen, M. G. Debije and A. P. 

H. J. Schenning, Sci. Rep., 2015, 5, 11773. 

 Infrared reflector based on liquid crystal polymers and its impact on thermal 

comfort conditions in buildings                  

H. Khandelwal, F. Roberz, R. C. G. M. Loonen, J. L. M. Hensen, M. G. Debije 

and A. P. H. J. Schenning,  Proceedings of SPIE,  2014, No. 9182. 

 



118 

 

 Application of broadband infrared reflector based on cholesteric liquid crystal 

polymer bilayer film to windows and its impact on reducing the energy 

consumption in buildings                    

H. Khandelwal, R. C. G. M. Loonen, J. L. M. Hensen, A. P. H. J. Schenning 

and M. G. Debije,  J. Mater. chem. A, 2014, 2, 14622. 

 

Other publications  

 Optical UV dosimeters based on photoracemization of (R)-(+)-1,1′-bi(2-

napthol) within a chiral nematic liquid crystalline matrix                 

P. Cachelin, H. Khandelwal, T. Peijs, and C. W. M. Bastiaansen, 2016 

(Manuscript submitted). 

 Enhanced amplified spontaneous emission in perovskites using a flexible liquid 

crystal reflector         

S. D. Stranks, S. M. Wood, K. Wojciechowski, F. Deschler, M. Saliba, H. 

Khandelwal, J. B. Patel, S. Elston, L. M. Herz, M. B. Johnston, A. P. H. J 

Schenning, M. G. Debije, M. K. Riede, S. M. Morris, and H. J. Snaith, Nano 

Lett., 2015, 15, 4935.  

 Symmetry breaking excited state charge separation: restoration of symmetry at 

elevated temperature                                

H. Khandelwal, A. R. Mallia, R. T. Cheria, and M. Hariharan, Phys .Chem. 

Chem. Phys. 2012, 14, 15282. 

 



119 

 

Acknowledgement 

First and foremost, I would like to thank Prof. Albert Schenning for giving me 

the opportunity to work on this very interesting and challenging project. Albert, 

thank you so much for your guidance and advice. I envy your enthusiasm, liveliness 

and energy; I wish to be like you. I would like to thank Prof. Dick Broer for your 

guidance throughout my PhD. Dick, you are the most knowledgeable and humble 

person who I know. With our every meeting, I have always come out with plenty of 

exciting ideas.  

I would also like to thank Dr. Michael Debije for your guidance in the last 

four years. Michael, thank you very much for being so approachable and being 

always available whenever I needed you. I appreciate your ever willingness to help. 

It was a great pleasure to work under your supervision. Many thanks to Prof. Cees 

Bastiaansen for your valuable suggestions at various stages of my PhD. 

My sincere thanks to my external committee members Prof. Quan Li, Prof. 

Jan Hansen, Dr. Stephen Morris and Dr. Casper van Oosten for your helpful 

comments on my thesis and for being part of my PhD committee.  

I had many opportunities to collaborate with experts from other research 

groups and companies. I would like to thank Roel Loonen and Prof. Jan Hansen from 

Department of the Built Environment, TU/e for your help in simulation studies to 

understand the impact of smart windows on energy savings. I had a fruitful 

collaboration with Prof. Tillman Klein and Prof. Eric van den Ham from TU Delft 

on PolyArch project. Suggestions by Dr. Timothy White from Air Force Research 

Laboratory, USA were valuable in designing ‘tunable smart window’. I appreciate 

the help of Dr. Ties Jong and Dr. Casper van Oosten from Merck Window 

Technologies, Eindhoven in fabricating large size prototype of the window. Dr. 

Nadia Grossiord from SABIC, your advice and guidance have always been very 

helpful; I am enjoying working with you on IR reflecting coating on flexible 

substrate.  

I would like to express my gratitude to Marjolijn Pessers for your help at every 

step, starting from my arrival to Netherlands till the finishing of my PhD. I also had 

opportunities to supervise Bachelor and Master Students for their thesis. Steven de 

Bakker, Pieter M. J. G. van Thiel, Sebastiaan Koppelmans and Gilles Timmermans, 

thank you very much for your hard work. I enjoyed working with you and I learned 

a lot from you. 



120 

 

Last four years have been special and eventful for me. And this is because of 

you all- Anne Hélène-Dirk-Jan, Koen-Katie, Sander-Esther, Tom and Xiao-

Christian; thank you very much guys for all the wonderful time at work and also 

outside the working hours. When I leave this place the thing that I will miss the most 

is the time that we have spent together. Anne Hélène, thank you so much for getting 

me involved in some good habits of running and reading. Dirk-Jan, I need to take 

some inspiration from your enthusiasm to cook Indian cuisines from scratch. I am 

glad that both of you could come to India to my sister’s wedding and experience the 

Indian-ness. Koen, it was good to see your smiling face across my table. All the best 

for Fresh Strips. Sander, you are the best chef and I would be up any day for your 

cookies and cake. Tom, I will miss our ‘Friday talks’ and I look forward to welcome 

you in India soon. Xiao – my Chinese friend, you are just awesome! Your radiance 

and positive vibes would make anybody’s day!          

I would like to thank all my former and current colleagues from SFD – 

Anping, Berry, Danqing, Davey, Ellen, Fabian, Gilles, Hao, Huub, Jeffrey, Jelle, 

Jeroen, Jurica, Laurens, Lihua, Matthew, Marina, My, Paul, Rob, Sarah, Shawn, 

Shaji, Stijn, Ting, Tim, Tristan, Wanyu, Wei, Wilson for your help and discussions 

and providing a positive and energetic working environment.  

My special gratitude to Chidambar-Gayatri, Balu-Rathna-Vihaan for many 

special dinners, card nights and festival celebrations. Thank you, Yogesh-Nivedita, 

Sandip-Priyanka, Kamlesh–Swati, Anindita, Bhaskar, Deepak, Rohit, Sushil, 

Srivathsa, Sathish, Satish, Vinay, and Vinayak for making my stay in Netherlands 

so comfortable. Yogesh, I appreciate your help during my early days in Netherlands. 

My regards to my childhood friends in India: Avinash–Ankita, Vivek–Vanshika and 

Mohit; you guys are just amazing, thanks for being with me. Many thanks to ‘Batch-

08’ for your love and support. A very special thanks to Monali for being supportive 

through thick and thin. Monali, you have helped me a lot at various stages of my life; 

thank you so much for being there with me.  

The journey up till here would not have been possible without the belief of 

Sunil bhaiya, Gopi jijaji, Sachidanand uncle, and Nutan ma’am and (late) Rakesh 

Maheshwari uncle in me; thank you so much for supporting and trusting me at 

various stages of my journey. Finally, my deep and sincere gratitude to Mummy-

Papa, Sanjay bhaiya-Archana bhabhi, Deepika-Rahul, Charul and Harsh for your 

continuous encouragement and support and unparalleled love and faith in me. My 

words are falling short to express how much you mean to me. 

Hitesh Khandelwal  



121 

 

Curriculum Vitae 

Hitesh Khandelwal was born on 15 December 1989 in 

Dausa, Rajasthan, India. After finishing higher 

secondary in 2007 from Jawahar Navoday Vidyalaya, 

Kherli in Dausa, India, he studied dual degree of BS-MS 

at Indian Institute of Science Education and Research 

(IISER) in Thiruvananthapuram, India. In April 2013 he 

defended his master thesis “Symmetry Breaking Charge 

Transfer” from the group of Dr. Mahesh Hariharan. In 

July 2011, he received Diploma in Chemistry from Jawaharlal Nehru Centre for 

Advanced Scientific Research, Bangalore, India. From June 2013, he started his PhD 

at Eindhoven University of Technology at Eindhoven, The Netherlands under the 

supervision of Prof. Albert Schenning, Prof. Dick Broer and Dr. Michael Debije, of 

which the results are presented in this dissertation. He received INSPIRE fellowship 

from year 2008-2013. He also won Energy Challenge-2015, Eindhoven, The 

Netherlands.  

 


	1_Title page
	2_dedication
	3_Table of contents
	4_Summery of thesis
	5_Chapter 1
	6_Chapter 2
	7_Chapter 3
	8_blank
	9_Chapter 4
	10_blank
	11_Chapter 5
	12_Chapter 6
	13_blank
	14_Chapter 7
	15_List of Publication
	16_acknowledgement
	17_Resume

