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Summary

Better quality and greater quantity of crops are needed to help feed the growing and
wealthier global population. Greenhouses are excellent systems to increase the productivity
of a fixed land area. Many factors have been investigated to improve yields in greenhouses
but the quantity and distribution of light that reaches the crops is still a limiting factor in
many modern greenhouses. Currently, there are only limited options to control the
incoming sunlight and almost no systems are available that can rapidly change their optical
properties. In this thesis we show several systems that can rapidly change their optical
properties in response to external stimuli. These ‘smart’” windows can change their
absorbance and/or light scattering in response to triggers such as heat, light and electrical
fields.

First an absorption based ‘smart’ window was fabricated where a liquid crystal (LC) host
was doped with a dichroic fluorescent dye in Chapter 2. The alignment of the LCs can be
changed by application of an electrical field or by changes in the temperature. The dichroic
dye follows the alignment of the LCs and thus the absorption of the system changes. As the
temperatures increase more light is being absorbed, helping to stabilize the temperatures
inside a greenhouse. If so desired, the ‘smart” window can be manually switched to a more
transparent state by an electrical field. As the dichroic dye is fluorescent, part of the
absorbed light is reemitted and will be concentrated at the edges of the window as in a
luminescent solar concentrator (LSC). The concentrated light could be converted to
electricity using photovoltaic cells or redirected to plants to increase their growth.

In Chapter 3, a ‘smart’ window is fabricated where not only the alignment of the
fluorescent dye is changed but the dye itself is temperature responsive. At higher
temperatures the dye is fluorescent but upon cooling aggregates to a colorless non-
fluorescent form. Addition of a second fluorescent dye results in yellow color at lower
temperatures and a bright red color at high temperatures facilitated by Foérster resonance
energy transfer (FRET). At application of an electrical field both the LC host and fluorescent
dye reorientate, making the ‘smart’ window transparent. Creation of a supertwist LC
alignment results in a scattering state at intermediate voltages. Scattering of light is
generally beneficial to crop growth in greenhouses and can function as a privacy state in the
built environment. As the system makes use of a fluorescent dye, an LSC design is also
possible.

To be able to quickly protect crops from harsh lighting conditions, a photo responsive
‘smart’ window was fabricated in Chapter 4. Unlike the systems in Chapter 2 and 3, this
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system can directly respond to changes in light, before the temperature in the greenhouse
has increased. This system is based on a fluorescent photochromic diarylethene dye that
becomes more colored when exposed to light of 340 nm and less colored when exposed to
440 nm light. A manual override towards a transparent state remains possible upon
application of an electrical field. Again, this system could also be deployed as an LSC to
generate electricity. The ‘smart’ window was also converted into a ‘smart’ photo responsive
coating to allow for easier applications in greenhouses or buildings.

Contrary to Chapters 2-4, in Chapter 5 a system in which efficient FRET could take place
is fabricated that is not a ‘smart’ window. LCs are used to align a fluorescent dye and to
create an ordered matrix. After a base treatment the LC matrix becomes nanoporous and a
second dye is absorbed bringing the two dyes in close contact. The ordering and short
distance between the two fluorescent dyes greatly facilitates FRET. Such system are not
only interesting for sensing applications but this efficient energy transfer could also be
beneficial for photovoltaic systems, LSC and greenhouses.

In conclusion, this thesis provides multiple examples of potential ‘smart’ windows
based on fluorescent dyes and LCs. These windows can alter their absorbance both on
demand or in response to changing environmental factors to help keep the inside
temperature of buildings and greenhouses more constant. The absorbed light could be used
to generate electricity in a LSC configuration or redirected to the crops in greenhouses.
Outside of greenhouses, these systems are also interesting in the built environment,
electricity generation and sensors.
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Chapter 1

Introduction

The increasing demand for efficiently growing crops in greenhouses requires continual
improvement of the control of the growth environment experienced by the plants. The
single most important factor in maximizing the crop’s growth is the quantity, quality and
geometrical distribution of radiation intercepted at every moment. Few available
greenhouse coverings are capable of responding to changes in sunlight conditions by
themselves, which limits the grower’s control, and to better manage growth conditions the
grower must employ additional technologies, including screens, artificial lighting, heating,
and cooling. This Chapter considers existing efforts in providing adaptable greenhouse
covering systems and advanced optical materials for controlling the color, intensity and/or
distribution of sunlight transmitted into greenhouse-like structures by describing existing
static materials and their responsive equivalents. The Chapter also offers speculation on
potential applications of other light-control elements, mostly designed for use in the urban
environment that could be adapted for greenhouse use in the future.

This chapter is partially reproduced from: G. H. Timmermans, S. Hemming, E. Baeza, E. A. J.
van Thoor, A. P. H. J. Schenning, and M. G. Debije, "Advanced Optical Materials for Sunlight
Control in Greenhouses," Adv. Opt. Mater. 8, 2000738 (2020)



1.1 Introduction

Advanced optical materials have many potential applications; one which is often
overlooked is the horticultural sector. About 38% of dry land area worldwide is dedicated
to agriculture, which is close to the maximum suitable for this purpose.’? Greenhouses and
similar constructions are designed to help meet growing food demands by increasing the
production on existing land? and allowing use of areas otherwise unsuitable for agriculture.*
The total global area for growth of fruits and vegetables in greenhouses (permanent
structures) covered with glass and plastic is about 500,000 hectares, 40,000 hectares of
which are glass.® The average production volume of vegetables per greenhouse increased
about 36% between 2000 and 2017. The largest single crop, tomatoes, showed a 75%
increase, while zucchini production more than doubled (138%), and strawberries were even
greater at 177% (see Figure 1.1).%

1,000
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600 4 === Aubergines
= Strawberries
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Gross yield (milions of kg)
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Figure 1.1: Worldwide greenhouse production 2000-2017 as determined by the Agricultural Census 2017,
conducted by Statistics Netherlands (CBS).°

The primary roles of greenhouses are to protect crops from harmful weather
phenomena (such as hail, snow, and rainstorms), birds, pest insects, help maintain stable
temperatures to improve quantity and quality of the crops,? and control of solar irradiance,
key to plant growth.” Solar irradiance consists of several wavelength regimes, with
ultraviolet (UV, <400 nm), photosynthetically active radiation (PAR, 400-700 nm), and near
infrared (NIR, 700-2500 nm) having the greatest relevance for greenhouses (see Figure
1.2a,3® and Figure 1.2b° for a depiction of light intensity distribution around the globe). To
make the growth requirements even more complex, the radiation needs of plants can vary
between species, the time of day, or the day of the year, and less than optimum conditions
can curtail crop production.”°



UV PAR NIR

o
=
L

Relative Quantum Yield

t —a— Growth Chamber \
1 —e— Field W
| 02 | i
[ {
| I f\_wL i
o k L 1Y) - ‘ : ‘
C 800 130 180 2300 2800 300 400 500 600 700 800
b) Wavelength (nm) Wavelength (nm)

10 L L L L

Vs
Absorbance

—=&— Growth Chamber
—&— Field

T T T
300 400 500 600 700 800
Wavelength (nm)

Figure 1.2: a) Calculated AM1.5 spectrum showing the spectral coverage and relative contributions from UV, PAR,
and NIR radiation. b) Global direct normal irradiation. Reproduced with permission.® Copyright 2019, Solargis c)
Data showing the quantum yields (uptake of CO. per absorbed photon) and spectral absorbances of leaves
averaged for 22 species of plants grown in controlled locales and in the field. Adapted with permission.** Copyright
1972, Elsevier.

UV light plays a key role in the morphology of specific plants and their secondary
metabolites,” and can influence the behavior of pests,>*27%> but is also helpful to insects and
pollinators.?®17 UV also influences the generation of diseases within greenhouses.!®

The most important irradiance for photosynthesis is PAR. In high latitude (e.g. Dutch)
greenhouses, the availability of PAR light often limits plant growth, the rule of thumb being
a ~1% variation in the available amount of light for a crop results in a ~0.8% change in crop
yield.'® In these Dutch greenhouses, considerable effort is made to increase the amount of
PAR light that enters greenhouses, including regular roof cleaning?® and applying
antireflection (AR) surface treatments,>!® while research is done on new surface structures,
such as zigzag shaped plastics,?! new plastic compounds and lighter materials,?? and using
fluorescent materials to convert shorter wavelengths of light into PAR.23:24

PAR direction and geometrical distribution can be separated into direct and diffuse
components. Direct radiation reaches the earth unimpeded from the sun. However, at
overly high intensities, direct radiation is likely to damage some type of crops.?>2% Diffuse
radiation occurs when solar light is scattered before encountering the crop, for example by
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clouds and particles in the atmosphere, or by special scattering greenhouse cover materials.
While diffuser materials can reduce the absolute intensity of incident light, they often
enhance light penetration deeper into the crop canopy, resulting in better horizontal and
vertical light distributions, improving growth and development.?”28

NIR, on the other hand, is only ca. 60% absorbed by crops, mostly being converted into
latent and sensible heat inside the greenhouse. This heating can have positive or negative
effects. In cold periods when it is desirable to increase the interior temperature of the
greenhouse, NIR heating is an advantage; however, in hot periods when the temperature
inside the greenhouse must be artificially reduced, it is a significant disadvantage.?® As an
added complication, the requirements of NIR often vary with the seasons and even during
the course of a day.3°

Both glass and most plastics that are used as greenhouse coverings transmit UV, PAR,
and NIR to certain extents. Control of light, in directionality, intensity and color, is vitally
important for attaining ideal growth conditions. Many of these growth characteristics
depend on plant type, variety, stage of growth, position on the globe, type of greenhouse
structure and equipment, and a host of other variables (see Figure 1.2c!).

The control of solar radiation is generally not regulated by the greenhouse structure
itself, but only by add-on technologies such as screens, supplementary lighting, heating,
cooling, and so forth.332 Because the growth requirements of the plant is constantly
changing, it could revolutionize greenhouse growing if the materials making up the
greenhouses themselves could directly alter light transmission, direction or quality in
response to these changes. Doing so could increase crop production and profitability,
enhancing their nutritional value and appearance.3®3* In this Chapter, we will consider
advanced optical materials and architectures designed for the control of all important
bandwidths of solar radiation. While there are only limited instances of adaptive optical
materials currently being integrated in greenhouse structures, we will extrapolate
possibilities for new devices based on existing research that could be transferred to
greenhouses. This Chapter will focus on manipulation of natural sunlight, and will not
discuss the common use of artificial lighting such as LEDs to influence plant growth.”3



1.2 Sunlight intensity and distribution control

The quantity and quality of light are both important elements in plant growth. Too
much light may be as damaging as too little light. The distribution of light also plays a key
role: diffuse light has shown to improve plant yields by decreasing the chance of plant stress,
altering crop morphology and light interception,?®3%37 resulting in a particular interest in
materials that give rise to diffusion for construction of greenhouses.?®38 In this section, we
will discuss systems designed to control both of these aspects of sunlight.

1.2.1 Intensity and distribution control via scattering

Modified light transmission through a greenhouse roof can be achieved by
coverings®*™ or permanent coatings.!® In warm regions, shading is often required to
decrease temperatures. The most common shading methods use temporary coatings that
scatter the incoming light, such as simple whitewashes using calcium oxide or calcium
carbonate applied to the external roof surfaces before anticipated hot periods, and
removed for cooler periods,*? although there are examples of scattering material being
applied directly to plant leaves themselves.** While simple, there are potential
disadvantages, including premature washing away by rain,** spatial heterogeneity,* or
excessive shading, reducing plant growth by the removal of the PAR.*®*” Movable shading
screens allow for more control of light transmission on a daily basis. However, an interior
screen often interferes with ventilation,*® and exterior screens have other drawbacks such
as foiling by dust, damage by wind, in spite of the good ventilation performance.***° Only a
highly porous, movable internal screen seems to perform better than a whitewash for the
purpose of shading during high intensity light conditions..>!

Devices that can switch from a transparent to a light scattering state to actively control
sunlight intensity might have benefits. Considerable research has already been done on
‘smart’ windows that can switch from a transparent to a light scattering state for use in the
built environment. Many different systems are under investigation, including polymer
dispersed liquid crystals (PDLCs),>>™>* polymer stabilized liquid crystals (PSLCs),*
electrodynamic instabilities®®>” and other techniques.>®® Some switchable PDLC/PSLC
windows are already commercially available.5%52

PDLCs are made by dispersing liquid crystal (LC) droplets throughout a polymer matrix.
Light is scattered due to the refractive index mismatch between the randomly ordered LC
and the host polymer matrix. Application of an electrical field aligns the birefringent LC
droplets. By aligning the LC, the effective LC refractive index matches the refractive index
of the polymer matrix, and a transparent state is attained. The system has maximum
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transparency for incoming PAR normal to the PDLC, allowing it to be used as an angular
discriminating device.>® For greenhouse applications, this might be adapted to become
more or less transparent over the course of a day, as the angle of the sun changes. Most
PDLC systems are scattering in the ‘off’ state, but reverse mode PDLCs that are transparent
in the ‘off’ state also exist.>* A variation of PDLCs are PSLCs where the polymer content is
greatly reduced which lowers the voltage required for switching between states. These
systems are maturing rapidly, with large (40 x 50 cm?) prototypes (see Figure 1.3) stable for
over 100,000 switches being demonstrated.> A key research challenge is to extend the
photostability of these devices, as UV light is often quite damaging to the liquid crystal
components. While 5-year guarantees are now offered on some windows,5%% these times

must be extended to allow widespread adoption in the greenhouse industry.
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Figure 1.3: a) Prototype of a 40 x 50 cm? PSLC window in the ‘off’ (0 V) and ‘on’ (40 V) states. b) Transmittance of
sample windows as a function of applied voltage and switching time. Reproduced with permission.>® Copyright
2020, Wiley Periodicals.

A technique that could help improve the UV-stability of switchable scatterers is the use
of electrohydrodynamic instabilities. Electrohydrodynamic instabilities in LCs have been
investigated since the 1960s,%° and may be used to create ‘smart’ windows by doping a
nematic liquid crystal with an ionic dye, which upon application of an electrical field
generate vortexes in the LC host that scatter the light: see Figure 1.4.5%°” A main advantage
of such a system is that it does not contain any polymer, thus removing the polymerization



step and potentially increasing device lifetimes. Such devices have been shown to be
capable of switching thousands of times from >95% transmission and almost no scattering
to ~10% transparent with >90% scattering.’®

b)
AC on
AC off
c) d)
E—
30V
ov
== — == e |

Figure 1.4: Schematic displaying electrohydrodynamic instability at: a) 0 V and b) > 0 V AC field. Photographs of
the 9x9 cm? cell at: ¢) 0 V and d) 30 V. Reproduced with permission.® Copyright 2019, Taylor & Francis Group.

Creating roughened surfaces is a common way of inducing light scattering, but this is
usually not reversible. However, a ‘smart’ window using randomly dispersed nanowires on
the top of an elastomer demonstrated reversible surface deformations, forming a scattering
state when a voltage was applied (see Figure 1.5).>® This system could easily be scaled to
large areas as it is suitable for roll-to-roll fabrication and uses commercially available
materials. Challenges that remain are the high voltages required (>1500 V) and the low
transmission in the transparent state (~60%).
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Figure 1.5: a) Schematic of the nanowire-topped device, which in the ‘off’ state has a smooth surface. b) Schematic
of the device in the ‘on’ state where the randomly dispersed electrodes deform the surface causing the incoming
light to scatter. c-f) The increase in scattering as the voltage is increased from 0 V to 2200 V. Reproduced with
permission.*® Copyright 2016, Optical Society of America.

Since most of these scattering systems were originally designed for privacy states for
domestic use, the literature only reports decreases in directly transmitted light intensity,
and not the hemispherical transmitted light or amount and distribution of forward scattered
light. For greenhouse applications, a high ‘hortiscatter’ is desirable for optimal plant growth.
In future, both light diffusion and total hemispherical light transmission should be reported
to be able to evaluate the application of these systems for greenhouses.

1.2.2 Intensity (only) control

Systems that can switch from completely transparent to completely opaque states may
control both light availability and regulate temperatures inside the greenhouse.® Generally,
a higher transmission in the (hemispherical) PAR light is desired for crop photosynthesis,
but there are exceptions: shade-loving plants, such as ornamental pot plants, must be
protected against higher light intensities. Other crops, such as chrysanthemum, are
sensitive to the day length. In these crops, blackout screens are used to shorten natural long
days, and block all light to control flowering.?”® For switchable blackout screens, transition
metal oxides,?® conjugated polymers,’® Prussian blue,’* and dichroic dye’? based systems
have received the most attention. Mechanical solutions are also encountered, such as
switchable blinds with absorbers on one face and reflectors on the other.”®
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Recently, the movement of magnetic nanoparticles to create a squid-inspired ‘smart’
window has been proposed.” In this device, an array of pyramidal voids is created in a
transparent polymer. These voids are filled with a refractive index matching fluid containing
magnetic nanoparticles. By applying a magnetic field, the nanoparticles move to the top of
the pyramidal voids and become concentrated, significantly increasing the total
transparency of the system (see Figure 1.6). An advantage of this device is its simplicity,
which could translate into good durability. The main disadvantages are the requirements of
a switchable magnetic field, and the concentrated dark regions present even in the
transparent state. The research showed decrease of the dark area by replacing the
pyramidal structures with hopper-like structures.

a)

Refractive Matching Liquid Dispersed
with Magnetic Particles

b)

Magnetic Force Applied

A/A\A g ':;./-'/ /

Figure 1.6: a) Magnetic particles dispersed inside pyramidal voids filled with a refractive index matching liquid

causing a colored state. b) An applied magnetic field concentrates the particles at the top of the pyramidal voids
creating a mostly transparent state. Reproduced with permission.” Copyright 2019, WILEY-VCH Verlag GmbH &
Co. KGaA.

Another study used the phase change of VO,, which converts from an effective
insulator into a metal upon heating. When coated on a glass fiber cloth, the VO, can be
used as a negative feedback material:’> at low temperatures, the coated glass releases heat,
but when the temperature is high, the VO, absorbs heat, resulting in a decreased interior
temperature. In experiments, with a temperature increase from 30 °C to 40 °C (a desired
range for greenhouse applications), the reflection of VO, on glass fiber cloth decreased by
22% for the wavelength range of 400 nm to 800 nm, meaning more light was absorbed.
However, reflection of PAR even in the most transmissive case is very high, and probably
not applicable to an actual greenhouse.



Another option that does not require a continuous power supply is to make use of
holographic optical elements suggested for use in buildings for light control.>® Applied to a
greenhouse, the transmission of light would change throughout the day as the windows
would be angularly dependent, so one could conceivably tune the light distribution changes
to occur for specific solar positions, presumably when the incident intensity would be
highest. By accounting for the position of the sun throughout the year, the window could
be designed to block more light in summer than in winter. These systems are relatively
simple, so cost should be low but cannot be modified after installation to adapt to different
lighting needs for different plants.

1.3 Near infrared control

Temperature plays an important role in most crop development processes. Optimal
growth temperatures usually range between 15 °C and 30 °C.”® Growth, yield and quality of
most greenhouse crops will be affected whenever the temperature is below 12 °C or above
30°C.”7 During summer months and in warmer climates, the application of (permanent) NIR
selective filters is considered an advantage:’®’° the energy demand for cooling can be
reduced while PAR light is unimpeded, as PAR is the driving force for crop photosynthesis,
growth and development.’®® There has been a great deal of research demonstrating
blocking NIR in greenhouses is desired during warm periods but not during cold periods,81-82
with many different materials investigated, including plastic films or coated glass for

83-85 86-88 and NIR-filtering temporary coatings.®%°

greenhouses covers, movable screens,
However, the reduction of energy for cooling is often less than could be expected, as the
crops themselves already have a high reflectivity for NIR radiation (about 50%), so that NIR
radiation transmitted by partially reflective NIR greenhouse coverings or screens will end
up being partially trapped within the greenhouse between two reflective surfaces (the roof

covering and crop), suggesting 100% NIR reflectors are greatly preferred.8®

Adaptive coverings responding to seasonal energy demands could be important,
especially in unheated greenhouses.®® Solar light incident on greenhouses changes hourly
in incidence angle, intensity, and spectral quality. To better control the ingress of NIR
radiation, it would be an advantage to have materials that can respond to these changing
conditions, becoming more transparent when more light is needed, but less transparent
when it is desirable to reject heat entering the growing space.3*

Mobile Fresnel lenses are employed in controlling both PAR and NIR,%%°2 and switchable
shutters®® are used to control temperature in greenhouses. Such systems are especially
effective in warm climates when combined with ventilation;** however, these technologies
can be complex and are not yet introduced commercially on a larger scale.
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Recently, research into using advanced optical materials for control of infrared light
while retaining high transmission in the visible light has begun.®> A promising class of
materials for light control are nematic LCs doped with a chiral guest, forming a chiral-
nematic mesophase, commonly referred to as a cholesteric liquid crystal (CLC). CLCs reflect
specific wavelengths of light, while remaining almost completely transparent to other
wavelengths. The wavelength reflected may be easily tuned by changing the amount of
chiral dopant added to the host LC. CLCs selectively reflect only one circular polarization of
incident light matching the ‘handedness’ of the helical structure of the CLC: that is, a right-
handed CLC film can reflect a specific bandwidth of right-circularly polarized light. Thus, the
CLC can reflect 50% of incident sunlight, given solar radiation is equally distributed between
right- and left-circular polarizations.®® It is possible to make 100% CLC reflectors by layering
individual right- and left-handed CLCs, using two like-handed CLCs separated by a halfwave
plate, or other techniques.®”-* However, intriguing research suggests plants are sensitive to
the polarization of sunlight: for example, lentils and peas appeared to grow more swiftly
under left-handed circularly polarized light;*® perhaps a single layer of CLC could be effective
at controlling incident sunlight without affecting the growth of the plants. Many CLC-based
‘smart’ window architectures feature an additional ‘hazy’ state where the LCs have lost their
alignment and scatter most of the incoming light.1%°1%% Usually this is presented as an
intermediate ‘privacy’ state between the reflective and transparent states, but it could
potentially be of further benefit to greenhouses in addition to the IR reflecting state. While
CLC systems have shown good switching properties and the wavelength that need to be
reflected can be easily controlled, they have not yet been proven to be stable enough for
long term continual outdoor exposure.

Normally, the bandwidth of a cholesteric reflector is too narrow to be of much use as a
greenhouse heat control element (~100 nm in the NIR). Broadening the CLC reflection band
(to >500 nm) may be attained using diffusion of mono- and di-acrylates to form a pitch
gradient in the depth of a CLC,'® or associating two layers of polymer-stabilized CLCs,
labeled PSCLCs.1% In the former case, by mixing photoreactive and non-reactive LC species,
it was possible of making an electrically switchable broadband reflector that could have a
significant impact on the infrared energy passing through the window (see Figure 1.7a).1%
In the latter case, two individual reflective layers are produced independently and brought
into contact, allowing them to diffuse together to create the broadened reflector. This latter
system also demonstrated an intermediate, scattering state, which could also be used in
light management for greenhouses (Figure 1.7b).1%* The potential needed to switch these
two reflecting windows was somewhat high, over 150 V each, and would need to be
lowered for practical application.
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Figure 1.7: a) Transmission spectrum of reflective and transmissive states of a cholesteric gel at 0V/um and
8.6 V/um, respectively. Reproduced with permission.®® Copyright 2015, Nature Research. b) Intensity of
transmitted light intensity vs wavelength for the sandwich cell at three different voltages with drawings of the

postulated structures of the polymer stabilized CLC material. Reproduced with permission.'® Copyright 2001,
American Institute of Physics.

Electrically broadened reflection bands of over 1000 nm were demonstrated in CLC
systems employing ethylene glycol twin diacrylate crosslinkers using a nematic LC host with
negative dielectric anisotropy (see Figure 1.8a).1% Even more extended reflection bands are
possible by exploiting the phase transition between smectic and nematic phases, leading to
reflection spectra thousands of nm wide, see Figure 1.8b, increasing the potential heat
reduction:1% however, unlike the previous reflectors, this reflector is not switchable making
it only in applicable in regions that always have an excess of heat.
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Figure 1.8: a) (left) Transmission spectra of Ch-LC mixture in applying 0-60 V; (right) reflection bandwidth as a
function of the applied voltage per micron cell thickness with photograph of reflector demonstrating visible light
transparency at 0 V. Reproduced with permission.’®® Copyright 2016, The Royal Society of Chemistry. b)
Transmission spectra of films with various internal structures demonstrating the possibility of forming extremely
broad reflectors. Reproduced with permission.' Copyright 2016, Taylor & Francis.

In addition to electrically responsive systems, thermally responsive cholesterics have
been developed which automatically reflect more of the incident sunlight at higher
temperatures. A major advantage is the devices would not need to be connected to the
power grid. A downside is that the temperature response is set during production and
cannot be changed later and thus needs to be set for the exact crop and climate. Some
cholesterics are designed to reflect more light as the temperature increases,'® % or have
red'1112 or blue shifts!?3116 of the reflection band:!17:118 shifting the reflection band can be
used to control the temperature by designing the shift to coincide with maximal NIR
reflection at the desired temperature. The disadvantage of using a red shifting cholesteric
is the layer will reflect PAR light at lower temperatures, potentially hindering growing
conditions. Blue shifting cholesterics can be tuned to initially reflect at >1400 nm where the
sunlight intensity is low, and shift at higher temperatures to the NIR where the sun intensity
is higher (see Figure 1.2a). Thermally responsive systems can also be made into surface
coatings,1%"11¢ something that is difficult to do with electrically responsive systems. Other
cholesterics have been developed that trigger on both temperature and humidity, which
could be particularly interesting in a greenhouse environment.'*®
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The use of temperature-sensitive hydrogels combined with graphene oxide produces
windows that switch automatically, from between full transparency to fully absorbing, in
this case at around 28 °C (an appropriate switching temperature).??° The disadvantage is
that, while IR is effectively absorbed, so too is the useful PAR light, often not a desired
situation.

1.4 Color changes

Within PAR, changes in the color of the light reaching the crops can cause
photomorphogenetic responses: these effects are extensively studied.”*?! Plants behave
based on photoreceptors which function as light sensors to analyze the light quality,
quantity, duration and direction.?#122 Changes in light spectrum influence shoot elongation,
formation of side shoots, leaf area and leaf thickness, germination processes, tropisms,
flowering induction and development, color of flowers and leaves.” Photoselective films
have shown to be able to effect a variety of crops such as delaying the flowering of

123 and controlling the height (by influencing the red: far red ratio) of

strawberry plants,
poinsettia,*?* antirrhinum,?>126 chrysanthemum, 26127 and cherry and peach trees.*?® Many
static materials are used to control the color of the light reaching the crops, including
colored screens and nets,®2°7132 reflectors,3¥!3* photoselective films,?312%124135136
fluorescent pigments,313 doped glass,*>*! and luminescent solar concentrators
(LSC).?**42 These devices often reduce the total amount of PAR, although fluorescent dyes
that absorb UV radiation and shifting this to PAR may theoretically increase the effective

irradiance.?®%*

Dynamic control of sunlight color quality is uncommon, although screens and nets can
be simply (re)moved, and temporary coatings can be seasonally applied. There don’t yet
exist systems that change instantaneously.

Fluid pumps that circulate liquids through the roofs of greenhouses for cooling
purposes have been researched. Additives in the cooling fluid can promote scattering, or
the absorption of specific wavelengths of light. By using far red (700-780 nm) absorbing
filters (such as CuSQy,), the height of "Spears' chrysanthemums could be influenced, with
the advantage that the additives to the fluid can be further altered to achieve different
purposes.'®® Replacing the absorber with fluorescent dyes could act to alter the spectral
content experienced by the plants. A downside of these systems is that they require the
installation of a plumbing network and pumps to control the flow, but the specific
absorbance could be easily modified. A similar technique for controlling the color of
incoming light is by mixing a liquid containing dye together with an unmixable liquid or a
gas in a window architecture. An increase in temperature is followed by a corresponding
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change in density and pressure, causing the liquid containing dye to cover a larger surface
of the window, without the need for pumps, thus absorbing more of the incident light (see
Figure 1.9).14

%)

a) ®

Sunlight

[ ,—(j) 'T’i‘:::.:i:—:—:?j
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(1). Tank 1, trapped gas (air) (2). Translucent fluid (colored water + glycerin) (3). Tank 2
(4). Control valve (5). Free ambient air opening (6). Glass

b)

Figure 1.9: a) Schematic for liquid-based window in the (left) transparent and (right) light blocking states. b)
Photographs of the prototype window taken at 5 °C, 18 °C and 30 °C. Reproduced with permission.** Copyright
2016, Elsevier Ltd.

1.5 Electricity Generation

Greenhouses can also be used to generate electricity by converting excess light to
electricity!02%82145-148 o ysing the generated power for water /temperature control.'*° Care
must be taken when using PV greenhouses that the crop production is not hindered.**° For
this reason PV systems that do not use photons in the PAR regime, or can be switched on
and off, are of particular interest.

In some situations the top of a greenhouse can be partially covered with PV to generate
electricity while ensuring enough light still reaches the crops.>*>11>3 Fresnel lenses can be
used to redirect part of the direct sunlight to PV modules, while allowing the diffuse
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component of the light to pass.’#”1% Semitransparent, wavelength-selective PV cells have
been designed that allow some light to be transmitted to the crops below.®>>%7 As a
decrease of PAR is detrimental to production, NIR absorbing devices that are mostly
transparent for PAR are being researched.'®®'> For application in greenhouses the PAR
transmission of these systems needs to be significantly increased or they can only find
application in regions with very high sunlight intensity.

Devices with switchable transmission could generate electricity in the future.19161 A
recent example combines the switchable scattering of a normal PDLC, which could help with
light distribution, with a PV to make the device self-powering, thus lowering the installation
and operating costs (see Figure 1.10).15!
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Figure 1.10: a) Photograph and b) schematic of the combination PDLC/PV device in the diffusive state with no
applied bias. c) Photograph and d) schematic of the device in the transmissive state at 150 V. Reproduced with
permission.'®* Copyright 2016, American Chemical Society.

Another semitransparent concept for generation of electricity in greenhouses is the
LSC, which consists of a transparent lightguide (usually plastic or glass) that either contains
or is coated with a fluorescent dye. This dye can absorb incident radiation, re-emitting it as
down-shifted light, guiding this emission by total internal reflection to the edges of the
lightguide. By placing PV cells at these edges, this concentrated light can be converted to
electricity.1®2163 |SCs have been industrially deployed in the roofs of greenhouses and

16



shown to be able to generate electricity as well as enhance crop growth via color
conversion.®* As they lower the amount of PAR available for the crops, these systems best
deployed in regions with high sun intensities.

1.6 Liquid crystals

Many of the devices described in Sections 1.2-1.5 have relied on the use of liquid
crystals which have become ubiquitous in our modern lives as a major component of our
smart phones and television screens. LC materials as described in these works are generally
calamitic LCs, which consist of a rod-like core and flexible side chains and have some degree
of molecular ordering while being in a (viscous) liquid state. They are an interesting material
to use for responsive systems as they can easily be ordered and aligned and their order and
alignment can be changed upon exposure to external stimuli. For thermotropic liquid
crystals, the simplest stimulus is thermal. At low temperatures, the material is the
crystalline solid state with 3-dimensional ordering; heating can generate one or several
different LC states'®® such as the smectic and the nematic states. In the smectic state, the
molecules are aligned in layers with the long axis of the molecules all facing in a common
direction. Positional order is lost when heated to the nematic state where only directional
order remains. When heated beyond the nematic state, an isotropic liquid is obtained (see
Figure 1.11).

Crystalline solid Smectic liquid crystal Nematic liquid crystal Isotropic liquid

>T

% _—

e —— é
<T

——— —— .P
e P
—_—— —— T

Figure 1.11: Different states of LC materials. From left to right with increasing temperature: the solid state, the
smectic state, the nematic state and the liquid state.

The order of LC is often described using the order parameter S which quantifies the
deviation of the molecular axis from the average molecular direction. If S = 1 the system is
perfectly ordered and if S = 0 the system is completely isotropic. LC generally have and S-
value that varies between 0.3 - 0.8.1%

The most common approach to aligning LCs is by using polyimide alignment layers,
which can then form a rest state to which the LC can return upon removal of the stimulus.
LC alignment is called planer when the individual molecules are aligned parallel to the
surface and homeotropic when aligned perpendicular to the surface.
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Another commonly-used alignment stimulus is an electrical field, making use of the
dielectric anisotropy that most LCs have to aligh them to an applied electrical field. By using
such a system in combination with a dichroic fluorescent dye, switchable LSC have been
fabricated as shown in Figure 1.12a. In these systems the LC is used to change the alignment
of the dye resulting in changes of PAR transmission which would greatly increase the ease
of use in temperate climates.'®® Recently, switchable LSCs with a third, scattering state were
fabricated using ‘supertwisted’ LCs which could provide even more functionality for
greenhouse applications, as they combine color change, electricity generation and can
provide diffuse light: see Figure 1.12b.

Colored/planar/STN/ Scattering/focal Transparent/light/
b) dark/off state conic/privacy state homeotropic/on state
0 Vrws 10 Vrws 28 Vrus

Spacer

s LLLL BLLL L1

I V

= v, V, >V, K
= —_— |

\

11 N Ll

Figure 1.12. a) Working principle of the LSC switchable window. (Top) At rest, the dye molecules can absorb
incoming light and re-emit this light at longer wavelengths, a fraction of which is trapped by total internal reflection
and reaches the edge with PV attached; (bottom) after electrically switching, the guest dye molecules are
reoriented to align parallel to direction of the incoming light; less light is absorbed and allowed to pass through
the lightguide into the space beyond. Reproduced with permission.%® Copyright 2010, WILEY-VCH Verlag. b) (Top)
Photographs of the dye-doped supertwist LC cell at (left) 0 Vrms, (middle) 10 Vrws, and (right) 28 Vrws. (Bottom)
Schematic showing the alignment of the LCs, dyes, and the light emission direction. Reproduced with permission.®’
Copyright 2018, WILEY-VCH Verlag.

1.7 Aim and outline of this thesis

In this thesis, devices are described that that can change their optical properties in
responds to external stimuli. By doing so they can control the amount, intensity and
wavelength range of light passing through them. Furthermore, as the systems are
fluorescent, they can function as LSCs where the absorbed light is re-emitted and
concentrated at the edges of the device where it could be collected for other purposes such
as electricity generation. These devices could be used as for multiple applications including
‘smart’ windows for the greenhouse industry.
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In Chapter 2 we fabricate a responsive LSC by combining a dichroic fluorescent dye with
a LC matrix. In this configuration the LC is responsive to electrical and thermal stimuli,
providing control over the orientation of the dichroic dye: when the LCs are rotated, they
rotate the fluorescent dye with them. As the fluorescent dye is dichroic, the absorption
changes when dye is rotated to different alignments. The resulting device can be used to
control the amount of light entering buildings and the excess light could be used to generate
electricity. The color change could be beneficial for plants as described in section 1.4.

In Chapter 3, the fluorescent dye itself is temperature responsive in addition to the
alignment of the dye being controlled by the LC. At low temperatures, the dye aggregates
to a non-fluorescent state and dissolves at high temperatures to a fluorescent state.
Furthermore, the change in color is made more pronounced by addition of a non-
temperature sensitive yellow fluorescent dye that at higher temperatures facilitates Forster
Resonance Energy Transfer (FRET). The electrical response of the LCs is expanded by
creating a supertwist structure to also include a scattering state. The scattering state could
be beneficial for use in greenhouses (see section 1.2.1) but could also function as a privacy
state in ‘smart’ windows.

Some crops need protection from harsh light conditions (see section 1.2.2). When
lighting conditions change, an immediate response is required rather than a delayed
response as is the case for temperature responsive systems. To create system that can
directly respond to changes in light, a photo responsive fluorescent dye was developed in
Chapter 4. The photo responsive dye becomes more colored when exposed to light of 340
nm and less colored at when exposed to 440 nm light. The dye could also be electrically
switched for a manual override when in a LC host. To increase the ease of application, this
dye was also incorporated in a polymer coating that could be printed in visually attractive
patterns while retaining its light response.

More focused on dyes in polymer films and less application oriented, in Chapter 5 we
use liquid crystals to fabricate a nanoporous matrix that facilitates FRET between two
fluorescent dyes. To bring the two dyes in close contact, the first dye is aligned in the LC
matrix, which is then made nanoporous by base treatment, to absorb a second dye, greatly
enhancing the FRET efficiency. The system allows for efficient energy transfer and in the
future this system can be used to improve output in LSCs, but is also of potential interest in
other applications such as greenhouses.

Finally, in Chapter 6 we provide a brief outlook on some of the main issues that limit
the introduction of these systems towards actual applications (i.e. stability and scalability).
In addition, we introduce two promising new concepts: ‘smart’ blinds and switchable light
guiding that could help to improve light control for the greenhouse industry.
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Chapter 2

Dual thermal-/electrical- responsive
luminescent ‘smart’ window

Here, we describe a ‘smart’ window that could reduce both interior temperatures and
the use of electricity normally consumed for air conditioning and lighting, by absorbing
excess solar radiation with dichroic fluorescent dye molecules aligned in a switchable liquid
crystal host and guiding the re-emitted light energy to the edges of the device, where it can
be used to generate electricity via attached photovoltaic cells. The liquid crystals are
responsive both to temperature changes and applied electrical fields. At higher
temperatures, transmission decreases due to increased disorder in the liquid crystals, while
the application of an electrical field increases transmission by effectively realigning the dyes
for minimal absorption. Using alternative configurations, a window with a transparent rest
state was also produced, in which transmission can be decreased by applying an electrical
field; the thermal response remains unchanged with applied field.

This chapter is partially reproduced from: G. H. Timmermans, R. F. Douma, J. Lin, and M. G.
Debije, "Dual Thermal-/Electrical-Responsive Luminescent ‘Smart’ Window," Appl. Sci. 10,
1421 (2020)
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2.1 Introduction

This Chapter will show a responsive system based on the alignments of liquid crystals
(LCs) and the dichroic dye dissolved therein. Such systems were already discussed in the
introduction chapter of this thesis. For ‘smart’” windows, the nature of the external stimuli
is of importance: temperature responsive systems can automatically change their
properties without user input but often manual overrides (e.g. via an electrical trigger) are
preferred. Recent work by Oh et al.! has shown that the transmission of a ‘smart’ window
can be thermally controlled using a dichroic dye in an LC. Three different LC phases (i.e.,
smectic, nematic and isotropic) were used to create high-, mid- and low- light-transmitting
states. Inspired by this system and previous works on switchable LSCs%3, in this Chapter we
show a dual electrically and thermally responsive LSC based on a fluorescent dye doped LC
mixture. This system decreases its transmission with increasing temperature with a manual
override that can be used to either increase or decrease the transmission by application of
an electric potential, depending on the design. The edge-emitted light can then be used for
the generation of electricity by attaching photovoltaic cells or redirected for crop growth or
daylighting.

2.2 Experimental
Liquid crystal 8CB (4'-octyl-4-biphenylcarbonitrile) was purchased from Synthon, Dye 1

(a coumarin derivative) was purchased from RiskReactor, Dye 2 was synthesized according
to the literature*; these three materials are depicted in Figure 2.1a.

2 O b) e, -0.00010
8CB »

\ = Absorbance dye 1 [ 0.00008 e
N// \ —— Absorbance dye 2 g
0 o 04 = +Emission dye 1 g
2 \ T Emission dye 2 [ 0.00006 ©
N o S g
cl+- N \ Dye 1 g =
7S \ § L 0.00004 &
£
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w

0.0 +0.00000

400 500 600 700 800
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Figure 2.1: a) The chemical structures of 8CB, Dye 1 and Dye 2. b) Absorption (solid lines) and emission power
(from one edge parallel to the alignment direction, dotted lines) spectra of 1 wt% of Dye 1 (black) and Dye 2 (red)
in 8CB in planar aligned 6 um gap cell.
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Indium tin oxide (ITO)-coated glass plates of 3 x 3 cm? (for transmission measurements)
and 5 x 5 cm? (for emission power measurements, LC-Tec) and glass plates of 1 x 1 cm? with
ITO interdigitated electrodes (IDE), linewidth 10 um; line spacing 10 um, (for transmission
measurements) were cleaned and spincoated (Karl Suss RC-8 spin coater, 5000 rpm, 50
seconds) with a layer of polyimide (Optimal AL 1051, JSR corporation, for planar alignment
on the ITO-coated glass plates and Nissan Polyimide Varnish, Sunever for homeotropic
alignment on the IDE samples Tokyo, Japan) and cured at 180 °C for 90 minutes; the Optimal
AL 1051-coated samples were rubbed on a velvet cloth to induce planar alignment. Cells
were fabricated by gluing two coated glass plates together using 6 um glass spacers. The
cells were filled at ~80 °C with 1 wt% of either Dye 1 or Dye 2 in liquid crystal 8CB. The
absorption and emission power spectra for the planar devices are shown in Figure 2.1b.

The transmission spectra of the cells were measured using a UV-vis spectrophotometer
(Perkin Elmer Lambda 750); temperatures were controlled using a customized heating stage
(Linkam THMS600) and electrical potentials (AC, 1000 Hz) were applied using a laboratory
function generator (Agilent 33220A) coupled to a 20 x voltage amplifier (FLC Electronics
F20A). Edge emission powers were measured using a Labsphere SLMS 1050 integrating
sphere connected to an International Light RPS900 diode array detector. Simulated solar
illumination was provided by a 300 W Lot-Oriel solar simulator equipped with filters to
emulate the AM 1.5 solar spectrum. Differential scanning calorimetry (DSC) was performed
under a nitrogen atmosphere using a TA Instruments Q1000 DSC equipped with an RCS90
cooling accessory, New Castle, Delaware, USA. Polarized optical microscopy (POM) images
were made using a Leica CTR 6000 microscope equipped with a Leica DFC420 C camera.

3.3 Results and discussion

The coumarin (Dye 1) and perylenebisimide (Dye 2) derivatives were individually
dissolved at 1 wt% in 8CB. Three distinct liquid crystal phases of the dye/8CB mixtures are
identified by DSC (SmA, 30-35 °C, N, 40-45 °C, 1), similar to those found in the literature.®

In the planar cells, the fluorescent dyes can absorb a significant fraction of the incoming
light as they are aligned with absorption axis perpendicular to the incoming light. The
application of a voltage reorients the liquid crystals, which in turn reorient the dyes to a
homeotropic state, to a position with the absorption axis parallel to the incoming light. Due
to the dichroism of the dyes, light absorption decreases in the homeotropic orientation,
resulting in a more transparent state. Increasing the temperature decreases the LC order,
as seen in Table 1; the order parameters (S) of the dyes were calculated according to
equation 2.1:°
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A —A
§ = Avar—Aper (eq 2.1)
Apart24per

where Apqr and Aper are the peak absorbance when the film is exposed to incident light
polarized parallel and perpendicular to the LC alignment direction, respectively. As the dyes
become more disordered, absorption increases, as shown in Figure 2.2. The order
parameters (see Table 2.1) clearly show that, as the temperature increases, the alignment
of the dyes decreases as the system becomes more isotropic, finally resulting in an order

l

parameter of 0 when the LC is fully isotropic.
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Figure 2.2: Schematic (top row) and photographs on top of an image of a flower (bottom row) of liquid crystal
(blue rods) and dye (yellow rods) alignments in the initial planar state (middle column) and its changes upon the
application of an electrical field (right column) or increased temperature (left column). The relative absorption
characteristics are indicated by the number of rainbow-colored arrows.

Table 2.1: Order parameter of 1 wt% Dye 1 and Dye 2 in 8CB in planar cells at different temperatures.

Temperature in °C 24 27 30 33 37 41
S, Dye 1 0.25 0.24 0.27 0.24 0.11 0.00
S, Dye 2 0.27 0.24 0.20 0.12 0.00 0.00
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In Figure 2.3, transmission at the peak absorption wavelengths of the dyes at an
increased temperature and voltage for planar cells are depicted: Figure 2.3a shows Dye 1,
and Figure 2.3b Dye 2. Initially, in the smectic A phase at 24 °C, a higher voltage (123 V,,
(peak-to-peak voltage)) is required to overcome the LC alignment and switch the dye to a
homeotropic orientation, resulting in an increased light transmission. On the other hand,
increasing the temperature to the nematic state increases the mobility and disorder in the
system, resulting in a lower transmission and lower switching voltage to the homeotropic
state (82 Vyp at 26 °C and even 41 V,, at 30 °C). Increasing the temperature further to the
isotropic state results in a minimum transmission but prevents electrical switching, as the
LC phase is randomized and loses its switching properties’.

Emission power spectra from 5 x 5 cm? cells from the edge parallel to the LC alignment
direction were measured under a solar simulator by an integrating sphere as a function of
temperature and applied voltage: the results are depicted in Figure 2.3c,d. The emission
powers for Dye 1 (Figure 2.3c) are higher compared to Dye 2 (Figure 2.3d). As the
temperature increases, the emission power parallel to the absorption increases as the
transmission decreases. However, increasing the temperature too much (>35 °C) reduces
edge emission powers as dye orientation becomes less favorable. Applying an electric
potential across the cell reorients the LC/dye, at a cost of reduced emission power as a
result of less light absorption (even though the emission direction of the dye is more
favorable).
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Figure 2.3: Transmission at the peak absorption of the dye at increased temperature and voltage for planar cells
containing a) Dye 1; b) Dye 2. Summation of emission power spectra (from the edge with dyes aligned parallel to

the LC alignment) between 400-800 nm at increased temperature and voltage for planar 5 x 5 cm? containing c)
Dye 1; d) Dye 2.

The external power efficiency (nex, energy emitted at the edges of the device as a
function of the energy incident on the device) and the internal optical efficiency (nint,
photons emitted at the edges of the device per photons absorbed by the device)® of the

systems at the various temperatures and applied potentials were calculated using equation
2.2 and equation 2.3:
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and

photons emitted

fline = photons absorbed

Aem
Jemission Pout(dem)=, . dlem

A
fabsorption Pin(}“abs)?l_‘?si‘l(ﬂ) dAaps

* 100% (eq. 2.3)

where Pout(Aem) is the integrated emission power from all four edges over the wavelength
range (in Watts). Both one parallel and one perpendicular edge were measured and
multiplied by 2 to approximate the total output. Pi, is the incident light power from the solar
simulator (in Watts), A(A) is the absorption of the sample (in %), A is the wavelength range
over which the summation is made, h is Planck’s constant, and c the speed of light. The
absorption of Dye 1 was integrated over the wavelength range 350-500 nm and the
emission power over 450—-700 nm, while for Dye 2 these values were 450-650 nm and 550—
800 nm, respectively. The incoming solar simulator light was integrated over the
wavelength range of 350-800 nm.

The external power efficiency decreases at higher applied voltages (see Figure 2.4a,b)
as the incident light remains constant, but the emitted light decreases due to the reduced
absorption of light. The internal optical efficiency increases at higher applied voltages (see
Figure 2.4c,d) as, despite the decrease in absorption, the light that is absorbed is emitted
much more effectively towards the edges of the system due to the favorable dye
alignment?.
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Figure 2.4: External power efficiency at different temperatures and applied electrical fields of a planar cell filled
with a) Dye 1; b) Dye 2. Internal optical efficiency at different temperatures and applied electrical fields of a planar
cell filled with c) Dye 1; d) Dye 2.

In many cases, it might be desirable for the ‘smart’ window to be in the most
transparent state, and only upon increasing temperature or application of voltage should it
become more absorbing. Such a device was fabricated by replacing the planar with a
homeotropic alignment layer and switching from a fully ITO-coated glass substrate to an
IDE-coated substrate. In this latter device, the thermal response is unchanged, while the LC
and dye are switched from a homeotropic (transparent) alignment to a planar (absorbing)
alignment by application of a voltage, as depicted in Figure 2.5.
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Figure 2.5: Schematic of liquid crystal (blue rods) and dye (yellow rods) alignment in an IDE-coated substrate. In
an initial homeotropic state (middle) and its changes upon application of an electrical field (right) or increased
temperature (left).

The transmittance at the absorption peaks of the dyes of this modified homeotropic
device are shown in Figure 2.6. As mentioned earlier, the effect of heating is very similar to
the planar device: that is, at higher temperatures the transmission decreases and the
voltage required to switch the system decreases. The response to changes in potential is
the opposite, however: at higher voltages, the absorption increases. The relative difference
in transmission upon application of an electrical field is smaller compared to the planar ITO-
coated system, most likely as the electrical field between the electrodes is less
homogeneous, resulting in less uniform LC alignments. The edge emission powers for the
homeotropic-aligned system with IDE could not be reliably measured as the IDE cells had a
very small switching area (1 x 1 cm?). However, the emission power spectra of the planar

ITO device with potential applied should match quite closely to the homeotropic IDE system
at rest.
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Figure 2.6: Peak transmission of an interdigitated homeotropic cell as a function of temperature and voltage filled
with 8CB and 1 wt% of a) Dye 1; b) Dye 2.
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Ideally, one would prefer a ‘smart’ window that requires the minimum use of power to
operate. In regions of the world with many hours of sunlight in buildings primarily used in
daytime, like office buildings, this would be a window that is in the dark, absorbing state
when switched ‘off’. However, there will also be situations where the opposite is desired:
the windows remain transparent until some state at which light intensity is too high, and
may then switch to absorbing, such as in a greenhouse, for example. In order to improve
the performance of a ‘smart’ window with a transparent rest state, rather than using an IDE
cell as described in this work, an LC could be used with a negative dielectric anisotropy in
an ITO cell. This combination allows switching from a transparent homeotropic-aligned
system to an absorbing planar alignment by the application of a voltage®. The advantage
would be that a simpler ITO design can be used with better switching properties, as the IDE
system inhibited full switching, and its limited in-cell gap affects the maximum absorption
that can be reached, as many dyes have limited solubility in the LC host. Further
performance improvements can be achieved by adjusting the structures of the dyes:
enhanced alighment can be achieved, resulting in a better contrast between the ‘on’ and
‘off’ states of the electrically switched system?®, and simultaneously enhancing edge
emission powers as well.

2.4 Conclusion

Deploying these switchable windows could have several advantages. First, one can
create windows that make better use of the incident sunlight, reducing light transmission
and glare under bright, hot conditions and using this excess solar energy to generate power
which could be used to allow the window to switch itself. Triggering window transmission
changes to variations in external temperature allows switching to be done automatically,
while the electrical switching allows for individuals to override the automatic temperature
response. The temperature range for switching may be tuned by adjusting the LC host
system, although the current device, which switches between about 25 °Cand 35 °C, already
seems appropriate.

One potential disadvantage of these LC-based devices is the reliance on the smectic
phase of the LC. The smectic phase is often somewhat scattering, resulting in a slightly ‘hazy’
appearance to the window, as if it is somewhat soiled. What may be viewed as potential
disadvantage in a commercial building actually becomes a positive feature with windows
deployed in horticulture, for example, where the diffusing of light can assist plant growth
by allowing more light to reach deeper into the plant canopy*®. Finally, the lifetime of these
‘smart’ window type devices is always a concern. In this particular case, the lifetime will not
be very extensive due to the use of the model LC host. However, liquid-crystal based devices
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have been deployed outdoors worldwide in the form of advertising displays and sporting
scoreboards, so it is anticipated that with optimization of the LC mixture extended lifetimes
appropriate for use as windows will be possible. Likewise, many organic dyes have already
exhibited extended lifetimes!?, and it is anticipated that appropriate lifetimes may be
reached for the luminescent species as well.

2.5 References

1 S.-W. Oh, S.-H. Kim and T.-H. Yoon, Adv. Sustain. Syst., 2018, 1800066, 1800066.

2 M. G. Debije, Adv. Funct. Mater., 2010, 20, 1498-1502.

3 J.A. H. P. Sol, G. H. Timmermans, A. J. van Breugel, A. P. H. J. Schenning and M. G. Debije, Adv. Energy
Mater., 2018, 8, 1702922.

4 J. Wu, D. He, Y. Wang, F. Su, Z. Guo, J. Lin and H.-J. Zhang, Org. Lett., 2018, 20, 6117-6120.

5 P. Kahl, P. Baroni and L. Noirez, Phys. Rev. E - Stat. Nonlinear, Soft Matter Phys., 2013, 88, 050501.

6 J. Lub, D. J. Broer, R. T. Wegh, E. Peeters and B. M. | van der Zande, Mol. Cryst. Liq. Cryst., 2005, 429,
77-99.

7 T. K. Bose, B. Campbell, S. Yagihara and J. Thoen, Phys. Rev. A, 1987, 36, 5767-5773.

8 C. Tummeltshammer, A. Taylor, A. J. Kenyon and I. Papakonstantinou, Sol. Energy Mater. Sol. Cells,
2016, 144, 40-47.

9 P. P. Crooker and D. K. Yang, Appl. Phys. Lett., 1990, 57, 2529-2531.

10 A. M. Kendhale, A. P. H. J. Schenning and M. G. Debije, J. Mater. Chem. A, 2013, 1, 229-232.

11 S. Hemming, T. A. Dueck, J. Janse and F. van Noort, Acta Hortic., 2008, 801, 1293-1300.

12 I. Baumberg, O. Berezin, A. Drabkin, B. Gorelik, L. Kogan, M. Voskobojnik and M. Zaidman, Polym.

Degrad. Stab., 2001, 73, 403-410.

35






Chapter 3

Color tunable triple state ‘smart’ window

In this Chapter, we describe a new fluorescent red dye modified with liquid crystal side
chains to be more interactive with the liquid crystal host. The dye solubilizes in the liquid
crystal matrix with increasing temperature resulting in a red colored, absorbing state,
recovering transparency again by aggregating within minutes upon cooling. This dye is used
to fabricate a device that can be electrically switched from a red colored, absorbing to an
intermediate scattering state, and at greater electrical fields, a transparent state. Using a
second dichroic fluorescent dye, heating the device transitions the window’s color from
yellow/green to red assisted by Forster Resonance Energy Transfer. The multi-responsive
optical changes could find applications in many fields including displays, smart windows,
electricity generation and greenhouses.

This chapter is partially reproduced from: G. H. Timmermans, J. Wu, A. P. H. J. Schenning,
J. Lin, and M. G. Debije, "Color tunable triple state ‘smart’ window," (submitted)
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3.1 Introduction

In this Chapter, we propose a device that can alter its color and transparency in
response to both heat and electrical potential. Unlike the previous Chapter, not only is the
liquid crystal (LC) host responsive to temperature but the dye itself also responds to
temperature changes. In earlier work, we demonstrated a thermally reversible perylene-
core dye in the LC blend E7.> While this dye produced reversible color variation upon
heating, returning to the transparent state took quite a long time (>45 minutes) which
makes it less viable for use in devices where rapid reversibility are desired. We conjectured
that the addition of cyano-biphenyl groups at the end of the alkyl tails of a perylene core to
better match the chemical nature of the host LC would allow both enhanced interaction
between the dye and the host LC, but also promote more rapid association of the dyes upon
cooling. Indeed, the cyano-biphenyl groups result in faster dye reaction speeds, while
maintaining excellent alignment and provide an improved electrical response. The new dye
combined with a second dichroic dye and a chiral dopant is used to fabricate a color tunable
triple-state ‘smart’ window or that is electrically switchable between a dark, ‘absorbing’
state and a transparent state, with an intermediate scattering state with a thermal override
to a bright red color.

3.2 Experimental

CB-perylene (4',4"-(((1,3,8,10-tetraoxo-5,6,12,13-tetraphenoxy-1,3,8,10-
tetrahydroanthra[2,1,9-def:6,5,10-d'e'f']diisoquinoline-2,9-diyl)bis(4,1-
phenylene))bis(dodecane-12,1-diyl))bis([1,1'-biphenyl]-4-carbonitrile)) 1 was kindly
synthesized and provided by Dr. Jianbin Lin of Xiamen University China. C12-PBI (2,9-bis(4-
dodecylphenyl)-5,6,12,13-tetraphenoxyanthra[2,1,9-def:6,5,10-d'e'f']diisoquinoline-
1,3,8,10(2H,9H)-tetraone) 2 was synthesized as described previously.! Mixtures were made
with 0.25 wt% of these dyes in the liquid crystal mixture E7 (Merck). For the supertwist
experiments, a mixture was made of 0.25 wt% CB-perylene 1, 1 wt% chiral dopant S1011 3
(Merck), 0.25 wt% of the coumarin derivative 4 (RiskReactor) and in E7 (see Figure 3.1).
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Figure 3.1: Molecular structure of 1: dye CB-perylene, 2: dye C12-PBI*,3: chiral dopant $1011 and 4: the coumarin

derivative.

Indium tin oxide (ITO) coated glass plates of 3 x 3 cm? were cleaned and a layer of planar
polyimide (OPTMER AL 1051, JSR Corporation, Tokyo, Japan) was spin-coated (Karl Suss RCS,
40 s at 5000 rpm) onto the cleaned glass plates which were then baked for 1.5 h at 180 °C
and rubbed over a velvet cloth to induce planar alignment. Cells were fabricated by gluing
two rubbed plates together with glue containing 20 um glass spacer beads in an antiparallel
fashion with a small offset at the edges. In addition, custom-made ITO coated cells (5 x 5
cm? switching area, 20 um spacing) from LC-Tec Displays AB were also purchased. The cells
were filled with the LC mixtures in the isotropic state and allowed to cool and rest for a day
before use. The 3 x 3 cm? cells were used for the absorption measurements and the 5 x 5
cm? cells for the edge emission power measurements.

UV-vis spectra were measured on a PerkinElmer Lambda 750 with a 150 mm
integrating sphere. Edge emission powers were measured using a Labsphere SLMS 1050
integrating sphere connected to an International Light RPS900 diode array detector.
Simulated solar illumination was provided by a 300 W Lot-Oriel solar simulator equipped
with filters to emulate the AM1.5 solar spectrum. Sine wave voltage modulation at 1000 Hz
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was applied to the cells using a laboratory function generator (Agilent 33220A) coupled to
a 20x voltage amplifier (FLC Electronics F20A) in the range of 0-26 Vrus. The fluorescence
lifetime and photoluminescence spectra were obtained with an Edinburgh Instruments
LifeSpec-ps spectrophotometer with a Peltier cooled Hamamatsu microchannel plate
photomultiplier for detection and coupled to a 400 nm pulsed laser (PicoQuant LDH-C 400,
2.5 MHz; PicoQuant PDL 800-B driver): for the excitation of the analyte with power kept
below 1 mW by using a diaphragm. The fluence of a single pulse was 1078 J/cm?. The
fluorescence lifetime were fitted with a multiexponential fit by reconvolution of the

instrument response function (IRF) using I(t)=f_tooIRF(t’)Zl’-‘=1Ai exp [—?] dt’,

where A; is the amplitude of the ith component with a lifetime 1. Using the software
packaged FluoFit 4.1 of PicoQuant the decay parameters were recovered.

3.3 Results and discussion
3.3.1 CB-perylene dye

Similar to its predecessor C12-PBI,! most of the CB-perylene dye aggregates at 0.25 wt%
in the nematic host LC E7 at room temperature, resulting a relatively colorless cell
(Figure 3.2a). Upon increasing the temperature to >55 °C, the dye mostly dissolves, aligning
parallel to the planar LC host and a red colored cell is obtained (Figure 3.2a). The order
parameter (S) of CB-perylene in E7 was measured in the dissolved state using polarized
absorption and calculated using equation 3.1:

Apar—A

__ Apar—4per

= W (eq. 3.1)
par per

where Aper and Aper are the peak absorbances of the sample when incident light is
polarized parallel and perpendicular to the alignment direction of the host LCs, respectively.
We determine a high degree of alignment (S = 0.6), indicating a good interaction between
the dye and the E7 host; this value is greater than that found for the coumarin derivative
dye labeled 4 in Figure 3.1, which has been one of the highest reported in E7,>% and
approximately the degree of alighment of the E7 host itself.*

Even though at room temperature the system is mostly transparent, application of
7 Vrws rotates the E7 host to the homeotropic alignment, realigning the minor amount of
non-aggregated dye, further reducing absorption since the dye is dichroic, and so absorbs
little light when orientated with its molecular long axis directed towards to viewer
(Figure 3.2a). Increasing the temperature allows the dye to de-aggregate and promote light
absorption. As more dye dissolves, more dye can realign when an electrical potential is
applied across the cell, reaching a maximum difference between the ‘on’ and ‘off’ states of
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the window at 55 °C (see Figure 3.2b). Around 65 °C the E7 host becomes isotropic and no
longer responds to the applied electric field.
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Figure 3.2: a) Photographs of the cell over an image of a flower containing 0.25 wt% CB-perylene in E7 under
various conditions: (top left) RT, O Vrws; (top right) RT, 7 Vrwms; (bottom left) ~55 °C, 0 Vrwms; (bottom right) ~55 °C, 7
Vewms. b) Absorption spectra of 0.25 wt% CB-perylene in E7 at various temperatures at (solid lines) 0 Verws and
(dashed lines) 7 Vews.

The recovery of the system to mostly colorless upon cooling from its colored state was
measured by first heating the sample to 80 °C and measuring the absorption spectra every
5 minutes as the sample cooled at ambient conditions. The results for CB-perylene show
that within 5 minutes the absorption has returned to 88% of its initial value and completely
recovers to its initial state at ~25 minutes (see Figure 3.3). In contrast, C12-PBI, which does
not boast the cyano biphenyl groups, takes much longer to recrystallize: the 88% recovery
takes 45 min and still has not reached its minimum value even after 90 minutes.
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Figure 3.3: Normalized absorbance at 575 nm in time during cooling of CB-perylene and C12-PBI in E7 from 80 °C
to room temperature.
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3.3.2 Color tunable triple state ‘smart’ window

A method to create a scattering state in a switchable liquid crystal (LC) system without
polymerization is by using a ‘supertwist’ system.> In a supertwist system, a small amount
of chiral dopant is added to a nematic LC to create a several rotations of the LC through the
depth of the cell. When applying intermediate voltages, the supertwist hinders the
formation of a homeotropic state, resulting in a focal conic (scattering) state; at higher
voltages the homeotropic state is generated. Supertwist ‘smart’ windows that use dichroic
dyes have increased absorption as a result of multiple alignments throughout the thickness
of the samples.®

To fabricate the color tunable triple state ‘smart’ window we used 0.25 wt% of CB-
perylene 1, 0.25 wt% of coumarin dye 4, and 1 wt% chiral dopant 3 dissolved in the nematic
E7 host. When heating the ‘smart’ window, more CB-perylene dye dissolves and the window
becomes increasingly red colored (Figure 3.4a). The dissolution of the red dye clusters was
monitored using UV-vis spectroscopy (see Figure 3.4b). Initially, only the 450 nm absorption
peak from the coumarin derivative is visible with some scattering at longer wavelengths
caused by the CB-perylene agglomerates. Increasing the temperature results in the
dissolving of the CB-perylene dye and the appearance of the typical perylene absorption
peak, with corresponding reduction in scattering, with scattering reaching a minimum
around 65 °C, the isotropic temperature of the LC mixture. Application of a voltage
(Figure 3.4c and Figure 3.4d shown at RT) increases the scattering, with a maximum
appearing around 9 Vius as a focal conic LC state is achieved. Further increasing the
potential decreases both the absorption and scattering of the cell as a homeotropic LC state
with both the two dichroic dyes aligned perpendicular to the cell surface.
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Figure 3.4: a) Photographs of the ‘smart’ window at (from left to right): RT, ~55°C and ~70 °C. b) Absorption spectra
of the ‘smart’ window at the different temperatures at 0 Vkws. c) Photographs of the ‘smart’ window at RT and
different applied voltages, from left to right: 0 Vews, 9 Vrms and 20 Vrus. d) Absorption spectra of the ‘smart’ window
at various applied voltages at RT.

Not only can the ‘smart’ window be switched independently with temperature or
applied voltage, but the two stimuli can also be applied at the same time (see Figure 3.5a).
Until ~60 °C, the system is responsive to both temperature and electrical fields, after which
the LC becomes isotropic and further application of a voltage has noeffect. The effect of
intermediate temperatures and voltage on the absorption of CB-perylene at 575 nm
(corrected for scattering) is plotted in Figure 3.5b.
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Figure 3.5: a) Absorption spectra of the ‘smart’ window at 55 °C and 0 Vrws, 9 Vaws and 20 Vrms (with vertical dotted
line indicating 575 nm). b) Absorption at 575 nm of the supertwist sample at various temperatures and voltages.
The 0 Vrws SC is baseline corrected for scattering. Lines are added between points as an aid for the eye.

Figure 3.6 schematically depicts the ‘smart” window in its various states as it responds
to changes in both temperature and applied electrical fields. At low temperatures most of
the red dye is aggregated in a non-fluorescent form and the device is colored yellow.
Application of an intermediate voltages forms a yellow scattering texture and at higher
voltages a transparent, slightly yellow, state. Increasing the temperature results in a red
color as the CB-perylene is dissolved to its fluorescent form and receives energy via FRET
from the coumarin. At temperatures below the isotropic point of the LC (<65 °C), a red
scattering texture and transparent, slightly red colored state is formed upon application of
intermediate and high voltages respectively. When heated above the isotropic temperature
the device can no longer respond to voltages.
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Figure 3.6: Schematic representation of the different states of the ‘smart’ window architecture. From left to right
along the top row: conditions under ambient, with the visually yellow state with most CB-perylene aggregated.
Upon application of intermediate potential, the LCs take a focal conic, scattering texture. Further potential increase
forms the transparent, homeotropic LC alignment. Heating the sample to a higher temperature below the isotropic
phase transition leads to (middle row, left to right) a red absorbing state with the CB-Perylene accepting energy
transfer via FRET from the coumarin. Upon application of intermediate and higher voltages, the focal conic and
homeotropic states are attained. Finally, (bottom row) heating the sample to above the isotropic phase transition
leads to a random alignment and a red color that is not affected by the application of an electric field.

To investigate the performance of the ‘smart’ window for electricity generation in
luminescent solar concentrator-like applications,® the edge emission powers were
measured as a function of temperature and applied voltage when exposed to an AM1.5
solar spectrum (Figure 3.7a). At the application of 20 Vrus there is a decrease in emission
power at every wavelength as the sample becomes homeotropic. The emission power of
the coumarin derivative (450-580 nm) noticeably decrease with increasing temperature
while the emission power of CB-perylene (580-750 nm) increase. This decrease of coumarin
emission power is the result of increased FRET as CB-perylene is released. The fluorescent
lifetime of the coumarin derivative in the supertwist system was found to be: 3.76 ns (11%)
and 2.73 ns (88%) at RT and: 2.65 ns (53%) and 2.18 ns (47%) at ~80 °C. Average lifetimes
were calculated to be 2.84 ns at RT and 2.18 ns at ~80 °C, while the lifetime of the coumarin
only was 3.26 ns (see Figure 3.7b). The energy transfer efficiency (E) was calculated using
equation 3.2:%
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E=1-124 (eq. 3.2)
D
where 1pa is the lifetime of the donor in the presence of the acceptor and tpis the
lifetime of the donor in the absence of the acceptor. From this, efficiencies for FRET of 0.13
at RT and 0.33 at ~80 °C were calculated.
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Figure 3.7: a) Edge emission power of three state system at different temperatures and voltages. b) Single photon
counting measurement of the fluorescence decay of: 0.25 wt% coumarin derivative in E7 at RT (black line);
supertwist sample at RT (blue line) and supertwist sample at ~80 °C (red line)

3.4 Conclusion

A fluorescent dye was synthesized to have more interaction with its host LC by
attaching cyano-biphenyl groups at the end of the alkyl tails on a perylene core. The dye
aligns well in the nematic LC host E7, responding to an electrical field and rapidly aggerating
at lower temperatures and dissolving at higher temperatures.

Using this dye in combination with a second fluorescent dichroic dye in a supertwist LC
system, a color tunable triple state ‘smart” window was fabricated. The ‘smart’ window can
change its optical properties both through temperature but also through application of an
electrical field. A dramatic color change from green/yellow to brilliant red with a
corresponding increase of red edge emission power via enhanced fluorescence transfer was
achieved by heating the device. A scattering state is generated due to the application of an
intermediate voltage; it is possible to override the bright yellow/green or red colors by
application of a higher field to generate a transparent system. This system has potential for
application as ‘smart’ windows, and in greenhouses where the incoming solar radiation can
automatically be reduced when temperatures increase too much, while a manual override
to a transparent state is possible if desired.

46



N

0N U bW

3.5 References

J.A. H. P. Sol, V. Dehm, R. Hecht, F. Wiirthner, A. P. H. J. Schenning and M. G. Debije, Angew. Chemie
Int. Ed., 2018, 57, 1030-1033.

P. P. C. Verbunt, A. Kaiser, K. Hermans, C. W. M. Bastiaansen, D. J. Broer and M. G. Debije, Adv. Funct.
Mater., 2009, 19, 2714-2719.

M. G. Debije, C. Menelaou, L. M. Herz and A. P. H. J. Schenning, Adv. Opt. Mater., 2014, 2, 687-693.
B. Bahadur, R. K. Sarna and V. G. Bhide, Mol. Cryst. Liq. Cryst., 1982, 72, 139-145.

S. C. Guy, Displays, 1993, 14, 32-38.

J.-W. Huh, B.-H. Yu, J. Heo and T.-H. Yoon, Appl. Opt., 2015, 54, 3792.

K.-H. Kim, H.-J. Jin, K.-H. Park, J.-H. Lee, J. C. Kim and T.-H. Yoon, Opt. Express, 2010, 18, 16745.

J. A. H. P.Sol, G. H. Timmermans, A. J. van Breugel, A. P. H. J. Schenning and M. G. Debije, Adv. Energy
Mater., 2018, 8, 1702922.

M. Debije and P. Verbunt, Adv. Energy Mater., 2012, 2, 12-35.

47






Chapter 4

Temperature and light responsive ‘smart’
window based on a diarylethene sunlight
responsive dye

Controlling the intensity and manipulating the spectral composition of sunlight is
critical for many devices including ‘smart’ windows, greenhouses and photomicroreactors,
but also important in more decorative applications. Here, we use a photo responsive
diarylethene dye incorporated in a liquid crystal host to create a dual-responsive ‘smart’
window regulated both by an electrical trigger and by specific wavelengths of light. By
incorporating the same diarylethene dye in a polymerizable host and using inkjet printing,
coatings can be made with complete freedom in the applied pattern design, although the
electrical response is lost. The color change of the diarylethene dye can be controlled in
simulated sunlight by concurrent light exposure from a LED source, allowing a manual
override for outdoor use. Photoluminescence of the closed isomer of the diarylethene from
the lightguide edges could be used for lighting or electricity generation in a luminescent
solar concentrator architecture.

This chapter is partially reproduced from: G. H. Timmermans, B. W. H. Saes, and M. G.
Debije, "Dual-responsive “smart” window and visually attractive coating based on a
diarylethene photochromic dye," Appl. Opt. 58, 9823 (2019).
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4.1 Introduction

Thus far, all systems described in this thesis have been responsive to (both) thermal
and electrical stimuli. Because temperature control is often the goal of ‘smart’ windows,
temperature responsive systems that can function autonomously are desirable. However,
photo responsive systems can directly change their properties when the lighting conditions
change without waiting for the temperature to rise. This is especially desired in greenhouse
applications where an overload of light can be detrimental to plants. A manual override via
an electrical trigger remains advantageous in all cases.

One way to help in the introduction of ‘smart” windows into the built environment and
reduce manufacturing costs is by using ‘smart’ coatings. Coatings are easier to scale up and
produce, especially when the need for electrodes is removed. Inkjet printing such coatings
allows for creative patterns to be produced that can be made more visually attractive.

In this Chapter, we demonstrate the concept of a dual electrical- and photo-switchable
‘smart’ window which can be used to generate electricity. Additionally, an exclusively
photo-switchable system was fabricated by inkjet printing which could ease the application
of energy generating ‘smart’ windows in the urban setting via its visually pleasing aesthetics.
To our knowledge, no other light switchable, color-changing LSC coatings have been

reported in the literature.

Figure 4.1: Molecular structures of the photochromic diarylethene dye in its open, non-fluorescent form (left) and
its closed, fluorescent form (right).

The key component is a diarylethene photochromic dye (see Figure 4.1), which, due to
its small conformational change upon isomerization, enables switching between the colored
and transparent states when embedded in a polymeric host.>? Photochromic diarylethenes
have previously found application in fields including optical data storage,®* thermosensors,®
display materials,® and in biotechnology.” However, diarylethenes with fluorescent
quantum yields above 0.7 (required for LSC applications) are uncommon.>1!
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4.2 Experimental

1,2-Bis(2-ethyl-6-(4-acetylphenyl)-1-benzothiophen-1,1-dioxide-3-

yl)perfluorocyclopentene (hereafter labelled the ‘diarylethene dye’) was synthesized
according to procedures found in literature®. Lumogen F Red 305'? was purchased from
BASF SE and the nematic LC mix E7 was purchased from Merck KGaA. A proprietary solution
was used for the inkjet printing. Custom-made indium tin oxide (ITO) coated cells (about 50
x 50 mm? switching area, coated with planar aligned polyimide, 20 um spacing) were
purchased from LC-Tec Displays AB. Samples were printed on 50 x 50 x 5 mm? PMMA
substrates (Plano Plastics). Inkjet printing was performed on a Dimatix DMP-2831 printer
equipped with a DMC11610 printhead (10 pl). Polymerization of the ink was performed with
a Thorlabs M365LP1 LED under N, at a dose rate of 35 mW/cm?.

0.25 wt% of the diarylethene dye was dissolved in E7, a commonly-used liquid crystal
(LC)**14 mixture which is nematic at room temperature and used to fill the ITO coated, glass
cells. In this setup, dual electrical-optical switching behavior could be tested

UV-vis spectra were measured on a PerkinElmer Lambda 750 with a 150 mm integrating
sphere. Edge emission powers were measured using a Labsphere SLMS 1050 integrating
sphere connected to an International Light RPS900 diode array detector. Simulated solar
illumination was provided by a 300 W Lot-Oriel solar simulator equipped with filters to
emulate the AM1.5 solar spectrum. Additional illumination was provided with Thorlabs
LEDs of 340 nm at ~2 mW/cm? (M340L4) and 440 nm at ~8 mW/cm? (M455L3) with
collimation adapters placed approximately 19 cm above the sample at 700 mA. A function
generator (Agilent 33220A) was used to apply a 10 Vpp, 100 Hz sine wave.

4.3 Results and discussion

The choice for this diarylethene dye (see Figure 4.1) is mainly based on its high
fluorescence quantum vyield (¢) in the ring-closed isomer (in 1,4-dioxane, ¢; = 0.87).2
Diarylethene dyes with S,S-dioxidized benzothiophene heterocycles have a significantly
increased ¢; compared to their thiophene heterocycle appended counterparts.'® Extension
of the conjugation raises the ¢ from 0.22 to = 0.8: this is why the molecule features
acetophenone rings in conjugation with the benzothiophene heterocycles. In addition, from
a series of molecules where the length of linear alkyl substituents on the reactive carbons
of similar diarylethenes is varied from methyl up to n-butyl in order to increase ¢y,
substituents longer than methyl on the benzothiophene 2-position are most effective.®®
However, the introduction of ethyl alkyl chains may diminish the fatigue resistance of
diarylethenes compared to their methyl substituted counterparts: however, for proof-of-
principle we valued the increased ¢r over the increased fatigue resistance.
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The order parameter (S) of the dye in the cell was determined by comparing the
absorption of light polarized parallel (Agar) and perpendicular (Aper) to the alignment of the
dye using equation 4.1:

A —A
§ = Par_"per (eq. 4.1)
Apar+2Aper

These measurements resulted in a relatively high order parameter of S = 0.53,

comparable to the order parameter of the better-aligning dyes used in previous studies.'®”

Figure 4.2: a) Photograph of a 20 um cell of 0.25 wt% diarylethene dye in the host liquid crystal E7 exposed for 2
hours to 440 nm light through a cross shaped mask. b) The same sample with 10 V, at 100 Hz applied. c) Schematic
representation of the alignment of the LCs and the dye in both open and closed forms in rest state (0 Vpp). d)

Schematic representation of the alignment of the LCs and the dye in both open and closed states in the
homeotropic orientation (10 Vpp).

The center of the planar cell was then covered with an opaque photomask in the shape
of a cross, and the device exposed for 2 hours to light from a 440 nm LED. Upon removal of
the photomask, a dark yellow cross corresponding to the unexposed areas was visible on a
mostly transparent background from the exposed regions, as can be seen in Figure 4.2a.
Figure 4.2c shows schematically that light is able to pass the sample in the exposed areas
where the dye has undergone a ring opening to the transparent state while the light is
absorbed at the unexposed areas. By application of a small AC field (i.e. 10 V,, at 100 Hz)
the LC (and hence the diarylethene dye) could be reoriented into a homeotropic state within
a second (see Figure 4.2b). Due to the dichroism of the dye, the absorption is much reduced
in the regions with homeotropic orientation compared to the planar (rest) state, resulting
in the dark yellow areas becoming more transparent while the background became even
clearer. Figure 4.2d shows the realignment of the LCs and the dye, resulting in a non-
absorbing state across the sample allowing more light to pass through the device. Removal
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of the potential allows the LCs to return to their initial orientation within seconds. These
multiple visual effects are not normally possible in ‘smart’ windows using static fluorescent
dichroic dyes.
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Figure 4.3: Absorption spectra of the exposed (blue) and unexposed (red) regions of the masked cell containing
0.25 wt% diarylethene dye in E7 at rest (solid lines) and under an applied field of 10 V,, at 100 Hz (dotted lines).

The absorption spectra of the exposed and unexposed regions of the sample are shown
in Figure 4.3. The unexposed area covered by the mask retained its initial absorbance,
indicating that no isomerization has occurred, in contrast to the region exposed to the LED
for 2 hours, where a decrease of the absorbance peak from 0.19 to 0.08 was observed. The
LC (and hence the diarylethene dye) reoriented reversibly upon application of a potential
across the cell to align homeotropically, resulting in a drop in the measured absorption of
the exposed areas to only 0.04, while the absorption of the masked area reduced to 0.08.
In future, to reduce the switching times without affecting the fluorescent quantum yield it
may be possible be to modify the dye to have an increased thermal relaxation.

Figure 4.4: Examples of an inkjet-printed pattern containing diarylethene dye (yellow) and Lumogen F Red 305
(red): a) A flower; b) A flower after switching to the transparent state (2 hours of 440 nm light).
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By incorporating the diarylethene dye in a solution, inkjet printing allows for the
construction of intricate, light-sensitive art, making the system more visually pleasing to the
observer. For example, Figure 4.4a displays a sample printed in the shape of a flower, with
the center yellow region containing the diarylethene dye and the outer red region
containing BASF Lumogen F Red 305, a common dye used in LSC studies.'>'#-2! The sample,
containing 0.45 wt% of diarylethene dye in a binder was printed onto 50 x 50 x 5 mm?
polymethylmethacrylate (PMMA) plates. The printed layer was subsequently
photopolymerized under nitrogen with a 365 nm LED to form a solid film. During the
polymerization, photocyclization of the diarylethene took place accompanied with the
enhancement of the absorption band at around 455 nm. Figure 4.4b shows the same flower
after switching to the transparent state (2 hours of 440 nm light), resulting in a fading of the
color of the flower center, with only the red petal color remaining. This allows for decorative
designs that could be used for advertisement purposes where part of the message can be
reversibly displayed.
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Figure 4.5: Absorption spectra of the coating containing the diarylethene dye on a PMMA lightguide. a) During
exposure with 440 nm light. b) During subsequent exposure with 340 nm light. c) During subsequent exposure with
solar simulator AM1.5 illumination. d) Edge emission power spectra of the diarylethene dye on a PMMA lightguide
during exposure with solar simulator AM1.5 illumination
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To study the switching speed and light being emitted from the edges of the lightguide,
the diarylethene dye was printed to fully cover the 50 x 50 mm? surface of a PMMA plate.
After photopolymerization (and photocyclization of the diarylethene) of the binder, the
sample was exposed to light from a 440 nm LED at 22 mW/cm?, causing an photoinduced
cycloreversion and gradual reduction of the absorption peak center at 455 nm (see Figure
4.5a), changing the film color from yellow to essentially colorless over an hour of exposure.
To regenerate the absorption peak and device color, the sample was exposed to 340 nm
light from an LED at 1.5 mW/cm?, reaching the photostationary state (PSS) within 3 minutes.
Already more than 80% of the maximum absorption at 455 nm of the pristine coating was
recovered within the first 30 seconds (Figure 4.5b). The PSS was also monitored under a
solar simulator. This resulted in a 14% decrease of the absorption from the initial
fluorescent state (see Figure 4.5c). The dye reached this PSS in less than 15 min of exposure
to the solar simulator, which generates a continuous spectrum, simultaneously exciting
both the open and closed isomers of the diarylethene.

The fluorescent light emitted by the dye is largely retained in the high refractive index
PMMA lightguide by total internal reflection, and exits the material primarily through the
edges of the plate. The fluorescent light emitted from one edge of the lightguide during
exposure to the solar simulator was captured with an integrating sphere and spectrally
resolved (see Figure 4.5d). The intensity of the emitted light decreases in time, concurrent
with the decrease of absorption at 455 nm. The internal optical efficiency?? (photons
emitted at the edges of the device per photons absorbed by the device) of the initial closed
isomer, high absorbance state was calculated using equation 4.2:

A
photons emitted Jemission Pout(1em) ;rcnd'lem 0
Nint = hot bsorbed = Aabs *100% (eq' 4.2)
photons a fabsorption Pin(aabs)TA()t) d}»abs

where Pout(Aem) is the emission power of all four edges over the wavelength range (in
Watt). Because only 1 edge at a time could be physically measured, total output was
approximated by multiplying the single measurement by four. P;y(Aaps) is the incoming light
spectra from the solar simulator (in Watt), A(A) is the absorption of the sample (in %), A is
the wavelength range over which the summation is made, h is Planck’s constant, and c the
speed of light. For the active wavelength range (absorption 350-800 nm, emission power
450-700 nm) the calculated internal optical efficiency was nint= 40% (10% for a single edge).

Illumination of the sample with exclusively 440 nm light initially resulted in a high
emission power which dropped by more than 50% within 30 min due to the ring opening
reaction to the transparent, non-fluorescent state. Illumination with 340 nm light resulted
in only negligible emission power as the closed isomer shows practically no absorption at
this wavelength.
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Figure 4.6: Edge emission powers of the diarylethene dye film a) upon initial illumination by a solar simulator (black
line) and with additional 440 nm LED (red line) illumination (inset: schematic of the setup) followed by b) time
evolution of the edge emission power during continuous exposure to solar simulator light with additional 440 nm
light illumination. The short wavelength peak in the spectra is the result of LED light scattered to and escaping the
edge of the lightguide; the peak increases over time as the sample becomes more transparent to these
wavelengths over time.

For future applications, it would be desirable to control the color change in the LSC
device in an outdoor environment, where constant solar light is illuminating the device. This
control is simulated by illumination with a solar simulator until the PSS is reached, followed
by supplementing the solar simulator with an additional 440 nm LED light source to alter
the PSS (this sequence is illustrated as an inset in Figure 4.6a) and drive the device towards
its open, transparent isomer. The addition of the 440 nm LED increases the light intensity
on the sample resulting in an increase of emission power between 500-700 nm (see Figure
4.6a). After the initial increase, the transition towards the open and transparent isomer
decreases the emission power (see Figure 4.6b), indicating that the PSS and the
accompanying color and fluorescence states can be tuned to desired levels.
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Figure 4.7: Time evolution of the edge emission power under illumination of AM1.5 solar spectrum. Inset:
enlargement of the emission power peak.

To restore the original state, illumination with the 440 nm LED was ceased, allowing the
sample to return to the PSS under simulated solar illumination. This was followed by
illumination with a 340 nm LED, driving the dye towards its closed fluorescent state,
resulting in increased emission power. The principle of this tuning is shown in Figure 4.7;
however, the changes in the emission power are minor, resulting from the large difference
in intensity between the 340 nm LED and the solar simulator (1.5 mW/cm? versus 22.5
mW/cm?, respectively) and competitive absorption of the binder, allowing for only a minor
shift in the PSS of the device.
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Figure 4.8: Absorbance of diarylethene dye in time during four cycles of 440 nm light and 340 nm light being
applied. a) Absorbance at 455 nm in polymer matrix; b) absorbance at 460 nm in LC host.
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The switching repeatability of the dye in the solid coating used in these experiments
was investigated by performing four photoswitching cycles and monitoring the peak
absorbance at 455 nm (see Figure 4.8a). The absorbance in the transparent state drops after
the first cycle and reaches the same minimum value in subsequent cycles. The decreased
absorbance during the 2nd cycle could be due to the PSS not having been reached. Exposure
to 340 nm light results in PSS formation after 5 min, while subsequent illuminations for 15
min fail to return the previous peak value. Thus, the absorbance of the colored state drops
steadily after every cycle indicating a limited repeatability.

The repeatability of the system in E7 was also tested (see Figure 4.8b). Since behavior
similar to the polymer matrix was expected, the initial exposure to 340 nm was only 15 min
and no PSS was reached. During the second exposure to 340 nm, a PSS appeared to be
attained after more than 4.5 hours which is more than 50 times longer than expected from
the polymer matrix. In the third cycle a PSS was achieved within 60 mins but it is likely that
the PSS was already reached before that time. In the fourth cycle the PSS was already
attained within 10 min which is comparable with the experiments with the polymer matrix.
A possible explanation for this difference in behavior is that the dye in the polymer matrix
underwent an activation during the photo polymerization step. If the first full cycle to the
PSS is different compared to the subsequent cycles, the first cycle could not be monitored
during polymerization while it was monitored in the E7 matrix. Therefore, it is possible that
in subsequent cycles the dye shows similar behavior in both matrices.

It is unknown what the cause is for the continuous decrease in absorption peak with
each cycle. Generally, diarylethene dyes are valued for their high photostability and
durability in cycling.! For diarylethenes of which both (benzo)thiophene rings have been S,S-
oxidized, thermally induced degradation has not been found. However, for diarylethenes
bearing just one thiophene-S,S-dioxide it is known that a thermally induced intramolecular
reaction leads to the formation of degradation products.?>2> As most degradation studies
investigate stability of the dyes in isolation, it is unknown what effect other components in
the polymer used and LC host mixture might have.

For future development and commercialization, the library of switchable fluorescent
molecules should be extended to exhibit a wider variety of colors. Fortunately, the color of
these molecules can be easily altered, suggesting deployment in the built environment from
the aesthetic standpoint could be possible as ‘smart’ windows as advertisement banners
where parts of the message could be reversibly manipulated. Finally, the color switching
could find application in the LSC-photomicroreactor concept,?*2¢ allowing various reactions
to be catalyzed from solar light by simply switching the color state of the embedded
diarylethene.
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4.4 Conclusions

In this Chapter, we have shown a diarylethene-based electrically- and photo-switchable
‘smart’ window with a potential for electricity generation. Additionally, using inkjet printing,
diarylethene based coatings could be created allowing for more visually appealing designs.
Printing these coatings results in the loss of the electrical switching response but will also
lower the manufacturing costs as electrodes are no longer needed. The coating is capable
of switching its coloration when exposed to light from LEDs as well as solar simulated light;
the fluorescence escaping the edge of the underlying lightguide is affected by the switching
state of the dye. The color change is reversible, although the stability at this time must be
improved before real applications can be considered. A ‘manual override’ for the color
change under the solar simulator was created by adding additional light from an LED. If
desired, it is possible to maintain the color of the dye to a significant degree, even under
full simulated sunlight. These systems could help reduce energy consumption in
greenhouses and buildings by being employed as ‘smart’ windows or signage, for example.
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Chapter 5

Flexible Nanoporous Liquid Crystal
Networks as Matrixes for FRET

Forster resonance energy transfer (FRET) is important not only to the fields of biology
and biophysics, but also in opto-electronics and light guiding systems. Different matrixes
are being investigated that facilitate FRET, including zeolites and metal-organic frameworks.
In this Chapter, a new matrix for FRET generation is proposed: nanoporous liquid crystal
networks. These liquid crystal networks can be easily processed and are able to align
dichroic fluorescent dyes. A base treatment can create nanopores in the network, which are
then able to absorb a second fluorescent dye in an aqueous phase while still retaining good
alignment. Using lifetime measurements, we provide proof that even in this non-optimized
system, around 70% of the energy was transferred via the FRET mechanism from one dye
to the other. Liquid crystal networks have many advantageous over current matrixes as they
are easy fabricate, flexible and could be modified to selectively and reversely absorb dyes,
allowing many new applications.

This chapter is partially reproduced from: G. H. Timmermans, M. van der Heijden, B. M.
Oosterlaken, S. C. J. J. Meskers, A. P. H. J. H. J. Schenning, and M. G. Debije, "Flexible
Nanoporous Liquid Crystal Networks as Matrixes for Forster Resonance Energy Transfer
(FRET)," ACS Appl. Nano Mater. 3, 3904—-3909 (2020)
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5.1 Introduction

For a more fundamental look at light guiding, we investigate an anisotropic nanoporous
polymer matrix for facilitating the transfer of energy between different fluorescent dyes via
Forster resonance energy transfer (FRET).! FRET is an important physical phenomenon
whose applications have expanded tremendously in the last 30 years, especially in the
biological and biophysical fields.>™* Additional applications include optoelectronics,> micro
fluidic sensors,® reducing Stokes shift losses in luminescent solar concentrators ”# and
slowing the effects of photodegradation in dyes.’

There are a few criteria that must be satisfied for FRET to occur efficiently between two
molecules: 1) the fluorescence emission spectrum of the donor and absorption spectrum of
the acceptor need to overlap,® 2) the donor and the acceptor need to be in close proximity
to one another, typically 1 to 10 nm>1%! 3) the transition dipoles of the donor and acceptor
need to be approximately parallel 2> and 4) the fluorescence lifetime of the donor must be
sufficiently long to allow FRET to occur.?

It would be desirable to generate FRET by bringing donor and acceptor molecules into
close contact without relying on high concentrations to minimize the distance between the
molecules,'*12 but not only from a cost perspective: in biological sensing applications, for
example, one prefers to deploy the minimum dose of foreign species in the living system.>®
High concentrations of dyes in light control systems may also result in strong reabsorption
of emitted light leading to reduced efficiency.” Furthermore, solubility of the dyes in the
host medium is often limited, so higher concentrations are often not even possible.3
Current techniques to minimize the distance between the luminophores without relying on
high doping concentrations are by physically linking the interacting molecules'* or
incorporating them in highly aligned structures®® such as metal organic frameworks
(MOF),*7 zeolites, 1 or other materials.2%2

In this Chapter, we propose a new way of bringing two dyes at low concentrations into
close proximity in a controlled manner for efficient FRET generation by using a self-
assembling, all-organic flexible network with aligned fluorescent molecules in liquid crystal
(LC) host films containing reversible channel structures. By opening the channels using a
base treatment, nanopores are created in the LC film which allow absorption of a second
fluorescent dye, bringing the two dyes in close contact, one in the LC network, one in the
channel. Liquid crystals networks (LCNs) have shown to be able to selectively absorb?? and
align organic dyes,?>?* and even facilitate FRET,%%>26 but never has the selective absorption
been combined with the alignment of a second fluorescent dye for the purpose of FRET
generation.
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5.2 Experimental

Monomer 1 4-(4-(4-(6-acryloyloxyhexyloxy)benzoyloxy)benzoyloxy)-(6-
acryloyloxyhexyloxy)benzene was supplied and synthesized by Synthon Chemicals as
described in the literature?” and monomer 2 (4-(6-acryloyloxylhexyloxy)benzoic acid) was
supplied by Synthon Chemicals. The photo-initiator (1-hydroxycyclohexylphenylketone)
was obtained from Ciba Specialty Chemicals and the thermal inhibitor (p-methoxyphenol)
from Sigma Aldrich. These chemical structures are shown in Figure 5.1. Dye 1 (DFSB-K160,
a coumarin derivative from RiskReactor), Dye 2 (Rhodamine B, 295% (HPLC), obtained from
Sigma Aldrich) and Dye 3 (Fluorescein, 95%, obtained from Sigma Aldrich) were used as
received. Dye 2 is water soluble and exists in a protonated acidic or an unprotonated

zwitterionic salt form at pH 2 and 8, respectively.?8-3°

Y \/\/\/\o-®—/< _@‘@‘owok/
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Figure 5.1: The chemical structures of: monomer 1 (top), monomer 2 (bottom left), the thermal inhibitor (bottom
center), the photo initiator (bottom right).

An LC mixture was made based on the literature3*3? with monomers 1 and 2 in a 50/50
w/w ratio. Additionally, 0.2 wt% of Dye 1, 0.5 wt% of the photoinitiator and 0.2 wt% of the
thermal inhibitor were added.

Glass plates of 3 x 3 cm? were cleaned and a layer of planar polyimide (OPTMER AL
1051, JSR Corporation, Tokyo, Japan) was spincoated (Karl Suss RC8, 40 seconds at 5000
rpm) onto the cleaned glass plates. After spincoating, the glass plates were baked for 1.5
hours at 180 °C and rubbed over a velvet cloth to induce planar alignment. Cells were
fabricated by gluing two rubbed plates together using glue containing 20 um glass spacer
beads in an antiparallel fashion with a small offset at the edges.

Cells were filled with the LC mixture in the isotropic phase at 120 °C by capillary action.
After filling, the cells were cooled to 107 °C and then slowly cooled to 95 °C (smectic phase
A)* at 1 °C per minute (see Figure S1). The LC mixture was photopolymerized at 95 °C using
a high intensity UV-lamp (Omnicure EXFO, series 2000) at 2—4 mW/cm? for 10 minutes. After
photopolymerization, the cell was opened and a free-standing film was obtained.
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The films were immersed in a 0.1 M potassium hydroxide (KOH) solution for 1 hour to
open the hydrogen bonds and create a porous structure.3® Thereafter, two different dye
concentrations c1 and c2 (0.0014 and 0.0010 wt% of Dye 2 in water, respectively), were
allowed to infiltrate into the nanopores for 24 hours.

A schematic overview of the process is shown in Figure 5.2. Differential scanning
calorimetry (DSC) was performed under a nitrogen atmosphere using a TA Instruments
Q1000 DSC equipped with an RCS90 cooling accessory. Polarized optical microscopy (POM)
studies were conducted on a Leica DM2700 microscope equipped with a Leica MC170 HD
camera, or on a Leica DM 6000 M microscope using a Leica DFC420 C camera. The
absorption spectra were measured with a Perkin Elmer Lambda 750 UV/Vis/NIR
spectrophotometer equipped with a 150 mm integrating sphere. Infrared (IR) spectra of the
films were measured with a Varian 670-IR FT-IR spectrometer equipped with a golden gate
(an ATR accessory).

Crosslinker Monomer Hydrogen bond Polymer network

e
Dyel = — = — UVphoto- — \=m A )
—— — —m polymerization
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Figure 5.2: Schematic overview of the porous film fabrication process. (Top left) The initial smectic aligned LC film
containing aligned Dye 1. (Top right) Polymerization by exposure to UV light. By exposing the films to a KOH alkaline
treatment, the hydrogen bonds are broken (Bottom right). Dye 2 is introduced in solution and competes out the
K* in the channels of the LC film, bringing the two dyes in close proximity to each other (Bottom left).

The fluorescence lifetime and photoluminescence (PI) spectra were obtained with an
Edinburgh Instruments LifeSpec-ps spectrophotometer with a Peltier cooled Hamamatsu
microchannel plate photomultiplier for detection and coupled to a 400 nm pulsed laser
(PicoQuant LDH-C 400, 2.5 MHz; PicoQuant PDL 800-B driver) for the excitation of the
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analyte with power kept below 1 mW using a diaphragm. The fluence of a single pulse is
10® J/cm?. The fluorescence lifetime were fitted with a multiexponential fit by
reconvolution of the instrument response function (IRF) using I(t) =

f_tw IRF(t") Y A; exp [— %] dt', where A; is the amplitude of the ith component with a

lifetime t;. Using the software packaged FluoFit 4.1 of PicoQuant the decay parameters were
recovered. from Confocal microscopy was performed on a Leica DMi8 microscope equipped
with a Leica HC PL APO CS2 (20x/0.75 DRY) objective, three lasers (405 nm, 488 nm and 638
nm) and a Leica hybrid detector (HyD) and a normal photomultiplier (PMT) detector.

A Transmission Electron Microscope (TEM) was used to obtain the layer-spacing of the
LCN, calculated with Fast Fourier Transform (FFT). The LCN was embedded in EMS Epofix
embedding resin and was cross cut using a Reichert-Jung Ultracut-E ultramicrotome set to
70 nm thickness and 3 mm/s cutting speed. Slices were picked up with an EMS perfect loop
and placed on a continuous carbon TEM grid, 200 mesh copper support. TEM imaging was
performed under 4 um defocus on a Tecnai 20, type Sphera, operating at 200 kV and
equipped with an LaB6 filament. The images were acquired with an electron dose of
4 e- A2 per image on a 2k x 2k Gatan CCD camera.

5.2.1 Determining the fluorescence quantum yield

The fluorescence quantum yield (¢¢) of Dye 1 was determined using Dye 3 (fluorescein)
as reference. The fluorescence emission and absorption spectra of Dye 1 in xylene and Dye
3in 0.1 M NaOH were measured (see Figure 5.3).
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< - 200000 £
w

0-021 100000
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Wavelength (nm)
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Figure 5.3: Absorption (solid lines) and emission (dotted lines) of Dye 1 in xylene (red) and Dye 3 in 0.1 M NaOH
(black).
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The & could then be calculated from equation 5.1:3°

Fi*fr*niz
. = —— %
(‘pf;l FT*fi*nTZ‘ (pr (eq 51)

where, Fis the integrated fluorescent emission (excited at 455 nm), fis the absorption factor
(at 455 nm), n is the refractive index and the subscript r and i refer to the reference and the
sample, respectively. Using the values in Table 5.1 and equation 5.1 results in an ¢r for Dye
1in xylene of ~0.97.

Table 5.1: Measured and literature data of Dye 3 in 0.1 M NaOH and Dye 1 in xylene for ¢ determination.

Sample Integrated fluorescent Absorption Refractive index b+
emission (F) factor (f) (n)
Dye3in0.1 M 12.8 *106 0.056 1.3336 0.9237
NaOH
Dye 1 in xylene 26.7*106 0.141 1.5038 0.97

5.3 Results and discussion

The fluorescent dyes chosen as the donor and acceptor should have a good overlap of
the emission spectrum of the donor (Dye 1) and the absorption spectrum of the acceptor
(Dye 2) for efficient FRET. The donor chosen was a coumarin based dye (Dye 1) with a
®>90% and good solubility and alignment in the LC host.3° The acceptor needed to be water
soluble with good spectral overlap with Dye 1: as a model system, we selected Rhodamine
B (Dye 2, ¢ in water ~20%).3° Coumarin/Rhodamine dye pairs have been used previously in
FRET pair studies.®® The absorption and emission of the two dyes is shown in Figure 5.4 from
which it was calculated that Dye 2 is able to absorb ~46% of the emission spectra of Dye 1.
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Figure 5.4: Normalized absorption (solid black line) and emission (dotted black line) spectra of Dye 1 and
normalized absorbance (solid red line) and emission (dotted red line) spectra of Dye 2 in the LCN.

The fabricated films were flexible and could easily be bent by hand without damaging
the structures, as shown in Figure 5.5a. To confirm the formation and opening of the LCN
nanopore structure, the hydrogen bonds formed between the carboxylic acid moieties of
the monoacrylates were monitored with Fourier Transform Infrared (FTIR). In Figure 5.5b,
one follows the three sample preparation steps: immediately after polymerization, after
KOH treatment, and after infiltration of Dye 2. The formation of the hydrogen bonds is
monitored by the 1678 cm™ peak, associated with the C=0 stretch vibration in cyclic
carboxylic acid dimers.3? After the alkaline treatment with 0.1 M KOH for 1 hour, the FTIR
spectrum showed the breaking of the hydrogen bonds and the formation of carboxylic
anions (COO" formation at 1539 cm™ and 1384 cm™). The formation of carboxylic anions is
accompanied with the activation of the LCN and therefore the formation of the anionic
nanopores. After the infiltration of Dye 2, the absorbance peaks at 1678 cm™ increased
again, indicating that some hydrogen bonds reformed, while the peaks at 1538 cm™ and
1383 cm decreased, indicating that the number of carboxylic anion groups decreased.
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Figure 5.5: a) Photograph of a piece of a typical LCN film showing its flexibility. b) FTIR spectra of sample
immediately after polymerization (black line), after KOH treatment (violet line) and after infiltration of Dye 2 (red
line). Vertical blue lines denote the positions of H-bonds (1678 cm™), and carboxylate anions (1539 cm™ and 1384
cm?).

POM (see Figure 5.6) confirms the ordering of LC in the film retains smectic C order
throughout the nanopore opening procedure in correspondence with literature..

Figure 5.6: POM photographs of the LCN at 500x magnification. a) After polymerization; b) after base treatment,

and c) after infiltration with Dye 2. The single arrow shows the alignment direction of the substrate and the crossed
arrows represent the axes of the crossed polarizers.

Alignment of dyes in the LCN can be described using the order parameter, S, where S is
defined using equation 5.2 as:*

Apgr—A

— par per

Ty (eq.5.2)
par per
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where Apor and Aper are the peak absorbance when the film is exposed to light polarized
parallel and perpendicular to the LC alignment direction, respectively. The order parameter
for Dye 1 was determined to be S = 0.3 and showed only minor fluctuations (+ 0.03) during
the entire process, indicating alignment within the LCN. After infiltration it was found that
the disc-like Dye 2 did not align with the LCN nanopores (S = 0.05), but as this dye does not
show alignment in LCN matrixes, either,?3 this result was expected. Ideally, one would desire
a dye that would align in a controlled way in the nanopores, and future work will involve
identifying such dyes.

TEM was used to study the layer spacing of the samples. The red arrow in Figure 5.7a
shows the alignment of the layers of the LCN after infiltration with Dye 2. For a hydrogen-
bonded network with the same monomer composition, literature reports a layer-spacing of
3.8 nm for the polymerized LCN and a layer-spacing of around 3.4 nm after alkaline
treatment.3? Fast Fourier Transform (FFT) of the TEM image (Figure 5.7b) resulted in an
intermediate value 3.65 * 0.02 nm, which is expected, as after infiltration of Dye 2 the LCN
has reformed some hydrogen-bonds, resulting in a layer-spacing intermediate to the
hydrogen-bonded and fully opened networks.

Figure 5.7. a) TEM picture of the cross-cut of the LCN with the red arrow showing the alignment direction of the
nanopores and b) FFT of the TEM image showing the layer-spacing of 3.65 nm.

The weight fraction of Dye 2 (w,) adsorbed in the network was investigated by
measuring the absorption of the Dye 2 solutions before and after soaking the samples and
calculated by equation 5.3:

_ V(ci—cq)*My

M, (eq. 5.3)

Z)
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where c; and ¢, are the concentrations of Dye 2 in the initial solution [mol L] and after
soaking, respectively, V is the volume of the Dye solution [L], M,, is the molecular weight of
Dye 2 [gram mol™?] and Mg is the weight of the film [gram]. The Dye 2 concentration in the
solution before and after absorption was calculated from their absorption peaks and the
Lambert-Beer law. From these calculations it was estimated that film c1 contained 0.30 wt%
Dye 2 and film c2 contained 0.26 wt% of Dye 2, which are in the same range as the 0.20 wt%
of Dye 1 present in the film.

Fluorescent confocal microscopy was used to estimate the distribution of Dye 2
through the depth of an infiltrated freestanding film. With two lasers, Dye 1 and Dye 2 could
be separately excited and the resulting fluorescence measured over a 0.6 x 0.6 mm? area.
By comparing the dye penetration of Dye 1 and Dye 2, the diffusion of the Dye 2 into the
network can be evaluated, as Dye 1 is assumed to be evenly spread through the network.
The spectrum of a freestanding film with 0.73 wt% Dye 2 is shown in Figure 5.8: the
distribution of the measured fluorescence is relatively constant throughout the film depth
and follows the fluorescence of Dye 1 quite closely, suggesting an equal distribution of Dye
2 throughout the freestanding film depth.

Dye 1
== Dye 2

Intensity (a.u.)

T T T T T T T

0 10 20 30 40 50 60 70
Thickness z direction (um)

Figure 5.8: The normalized intensity of the fluorescence of Dye 1 (orange) and Dye 2 (red) over the approximately
20 um thickness of a freestanding film using fluorescent confocal microscopy.

The photoluminescence emission spectra of the films c1 and c2 excited at 400 nm both
show the characteristic emission peaks of Dye 1 at 495 nm and of Dye 2 at 588 nm; see
Figure 5.9. This indicates that there is energy transfer from Dye 1 to Dye 2, as Dye 2 itself
has almost no absorption at 400 nm (see Figure 5.4).
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Figure 5.9: The fluorescence emission spectra of films c1 and c2, each excited at 400 nm, normalized to unit
intensity for the first peak.

To distinguish if the energy transfer from Dye 1 to Dye 2 is primarily due to FRET or
simple reabsorption and reemission events, fluorescence lifetimes were measured. In
Figure 5.10, the lifetime spectra of a film with only Dye 1 and two films containing both Dye
1 and Dye 2 (c1 and c2), show that the films containing Dye 2 have a faster decay in the
lifetime. The decay of the fluorescence can be described by a biexponential function and a
non-linear least squares analysis taking into account the finite instrument response yields
the following excited state lifetimes for Dye 1 for c1 : 0.61 ns (70%) and 1.85 ns (30%). For
c2:1.01 ns (49%) and 2.16 ns (51%). From this, an average lifetime was calculated to be 0.98
ns for c1 and 1.60 ns for c2, while the lifetime for a system containing only Dye 1 was 3.04
ns. The energy transfer efficiency (E) was calculated using equation 5.4:%

E=1-24 (eq. 5.4)
D
where 1p4 is the lifetime of the donor in the presence of the acceptor and tpis the
lifetime of the donor in the absence of the acceptor. From this, efficiencies for energy
transfer via non-trivial mechanisms of 0.7 for film c1 and 0.5 for film c2 were calculated,
which are comparable to other non-liquid crystal based systems.*34
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Figure 5.10: Normalized single photon counting measurement of the fluorescence decay for a film a film
containing only Dye 1 (black line), and for film c1 (blue line) and film c2 (red line). Excitation with a light pulse of
400 nm wavelengths and ~100 ps temporal width.

Adding Dye 2 directly to the initial LC mixture (0.1; 0.2; 0.4 wt%) without opening of the
pores and polymerizing in the isotropic state also results in energy transfer from Dye 1 to
Dye 2, as can be seen in Figure 5.11a. However, the average fluorescence lifetimes were
determined to be between 2.3-2.4 ns for all concentrations (Figure 5.11b). These lifetimes
correspond to much lower energy transfers efficiencies, i.e. 0.2-0.3. This low energy transfer
efficiency shows that the ordering of Dye 1 in the smectic C phase and absorption of Dye 2
in the pores significantly improves the energy transfer via the FRET mechanism over random

mixing.
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Figure 5.11: a) The fluorescence emission spectra, and b) the normalized single photon counting measurement of
the fluorescence decay for isotropic films containing 0.1; 0.2; 0.4 wt% Dye 2. Excitation with a light pulse of 400
nm wavelengths and ~100 ps temporal width
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While we have demonstrated FRET between the LC-embedded Dye 1 and the channel
infiltrated Dye 2, the performance of this dye coordination system could be significantly
improved. Firstly, Dye 2 is a rather poor performing dye; replacing it with one with higher
&+ could have considerable impact on emissions. It should also be possible to compete out
the infiltrated dye with other dyes which have higher affinity for the nanopores, or by
changing pH to displace the occupying dye,??** again increasing the system versatility.
Modification of the nanopore size, layer spacing,?>*® ordering®’ and binding nature of the
nanopore interior could allow alignment of dyes within the channels, improving the degree
of control over the light emission directions.*® Better control of directionality of light
emission open up potential applications in solar energy,” daylighting,*® and horticulture.>°

5.4 Conclusions

A flexible organic host matrix for enhanced light control was investigated. An aligned
liquid crystal polymer network containing a fluorescent dye was created. After opening the
nanopores in the network, a second fluorescent dye was infiltrated. During these
procedures the alignment and ordering of the network remained constant. This network
was able to transfer almost 70% of the energy of the donor dye in the liquid crystal to the
acceptor dye in the channels via FRET. Liquid crystal networks potentially provide many new
opportunities for sensing and light guiding purposes.
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Chapter 6

Technological assessment

This chapter is partially reproduced from: G. H. Timmermans, S. Hemming, E. Baeza, E.
A. J. van Thoor, A. P. H. J. Schenning, and M. G. Debije, "Advanced Optical Materials for
Sunlight Control in Greenhouses," Adv. Opt. Mater. 8, 2000738 (2020)
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6.1 Introduction

In Chapters 2-4, various ‘smart’” windows have been described that can tune their
optical properties upon exposure to external stimuli by making use of dichroic dyes and
liquid crystals (LCs). The electrical and thermal responses originated from the LC host in
Chapter 2, but in Chapter 3 the dye was designed to respond to changes in temperature. To
enable a more rapid change, a photochromic dye was developed in Chapter 4 which could
also be printed as a coating. In Chapter 5, LCs were used to fabricate a nanoporous matrix
that facilitates Forster resonance energy transfer (FRET) between two fluorescent dyes for
efficient light guiding.

In this Chapter, a technological assessment is given on the advanced optical materials
presented in the thesis. The two main limitations of these devices (their untested stabilities
and uncertain scalabilities) are discussed, and a short evaluation on the potential impacts
of these systems on greenhouses is given. In addition, preliminary work on ‘smart’ blinds is
presented as a potentially more robust alternative to standard ‘smart’ windows, and on
lightguides for improving lighting conditions in lower areas of greenhouses.

The work in this thesis is developed in an academic environment and therefore a large
gap remains before this research can be implemented industrially. When implementing this
research, the initial focus should be a high margin market, where the technology can have
a large impact. For this reason, high value crops such as ornamentals (e.g. potted plants,
flowers) are of interest; alternatively, initial deployment could be in the built environment.
As most of the systems in this thesis decrease the total amount of photosynthetically active
radiation (PAR), shade loving plants and regions with high sunlight intensities are of special
interest for application.

6.2 Stability

Perhaps the main roadblock to widespread acceptance of responsive optical materials,
besides the potential additional costs, is the fatigue of the materials. The devices discussed
in this thesis use polymers, dyes and LCs that have been known to degrade from UV
exposure, for example. For growers to seriously consider using these devices, extended
lifetimes are required. Therefore, the stability of the new devices should be determined.

Although not extensively covered in this thesis, there are many strategies to extend the
lifetime of the various devices described here. A simple way to greatly reduce the harmful
effects of UV-light on the stability is addition of UV-absorbers to prevent the harmful
irradiation from reaching the UV-sensitive components. LCD screens (containing LCs and
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using similar technologies) have long lifetimes and are even used outdoors by making use
of UV-protective coatings, indicating that these stability issues can be overcome.?

The coating from Chapter 4 might experience polymer degradation and the standard
solution of adding UV-absorbers would probably hinder the photo-switching. A solution to
these issues would be to develop dyes that respond to longer wavelengths of light, but care
must be taken not to affect the PAR light. Dyes are especially sensitive to irradiation and
(depending on the host material) stabilities are generally not good?, however dyes with
longer lifetimes have been made.? An interesting study by Mooney et al.* suggest that the
lifetime of the donor dye is improved in a FRET pair. This gives an additional advantage to
the system in Chapter 5 as dyes with short lifetimes could be made more stable in a flexible
nanoporous liquid crystal network matrix for FRET.

The electrical switching can cause damage over repeated uses; however, the devices
from Chapter 2-4 were stable for multiple switching cycles. For applications, more switching
cycles need to be tested but similar devices have already shown to be able to switch 100,000
times.>

6.3 Scalability

To truly test the potential of these systems and determine their effects on crops, they
should be incorporated in model greenhouses. Only when tested in an actual greenhouse
can the effects on growth rate, crop quality, temperature and electricity generation truly be
measured. As the systems described in this thesis have had a maximum size of 5 x 5 cm?,
this is impractical to test in a greenhouse without first scaling up the system to at least ~1 x
1 m? size panels.®

The main devices in Chapters 2-4 consist of a LC material filling a glass cell.
Commercially available ‘smart’ windows such as eyerise’ and priva-lite® are based on similar
principles, indicating that large scale manufacturing is possible. Systems that require a
polymerization step (the coating from Chapter 4 and the film from Chapter 5) are generally
more difficult to produce but systems of 40 x 50 cm? have been fabricated.”

Probably the easiest way to create large area devices is by making use of coatings and
they could even be applied as part of a retrofitting operation to the glass of existing
structures. As most systems in this thesis require a LC phase, it is difficult to transform them
to a coating. A solution to this could be using stratification techniques to form a hard top
layer with a LC material underneath from a single coating.’ Stratification techniques could
potentially be used for the thermal responsive systems described in this thesis but for
electrical response, flexible transparent electrodes®® on the substrate are required as well.
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The photochromic dye in Chapter 4 doesn’t require a LC phase to function and was already
made into a coating, and is therefore a good system to start scaling up.

6.4 Predicted effects

In section 1.2.1 the effects of scattered light on crops are discussed and some examples
are shown of systems that can regulate haze. In Chapter 3 we presented a ‘smart’ window
which has a scattering state based on a supertwist structure. In the work by Sol et al.'! a
very similar system is described where a scattering state of 66% haze is reached. Similar
haze values are expected for our system in Chapter 3 or even higher due to the additional
scattering of the aggregates dyes. Having a greenhouses cover with 50% haze could increase
the production of cucumbers by 8-10%.12 From these results we expect that the 66% haze
will have a significant impact on crop production.

To get an indication of the amount of cooling gained by using a ‘smart’ window, a simple
model of a greenhouse was made using LBNL Optics and DesignBuilder.!3* For simplicity,
permanent absorption was assumed and the absorption spectra in Chapter 2 of dye 2
(System 1) was used and a combination of dye 1 and double the amount of dye 2 (System
2). No ventilation was assumed, and greenhouses were modeled in three locations: De Bilt,
the Netherlands (NL); Almeria, Spain (ES) and Riyadh, Saudi Arabia (SA). In Table 6.1 the
yearly average temperatures and cooling gains for the proposed devices (compared to
standard greenhouse quality glass) are shown, as well as the temperature and cooling gains
for the 26™ of June at 15:00, a typical summer time (TST). On a yearly average the cooling
gain is fairly limited (less than 1 °C) for System 1 and about 3 times larger for System 2.
However, on a TST System 1 can lower the interior temperature by 0.7 °Cin the Netherlands
and double that amount in Spain and Saudi-Arabia. The stronger absorbing System 2 can
even triple that cooling gain resulting in temperature decrease of more than 4 °C. As
mentioned in section 1.3, temperatures both too high as well as too can be detrimental to
crop production. The modeling results demonstrate that even our imperfect systems could
have a significant impact in preventing temperatures from becoming too high, while, due
to the option of switching to a transparent state, the system has no negative impact when
it is cold.
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Table 6.1: Modeled temperature and cooling gain in a greenhouse when using absorbing coatings in three locations
for a yearly average and at a typical summer time.

Temperature (°C) Cooling gain (°C)
Outdoor Glass System1  System 2 System 1 System 2

NL avg 10.8 14.3 14.1 13.7 0.2 0.6
ES avg 19.0 28.6 28.2 27.2 0.5 1.4
SA avg 26.4 37.3 36.7 35.5 0.6 1.7
NLTST 223 39.6 38.9 37.5 0.7 2.1
ESTST 23.9 58.0 56.6 53.5 1.5 4.6
SATST 39.6 67.7 66.4 63.5 1.4 4.3

As mentioned in section 1.4, changing the color of light that reaches the crops can result
in photomorphogenetic responses. Most systems in this thesis use red fluorescent materials
alone or in combination with yellow/green fluorescent dye. The effect of red light on plant
growth is disputed: for example, some researches using only red light®® or red fluorescent
covers!® claimed mainly negative effects, while in contrast a fluorescent red cover on crops
have also been reported that indicate positive effects.!’ It is unclear if the positive effects
on growth are due to the resulting reduction in temperature or if the red light itself is
beneficial.)” While photosynthetic activity may be higher for red light'® (see also Figure
1.2¢®8) the actual effects on plant growth is debated. Thus, the impact of our color changing
capabilities still must be determined.

In section 1.5 it was proposed that luminescent solar concentrators (LSCs) can be used
by greenhouses to generate electricity. An estimation of the potential electrical generation
of such a device was made for our system in Chapter 2. As depicted in Figure 2.4a, external
power efficiencies of around 2.5% are obtained. With a sunlight intensity of 1000 W/m?and
a solar cell efficiency of 20%*° that would result in a 5 W/m? production of electricity. The
electricity production could be further increased by adding more and/or another dye to
increase the amount of absorbed light. More light collected will result in even less light
reaching the crops, so a careful balance between light energy collected and transmitted
needs to be considered. Additionally, PV cells have different responses to different
wavelengths of light and this should be matched with the LSCs.?° When upscaling LSCs for
the electrical production it should be noted that the optimal dye concentration changes
with different sizes of LSCs.?* Test on greenhouses with LSCs have shown that 20 W/m? of
electricity could be generated.??
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6.5 ‘Smart’ blinds

An alternative to ‘smart’ windows could be ‘smart’ blinds that can open and close
automatically based on ambient temperatures. Potential advantages of this system over
‘smart’ windows are that they could be easier to produce and could be more robust as
damage to a single blind will not affect other blinds.

‘Smart’ microblinds have been reported by Lamontagne et al.?® based on an array of
curled electrodes created by laser patterning of a strained transparent conductive oxide
layer. The curled electrodes bend when electricity is applied, which closes the blinds. Light
can still pass through in the closed state, but the window will be darkly colored, rather than
only reflecting IR light. Other examples of automatic closing shutters are the flectofins?* and
the flectofold®. A significant disadvantage of these systems is that all wavelengths of light
are blocked. In this section, we describe ‘smart’ blinds that reflect IR while remaining
transparency to visible light; by rotating the reflector panels, the ‘smart’ blinds become
transparent to the IR light as well. These ‘smart’ blinds are made from two parts: a
cholesteric reflective panel and a LC actuator acting as a hinge (see Figure 6.1). The panel
only allows visible light to pass and reflects IR radiation at rest, while the rotation of the
hinge realigns the reflective panel to allow IR passage, permitting dynamic modulation of IR
light reflection while retaining constant visible light access.

External
stimuli

Figure 6.1: Schematic representation of the principle of the ‘smart’ blinds made from reflective panel that is
transparent in the visible region and reflects IR light attached to a LC actuator.

Although heat is the desired stimulus for switching the window IR transparency, these
initial experiments are done with light responsivity for easier control. The reflector is made
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by bar-coating a chiral nematic LC mixture on a polyethylene terephthalate (PET)
substrate.?® The hinge section of the blind is made by bar coating an azobenzene-containing
LC mixture on a PET substrate.?’ The azobenzene is responsive to light and isomerizes from
trans to cis upon exposure to 365 nm light and back to trans upon exposure to 455 nm light.
If embedded in an aligned LC network, this isomerization causes contraction in the direction
of the director and expansion in the perpendicular direction, resulting in a bending motion.

Actuator strips were cut from the coated PET substrate and bent when exposed to
either 365 nm or 455 nm LED light, see Figure 6.2a. To test the ‘smart’ blinds, a piece of
reflector panel of similar size was attached to the actuator strip (Figure 6.2b). The ‘smart’
blind shows a 90° twisting motion when illuminated with 365 nm light and twists back when
exposed to 455 nm light. The twisting is probably caused by the weight of the reflector
attached to the actuator and the size of the film strip preventing the actuator from bending,
as happens without the piece of reflector attached.

Actuator

Actuator
and
Reflector

Figure 6.2: Actuation of: (top) free actuator and (bottom) a ‘smart’ blind consisting of a reflector piece
attached to the same actuator.

To address the issue of temperature response: LCs are temperature sensitive, where
increasing the temperature causes a decrease in order which will lead to contraction along
the director and expansion in the perpendicular directions. In a polymerized LC network this
expansion and contraction leads to bending similar to that shown for the light response with
the azobenzene-containing LCs. To make this system temperature responsive, the isotropic
temperature of the LC mixture will need to be tuned to rotate the reflector at the desired
temperature (~30 °C).
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6.6 Switchable Light guide

In greenhouses, diffusers are used to ensure light is not only absorbed by the top leaves
of the crop but also reaches the lower canopy.'>?® Here, we propose a new method to
selectively increase light irradiation deeper in the leaf canopy of plants by using LSCs.
Additional illumination at the sides or bottom is expected to lead to an increase in crop
growth.?®

Figure 6.3 shows two very basic schematic representations of possible greenhouse
configurations. The light which would normally not illuminate the plants directly is absorbed
by the LSC. Hereafter the light is guided to the desired position and then selectively
extracted from the lightguide at the most advantageous locations to stimulate plant growth.

v iy

0

\ 4 \ 4

22

Figure 6.3: Two schematic representations of possible greenhouse configurations to increase crop production

using LSCs (red parts). The color of the arrows represents the wavelengths of the corresponding light and the grey
rectangles represent the (switchable) outcoupling structures.

In a typical LSC, light is absorbed by fluorescent dyes over the entire panel surface and
the re-emitted light is concentrated primarily at the four edges (Figure 6.4a). We propose
to create a slanted edge at one end of the LSC where the trapped light will be released
towards the bottom instead of the edge (Figure 6.4b). In initial experiments it was found
that 3.2% of the photons absorbed at one end of the LSC could be released at the other end
(~20 cm further) using the slanted structure as depicted in Figure 6.4b.
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Figure 6.4: a) Standard LSC design, where light is concentrated to the four edges of the panel. b) Light distributing
LSC, where light is outcoupled at the far end by creation of a slanted edge.

The light distributing LSC could be made switchable by addition of a layer that can
become alternatively reflective/absorbing and transparent such as cholesterics®3%3! or
dichroic dye doped LC3%73* systems at the outcoupling area for selective extraction of light.
The efficiency of the light transport could be further improved by addition of scattering
structures where the light needs to be released and by doping only the area of the LCS that
absorbs light with dye while the rest is transparent to prevent reabsorption losses.3>

6.7 Conclusion

Currently there are no systems available that can rapidly and reversibly, sometimes
autonomously, alter their optical properties for use in greenhouses. To remedy this a variety
of advanced optical materials were fabricated as described in this thesis. Most of these
systems are designed as ‘smart’ windows to control the incoming sunlight based on the
combination of fluorescent dichroic dyes and LCs. These systems can quickly change from
absorbing to transparent and some also to scattering in response to electrical and thermal
or light triggers. The next step in the development of these devices would be to incorporate
them in an actual greenhouses to investigate their effects on crops. Further development is
needed before they can be applied in the greenhouse industry, paying special attention to
the two main hurdles (stability and scalability) that are discussed in this Chapter. If these
issues can be overcome, we foresee a bright (green) future for these devices!

83



O 00N O

11

12
13

14
15
16
17
18
19
20
21
22

23
24

25
26
27

28
29

30
31
32
33
34
35

84

6.8 References

https://abrisatechnologies.com/2010/02/using-uv-blocking-glass-to-protect-liquid-crystal-displays/
(accessed January 2021).

I. Baumberg, O. Berezin, A. Drabkin, B. Gorelik, L. Kogan, M. Voskobojnik and M. Zaidman, Polym.
Degrad. Stab., 2001, 73, 403—-410.

W. G. J. H. M. van Sark, K. W. J. Barnham, L. H. Slooff, A. J. Chatten, A. Buchtemann, A. Meyer, S. J.
McCormack, R. Koole, D. J. Farrell, R. Bose, E. E. Bende, A. R. Burgers, T. Budel, J. Quilitz, M. Kennedy, T.
Meyer, C. D. M. Donegd, A. Meijerink and D. Vanmaekelbergh, Opt. Express, 2008, 16, 21773.

A. M. Mooney, K. E. Warner, P. J. Fontecchio, Y.-Z. Zhang and B. P. Wittmershaus, J. Lumin., 2013, 143,
469-472.

X. Hu, X. Zhang, W. Yang, X. Jiang, X. Jiang, L. T. Haan, D. Yuan, W. Zhao, N. Zheng, M. Jin, L. Shui, A. P.
H. J. Schenning and G. Zhou, J. Appl. Polym. Sci., 2020, 48917, 48917.

Personal communication with S. Hemming and E. Baeza, Wagening University (2020).
https://www.eyrise.com (accessed March 2020).

https://www.privalite.com/ (accessed March 2020).

H. Khandelwal, E. P. A. van Heeswijk, A. P. H. J. Schenning and M. G. Debije, J. Mater. Chem. C, 2019, 7,
7395-7398.

H. Peng, W. Dang, J. Cao, Y. Chen, D. Wu, W. Zheng, H. Li, Z.-X. Shen and Z. Liu, Nat. Chem., 2012, 4,
281-286.

J. A. H. P.Sol, G. H. Timmermans, A. J. van Breugel, A. P. H. J. Schenning and M. G. Debije, Adv. Energy
Mater., 2018, 8, 1702922.

S. Hemming, T. A. Dueck, J. Janse and F. van Noort, Acta Hortic., 2008, 801, 1293-1300.

J. L. M. Hensen and R. Lamberts, Eds., Building Performance Simulation for Design and Operation,
Routledge, Second edition. | Abingdon, Oxon ; New York, NY : Routledge, 2019., 2019.

C. Lee, P. Hoes, D. Céstola and J. L. M. Hensen, Energy, 2019, 175, 534-545.

W. van leperen, Acta Hortic., 2012, 956, 131-139.

M. E. Loik, S. A. Carter, G. Alers, C. E. Wade, D. Shugar, C. Corrado, D. Jokerst and C. Kitayama, Earth’s
Futur., 2017, 5, 1044-1053.

G. Alers, Luminescent Enhancement for Combined Solar and Agriculture, Argonne, IL (United States),
2020.

K.J. McCree, Agric. Meteorol., 1972, 10, 443-453.

V. Avrutin, N. Izyumskaya and H. Morkog, Superlattices Microstruct., 2011, 49, 337-364.

M. Debije and P. Verbunt, Adv. Energy Mater., 2012, 2, 12-35.

A. A. Earp, G. B. Smith, P. D. Swift and J. Franklin, Sol. Energy, 2004, 76, 655-667.

C. Corrado, S. W. Leow, M. Osborn, I. Carbone, K. Hellier, M. Short, G. Alers and S. A. Carter, J. Renew.
Sustain. Energy, 2016, 8, 043502.

B. Lamontagne, P. Barrios, C. Py and S. Nikumb, Proc. Glas. Perform. Days 2009, 2009, 637-639.

J. Lienhard, S. Schleicher, S. Poppinga, T. Masselter, M. Milwich, T. Speck and J. Knippers, Bioinspiration
and Biomimetics, , DOI:10.1109/CoDIT.2017.8102714.

A. Korner, L. Born, A. Mader, R. Sachse, S. Saffarian, A. S. Westermeier, S. Poppinga, M. Bischoff, G. T.
Gresser, M. Milwich, T. Speck and J. Knippers, Smart Mater. Struct., 2018, 27, 017001.

E. P. A. van Heeswijk, J. J. H. Kloos, J. de Heer, T. Hoeks, N. Grossiord and A. P. H. J. Schenning, ACS
Appl. Mater. Interfaces, 2018, 10, 30008—-30013.

R. C. P. Verpaalen, M. Pilz da Cunha, T. A. P. Engels, M. G. Debije and A. P. H. J. Schenning, Angew.
Chemie Int. Ed., 2020, 59, 4532-4536.

S. Hemming, V. Mohammadkhani and T. Dueck, Acta Hortic., 2008, 797, 469—-475.

N. S. Makarov, K. Ramasamy, A. Jackson, A. Velarde, C. Castaneda, N. Archuleta, D. Hebert, M. R.
Bergren and H. McDaniel, ACS Nano, 2019, 13, 9112-9121.

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.

A. ). ). Kragt, N. C. M. Zuurbier, D. J. Broer and A. P. H. J. Schenning, ACS Appl. Mater. Interfaces, 2019,
11, 28172-28179.

S.-W. Oh, S.-H. Kim and T.-H. Yoon, Adv. Sustain. Syst., 2018, 1800066, 1800066.

V. K. Baliyan, K.-U. Jeong and S.-W. Kang, Dye. Pigment., 2019, 166, 403-409.

G. H. Sheetah, Q. Liu, B. Senyuk, B. Fleury and I. I. Smalyukh, Opt. Express, 2018, 26, 22264.

A. A. Earp, G. B. Smith, J. Franklin and P. Swift, Sol. Energy Mater. Sol. Cells, 2004, 84, 411-426.



Samenvatting

Er zijn meer gewassen en van een hogere kwaliteit nodig om de groeiende en steeds
welvarender wereldbevolking te voeden. Broeikassen zijn uitstekende systemen om de
productiviteit van een afgebakend stuk grond te verhogen. Er zijn veel factoren onderzocht
om te proberen de opbrengst van kassen te verhogen, maar in veel moderne kassen is de
hoeveelheid en de spreiding van het licht dat de gewassen bereikt nog steeds de
beperkende factor. Er zijn momenteel nog weinig mogelijkheden om het invallende zonlicht
te beheersen en er zijn bijna geen systemen beschikbaar waarvan de optische
eigenschappen snel kunnen veranderen. In dit proefschrift laten we verschillende systemen
zien die hun optische eigenschappen wel snel kunnen veranderen in reactie op
omgevingsfactoren. Deze ‘slimme’ ramen kunnen hun absorptie en/of lichtverstrooiing
veranderen als reactie op bijvoorbeeld temperatuur, licht of een elektrisch veld.

Eerst werd in hoofdstuk 2 beschreven hoe een op absorptie gebaseerd 'slim' raam
wordt gemaakt door een dichroische fluorescente kleurstof op te lossen in een vloeibaar
kristallijn materiaal. De ordening van de vloeibare kristallen kan worden gewijzigd door een
elektrisch veld aan te leggen of door verandering van de temperatuur. De dichroische
kleurstof volgt de ordening van de vloeibare kristallen en daardoor verandert de absorptie
van het systeem. Hierdoor wordt — naarmate het warmer wordt — meer licht geabsorbeerd,
waardoor de temperatuur in de broeikaskas gestabiliseerd wordt. Het ‘slimme’ raam kan
handmatig in een transparantere toestand worden gebracht door een elektrisch veld aan
te leggen. Omdat de dichroische kleurstof fluorescent is, wordt een deel van het
geabsorbeerde licht opnieuw uitgezonden en wordt het geconcentreerd aan de randen van
het raam zoals in een fluorescente lichtgeleider. Het geconcentreerde licht kan met behulp
van zonnecellen worden omgezet in elektriciteit of worden doorgestuurd naar planten om
hun groei te bevorderen.

In hoofdstuk 3 wordt beschreven hoe een ‘slim’ raam wordt gemaakt waarin niet alleen
de ordening van de fluorescente kleurstof wordt veranderd, maar de kleurstof zelf
temperatuurgevoelig is. Bij hogere temperaturen is de kleurstof fluorescent, maar bij
afkoeling aggregeert ze tot een kleurloze, niet-fluorescente vorm. Mede dankzij Forster
resonantie energieoverdracht zorgt toevoeging van een tweede fluorescente kleurstof voor
een gele kleur bij lage temperaturen en een helderrode kleur bij hogere temperaturen.
Door het aanbrengen van een elektrisch veld heroriénteren zowel de vloeibaar kristallijne
gastheer als de fluorescente kleurstof zich, waardoor het 'slimme' raam transparant wordt.
Door de vloeibare kristallen gedraaid te ordenen wordt bij tussenliggende elektrische
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spanningen lichtverstrooiing gecreéerd. Lichtverstrooiing is in het algemeen gunstig voor
de groei van gewassen in broeikassen en kan ook dienst doen als privacy toestand in
gebouwen. Omdat het systeem gebruikmaakt van een fluorescente kleurstof, kan het ook
dienen als een fluorescente licht geleider.

Om gewassen snel tegen hoge lichtintensiteiten te kunnen beschermen, werd in
hoofdstuk 4 een lichtgevoelig 'slim' raam gemaakt. In tegenstelling tot de systemen in
hoofdstuk 2 en 3 kan dit systeem direct reageren op veranderingen in het licht, voordat de
temperatuur in de broeikas oploopt. Dit systeem is gebaseerd op een fluorescente
lichtgevoelige kleurstof die sterker gekleurd wordt bij blootstelling aan licht van 340 nm en
minder gekleurd bij blootstelling aan licht van 440 nm. Het systeem kan nog steeds
handmatig transparant worden gemaakt door het aanleggen van een elektrisch veld. Ook
hier zou het systeem eveneens kunnen worden gebruikt als fluorescente lichtgeleider om
elektriciteit op te wekken. Het ‘slimme’ raam werd ook omgevormd tot een ‘slimme’
lichtgevoelige coating om het makkelijker toepasbaar te maken in broeikassen of
gebouwen.

In tegenstelling tot de hoofdstukken 2-4 wordt in hoofdstuk 5 geen ‘slim’ raam
beschreven maar wordt beschreven hoe een systeem kan worden gemaakt waarin
efficiénte Forster resonantie energieoverdracht kan plaatsvinden. Met vloeibare kristallen
wordt een fluorescente kleurstof gemanipuleerd om een geordende matrix te creéren. Na
onderdompeling in een base wordt de vloeibaar kristallijne matrix nano poreus en wordt
een tweede kleurstof geabsorbeerd, waardoor de twee kleurstoffen nauw met elkaar in
contact komen. De ordening en de korte afstand tussen de twee fluorescente kleurstoffen
vergemakkelijkt de Forster resonantie energieoverdracht. Dergelijke systemen zijn niet
alleen interessant als detectoren, maar deze efficiénte energieoverdracht kan ook gunstig
zijn voor zonnecellen, fluorescente lichtgeleiders en broeikassen.

Conclusie, dit proefschrift geeft meerdere voorbeelden van potentiéle ‘slimme’ ramen
op basis van fluorescente kleurstoffen en vloeibare kristallen. Deze ramen kunnen hun
absorptie zowel op commando als in reactie op veranderende omgevingsfactoren
veranderen, om de binnentemperatuur van gebouwen en broeikassen te stabiliseren. Het
geabsorbeerde licht kan worden gebruikt om elektriciteit op te wekken als een fluorescente
licht geleider of kan worden omgeleid naar de gewassen in broeikassen. Behalve in
broeikassen zijn deze systemen ook interessant voor gebouwen, elektriciteitsopwekking en
detectoren.
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en zodra het weer mag, moeten we een keertje samen een pubquiz doen!

Tom, je bent een echt mannetje van alles, techneut, reparateur, veiligheidsman,
voorraadbeheerder en contactpersoon voor alles en iedereen op het lab. Ondanks je (soms
te) drukke werk was het altijd gezellig met jou op kantoor en geen enkele vrijdagmiddag
hoefden we ons te vervelen. Bedankt voor al je hulp gedurende mijn project, van dingen
repareren tot slimme suggesties voor metingen of een goed idee voor mijn cover!

Too all my colleagues from SFD (and the people from Rints group): you made it a treat
to come to work every day! You were always willing to help, discus problems or have some
fun. Our lunches were legendary (especially if there were kipcorns!) and although they
lunches and coffee breaks took a lot of time, it was worth every second. We went to many
awesome parties, BBQs and even a few weddings! My favorite was obviously the F.O.R.T.
drinks at 4 o’clock and I’'m very sad we won’t be able to enjoy it one last time. When this is
all over we should definitely have a big party to make up for everything! Please keep the
tradition (three times is a tradition!) of having UCScs (‘Ugly Christmas Sweater’
competitions). Hopefully a new SFD-UCSc-Oc (Stimuli-responsive Functional materials and
Devices ‘Ugly Christmas Sweater’ competition Organizational committee) will get to
organize a real-life event and not an OC/T/hC/UCScms (Online Coffee/Tea/hot
Chocolate/UCSc-meetings) like last year. Thank you: Alberto, Annelore, Anping, Arne,
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Lieve Ellen, ik ken je al sinds onze introweek in 2010 waar bleek dat jij mijn lang verloren
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collegebanken. Toen ik na mijn stage terugkwam bij SFD, werden we collega’s en
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