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Kurzfassung

Diese Dissertation befasst sich mit der - auf einem systematischen polymerwis-
senschaftlichen Ansatz beruhenden - Uberhitzungsschutzleistungsoptimierung von
Polymer-basierten thermotropen Uberhitzungsschutzverglasungen. Die untersuchten
thermotropen Verglasungen, die bevorzugt eine Transmissionsreduktion bei Uber-
schreiten einer vordefinierten Schalttemperatur zeigen, sind fir die Verwendung
als Uberhitzungsschutzverglasung fiir Gebdude und speziell fir solar-thermische
Kollektoren gedacht. Der Fokus lag dabei auf der Formulierung von thermotropen
Systemen mit fixen Domanen (TSFD), welche aus einer Polymermatrix und einem
darin fein dispergierten thermotropen Additiv (der aktiven Komponente, die die
Streudomanen ausbildet) bestehen. Aus der Streutheorie war bekannt, dass die
Brechungsindexdifferenz zwischen Matrix und Additiv sowie die StreudomanengroRe
die wichtigsten die Uberhitzungsschutzleistung von TSFD beeinflussenden Para-
meter sind. Deswegen wurde die Erhebung von Struktur-Eigenschafts-Beziehungen
zwischen den thermo-refraktiven Eigenschaften der TSFD-Komponenten (Matrix,
thermotropes Additiv), der Uberhitzungsschutzleistung und der Morphologie der
TSFD prioritar behandelt. Dies wurde auf Basis einer - in diesem Umfang bis dato
nicht bewerkstelligten - systematischen Materialformulierungsstrategie mittles um-
fassender polymerphysikalischen Charakterisierung der TSFD-Komponenten (3 Ther-
moplaste und 4 UV-hartbare Harze als Matrix; 21 thermotrope Additive) als auch der
41 hergestellten TSFD bewerkstelligt. Die thermo-refraktiven Eigenschaften der TSFD-
Komponenten waren (liberwiegend) dermalien ausgepragt, dass theoretisch TSFD
mit effizienter Uberhitzungsschutzleistung erhalten werden konnten. Jedoch waren
die tatsdchlich erzielten Uberhitzungsleistungen limitiert. Dies wurde einerseits den

in unzureichender Form und/oder GroRe entwickelten Streudomanen zugeschrieben.
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KURZFASSUNG

So zeigten TSFD mit in unzureichender Form (z.B. plattchenartig) und Grofie ausge-
bildeten Streudomanen eine moderate Reduktion der solar hemispharischen Trans-
mission. Andere TSFD, die zwar in zweckmaRiger Form (kugelférmig) ausgepragte
aber zu groRe Streudoméanen aufwiesen, waren durch geringfiigige Anderungen
der solar hemispharischen Transmission gekennzeichnet. Andererseits war die un-
zureichende Uberhitzungsschutzleistung - in Teilen der TSFD - auch aufgetretenen De-
fekten geschuldet. Defektbehaftete TSFD mit in unzureichender GroRe ausgepragten
spharischen Streudomanen zeigten i.A. eine Zunahme der solar hemispharischen
Transmission. Die Ausbildung der unterschiedlichen Domanenformen wurde den
Unterschieden beziiglich der Wechselwirkungen der verschiedenen Matrices und
der thermotropen Additiven zugeschrieben. Jene Additive, die in flissiger Form in
der Matrix l6slich waren, bildeten wahrend der Kristallisation aus der homogenen
Mischung energetisch glinstige Domanenformen (v.a. nicht sphéarische) mit ents-
prechender Grolbe aus. Bei den in den Matrices nicht l6slichen thermotropen Ad-
ditiven verhinderten die Viskositatsunterschiede von Matrixmaterial und fliissigem
thermotropen Additiv vermutlich die Ausbildung der spharischen Streudomanen in
einer zweckmaRigen GroRe. Die Defektbildung in einigen TSFD wurde unzureichender
Adhasion an den Grenzflachen von Matrix und Additiv sowie thermisch induzierten
Effekten zugeordnet. Diese thermisch induzierten Effekte waren entweder groRere
Expansion/Kontraktion des thermotropen Additivs im Vergleich zur Matrix zufolge
der auftretenden Temperaturen wahrend der TSFD Herstellung oder thermisch in-
duzierte Diffusion des geschmolzenen Additivs. Die Vermeidung der Defektbildung
durch systematische Optimierung der Herstellbedingungen und der Materialformulier-
ung verbesserte die Uberhitzungsschutzleistung einer prototypischen TSFD markant:
Wahrend das defektbehaftete Ausgangsmaterial eine signifikante Transmissionszu-
nahme zeigte, wies die defektbefreite Schicht eine moderate Transmissionsreduk-
tion bei Uberschreiten der Schalttemperatur auf. Allerdings waren die Durchmesser
der spharischen Streudomanen nach wie vor unzureichend. Die Einstellung der
Streudomanengrofie Uber ein speziell entwickeltes photoinitiiertes Miniemulsions-
polymerisationsverfahren zur Einkapselung des thermotropen Additivs flhrte zu einer
signifikant verbesserten Transmissionsreduktion der mit diesen Doméanen formulier-

ten Schicht bei Uberschreiten der Schalttemperatur.
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Abstract

This dissertation deals with the optimisation of the performance characteristics of
polymeric thermotropic glazings for overheating protection purposes employing a
systematic polymer scientific approach. The thermotropic glazings investigated -
preferably exhibiting a transmittance reduction upon exceeding a pre-defined temper-
ature threshold - are intended for use as overheating protection glazings for buildings
and especially for solar thermal collectors. More specifically, focus was on formula-
tion of thermotropic systems with fixed domains (TSFD), consisting of a thermotropic
additive as the active component finely dispersed (forming scattering domains) in
a polymeric matrix material. From scattering theory the refractive index difference
between matrix and additive as well as the scattering domain size were recognised
to be the most important parameters affecting the light-shielding efficiency of TSFD.
Thus, structure-property-relationships between thermo-refractive properties of TSFD
constituents (matrix, thermotropic additive), the light-shielding efficiency and the
internal material structure (morphology) of the established TSFD was of major in-
terest and were studied employing an - in its extent unique - systematic material
formulations strategy based on sound polymer physical characterisation of numerous
TSFD constituents (3 thermoplastic and 4 UV-curable resin matrices; 21 thermotropic
additives) and of the 41 established TSFD. The thermo-refractive properties of TSFD
constituents were (majorly) sufficient in order to achieve TSFD with efficient overheat-
ing protection performance. However, the actually obtained overheating protection
performance was limited. This was ascribed to inappropriate shape and/or size of
scattering domains on the one hand side and to defects formed in parts of the TSFD on
the other hand side. TSFD with inappropriately shaped (e.g. plate-like) and sized scat-
tering domains exhibited a moderate reduction in solar hemispheric transmittance.
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ABSTRACT

TSFD with appropriately shaped (spherical) but inappropriately sized scattering do-
mains showed only minor changes in solar hemispheric transmittance in general.
TSFD with inappropriately sized spherical scattering domains and with defects dis-
played an increase in solar hemispheric transmittance. The formation of different
scattering domain shapes was ascribed to differences in the interactions between
the individual matrix materials and the thermotropic additives. Additives which were
soluble in the matrix resin when they were liquid, were subject to crystallisation from
a homogeneous mixture upon TSFD formulation yielding formation of an energetically
favourable shape (i.e. non-spherical) and size. For insoluble thermotropic additives -
forming spherical scattering domains -, the different viscosities of matrix material
and thermotropic additive in the liquid state were suspected to prevent formation of
appropriately sized scattering domains. The defect formation in several TSFD was
attributed to limited adhesion at the interface of matrix material and thermotropic
additive and to thermally induced effects. These thermally induced effects were
either stronger expansion/contraction of the thermotropic additive compared to the
matrix due to apparent temperature conditions during processing or thermally in-
duced diffusion of the thermotropic additive in the molten state. The prevention of
defect formation by systematic optimisation of processing conditions and material
formulation improved the solar hemispheric transmittance change of a specific TSFD:
Whereas the initial layer with defects showed a significant transmittance increase, the
layer lacking defects showed a moderate transmittance reduction upon exceeding the
threshold temperature. Nevertheless, the diameters of the spherical scattering do-
mains were inappropriate. Adjustment of the scattering domain size via a specifically
developed photo-initiated miniemulsion polymerisation mediated encapsulation pro-
cess for the thermotropic additive resulted in a significantly enhanced transmittance
reduction of the layer formulated with these domains upon exceeding the threshold

temperature.
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Introduction to the Thesis






1 Motivation

1.1  Energy, Human Development and Climate Change

Ensuring access to modern energy is identified as challenging issue for the future [1].
A paper by United Nations [2] outlines the significant importance of energy in order
to achieve every single of the Millenium Development Goals (MDG) [2]. The MDG are

(reproduced from [2]):

Eradicate extreme poverty and hunger

Achieve universal primary education

Promote gender equality and empower women
Reduce child mortality

Improve maternal health

Combat HIV/AIDS, malaria and other disease

Ensure environmental sustainability

© N ook~ w N

Develop a global partnership for development

This isillustrated by the close correlation of Human Development Index (HDI) and
the per capital energy consumption [2]: The higher the per capital energy consump-
tion, the higher the HDI. Thus, energy supply is important for social development in
general, also apart from the MDG. However, when improving availability of energy,
sustainability of both, energy supply and consumption, has to be improved as well [2].
This includes improving energy efficiency, introduction of modern energy production
and utilisation technologies, substitution of polluting fuels by less polluting fuels
and introduction of renewable energy [2]. All these aspects are of vital importance

because the mitigation of climate change is directly interrelated with the challenge
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of ensuring access to modern energy [1]. The following considerations may illustrate

these close interrelationships.

Climate change will tend to increase the risk of hunger and malnutrition due to re-
duced global agricultural production and subsequent increases in food prices [3]],
[4]. Hence, climate change will constrain at least achieving the MDG number 1 and
likely have impact on the other MDG. Reasons for the climate change are changes
in the energy balance of the Earth which is affected by absorption, scattering and
emission of radiation at the Earth’s surface and within the atmosphere [4]. Parameters
that affect absorption, scattering and emission are the atmospheric concentration of
greenhouse gases and aerosols, land cover and solar radiation [4]. Although aerosols
have a net cooling effect (Radiative Forcing compared to year 1750 (RF): =1.2 W m™2),
emission of greenhouse gases (RF: 2.64 W m™2) together with other factors yield a net
positive energy balance of anthropogenic activities (RF: 1.6 W m™2) [4]. Thereby, the
greenhouse gases carbon dioxide (CO,; RF: 1.66 W m™) - which is the most import-
ant greenhouse gas -, methane (CH,; RF: 0.48 W m™2), halocarbons (RF: 0.34 W m™2)
and nitrous oxides (RF: 0.16 W m~2) have the highest effects on the energy balance of
the Earth [4]. The highest share (56.6 %) with regard to global anthropogenic green-
house gas emissions between 1970 and 2004 in terms of CO,-equivalents is related to

emission of CO, due to fossil fuel use [4].

As pointed out previously, CO, contributes to a high fraction to global warming. Its
emission is attributed to a high extent to fossil fuel usage. However, the intention
when using fossil fuels is to release and subsequently utilise their chemically stored
energy (e.g. combustion). For example in terms of CO,-equivalents, the sectors energy
supply, transportation and industry together have a share of approximately 58 % with
regard to the global annual emission of anthropogenic greenhouse gases [4]. In view
of these aspects, the forecasted grow in global energy demand by more than one-third
till 2035 [5], [6] might be alarming. Accordingly, the emission of greenhouse gases
will increase [4], [6]. Furthermore the costs of fossil fuels will increase as well due to
the mechanisms of demand and supply. With growing energy demand, the oil price
will gain from USD 125 per barrelin 2011 to more than USD 215 per barrel in 2035 [5].
Another question is, if economies are willing to face the enormous costs of increased

consumption of subsidised fossil fuels: Subsidies for fossil fuels globally totalled USD
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523 billions in 2011, which was almost 30 % higher than in 2010 [6]. Thus, a major
challenge is to cover the energy demand of mankind and simultaneously mitigate

greenhouse gas emission.

Accordingly, a global initiative launched by the Secretary-General of United Nations
BAN - which is called Sustainable Energy for All (SE4ALL) - outlines three objectives
to be achieved by 2030 [1], [7]. Several development goals are closely related with
these three objectives. The three objectives and associated development goals are

(reproduced from [7]):

1. Ensuring universal energy access

e Improved health

Improved agricultural productivity

Empowerment of women

Business and employment creation

Economic development
Achievment of the MDG

2. Doubling the share of renewable energy

e Affordable energy even where grid does not reach
e New opportunities for small entrepreneurs

e Decreased variability in energy costs

Energy security and reduced import bills

Reduced environmental impacts

3. Doubling the rate of improvement in energy efficiency

e Lighting/appliances that require less power

Fossil fuel resources used more effectively

Reduced energy costs for consumers

Redistribution of electricity that now is wasted or lost

More reliable electricity systems

The related action agenda is presented in reference [8]. As outlined above, making

more efficient use of energy is playing a key role as a greenhouse gas emission mitiga-
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tion strategy and is thus important for a more sustainable energy future as well as for
improving energy security [4], [6], [9]. Nevertheless, as acknowledged in the SE4ALL
initiative [7], [8]], substitution of fossil fuels with energy from renewable sources is a
prerequisite in order to mitigate greenhouse gas emission and also to contribute to
energy security by diversification of energy sources [4], [10]. Therefore, the role of

renewables is discussed more in detail in the next section.

1.2 The Current and Future Role

of Renewables for Sustainable Energy Supply

Today, energy from renewable sources has a share of estimated 16.7 % with regard
to global final energy consumption (year 2010) [9] (remark: The calculations in the
Renewables 2012 Report [9] are based on an estimation for final energy consumption,
which is slightly higher (3.69 x 10%° J) than the actual consumption (3.63 x 10%°J
[11]). Whereas a fraction of 8.5 % of the so called “total final energy” was attributed to
traditional biomass (mainly for cooking and heating purposes), modern renewables
(modern biomass, biofuels, geothermal, hydropower, wind and solar) accounted
for round about 8.2% [9]. Wind, solar, modern biomass and geothermal energy
generation together had a share of 0.9 % only [9]. Solar thermal and photovoltaics
(PV) contributed 0.16 and 0.06 %, respectively [9].

However, renewables will approach coal as primary source of global electricity by
2035 and thus will provide almost one-third of total electricity output [5], [6]. Sim-
ultaneously, contribution of solar energy will grow faster than other renewables
[5]. That is no wonder because solar energy has the largest theoretical potential of
the renewable energy sources and is available abundantly. The sun provides more
energy to the earth within an hour (4.3 x 10?° J) than is consumed within a year
(final energy consumption in 2010: 3.63 x 10%°J) [11], [12]. The International En-
ergy Agency’s (IEA) World Energy Outlook 2012 [13] sees a tremendous potential for
solar energy, especially for solar energy from solar thermal technologies: Solar heat
generated may gain from 7.95 x 1017 J (221 TW h) in 2010 to 2.93 x 108 J (814 TW h)
in 2035. FANINGER [14] outlines that currently solar thermal provides only around
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0.5 % of the estimated heating and cooling energy demand in the world, although
the potential for the EU-27 is around 47 % in 2050. In 2050, specific scenarios in the
technology roadmap for solar heating and cooling of IEA [10] forecast a total yield of
approximately 1.8 x 102 J (5000 TW h) from solar thermal technologies in heating
and cooling applications and thus a saving of 800 x 10°t CO,-emission. The ma-
jor contribution of solar thermal technologies in the field of heating and cooling is
ascribed to domestic hot water and space heating appliances and process heat for
industry. The detailed figures are presented in Table[1.1]. Just for comparison, electri-
city output from concentrating solar power facilities (CSP) and PV can increase from
5.76 x 10*>J (1.6 TWh)and 1.15 x 107 J (32 TW h)in2010t0 1.01 x 108 J (280 TW h)
and 3.05 x 108 J (846 TW h), respectively [13]. However, the numbers for CSP and PV
are significantly lower than the estimated contribution of solar thermal systems for
heating and cooling. Hence, the figures presented outline the huge potential of solar
thermal technologies in general and of solar thermal technologies for heating|and
cooling specifically. Therefore, the next section is devoted to harvesting solar energy

via solar thermal systems with a focus on the solar thermal collector.

Table 1.1.: Forecast of installed capacity and annual yield of solar thermal technologies for
heating and cooling for different applications for year 2050 (data from [10])

Application Installed  Annual Market
Capacity  vyield share
[GWin] [J] [TWh] %]

Domestic hot water and 3500 8.9 x 101® 2472 14
space heating

Process heat in industry 3200 7.2 x 10'® 2000 20
(<120°C)

Solar cooling >1000 1.5 x 10*® 417 17
Swimming pool heating 200 0.4 x 10 111

! Energy demand for space heating may be partially covered directly from solar gains via solar passive
systems (i.e. windows, transparent insulation)

Table[1.1]



MOTIVATION

1.3 Harvesting Solar Energy

via Solar Thermal Systems

The basic physical principle of solar thermal systems is the conversion of solar radi-
ation with short wavelength into heat (photo-thermal conversion) [15], [16]. For the
photo-thermal conversion in solar thermal systems, absorbers are necessary [15].
Usually, this absorber is part of a collector [15]. Collectors can be divided in two major
classes [15], [16]:

1. Non-concentrating collectors

2. Concentrating collectors

Furthermore, heat carrier medium (either gaseous or liquid) is indispensable in order
to transport the gained heat, yielding the sub-division into air- and liquid-collectors
[15]. Depending on the solar thermal system concept (natural or forced circulation),
further components are necessary (e.g. storage tank, piping, circulation pump (fac-
ultative), heat exchanger (facultative), etc.) [10], [15]. The most common collector
is the non-concentrating fluid collector [15]. The simplest form is the absorber it-
self. However, usually the absorber is part of a collector either consisting of frame,
insulation, glazing and absorber (flat-plate collector (FPC)) or the absorber is placed
inside an evacuated tube (evacuated tube collector (ETC)) in order to mitigate losses
and thus provide heat carrier fluid with higher temperature compared to the sole
absorber [10], [15], [16]. Non-concentrating collectors like FPC and ETC can sup-
ply heat carrier fluid with temperatures up to 120 °C or even higher, and thus are
sufficient collector types for domestic hot water generation, space heating, solar
cooling and parts of process heat in industry (<120 °C) [10], [16], [17]. Thus, there
is no wonder that these two collector types are currently the most important ones:
FPC, ETC, unglazed water collectors and glazed/unglazed air collectors account for
62.1 GWyp, (88.8 x 10° m?), 111 GWyp (158.5 x 10° m?), 21.5 GWyy, (30.7 x 10° m?) and
1.3 GWy, (1.8 x 10° m?) with regard to installed capacity, respectively [18]. However,
the market share of ETC and FPC is not evenly distributed over the globe. In terms
of installed capacity, China (PRC) is world market leader for both collector concepts
FPC (9.4 GWy,) and ETC (108.2 GWyy,) [18]]. On the contrary, the FPC system is more
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popularin the other top ten solar countries compared to the ETC (e.g. Austria: FPC
2724.6 MWy, vs. ETC 46.5 MWy,) with regard to market share [18]. For comparison,
the total installed solar thermal collector area by the end of 2010 was 279.7 x 10°® m?
corresponding to an installed capacity of 195.8 GWy,, whereby the majority is installed
in PRC (117.6 GWy,) and Europe (36.0 GWyy,) [18]. Furthermore, IEA sees ETC and FPC
to be key collector types for heat applications also in future because domestic hot
water generation, space heating and process heat in industry (<120 °C) will account
for the highest market share with regard to installed solar thermal capacity in 2050
[10].

Nevertheless, further actions are necessary in order to promote a deeper market
penetration of solar thermal systems. Therefor IEA defined actions and milestones
with regard to technology development in the solar heating and cooling sector [10].
The use of alternative materials - polymeric materials are explicitly mentioned in the
technology roadmap [10] - shall contribute to a reduction in life-cycle cost and thus
improve economics of solar thermal systems. The gaining importance of polymeric
materials is reflected by the establishment of Task 39 within IEA’s Solar Heating and
Cooling Programme (IEA SHC) which is devoted exclusively to polymeric materials
for solar thermal applications [19]. An important outcome of this task is a handbook

dealing with polymeric materials for solar thermal applications [20].

However, with the introduction of polymeric materials in solar thermal systems, the
stagnation of solar thermal systems has to be addressed even more carefully than in
traditional solar thermal systems. HARRISON [21]] describes stagnation in the following

manner:

“Stagnation occurs when the solar energy absorbed by a solar collector
exceeds the capability of its heat transfer fluid circuit to adequately cool it,

resulting in excessive absorber temperatures.”

This is due to a change in the energy balance of the collector: Incoming (solar gains,
etc.) and outgoing (losses, etc.) energy flows establish a new equilibrium due to a
smaller flow of outgoing energy yielding a higher equilibrium temperature of the
collector. The equilibrium temperature or stagnation temperature of a conventional

solar thermal collector can reach approximately 180 °C or even higher temperatures,
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which exceeds the long-term service temperature of cost-efficient polymeric materials
[16], [21], [22]. For a polymeric FPC with parts made from cost-efficient polymeric
materials, limiting the stagnation temperature to temperatures below 130 °C would
be sufficient [23]. However, stagnation is also a problem in conventional solar thermal
collectors, yielding high potential for deterioration and failure of heat carrier fluid
and collector components [21]. Therefore, stagnation control has to be carefully

addressed.

Several approaches for stagnation control on the collector, system and array level exist
[21]. On the collector level potential solutions for stagnation control are derived from
the energy balance of the collector and thus are related to its equilibrium temperature

upon stagnation, which has to be reduced to the desired temperature level:

e Less efficient photo-thermal conversion process
e Improving collector losses
e Supply excess heat to heat sinks (e.g. via heat carrier medium)

e Adjustment of solar gains to energy demand

Arather conservative approach on the collector level would be the deterioration of the
collector efficiency by eliminating selective absorber coating (deterioration of photo-
thermal conversion process; high effectiveness but low efficiency approach) and/or
less sophisticated insulation (improved collector losses; low effectiveness (heating the
surroundings is not effective) but high efficiency approach) of the collector in order to
limit stagnation temperature. However, that concept takes a reduced energy yield into
account but it is sometimes defined as prerequisite for polymeric materials utilisation
in solar thermal collectors in order to maintain long lifetime [24]. However, from a
stance requiring effectiveness (heating the heat carrier fluid, not the surrounding)
and efficiency also in utilisation of resources one might come to another conlusion:
Not trying to achieve the potential maximum yield of a solar thermal system by
intentionally designing a “poor” performing system is a poor compromise in order to
meet the construction materials’ requirements. Supplying energy to heat sinks (heat
dumps, venting) is another option for limiting stagnation temperature [21] but poses

a waste of already obtained energy if it is not getting stored for later utilisation. The
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stagnation control solutions already discussed would infringe the requirements for

an energy efficient solar thermal collector outlined by KaLoGIROU [16]:

“An energy efficient solar collector should absorb incident solar radiation,
convert it to thermal energy and deliver the thermal energy to a heat trans-

fer medium with minimum losses at each step.”

In view of this opinion, the most straight-forward method would be the adjustment
of solar gains of the collector to the actual energy demand and thereby maintaining
high collector efficiency in the desired temperature range. HARRISON [21] outlines
two potential approaches in order to adjust solar gains: shading or intentional de-
gradation of the collector’s optical properties (e.g. via thermo variable glazings)
during stagnation. However, shades require an actively operated control system with
sensors, control unit and actuators, which are all prone to possible malfunction or
defect. These pitfalls may also arise for actively operated thermo variable glazings
(e.g. temperature-controlled electro-chromic glazings), but do not apply for passively
operated thermo variable glazings. Prominent examples of the latter type of smart
glazings are thermotropic glazings [25]. Their temperature-triggered reduction in
solar transmittance can provide efficient overheating protection for solar thermal
collectors [23], [26]. In order to limit stagnation temperatures of an all-polymeric
FPC to temperatures not exceeding 130 °C - without affecting collector efficiency
significantly -, solar transmittances >85 and <60 % are required below and above the
threshold temperature, respectively [23]. Depending on the installation situation of
the thermotropic glazing - either mounted in the collector glazing or directly on the
absorber - required switching threshold of thermotropic glazings vary (55 to 60 °C for

thermotropic glazings and 75 to 80 °C for thermotropic absorbers) [23].

1.4 Thermotropic Glazings
Thermotropic glazings change their optical appearance from highly light-transmitting

to intensively light-scattering upon exceeding a pre-defined threshold temperature,

reversibly [27], [28]. The way this performance is achieved, is slightly different for the

1
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different types of thermotropic glazings. Basically, phase-separating and non-phase-
separating systems can be distinguished [25], [27]. In phase-separating systems at
least two components are homogeneously mixed below the threshold temperature
[25], [27]. When exceeding the threshold temperature, these components establish
separated phases [25], [27]. If these phases exhibit different refractive indices, intense
light-scattering occurs [25], [27], [28]. Prominent examples of this kind of material

class are thermotropic hydrogels and thermotropic polymer blends [25], [27], [29].

Non-phase-separating systems consist of a thermotropic additive (minor phase) finely
dispersed in a matrix material (major phase), also recognised under the term ther-
motropic systems with fixed domains (TSFD) [25], [27], [30]. Below the threshold
temperature, the refractive indices of matrix and additive are almost equal, yielding
theincident radiation to pass through the thermotropic layer almost un-scattered [27].
Upon exceeding the threshold temperature, the thermotropic additive undergoes a
steep change in refractive index with the onset of intense light-scattering, yielding a

reduction in solar transmittance [27].

Whereas the switching process in phase-separating systems is diffusion-controlled, it
is not for TSFD. Thus, yielding fast switching response of TSFD, consequently resulting
in low hysteresis [30]. Further advantages of TSFD are ease of adjustment of switching
threshold, presumptive long-term stability, high reversibility and steep switching

process [30].

From a historical point of view, investigations on thermotropic glazings were primarily
conducted with a focus on the buildings sector and with phase-separating systems
being of primary interest [25], [27]-[39]. The following considerations might illustrate
the motivation for that kind of research: Efficient utilisation of solar gains can reduce
energy demand for artificial daylighting in a building significantly [25]. Furthermore,
these solar gains can reduce the energy demand for space heating during winter
[25]. However, during summer these solar gains together with internal thermal loads
(persons, equipment) increase cooling energy demand [25]. Thermotropic glazings
installed in a building’s facade would be feasible in order to prevent buildings from
overheating and thus enhance the thermal and - as welcome side effect - the visual

comfort of building occupants [25]. Furthermore, energy demand for space heating,
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artificial daylighting and cooling energy demand can be reduced, thus resulting in
a reduction of primary energy consumption of a building [34], [35]. Nevertheless,
depending on the individual architectural situation, overheating protection of a build-
ing might be rather complex and global statements on performance requirements
for thermotropic overheating protection glazing cannot be made [32], [34]. However,
in the more “standardised” field of solar thermal collectors, this may be easier, as
already outlined in section[1.3}

Notwithstanding, the application of thermotropic glazings for overheating protection
of polymeric solar thermal collectors is a relatively new field of research [23], [30]. As
outlined in section this was motivated by the intention to limit the stagnation
temperature of solar thermal collectors. In this specific field of research, the advant-
ages of TSFD (outlined above) made them the most attractive type of thermotropic
glazing and they thus gained interest in recent research. A good overview on the
current status of research in the field of TSFD is still presented by the review by RESCH
AND WALLNER [30], also because limited external research activities were recognised
in the field of TSFD since the review was published (e.g. references [40]-[42]). On
the contrary, a joint group at University of Leoben and Polymer Competence Center
Leoben GmbH contributed significantly in the field of TSFD during the last years [22],
[43]-[54].

Nevertheless, knowledge on the theoretically achievable overheating protection po-
tential of TSFD was missing until 2012. Although such information was available for
phase-separating thermotropic glazings from the dissertation of NiTz [31], the results
had limited significance for TSFD due to their different mode of operation. Neverthe-
less, an important outcome of his thesis is that the maximum overheating protection
potential of a thermotropic glazingE]is achievable with spherical scattering domains
exhibiting diameters in the range between 200 and 400 nm [31]. Other parameters
affecting the scattering performance and thus overheating protection performance of

a thermotropic glazing are the refractive index difference between matrix and thermo-

2 This generalisation is valid because it makes no difference wether a scattering domain is formed before
the scattering event taking place (like in phase-separating systems) or if the scattering domain is exist-
ing permanently (like in non-phase-separating systems, including TSFD) if all other relevant parameters
of the thermotropic systems are equal
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tropic additive, the concentration of scattering domains and the layer thickness [31].
As a consequence, theoretical modelling of the overheating protection potential of
TSFD was conducted. Within these investigations, the scattering domain size was kept
constant: Diameters of spherical scattering domains were implemented to resemble
a distribution between 200 and 400 nm [55]]. On the contrary, the refractive indices
of matrix and thermotropic additive, the concentration of scattering domains and
the thickness of the TSFD were varied upon simulation. For example, a hypothetical
TSFD with refractive indices of 1.50 (matrix) and 1.50 (additive) below the threshold
temperature and 1.50 (matrix) and 1.45 (additive) above the threshold temperature,
a scattering domain concentration of 5% and a thickness of 1 mm would achieve a
theoretical transmittance reduction from 92.3 to 64.4 % at a wavelength of 589 nm
upon exceeding the threshold temperature [55]. If the refractive index of the additive
above the threshold temperature is 1.40 (instead of 1.45) and all other parameters
remain as previously stated, a theoretical transmittance reduction from 92.3t0 45.0 %
upon exceeding the threshold temperature is obtainable. The values chosen for these
examples resemble a realistic assumption for actually obtained TSFD [47], [48], [50].
Furthermore, the examples illustrate a general trend: the higher the refractive index
difference between matrix and additive, the lower the transmittance. Consequently,
the refractive index difference has to be as low as possible at temperatures below
the threshold temperature. On the contrary, the refractive index difference has to
be as high as possible upon exceeding the threshold temperature. In general, the
simulation results were promising with regard to overheating protection potential of
TSFD [55].

However, the overheating protection performance of TSFD established so far - espe-
cially for overheating protection of solar thermal collectors - is limited [22], [30], [47],
(48], [50] (For example, one of the best performing TSFD obtained so far exhibited a
reduction in solar hemispheric transmittance from 83 to 69 % [47]; The solar trans-
mittance is defined in equation[1.1). This was primarily ascribed to inappropriate
scattering domain shape and/or size [46], [48], [54]: Spherical as well as non-spherical
scattering domains were detected, which exhibited dimensions not being in the op-

timal range. Furthermore, so far no structure-property-relationship was established
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that would reasonably distinguish the reasons for formation of either spherical or

non-spherical scattering domains upon TSFD formulation.

From all these considerations one can conclude that TSFD - despite their significant
overheating protection potential for buildings and especially for solar thermal col-
lectors - require serious efforts in establishment/improvement of structure-property-
relationships between the TSFD constituents’ properties, the overheating protection
performance of the TSFD and their internal material structure (morphology). Thor-
ough understanding of these structure-property-relationships are indispensable for

optimisation of the overheating protection performance of TSFD.

[ () x AM1.5(X) % dA

Tsolar — 2500
osomm AMIL.5(X) x dA

(1.1)

Tsolar - - - SOlar transmittance (hemispheric or diffuse)

A...wavelength

7(A) ... transmittance as a function of the wavelength (hemispheric or diffuse)
AM1.5()) ... AM1.5 solar irradiance source function
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2 Objectives

The definition of the objectives of this thesis requires the definition of boundary

conditions for this investigation in the first place:
e Boundary conditions from a theoretical point of view

- Anumerical feasibility study [1] confirmed the viability of overheating pro-
tection of solar thermal collectors (i.e. FPC) by thermotropic glazings (i.e.
TSFD) and thus the potential of TSFD to significantly reduce the collector’s

stagnation temperature.

- Furthermore, numerical simulation confirmed that TSFD are - theoretic-
ally - able to fulfill the performance requirements for overheating protec-
tion of a solar thermal FPC [1], [2].

e Boundary conditions from a practical point of view

- The overheating protection performance of TSFD established so far is

limited.
- Thisis attributed to inappropriate shape and/or size of scattering domains.

- Furthermore, knowledge on the structure-property-relationships of TSFD
is limited, especially with regard to the effects governing the formation of

either spherical or non-spherical scattering domains.

Furthermore - according to numerical simulation - the parameters governing the
overheating protection performance of TSFD are refractive index difference between

matrix and thermotropic additive, scattering domain size, concentration of scattering
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domainsE]and the layer thickness [2]]. From these parameters, the refractive index
difference between matrix and additive and the scattering domain size are of primary
importance because they govern the scattering process at a single scattering domain
(single scattering) [3], [4]. A photon undergoing several subsequent single scattering
processes upon its track through a TSFD is subject to multiple scattering [3], [4]. Thus,
the concentration of the scattering domains and the layer thickness are additional
important parameters for multiple scattering (like in a TSFD) [3], [4]. However, they
are of secondary importance compared to the parameters affecting single scatter-
ing. Thus, an important objective of this study was to generate a highly inefficient
single scattering process below the threshold temperature and a highly efficient single
scattering process above the threshold temperature. Therefore potential TSFD con-
stituents (matrix, thermotropic additive) exhibiting a refractive index difference as
low as possible and as high as possible below and above the hypothetical threshold
temperature, respectively, had to be identified. Furthermore optimally shaped and
sized scattering domains had to be achieved in order to meet this objective. To meet
this objective was a prerequisite in order to establish an efficient multiple scattering
process and to obtain a TSFD with efficient overheating protection performance -
especially for a solar thermal FPC -, which represented the primary objective of this

thesis.

Thus, in order to sufficiently address all these aspects, a material formulation strategy
was established. The material formulation strategy and the associated goals were

defined in the following manner:

1. Pre-selection and characterisation of potential matrix materials and potential
thermotropic additives with regard to application relevant properties applying

sound polymer-physical principles

! The scattering domain size distribution together with the concentration of the thermotropic additive
define the concentration of scattering domains. At a specific concentration of thermotropic additive,

the smaller the domains are, the bigger is the domain concentration.

24



. Assessment of refractive index match/mismatch between matrix and thermo-

tropic additives

e Refractive index difference below threshold temperature:

as low as possible

e Refractive index difference above threshold temperature:

as high as possible

. Formulation of promising TSFD, which were likely to exhibit proper overheating

protection performance

. Characterisation of the overheating protection performance of the established
TSFD

. Characterisation of the morphology of the established TSFD

. Establishment of structure-property-relationships between properties of TSFD

components, overheating protection performance and morphology
. Deduction of strategies for optimisation of TSFD and experimental validation

e Identification of issues, that prevent established TSFD

from exhibiting efficient overheating protection performance

o lIdentification of potential approaches and deduction of feasible measures

in order to address the previously identified issues

e Practical realisation of these measures and subsequent assessment of

performance characteristics

e Evaluation of the effectiveness of the applied measures

Thereby, points 3-7 are inside a feedback-loop in order to achieve continuous improve-

ment of overheating protection performance and structure-property-relationships.

Finally, an important remark for all these considerations is introduced: As outlined

above, the primary objective of this study was to establish a TSFD providing efficient

overheating especially for solar thermal FPC. That issue is indeed more straight for-

ward than establishment of a TSFD providing efficient overheating protection for

a building. The reason is that for overheating protection of buildings such general
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performance requirements like for solar thermal collectors do not exist. Thatis due to

the complex situation of overheating protection glazings in the architectural context,

which require individual assessment of the requirements for overheating protection

[5].

2.1
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3 Structure of the Thesis

According to the objectives outlined above, the thesis presents a series of subsequent
publications illustrating the steady progress in development of thermotropic glazings
for overheating protection of buildings and solar thermal collectors. The thesis is

divided in six parts. The parts are:
1. Preamble

. Introduction to the thesis

N

w

. Systematic material formulation strategy

N

. In-situ optimisation strategies
5. Ex-situ optimisation strategy
6. Summary, conclusion and outlook

The first part presents mandatory (e.g. affidavit) and content related sections (e.g.

table of content).

The second part presents an introduction to the motivation and the technological
background of the thesis. Furthermore the objectives of the thesis are outlined. In
the third part, a systematic material formulation strategy for TSFD based on thermo-
plastics and UV-curable resin systems is developed. Based on an extensive literature
review, potential matrix materials and thermotropic additives were surveyed with
regard to thermo-mechanical, thermal and thermo-refractive properties. Based on

the assessment of thermo-refractive properties promising material combinations
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were selected, manufactured and comprehensively characterised with regard to solar-
optical properties and morphology. Subsequently, structure-property-relationships

were established, from which optimisation strategies for the TSFD were derived.

The fourth part deals with in-situ optimisation strategies derived from structure-
property-relationships already established in the third part. The term “in-situ” means
that all optimisation measures take effect during the assembly of the TSFD. Thus,
the manufacturing process remains a two-step process (mixing matrix material and
thermotropic additive; moulding). As the processing conditions were suspected to
have detrimental effects on the performance of specific TSFD, the effect of curing
and other parameters on the light-shielding efficiency and morphology of these TSFD
was evaluated in one chapter. Another chapter deals with strategies in order to
adjust scattering domain size: The effect of the addition of functional additives during
manufacturing process and applied variations in the processing conditions upon
manufacturing process on the morphology and thus light-shielding efficiency of TSFD
is studied systematically applying tools of design of experiments (DoE). Obtained
changes in overheating protection performance are correlated with the individual

levels of the applied factors.

On the contrary, the fifth part deals with an ex-situ optimisation strategy. The term
“ex-situ” means that the optimisation measures take effect before the assembly of
the TSFD. Thus, the manufacturing process is extended to a three-step process (ad-
justment of scattering domain size; mixing matrix material and scattering domains;
moulding): A mini-emulsion polymerisation is applied in order to adjust scattering
domain size. Encapsulated thermotropic additive is subsequently mixed into matrix

materials and evaluated with regard to solar-optical properties.

The individual parts three, four and five are opened by a brief introduction to the most
relevant information for the specific topic. Thereby, the introduction shall outline
central aspects addressed within the respective paper(s). Furthermore, the major
concept of the paper is presented. Subsequently, the relevant papers published by the
main-author of this thesis along with co-authors are presented in each individual sec-
tion. Theindividual papers present detailed scientific background and considerations,

materials, experimental details, data and conclusions of the scientific work.

28



In the sixth part the thesis is reviewed briefly and conclusions are drawn from the key
findings of the thesis. Finally, the outlook points to challenges not addressed so far,

and outlines recommendations for potential solutions and future work.

29






Part lll.

Systematic Material Formulation
Strategy






4 Introduction to Publications 1 and 2

Although preceding fundamental studies on TSFD [1]-[5] took all the considerations
outlined in chapter[2]with regard to single and multiple scattering into account, the
formulated TSFD nevertheless did not display the desired extent of overheating pro-
tection performance in order to efficiently prevent a solar thermal collector from
overheating. Primarily, that was ascribed to inappropriately shaped and/or sized
scattering domains, which prevented single and thus multiple scattering processes to
be highly efficient at temperatures exceeding the switching threshold. Consequently,
the authors recommended optimisation of scattering domain size and/or shape in
order to achieve TSFD with improved overheating protection performance. How-
ever, open questions remaining were also the reasons for formation of inappropri-
ately shaped and sized scattering domains. Thus, gaining a deeper insight into the
structure-property-relationships of TSFD was identified as an imperative for this study
in order to achieve TSFD with highly inefficient single scattering and thus highly inef-
ficient multiple scattering below the threshold temperature and with highly efficient
single scattering and thus highly efficient multiple scattering above the threshold

temperature (yielding a TSFD with efficient overheating protection performance).

However, in order to establish profoundly justified structure-property-relationships
between established overheating protection performance of TSFD on the one hand
side and polymer-physical properties of TSFD constituents (matrix, additive) and mor-
phology of TSFD on the other hand side as well as with regard to processing related
aspects, numerous TSFD had to be formulated and characterised with regard to the
desired information. Thus, the so far most comprehensive study on TSFD employing
a systematic material formulation strategy (outlined in chapter[2) was designed. It

comprised a variety in kind and number of matrix materials (thermoplastic resins,
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UV-curable acrylate resins) and thermotropic additives (paraffin waxes, fatty acids
and their derivatives, polymers and other substances) investigated, that was never
established before. The publications presented hereafter discuss these issues more
in detail. Publication 1 deals with the pre-selection and sound-polymer physical
characterisation of TSFD constituents, their assessment with regard to suitability
for TSFD formulation based primarily on their thermo-refractive properties, the for-
mulation of promising TSFD and their characterisation with regard to overheating
protection performance. Subsequently, publication 2 deals with characterisation of
the morphology of the formulated TSFD and the establishment of structure-property-
relationships between achieved overheating protection performance of TSFD, the
polymer-physical properties of TSFD constituents, the morphology of TSFD and pro-
cessing related aspects. Based on these profound structure-property-relationships,
optimisation strategies are derived. Their effectiveness with regard to establishment
of a TSFD with efficent overheating protection performance is assessed in this thesis

subsequently.
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5.2 Abstract

This paper presents a systematic strategy for formulation and optimisation of thermo-
tropic layers for overheating protection purposes. Specifically, thermotropic systems
with fixed domains (TSFD) which consist of a thermotropic additive finely dispersed
in a matrix material are considered. Based on systematic material (component)
pre-selection regarding thermo-analytical characteristics and refractive indices, nu-
merous thermotropic layers were formulated. TSFD with thermoplastic matrix were
produced by compounding and compression moulding. TSFD with resin matrix were
produced by UV-curing. The thermotropic layers were analysed as to solar optical
properties, threshold temperature, switching process and residual transmittance in
the opaque state applying UV/Vis/NIR spectrometry equipped with a heating stage.
Best performing materials exhibited solar hemispheric transmittance in the range of
72.2 to 84.5% and between 59.6 and 83.7 % in the clear and opaque state, respect-
ively. Threshold temperatures between 45 and 75 °C were realised. Refractive index
difference between matrix and additive and solar hemispheric transmittance dis-
played a close correlation. Hence, refractometry was shown to be an appropriate tool
for material pre-selection. Furthermore, investigations revealed a close correlation
of thermal transitions of thermotropic additives recorded by differential scanning
calorimetry (DSC) and threshold temperatures of thermotropic layers formulated
therewith. However, thermotropic layers formulated so far have to be optimised with

respect to light-shielding performance for efficient overheating protection.

5.3 Introduction

Thermotropic glazings change their light transmittance from transparent to opaque
upon reaching a certain threshold temperature reversibly [1], [2]. Their application in
passive and active solar energy utilisation allows tailoring solar gains to climatic, user
and/or technical demands [3], [4]. Design of facades with thermotropic glazings en-
hances thermal and visual comfort of building occupants and reduces primary energy
consumption for space heating/cooling and artificial daylighting due to solar contribu-

tions [3], [5]-[8]. Design of solar thermal collectors with thermotropic glazings limits

38



5.3. INTRODUCTION

collector stagnation temperature to temperatures below 130 °C [4]. Limiting the stag-
nation temperature of solar thermal flat-plate collectors to values below the long-term
service temperature of cost-efficient plastics (approx. 125 °C) allows for utilisation of
these polymers as absorber material, thus yielding significant cost-reduction poten-
tial [4]. Application of thermotropic glazings in solar thermal collectors at the glazing
unit or the absorber requires threshold temperatures of 55 to 60 °C and 75 to 80 °C
respectively [4]. To maintain efficient overheating protection for a solar thermal col-
lector, solar hemispheric transmittance has to change from >85 % in the transparent
state to <60 % in the opaque state [4]. Such global requirements cannot be derived for
window applications due to complex situation of glazing in the architectural context
(building usage, lighting requirements, local climate, orientation, structural design,
etc.) [1], [7]-[10]. Furthermore, materials shall exhibit a rapid and steep switching
process within a small temperature range [4]. Among different thermotropic mater-
ials, thermotropic systems with fixed domains (TSFD) exhibit probably the highest
potential for these applications [11]. Ease of adjustment of switching threshold, high
reversibility, long-term stability and a steep switching process with low hysteresis are
significant advantages of TSFD [12]. The key for the superior performance of TSFD is
theirinherent persistent two-phase material structure: TSFD consist of a thermotropic
additive that is finely dispersed in a polymeric matrix material [1]], [3]. Below the
threshold temperature, the refractive indices of both components are almost equal,
resulting in a transparent appearance of the TSFD [1]. With increasing temperature a
phase transition (e.g. melting) of the thermotropic additive causes the refractive index
difference of matrix and additive to change steeply [1], [3]. Thus incident radiation is
multiply scattered at the interfaces of the matrix and the scattering domains formed

by thermotropic additive [13]. Consequently, the layer turns opaque.

Nevertheless, TSFD reported in scientific literature so far do not meet the perform-
ance requirements described above [3], [4], [14]-[16]. However, the material portfolio
investigated so faris limited [12]. Thus, the overall objective of this study is to perform
an extensive evaluation of the overheating protection potential of combinations of
numerous different matrix materials and thermotropic additives. Therefore, a system-
atic material formulation strategy is applied. First, a comprehensive polymer-physical

characterisation of candidate TSFD components is carried out. Subsequently, various
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TSFD are formulated and characterised as to their performance characteristics. Fi-
nally, the overheating protection characteristics of the TSFD are related to component

properties.

5.4 Systematic Material Formulation Strategy

Refractive index difference of matrix and additive and TSFD morphology are of para-
mount importance for scattering performance and thus overheating protection per-
formance of TSFD [5]. Hence, for the development of novel TSFD a systematic material
formulation strategy - which is depicted in Figure[5.1]- has been established in order
to account for these factors. The strategy comprises seven different steps. Steps which
are addressed within the present paper are coloured grey. First, a comprehensive
literature review concerning material properties is carried out in order to evaluate
candidate matrix materials and thermotropic additives: Matrix materials exhibit
preferably high transition temperatures (glass transition, melting), high transmit-
tance and a refractive index as low as possible. Thermotropic additives must display
a thermal transition - preferably melting - between 30 °C and 105 °C along with a
rapid and steep change of refractive index. Subsequently, a comprehensive polymer-
physical characterisation of candidate matrix materials and thermotropic additives
with regard to thermal, thermo-mechanical and optical properties is carried out. In
the second step appropriate combinations of candidate matrix materials and ther-
motropic additives are identified by assessment of refractive index match/mismatch.
Based on this evaluation procedure promising TSFD are formulated and characterised
as to light-shielding efficiency, switching characteristics and threshold temperature.
Finally, a comprehensive characterisation of morphology (scattering domain size,
shape, distribution) is carried out and structure-property-relationships are estab-
lished. Based on these interrelationships, the optimisation potential of the TSFD
is deduced. However, these final steps are addressed in a subsequent publication
(17].

As the steps outlined above have different requirements with regard to the desired
information on polymer-physical characteristics of the materials, it is considered

more appropriate to present the experimental details of each step of the systematic
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Figure 5.1.: Systematic material formulation strategy.

material formulation strategy in the section where they apply (instead of a cumulative

experimental part).

5.4.1 Evaluation and Characterisation
of Potential Material Constituents

5.4.1.1 Materials

For matrix materials the material selection focussed on polymers exhibiting the fol-
lowing desired properties. The transition temperature of polymers - glass transition
for amorphous polymers and melting for semi-crystalline polymers - was required
to be as high as possible but at least as high as 120 °C. Furthermore, high transpar-
ency was desirable. The transparency requirement was most likely to be fulfilled
by polymers lacking intrinsic scattering domains (i.e. crystallites). Polymers lacking
crystallites like amorphous polymers (thermoplastic resins, thermosets) were most
promising but also semi-crystalline thermoplastic resins exhibiting crystallites with re-
duced size and thus less scattering (so called “micro-crystalline” thermoplastic resins)
were considered. Besides that, materials not prone or even less than other materials
to UV-induced degradation were preferred, including UV-stabilised material grades.
That was also important because initially non-polymeric resin matrices had to be
UV-curable. Furthermore, a proper match of refractive index of matrices and potential
thermotropic additives at room temperature was required. Especially acrylic-esters
are recognised to withstand UV-irradiation [18]. Thus, focus was on acrylic polymers,

but also UV-stabilized polyamide and polycarbonate were considered.

For the thermotropic additives - as outlined before - a thermal transition in the

desired temperature range between 30 and 105 °C accompanied by a steep change
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in refractive index of the thermotropic additive was desirable. As outlined before, a
proper match of refractive index of matrices and potential thermotropic additives at
room temperature was required. As acrylic polymers have refractive indices around
1.5 [19], focus was on potential thermotropic additives having a refractive index

around 1.5 at room temperature also.

A total of seven matrix materials were selected, which are listed in Table[5.1]. The
material portfolio comprised three thermoplastics: A poly (methyl methacrylate)
(PMMA: Plexiglas FT15, Evonik Rohm GmbH; M1), a semi-crystalline polyamide PA
PACM 12 (PA: Trogamid CX9703, Evonik Degussa GmbH; M2) and a polycarbonate
(PC: Makrolon ET3127, Bayer Materials Science AG; M3). Four different UV-curable
resin systems were employed: A hexa-functional aromatic urethane acrylate (based
on oligomer Ebecryl 220; M4), a di-functional aliphatic urethane acrylate (based on
oligomer Ebecryl 284; M5), a di-functional epoxy acrylate (based on oligomer Ebecryl
600; M6), and a tetra-functional polyester acrylate (based on oligomer Ebecryl 800;
M7). Ebecryl resins were provided by Allnex Belgium SA/NV (former Cytec Surface

Specialites Inc.).

Table 5.1.: Candidate matrix materials.

Matrix  Material type

M1 Poly (methyl methacrylate)
M2 Polyamide

M3 Polycarbonate

M4 Aromatic urethane acrylate

M5 Aliphatic urethane acrylate
M6 Epoxy acrylate
M7 Polyester acrylate

In Table[5.2]the selected thermotropic additives are listed (all materials are technical
grades and probably only a small fraction of ingredients is disclosed by suppliers, thus
exact chemical structures cannot be presented). The material portfolio comprised
a low (A1) and high molecular paraffin wax (A2), which were the most non-polar

additives investigated. The latter is a Fischer-Tropsch wax. Furthermore, fatty acids
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Table 5.2.: Candidate thermotropic additives.

Additive Material type

Al Paraffin, low molecular weight
A2 Paraffin, high molecular weight
A3 Fatty acids (mixture)

A4 Glycerine tristearate

A5 Hydrogenated castor oil @

A6 Pentaerythritol tetrastearate
A7 Hydroxystearic acid

A8 Glycerine monostearate

A9 Montan wax

A10 Hydrogenated castor oil @

Al1 E-co-GMA (8 %)

A12 E-co-MA (24 %)-co-GMA (8 %)
A13 E-co-BA (17 %)-co-MAH (3.1 %)
Al4 E-co-MA (16 %)-co-MAH (3.1 %)
A15 E-co-MA (20 %)-co-MAH (0.3 %)
A16 E-co-EA (29 %)-co-MAH (1.3 %)
A17 E-co-VA (28 %)

A18 E-co-VA (33 %)

A19 E-co-MA (30 %)

A20 PS

A21 PETG

A22 Naphthalene

A23 Sodium tetraborate decahydrate
A24 Sodium sulfate decahydrate

@ different suppliers
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and their derivatives were considered: fatty acid mixture (A3), glycerine tristearate
(A4), hydrogenated castor oil (A5; main component: glycerine trihydroxystearate),
pentaerythritol tetrastearate (A6), hydroxystearic acid (A7), glycerine monostearate
(A8), a montan wax (A9) and again a hydrogenated castor oil (A10; main component:
glycerine trihydroxystearate). A5 and A10 were provided by different suppliers. In
general, fatty acids and fatty acid esters are more polar than paraffin waxes due to
their carboxyl-group. However, within the group of fatty acids and derivatives one may
discriminate between more and less polar substances: The longer the lipophilic tails of
the fatty acids or alcohols are, the less polar the ester will be for example. This applies
for instance for montan wax (A8) with esters of montanic acid (a C,g carboxylic acid) as
an important component. On the contrary, fatty acids or derivatives (including their
esters) of fatty acids with shorter lipohilic chains compared to montanic acid or with
additional polar groups on these are considered more polar. A proper example would
be A7, a Cy6 carboxylic acid chain with a hydroxyl moiety attached to the lipophilic
tail. As a rule of a thumb: the longer the alkyl moiety, the less polar a molecule is (and

lipophilicity increases).

Furthermore various polymers like a copolymer of ethylene (E) and glycidyl methac-
rylate (GMA) (Lotader AX8840, Arkema; A11), a terpolymer of E, methyl acrylate (MA)
and GMA (Lotader AX8900, Arkema; A12), a terpolymer of E, butyl acrylate (BA) and
maleic anhydride (MAH) (Lotader 3410, Arkema; A13), two terpolymers of E, MA and
MAH with varying contents of MA and MAH (Lotader 3430, Arkema; A14; Lotader 4503,
Arkema; A15), a terpolymer of E, ethyl acrylate (EA) and MAH (Lotader 4700, Arkema;
A16), two copolymers of E and vinyl acetate (VA) with lower and higher VA-content
(Evatane 28-03, Arkema; A17; Evatane 33-45, Arkema; A18), a copolymer of E and
MA (Elvaloy 1330AC, DuPont de Nemours (Deutschland) GmbH; A19), a polystyrene
(PS) (Empera 116N, Ineos Nova; A20), a glycol-modified poly (ethylene terephthalate)
(PETG) (Eastar 6763, Eastman; A21), naphthalene (A22), sodium tetraborate decahy-
drate (A23) and sodium sulfate decahydrate (A24) were selected.
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5.4.1.2 Experimental

Specimen Preparation For dynamic mechanical analysis (DMA), UV/Vis/NIR meas-
urements and determination of refractive index plate-like specimens were prepared.
Thermoplastics were compression moulded to 800 um thick plates on a press P200PV
(Dr. Collin GmbH, Ebersberg, DE). Plates from UV-curable resin systems were prepared
by mixing 57 wt% oligomers, 40 wt% reactive diluent trimethylol propane triacrylate
(TMPTA) and 3 wt% photoinitiator (blend of benzophenone and 1-hydroxycyclohexyl
phenyl ketone). The mixtures were poured in the intervening space between two
glass panes, which were sealed around the edge. Layers were cured by UV-radiation
(dose: 2.1 J cm™2) from a Light Hammer 6 equipped with a mercury-lamp and a LC6E
Benchtop Conveyor (Fusion UV Systems Inc., Gaithersburg, MD, US). Free standing
layers with a thickness of 900 um were obtained after removal of the glass panes.

Differential Scanning Calorimetry (DSC) The thermal transitions of candidate
matrix materials and thermotropic additives were determined by differential scanning
calorimetry (DSC). Thermograms were recorded in static air on a DSC822¢ (Mettler
Toledo GmbH, Schwerzenbach, CH). For samples exhibiting a glass transition only,
a heating rate of 20 Kmin™ was used in order get a distinct glass transition signal.
A heating rate of 10 Kmin™ was applied to samples exhibiting melting in order to
be able to discriminate between individual transitions more clearly (e.g. between
solid phase transition and melting which probably would be displayed as a single
peak upon application of higher heating rates). In general, high heating rates are
recommended in order to detect effects of small magnitude (like glass transitions) but
resolution is decreased compared to lower heating rates [20]. The sample mass was
10 + 1 mg. Glass transition temperature and melting temperature were evaluated as
mid-point temperature and peak temperature, respectively, according to 1ISO 11357-1

from the second heating run. The data were averaged over two measurements.

Dynamic Mechanical Analysis (DMA) Thermo-mechanical properties of films pro-
duced from the different matrix resins M1 to M7 were characterised by dynamic mech-
anical analysis (DMA) on a DMA/SDTA 861°¢ (Mettler Toledo GmbH, Schwerzenbach,
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CH). Rectangular specimens (17 mm x 4 mm x 0.8-0.9 mm) were cut from plate-like
samples with a saw Diadisc 5200 (Mutronic Prazisionsgeratebau GmbH & Co. KG,
Rieden am Forggensee, DE). The gauge length was 9 mm. DMA was carried out in
tensile mode applying sinusoidal strain amplitude at a frequency of 1 Hz. Strain
amplitudes (determined by strain-sweep procedure) and measurement temperature
ranges applied for the different material types are summarised in Table[5.3]. Scans
were run with a heating rate of 3 Kmin™. From DMA, storage modulus (E’), loss mod-
ulus (E”) and loss factor (tan&) curves, were generated as a function of specimen
temperature. The temperature at the maximum in loss modulus was taken as the
glass transition temperature. Thermo-mechanical properties were averaged over two

measurements.

Table 5.3.: Applied strain amplitudes for DMA and measurement temperature range.

Matrix  Strain Start End
amplitude temperature temperature
(pm] [°C] [°C]

M1 5 -50 180

M2 5 -50 200

M3 5 =50 180

M4 4 -80 160

M5 4 -80 160

M6 4 -80 160

M7 5 -80 160

UV/Vis/NIR Spectrometry Solar transmittance, reflectance and absorptance of the
matrix materials were determined applying UV/Vis/NIR spectrometry. A double beam
UV/Vis/NIR spectrophotometer Lambda 950 (Perkin Elmer Inc., Waltham, MA, US)
equipped with an Ulbricht-sphere (diameter 150 mm) was utilised. For the given
measurement apparatus the radiation passing through (transmittance) or being re-
flected (reflectance) from the specimen outside a cone of approximately 5° relative

to the incident beam direction was defined as diffuse (scattered) component. Hemi-
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spheric and diffuse transmittance and reflectance were recorded at normal incidence
in the spectral region from 250 to 2500 nm. The integral solar transmittance and
reflectance were determined by weighting the recorded spectral data in steps of 5nm
by the AM1.5 global solar irradiance source function. A single determination was

carried out for each material.

Refractometry Refractive indices as a function of temperature of matrix materials
and thermotropic additives were determined on an Abbé-type refractometer AR4 (A.
Kriiss Optronic GmbH, Hamburg, DE) equipped with a water bath Ecoline E306 (Lauda
Dr. R. Wobser GmbH & Co. KG, Lauda-Konigshofen, DE) to maintain operation tem-
perature. Measurements were conducted in a temperature range between ambient
temperature and a maximum of 90 °C. A LED illumination unit with a wavelength of
589 nm was used. The temperature of the prisms was recorded with a two-channel
temperature measurement instrument T900 (Dostmann electronic GmbH, Wertheim-
Reicholzheim, DE) equipped with a precision K-type thermocouple. Measured prism
temperatures were cross-checked by measurement of the refractive index of water
as a function of temperature and comparison with tabulated values [21]. The cross-
check confirmed the accuracy of temperature values detected by the two-channel

instrument. Refractive indices were averaged over three measurements.

5.4.1.3 Results

Table[5.4summarises melting temperature, glass transition temperature, solar-optical
properties at ambient temperature and refractive index at 29 °C of matrix materials
investigated. The application temperature limits for amorphous and semi-crystalline
thermoplastic materials from a thermo-mechanical point of view are below glass
transition and melting temperature, respectively [22]. Thermosets are applicable up
to their decomposition temperature [22]. For semi-crystalline material M2 a melting
peak at 250 °C was detected. DSC and DMA yielded glass transitions around 125 °C,
130 °C and 148 °C for thermoplastic matrix materials M1, M2 and M3. No decomposi-
tion was detected. Whereas glass transition was not observed by DSC for UV-curable
resin systems M4 to M7, DMA revealed glass transitions at =6 °C, 24 °C and 17 °C of

a7
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materials M4, M5 and M6, respectively. For material M7 a broad plateau in E”-curve
was ascertained. Thus an exact designation of glass transition temperature was not
possible for this material. The plateau ranged from -2 to 10 °C. For systems M4 to M7,
no decomposition was detected up to the maximum investigation temperatures of
150 and 160 °C in DSC and DMA, respectively.

Matrix materials have to be mechanically stable during operation. Hence, all matrix
materials are appropriate for collector application (stagnation temperature of col-
lector approx. 128 °C [4]) according to the criteria mentioned above, except for M1.
For window applications all materials are appropriate (this estimation is based on

the maximum recorded air-temperature on earth, which is approx. 57 °C [23]).

Refractive indices of matrix materials M1 to M7 varied between 1.502 and 1.587. Solar
hemispheric transmittance and reflectance ranged from 83 to 85% and 7 to 8 %,
respectively. Absorptance varied between 7 and 10 %. However, for maintaining
high efficiency of a solar thermal flat-plate collector equipped with thermotropic
overheating protection glazing, a transmittance of at least 85 % is required in the
clear state of the TSFD [4]. Transmittance can be increased by reducing the layer
thickness on the one hand side. On the other hand side, reflectance can be minimised
(i.e. increase in transmittance) by reducing refractive index of matrix material [24].

However, the latter approach would require the replacement of the matrix material.

Table[5.5summarises the transition temperatures, the transition temperature interval
and the kind of transition of thermotropic additives. Furthermore, Table[5.5/ com-
prises refractive indices of the thermotropic additives below (at 29 °C) and above
the phase transition temperature. Solid phase transitions and subsequent melting
upon increasing temperature were detected for additives A1 [25]-[29], A5, A6 [30], A8
(31]-[33] and A10. Melting of two polymorphs with recrystallization between these
melting processes were evident for additive A4 [34]-[37]. Additive A7 displayed two
melting peaks. The lower temperature peak was attributed to melting of impurities
[38]. Solely melting was detected for additives A2 [26], A3, A9 and A11 to A19. DSC
thermograms revealed glass transitions for additives A20 and A21.

Although additive A22 exhibited a rather narrow endothermic peak at 85 °C, naph-
thalene was rejected from further investigations due to high degree of supercooling
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(crystallisation at 58 °C). Furthermore, it is suspected to be carcinogenic [39]. For ad-
ditive A23 an endothermic double peak with maxima at 77 and 99 °C was ascertained
in the first heating run. The first maximum correlated with melting of the salt hydrate.
The second peak was ascribed to evaporation of water. Due to lack of water and
thus lacking formation of salt hydrate, no transition was observed in the second heat-
ing run within the investigated temperature range (20 to 130 °C). Most salt hydrates
display separation of water and salt during melting yielding irreversible behaviour
during a melting/solidification cycle [40], [41]. Additive A24 was used as received. It
displayed no thermal transition between —20 and 80 °C, although a melting point of
32°Cisreported [41].

Table 5.4.: Basic characteristics of matrix materials: Melting temperatures detected
by DSC (Tm), glass transition temperatures (Tg) detected by DSC and DMA, solar
hemispheric transmittance (tah), solar hemispheric reflectance (pan), absorbtance

(a) and refractive index at 29 °C (n).

Matrix Tm (DSC) Tg(DSC) Tg(DMA) Ty Prh  Q nP.q
[°Cl [°C] [°C] [%]  [%] [%] [1]

M1 — 125 122 85 8 7 1.502
M2 250 131 128 83 7 10 1.516
M3 — 147 148 84 8 8 1.587
M4 — —2 -6 84 8 8 1.525
M5 - —2 24 84 8 8 1.512
M6 — —3a 17 84 8 8 1.551
M7 — —2 -2to10° 85 8 7 1.521

? not detectable

® broad plateau in E”-curve detected

Refractive indices of additives Al to A21 ranged between 1.482 and 1.586 at 29 °C.
Additives Al to A19 exhibited rather distinct changes (>0.025) in refractive index when
exceeding the transition temperature. For additives A20 and A21 only minor reduc-
tions (approx. 0.01) were achieved. The refractive index nDT>T(transition) of additive A21
was recorded at the maximum operation temperature (90 °C) of the refractometer.

Transition temperatures given in Table[5.5|already allow for material classification in
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terms of applicability. Hence, thermotropic additives exhibiting distinct or transient
phase transitions in the temperature range between 30 and 105 °C are labelled “pass”
in Table[5.5 Those displaying no phase transition or irreversible effects are labelled
“reject”. Therefore, additives A22 to A24 were excluded from further investigations

and are hence not displayed in subsequent tables and figures.
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5.4.2 Assessment of Refractive Index Match/Mismatch

In Figures[5.2]and[5.3|the refractive index difference between matrix and additive
below (black) and above (grey) the transition temperature of the additive is presen-
ted for thermoplastic matrix materials (M1, M2 and M3) and for UV-curable matrix
materials (M4, M5, M6 and M7), respectively. For additives exhibiting phase trans-
itions at temperatures equal or higher than the maximum operation temperature
of the refractometer (90 °C), refractive index data are presented for 29 °C only in or-
der to avoid misleading interpretation of refractive index difference at temperatures
above the transition temperature. For additives A11 to A19, which exhibited a broad
transition temperature range AT>50 °C (see Table[5.5) with peak temperatures up to
106 °C and additives A20 and A21 with glass transitions close to 90 °C refractive index
data were selected as follows: If the vast majority of the transition was already done
at the maximum measurement temperature of the refractometer (90 °C), refractive
index difference data was included. At 90 °C this was true for all materials except for
additives A11 and A20 (see section[5.4.1.3). Thus, their data was excluded at 90 °C.

Refractive index difference between matrix material and thermotropic additive below
the phase transition temperature of the additive has to be as low as possible [5].
Thus, if the refractive index difference between matrix and additive was smaller than
0.02 below (29 °C) the phase transition temperature of the thermotropic additive,
the material combination was categorised as “appropriate” Combinations of matrix
and additive with refractive index difference from 0.02 to lower than 0.03 at 29°C
were categorised as “appropriate with limitation”. Matrix/additive combinations not
complying with these criteria were rejected. When exceeding the phase transition
temperature, refractive index difference is required to be as high as possible [5].
Thus, combinations displaying a refractive index difference >0.03 above the phase
transition temperature of the additive were considered as “appropriate”, whereas
those with a refractive index difference <0.03 were considered as “inappropriate”
and therefore rejected. As to the nomenclature, a system composed of Matrix M1 and
Additive Al is named M1AL.
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Figure 5.2.: Refractive index difference between matrix and additive below (at 29 °C; black) and
above (at T>Tyansition; grey) the transition temperature of the additive for thermoplastic matrix
materials M1, M2 and M3. Grey symbol (x) denotes excluded data.

According to these criteria, material combinations M1A1, M1A2, M1A4 to M1A10, M1A12
to M1A17, M1A19, M2A1 to M2A3 and M2A5 to M2A10 were appropriate for formulation.
Material combinations M1A11, M2A11 and M3A20 showed refractive index difference
<0.02 at 29 °C, which may yield high transmittance at ambient conditions. Thus,
regardless of omitted refractive index difference at high temperatures (omission
due to technical reasons as pointed out above), these material combinations were
considered for formulation. Combinations M1A3, M1A18, M2A4, M2A13 to M2A15,
M2A17 and M2A19 were appropriate with limitation for formulation according to the
criteria defined above. Material combinations M1A20, M1A21, M2A12, M2A16, M2A18,
M2A20, M2A21 and M3A1 to M3A19 were rejected from further investigations due to
inappropriate refractive index difference. Combination M3A21 displayed refractive

index differences of 0.022 and 0.028 at temperatures below and above the glass
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transition, respectively. Nevertheless, this combination was accepted for formulation
due to not completed thermal transition of the additive at the maximum operation

temperature of the refractometer.
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Figure 5.3.: Refractive index difference between matrix and additive below (at 29 °C; black) and
above (at T>Tiansition; grey) the transition temperature of the additive for UV-curable matrix
materials M4, M5, M6 and M7. Grey symbol (x) denotes excluded data.

Material combinations M4A2, M4A3, M4A9, M5A1 to M5A10, M5A13 to M5A15, M7A2,
M7A3, M7A5, M7A6 and M7A8 to M7A10 were appropriate for formulation accord-
ing to the criteria defined above. Material combinations M4A11, M5A11 and M7A11
exhibited refractive index difference <0.02 at 29 °C, respectively. Low refractive in-
dex differences of combinations M4A11, M5A11 and M7A11 were likely to yield high
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transmittance at ambient conditions. Thus, regardless of omitted refractive index
difference at high temperatures (omission due to technical reasons as pointed out
above), these material combinations were considered for formulation. Combinations
M4A1, M4AS5 to M4A8, M4A10, M5A12, M5A16, M5A17, M5A19, M6A3, M7A1, M7A4, M7AT
and M7A13 to M7A15 were considered appropriate with limitation for formulation.
Material combinations M4A4, M4A12 to M4A21, M5A18, M5A20, M5A21, M6A1, M6A2,
M6A4 to M6A21, M7A12 and M7A16 to M7A21 were rejected from formulation due to

inappropriate refractive index difference.

5.4.3 Formulation of promising Material Combinations

TSFD with thermoplastic matrices were manufactured at APC Advanced Polymer Com-
pounds (Gai, AT) by melt blending on a compounder Coperion ZSK 26 Mcc (Coperion
GmbH, Stuttgart, DE). From the compound 800 pm thick plates were obtained by
compression moulding on a press P200PV (Dr. Collin GmbH, Ebersberg, DE). Ther-
motropic layers based on UV-curable resin matrix were prepared by dissolving the
thermotropic additive above its transition temperature in the photo-crosslinkable
matrix solution, which consisted of 57 wt% oligomers, 40 wt% reactive diluent TMPTA
and 3 wt% photoinitiator (blend of benzophenone and 1-hydroxycyclohexyl phenyl
ketone). The dissolutions were poured in the intervening space between two glass
panes, which were sealed around the edge. Afterwards the samples were stored
at ambient temperature for 10 min allowing for precipitation of the additive. Next
the mixtures were cured by UV-radiation (dose: 2.1 J cm™) from a Light Hammer 6
equipped with a mercury-lamp and a LC6E Benchtop Conveyor (Fusion UV Systems
Inc., Gaithersburg, MD, US). Free standing layers with a thickness of 900 pm were
obtained after removal of the glass panes. TSFD based on UV-curable resin matrix
were annealed at the temperature at which mixing of the matrix solution with the
corresponding additive was carried out. For both, thermoplastic and resin based

TSFD, the theoretical additive concentration was 5 wt%.

Matrix/additive combinations which were chosen for formulation of TSFD are depicted
in Table[5.6]. Selection was mainly based on refractive index data discussed above.

For combinations of matrix M1 and ethylene co- and terpolymer additives A11 to A19
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exhibiting a moderate difference in refractive index above the transition temperature,
M1A11 was compounded in order to represent this material class (ethylene co- and
terpolymers). M1A11 showed the best refractive index match of the components
below the transition temperature. Furthermore, additive A11 was the only ethylene
co- or terpolymer that fitted matrix M2 properly with regard to refractive index at low
temperatures. Furthermore, combinations M1A1, M1A2, M2A2, M2A3, M2A5, M2A6,
M3A20 and M3A21 were compounded. Materials M1A2, M1A11, M2A2, M2A6, M2A11,
M3A20 and M3A21 were processable properly. However, compounding of matrix M1
and additive Al resulted in partial liquid leakage of additive at machine joints due to
large differences in melt viscosity of the components. Large differences in viscosity
of polymer melt and molten additives led to inaccurate miscibility of matrix M2 and
additives A3 and A5 also. TSFD based on UV-curable matrix M4A1 to M4A3, M4A5
to M4A10, M5A1 to M5A10, M6A3 and M7A1 to M7A10 were formulated successfully.
Combinations M6A1, M6A2 and M6A10, which were inappropriate for formulation
due to high refractive index difference at ambient temperature, were investigated
additionally in order to study the effect of refractive index difference on solar optical
properties of TSFD. Whereas, mixtures of UV-curable matrix materials and additives A3
to A10 were stable during processing, mixtures of M4, M5, M6 or M7 with additives A1
or A2 exhibited limited miscibility, sometimes resulting in separation of macroscopic
additive domains with dimensions in the range of millimetres. For any system with UV-
curable resin matrix (M4 to M7), additives A11 to A21 were rejected from formulation

due to a lack of processability.

5.4.4 Characterisation of Light-Shielding Performance
5.4.4.1 Experimental

Solar transmittance as a function of temperature, threshold temperature and switch-
ing process of TSFD were determined applying UV/Vis/NIR spectrometry. Deviant from
the procedure described in section[5.4.1.2] the spectrophotometer was adapted by a
heating stage to adjust sample temperature within a range from ambient temperature

to maximum 115 °C. Measurements were performed in steps of 5 K for one sample of
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Table 5.6.: Actually formulated TSFD.

M1 M2 M3 M4 M5 M6 M7
Al O+ - - + + + +
A2+ + - + + + +
A3 - + - + + + +
A4 - - - - + - +
A5 - + - + + - +
A6 - + - + + - +
AT - - - + + - +
A8 - - - + + - +
A9 - - - + + - +
Al0 - - - + + + +
A1l + o+ - - - - -
A2 - - - - - - -
Al13 - - - - - - -
A14 - - - - - - -
Al5 - - - - - - -
Al6 - - - - - - -
Al7 - - - - - - -
A18 - - - - - - -
Al9 - - - - - - -
A20 - - + - - - -
A21 - - + - - - -

+ materials formulated

- materials not formulated
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each TSFD. Replicate measurements (samples two and three) were conducted at ambi-
enttemperature and at a temperature above the switching threshold of the respective
TSFD. Prior to measurement, the samples were allowed to equilibrate for five minutes
at the selected temperature. The heating stage was equipped with a control system
consisting of a heating stage-internal J-type thermocouple as temperature sensor and
the control unit HS-W-35/M (Heinz Stegmeier Heizelemente HS-Heizelemente GmbH,
Fridingen, DE). Within the heating stage the sample was positioned in close proximity
of the port hole of the Ulbricht-sphere. In situ front- and backside sample surface
temperatures as a function of set-point value of the control unit were recorded on a
prototype sample with a two-channel temperature measurement instrument T900
(Dostmann electronic GmbH, Wertheim-Reicholzheim, DE) equipped with a precision
K-type thermocouple. Sample temperature was assumed as the average of both re-
corded surface temperatures. Required set-point values to maintain average sample
temperatures were calculated from a second order polynomial fit of the temperatures
recorded in measurements of the prototype sample. Hemispheric and diffuse solar
transmittance were averaged over three measurements. A dependent t-test for paired
samples was applied to measured values of solar hemispheric transmittance in or-
der to determine whether transmittance change was significant or not. Equality of
mean values of solar hemispheric transmittance below (tnp, cold) and above threshold
temperature (Thh, hot) Was the null hypothesis (Ho: Thh, hot = Tnh, cold €qual to Tnh, hot —
Tnh, cold = 0) [42]. Ho was tested against alternative hypothesis Ha that tTh, hot < Tnh, cold
(equal to Tnh, hot — Tnh, cold < 0) OF Tnh, hot > Tnh, cold (€qUAl O Tnh, hot ~ Tnh, cold > 0) [42]. Ha
were tested one at a time, not at the same time. Thus a one-tailed t-test was applied.
Test variable tq was calculated according to Montgomery [43]. Test scenario 1: Test-
ing Ho (Tnh, hot = Tnh, cold = 0) @gainst Ha (Tnh, hot = Tnh, cold < 0) led to rejection of Hy if
tg <-ti-q;n-1- The symbol a denoted the alpha error and n-1 was the degree of freedom
(in case of three pairs it was two). Test scenario 2: Testing Ho (Thh, hot = Tnh, cold = 0)
against Ha (Tnh, hot = Tnh, cold > 0) led to rejection of Hy if tq > tyq;n-1. Transmittance
difference was classified according to Kleppmann [44]: Ho not rejected at a =0.05
meant no significant difference, whereas rejection at a = 0.05 meant indifferent in-
crease/decrease. Rejection of Hy at a=0.01 and 0.001 meant significant and highly

significant increase/decrease of solar hemispheric transmittance, respectively.

60



5.4. SYSTEMATIC MATERIAL FORMULATION STRATEGY

5.4.4.2 Results

In Table[5.7|the threshold temperature, temperature interval of the major switching
process, mean of solar hemispheric and diffuse transmittance below and above the
threshold temperature (empirical standard deviation [45] to the right of the mean),
and test variable tq are summarised for TSFD based on thermoplastic matrix. Solar
hemispheric transmittance changed from between 36.7 and 80.7 % to values between
53.3 and 83.5 % upon exceeding the threshold temperature. Solar diffuse transmit-
tance ranged from 15.2 to 44.1 % at room temperature. Upon exceeding the threshold

temperature it changed to values between 31.4 and 65.9 %.

Whereas TSFD M3A21 displayed an indifferent increase in solar hemispheric transmit-
tance, layers M2A2 and M3A20 exhibited an insignificant change in solar hemispheric
transmittance. Compared to other layers, the standard deviation of solar hemispheric
and diffuse transmittance above the threshold temperature for layer M2A2 was very
high (around 13.6 and 12.0 %, respectively). In general, high standard deviation of
solar hemispheric transmittance above the threshold temperature is an indication
for sample inhomogeneity. At least a significant increase in solar hemispheric trans-
mittance was evident for layers M1A1, M1A2, M1A11 and M2A6. The increase of solar
hemispheric transmittance attained for these layers violated predictions from re-
fractive index data. This is attributed to different coefficients of thermal expansion
(CTE) of matrix and additive most likely. For example CTE for PMMA and paraffin are
in the range of 6-8 x 10> K™ and 0.7-1.1 x 1073 K™, respectively [46], [47]. Upon
cooling during manufacturing, the higher CTE of paraffin leads to more intense con-
traction of the embedded additive domains compared to surrounding matrix PMMA.
Combined with limited adhesion at the interface of matrix and additive, vacuoles
are formed. The high refractive index difference between matrix and vacuoles (n=1)
yields intense scattering and thus a low solar hemispheric transmittance at room
temperature. Upon heating and especially upon melting the additive expands and
fills the cavity completely. Thus, the refractive index difference at the scattering in-
terface is reduced, yielding an increase in solar hemispheric transmittance. Detailed
investigations concerning layer morphology and to confirm this assumptions are cur-

rently under way. On the contrary, a highly significant decrease in solar hemispheric
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transmittance from 78.9 to 63.3 % was evident for layer M2A11 upon exceeding the
threshold temperature. At temperatures below 75 °C the hemispheric transmittance
decreased rather smoothly, whereas between 75 and 100 °C the reduction was steeper.
The gradual switching process was in agreement with the broad melting range and
the gradual refractive index change of the thermotropic additive A11, detected by
DSC and refractometry, respectively. Probably no vacuoles were formed for material
combination M2A11. This was likely to be attributed to the epoxy-moiety in additive
A11, which is able to form covalent bonds with amide-groups in PA (M2) [48].

62



5.4. SYSTEMATIC MATERIAL FORMULATION STRATEGY

uolldNpal aeIpaWIaul |
ss9501d SuIyoIImS enpeld g
95e2409p JURIJIUSIS AY3IY ,——, ‘“©SPaId3P JURDIJIUSIS ,—, ‘DSEaIDP JUBIBYIpUl ,O—, ‘©SBIDBP/25Ea.D

-Ul JuedjIudisul O, ‘9SeaIdUl JUSJBYIPUl O+, ‘9SBaIdUl JUBDIHIUSIS .+, ‘©Sealdoul Juediiudis Alysiy ++, :paljdde sjoquis

O+ 'S 'R V'1E €0 R 8V Lgc TT L08 - —  TCVEW
50 6°0- 61 T°LE Sy 0°'8. T€ L'8¢ 60 0°08 0T 08 OCVEN
q~~ [AA TR 4 zee (4 €€9 TT [4°)¢ 80 68.L T4 GL TTIVCIW

++ 0°G€ 0 (444 6T 8'TL €0 [4:13 €T 665 0T S5 9Ven

(o] e 0cT  L'6S 9€T 9719 9¢C Ty gC [a°i% ot 0L  TVIn

++ S'1S LT 6°99 (43 979 9T 413 8¢ 9'6¢ (014 GL TIVIW

+ 81T TS 699 99 T°99 V1 0LE V1 0°L€ 0¢ 99 TVIW

++ S99t V1 0°cS 91 €€eq 90 1401 L0 Lot QT Sy TVIW

AOPS UBSW A9PS UBsW A9PS UeaW A9pPS uesw

asnyip ydsiway asnyip ‘ydsiway

[95] @1n3es2d WD) PloYsaiy} [95] 24n3eiadwa) pjoysalyy o] D]
o SYEWaY P dA0(e 9dUR}}IWSURI) JR|0S MO]aq 2dueniwsuel) Jejog  ‘ofew )y W @g4sL

"P}9]qgelieA 153} pue ‘xujew olysejdowlay) uo paseq g4S1 O ainjesadwal pjoysalyl

33 2A0Qe pUB MO]ag dUBIIIWISURIY 3SNYIp pue duaydsiway Jejos “olw |y jeasaiul 3uiyoyms Jofew ‘W ainjesadwal pjoysaiy] :*L°G a1qeL

63



Table[5.8

PUBLICATION 1

In Table[5.8|the threshold temperature, temperature interval of the major switching
process, mean of solar hemispheric and diffuse transmittance below and above the
threshold temperature (empirical standard deviation [45] to the right of the mean)
and test variable tq are summarised for TSFD based on UV-curable resin matrix. Solar
hemispheric transmittance changed from between 62.2 and 84.5 % to values between
59.6 and 85.0 % upon exceeding the threshold temperature. Solar diffuse transmit-
tance ranged from 17.5 to 64.8 % at room temperature. Upon exceeding the threshold

temperature it changed to values between 28.1 and 81.4 %.

Materials M6A1 and M7A2 exhibited a significant increase of solar hemispheric trans-
mittance above the switching threshold. An indifferent increase was evident for layers
M4A1, M5A1 and M5AT. Layers M4A2, M4A6, M5A2, M5A4, M6A2 and M7A1 showed an
increase in mean solar hemispheric transmittance upon switching. However, high
standard deviation of transmittance change yielded these changes to be insignificant.
High standard deviation of transmittance change indicates low sample homogeneity.
Theincrease of solar hemispheric transmittance detected for these layers violated pre-
dictions from refractive index data. The observed increase in transmittance instead
of the theoretically suggested decrease was attributed to vacuoles (refractive index
n=1) which are probably formed at the perimeter of the scattering domains, yielding
intense scattering at ambient conditions. Suggested vacuole formation mechanism
is slightly different for these systems compared to TSFD based on thermoplastics.
During curing procedure components of pre-fabricated mixtures of UV-curable resin
and thermotropic additive are exposed to radiation yielding crosslinking reaction in
the matrix and heating up of thermotropic mixture due to absorption. Upon cool-
ing, the embedded additive particles contract more intense than the surrounding
matrix due to higher CTE of thermotropic additive compared to the matrix material.
Combined with limited adhesion at the interface of matrix and additive, vacuoles are
formed. The increase of solar hemispheric transmittance upon heating is ascribed
to the same mechanisms as already described above. Solar hemispheric transmit-
tance changes between -2.8 and 2.4 % achieved for layers M4A5, M4A7, M4A9, M4A10,
M5A5, M5A6, M5A9, M5A10, M7A4, M7A6, M7TAT and M7A10 were insignificant. How-
ever, samples of M4A9 showed strongly differing solar hemispheric transmittance at

room temperature (sample 1: 82.0 %; sample 2: 80.3 %; sample 3: 61.6 %), whereas
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transmittance changed to 75.9 % upon heating. Sample 3 probably contains vacuoles,
whereas samples 1 and 2 does not. An indifferent decrease of solar hemispheric
transmittance was detected for layers M4A8, M7A5 and M7A9. Solar hemispheric
transmittance decrease by -2.3 to —6.9 % was evident for these materials. Solar hemi-
spheric transmittance reduction by -4.7 to -13.5 % was attained for layers M4A3,
M5A3, M5A8, M6A3, M6A10, M7A3 and M7A8. The t-test revealed these changes to be
at least significant for TSFD M4A3, M5A8, M6A3, M6A10, M7A3 and M7A8. However,
transmittance change for layer M5A3 was insignificant. Investigations revealed inco-
herent switching behaviour of the three samples investigated: The best performing
sample, which was one out of three replicates of M5A3, exhibited a change in solar
hemispheric transmittance from 84.4 to 52.7 %. However, the switching was partially

irreversible.

65



PUBLICATION 1

o 080 8'¢C L'19 8’1 6’18 6'G e 0T T'I8 ST 99 QYSIN
o G8'C vo 6'GL L0 9gL Tt 9¢§ 19 769 ot 0S  PVSW
q© 89'0- Lv¥T T8C ¥61 0S.L T8 SIv <TT T°€8 09< G5 EVaN
0 €TT 4 STL TI [ATA: I O S 3 AN AL Lyl 114 95 TYANW
O+ (44 0T V18 01 0'¥8 0T AT A | '8 0¢ 14 TVSIN
o TT-  TI S1L T€ 8L €& LlTr 01 ¥'08 0T 0L OTVYW
o 1T°0 oY L'T9 80 6GL. Tt TES €11 LY. ST 09 6vvNW
0- 9¢€'6- 8¢ 919 9G 069 8¢ TIS V€ 6'G.L 0T 05  8VvW
o 6T'C oY 869 0 098 €6 Lov €T €'€s 0T 09 LvbW
o 660 0T gL 9T €18 L't €19 €61 OT. St 05 9V
0 A S i 4 G€L o€ Lr, St Ty TT G'08 0T 0L  SYvW
- 6'TT- 6°¢C 8’19 L'T 6°0L €9 9°G9 ST 6L oT 0S EVVIN
o vee V1 9'8y 0€ 0°08 T°¢ T°9¢ 70 99. 0T oL TVvIN
0+ 9z'€ 9'G LeL 19 ¥eL o T9S VT G'€9 §¢ 0€  TVWW
AOPS UBSW ASPS UBDW AdPS UBdW ASPS uedw
asnylp ‘ydsiway asnyIp ‘ydsiway
[9%] 24n1e42dWd] ploysaiyl [95] 24n3eI2dWa} plOYsSaIy} [Do] [Do]
e SYJeWay Py 9A0ge 9duenlwsuely Jejos MOJa(Q sduepniwsuely Jejos dofew | U a4dslL

"P} 9)qeIIBA 1S3} PUB XIU}BUW UIS3J 3]RINDI-AN UO paseq d4S1 O ainjesadwal pjoysalyl
33 2A0Qe pue MOJaQ 2dURIIILISURIY 3SNYIp pue daydsiway Jejos “ow vy jeasaiul Suiyoms Jjofew W sinjeradwa)l pjoysaly] :*g°G ajqel

66



5.4. SYSTEMATIC MATERIAL FORMULATION STRATEGY

o 95°0 80 ¢lL 80 018 €% Ter Tt €08 oc S 9VLNW
o- 6T'€- 8¢ ovL 8T L'gL 99 GE 90 0’18 S SL  SYINW
o 0L0 60 9'0L 60 S'GL L0 6°09 6'v T°€L (014 0S A2
- SLli- TI €LlS 1T €99 60 TIS OT 8'8L 0T 0§  EVINW
+ 90°L 80 8cL T1 L'T8 TC oSy Vv¢€ 7'€9 ST 09 TVLW
o 69°C 6T 6L 91 628 L 68y €8 969 0T 14 VLN
- L0'g- 0T Tr9  0¢ €69 €T ¢¥9 g€ zel ST G9 OTVIW
- Tlt- LT ovs L€ 965 V¥. SE€S oY el 0T 05  €VINW
0 68T Q1 9tTL 1T 708 €IT 6c°c TOT 669 ot GG TYINW
+ ST'8 8T 9vL 971 €Ll Lc vs  S¢€ (4] 0T SV TVIN
o 0¢0 Lc ¥'89 T 628 6V WA S0 8'C8 oT 0L OTYSIN
0 vlc- €€ 989 0T ogL TS 8V9 LT ¥'08 0T 99  6YanW
- 8'8E- 80 S99 L0 el 6°¢ [AVR) S0 6'LL ST 0S 8VSIN
O+ LT°¢ T, €8c 60 9v8 8'8 [ASI YAY4 T'T8 0T 09 LYSIN
o Z1°0 6T ¢l 0T e 8 TEE €1 (A4S T4 or  9VaW

AOPS UBBW ASPS UBDW AdPS UBDW ADPS  uesw

asnylp ‘ydsiway asnylp ‘ydsiway

[9%] 21n1e42dWd] ploysaiyl [95] 24n3eI2dWa} plOYsSaIy} [Do] [Do]

e SYJeWay Py 9A0ge 9duenlwsuely Jejos MOJa(Q sduepniwsuel) Jejos dofew | U a4dstL

panuiuod :*g*q qel

67



PUBLICATION 1

uojjepeidap a)qisianail

q

aseaJdap uedyiudis Aly31y ,——, ‘©sealdap Juedijludis -, ‘9Sea4d3p JUIayIpul ,0—, ‘9Sealdap/aseald

-Ul JuedIUBISuUl O, ‘©SBaJdUl JUSIYIPUl O+, ©SBaJdul JUedJIUBIS +, ‘@sealdul yuediiudis Alysiy ++, :paljdde sjoquiAis ,

o 60Cc- QT 6cL 9¢ 8'8L o'v 6ve TI1 908 0¢ 09 OTV.LW

0- 8T9- 80 T0L €0 [A°) €T GeE9 8T §'08 0¢ S 6VLIN

- 0cr- S0 L'T9 90 Tl9 9'¢ 68y T'T 9l QT 05  8V.IW

o 0T'z- VP 1S L0 L'€g '8 0'0c 90 9'v8 9 99 LVINW
A9PS UBSW AJPS UEBDW ASPS UBSW AIPS uesw
asnyip 'ydsiway asnylp ‘ydsiwsy

[9%] 24n31e42dWa) ploysaiyl [95] 24n3eI2dWS} plOYSaIY} [D6] [Do]
e SYJeWway P 9A0Qe ddueIWSUeI) JR|0S MO]2q soueniwsuel} Jejog  ‘olew)y W g4sL

panuliluod :*g*g ajqel

68



5.4. SYSTEMATIC MATERIAL FORMULATION STRATEGY

In Figure[5.4]the hemispheric transmittance of sample 1 of layer M5A3 is displayed
at room temperature (solid line) and at 115 °C (dotted line). A distinct reduction of
transmittance over the entire wavelength range between 375 and 2250 nm was ob-
served upon heating. The dashed line represents a spectrum recorded after cooling
to ambient temperature and sufficient equilibration time (hemispheric transmittance
64.7 %). The area between the dashed and the dotted line may represent the re-
versible portion of the process. It may be attributed to solidification of the additive
and thus reduction of refractive index difference of matrix and additive. The area
between the solid and the dashed line corresponds to an irreversible process. The
irreversible portion may be ascribed to formation of crack-like structures inside the
sample occurring after exposure to elevated temperatures. These cracks (refractive
index n=1) may act as persistent scattering domains, thus yielding a permanent re-
duction of hemispheric transmittance. Interestingly, the two other samples produced
from material M5A3 displayed an increase of hemispheric solar transmittance upon
heating. As a consequence standard deviation of hemispheric solar transmittance
above the threshold temperature given in Table[5.8|was reasonable high (19.4 %).
Nevertheless, hazy areas were also observed for these layers even though in less
lateral extension than for sample one. These specimens displayed minor irreversible
portion of transmittance change as indicated by hemispheric transmittance of 82.0

or 82.9% and 78.1 or 76.6 % before and after the heating cycle, respectively.
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Figure 5.4.: Hemispheric transmittance of sample one of M5A3 before acquisition of solar-

optical properties of layers formulated with additive A3 as a function of temperature (solid

line), during acquisition (dotted line) and after acquisition (dashed line).

69

Figure



Figure[5.5]

PUBLICATION 1

Figure 5.5/ displays solar hemispheric transmittance of TSFD as a function of the
absolute of refractive index difference of matrix and additive below and above the
switching threshold. Merely matrix/additive combinations yielding a reduction in
hemispheric solar transmittance above the switching threshold are considered. The
data scatter reveals a slight trend: The higher the refractive index difference between
matrix and additive, the lower the solar hemispheric transmittance. This indicates
clearly, that refractometry is an appropriate tool for material pre-selection for for-
mulation of TSFD. Nevertheless, exact prediction of transmittance reduction from
refractive index data as a function of temperature of matrix and additive is not pos-
sible due to the significant effect of TSFD morphology (scattering domain size and

shape) on scattering performance [5], [49], [50].

With regard to refractive index data every formulated TSFD has the potential to dis-
play a reduction of solar hemispheric transmittance upon exceeding the threshold
temperature in principle. However, morphology of TSFD has a significant effect on
switching characteristics of a TSFD also [5], [15], [49], [50]. Thus, observed increase of
solar hemispheric transmittance of several TSFD might be ascribed to inappropriate

sample morphology (e.g. vacuoles).
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Figure 5.5.: Solar hemispheric transmittance of selected TSFD as a function of the absolute of
refractive index difference of matrix and additive.

Detected threshold temperatures ranged from 30 to 75 °C. For several of these materi-
als, switching interval was rather narrow within a frame of 5 to 10 °C. A more transient

transition with a broader switching interval between 15 and 30 °C was attained for
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TSFD M4A1, M4A6, M4A9, M5A1, M5A2, M5A5, M5A6, M5A8, M6A2, M6A10, M7A2, M7A4,
M7A6, M7A8, M7A9 and M7A10. The transition interval of M5A3 was >60 °C. In Fig-
ure[5.6the threshold temperatures of TSFD detected by UV/Vis/NIR spectrometry are
depicted as a function of transition temperature of the corresponding thermotropic
additives detected by DSC. A good correlation is discernible which is in agreement
with findings by RESCH ET AL. [15], [51]. Thus, DSC is an appropriate tool for selection
of thermotropic additives in order to tune the threshold temperature of TSFD [15], [51].
However, attempts in order to determine the DSC thermograms of formulated TSFD
revealed no reasonable results due to the low concentration (5 wt%) of the thermo-
tropic additives and hence low sensibility to thermal transitions of the thermotropic

additives.
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Figure 5.6.: Threshold temperatures of TSFD detected by UV/Vis/NIR spectrometry as a function
of transition temperature of corresponding thermotropic additives detected by DSC.

5.5 Conclusions and Outlook

In this paper a systematic material formulation strategy was applied in order to estab-
lish a thermotropic systems with fixed domains (TSFD) providing efficient overheating
protection. Systematic pre-selection of matrix materials and thermotropic additives
was carried out utilising thermo-analytical methods and refractometry. Promising
TSFD were formulated based on assessment of refractive index match of matrix and

additive. Whereas most TSFD were producible properly, several TSFD based on ther-
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moplastics lacked miscibility of matrix and additive due to high viscosity differences.
Investigations revealed a good correlation of transition temperature of the thermo-
tropic additives detected by differential scanning calorimetry (DSC) and the threshold
temperature of the layers formulated therewith, thus enabling adjustment of switch-
ing threshold by selecting adequate thermotropic additives with transition temper-
ature in the desired range (e.g. for window application or solar thermal collectors).
A close correlation of refractive index difference and measured solar transmittance
was observed, which is in good agreement with theoretical considerations [5]. Thus
refractometry is an appropriate tool for pre-selection of candidate combinations of
matrix materials and thermotropic additives. A little number of formulated TSFD
exhibited no thermo-responsive behaviour. Other materials were showing either
an increase or a decrease of hemispheric solar transmittance upon exceeding the
switching threshold. In general, the overheating protection potential of the TSFD
formulated within this study is limited. Recent studies ascribe the limited overheating
protection potential of TSFD to inappropriate size and shape of scattering domains
(491, [50]. Thus a related paper [17] will deal with a comprehensive characterisation of
morphology with specific focus on scattering domain shape and size. Subsequently,
structure-property-relationships will be established and optimisation strategies will

be presented.
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6.2 Abstract

This paper completes a systematic strategy for formulation and optimisation of ther-
motropic systems with fixed domains (TSFD) for overheating protection purposes.
Focus was on characterisation of morphology and on revealing optimisation poten-
tial. A comprehensive characterisation of scattering domain size and shape was
done applying optical microscopy and scanning electron microscopy. In general,
scattering domains exhibited inappropriate size and/or shape for optimum overheat-
ing protection performance. Moreover, several TSFD displayed defects (vacuoles,
voids) resulting from thermo-mechanical or physico-chemical interaction of matrix
material and thermotropic additive during manufacturing. Morphological features
along with solar optical and thermo-refractive properties allowed for establishment
of structure-property-relationships. Light-shielding efficiency of TSFD correlated well
with scattering domain size and shape. The majority of TSFD showing defects exhib-
ited an increase of solar hemispheric transmittance upon heating. Several strategies
to overcome defect formation and to improve scattering morphology were suggested
and proof of concept was shown partially, thus indicating a significant optimisation
potential of the established TSFD.

6.3 Introduction

Afeasible way to prevent buildings and solar thermal collectors from overheating are
thermotropic glazings [1]-[3]]. Thermotropic glazings change their light transmittance
from highly transmitting to highly reflecting upon reaching a certain threshold temper-
ature reversibly [3]-[5]. Besides other classes of thermotropic glazings, thermotropic
systems with fixed domains (TSFD) gained interest in recent research due to their spe-
cific advantages like high reversibility, low hysteresis, ease of adjustment of switching
threshold, high long-term stability and their steep switching process [6]-[17]. TSFD
consist of a thermotropic additive finely dispersed in a matrix material [3], [4]. Refract-
ive index difference of matrix and additive and TSFD morphology are of paramount
importance for scattering performance and thus overheating protection performance

of TSFD [18]. Refractive indices of matrix and additive are almost equal below the
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phase transition temperature (e.g. melting temperature) of the additive yielding
transparent appearance of the TSFD [4]. Upon exceeding the switching threshold
the refractive index difference between matrix and additive increases steeply result-
ing in a reduction of solar hemispheric transmittance [4]. Maximum light-shielding
efficiency is attained by spherical scattering domains with diameters in the range
between 200 and 400 nm [18].

So far with TSFD only moderate overheating protection performance was achieved.
Limited light-shielding performance was primarily ascribed to inappropriate scatter-
ing domain size and shape [6]-[10], [12], [16]. Thus, WEBER AND RESCH [17] carried
out a systematic and comprehensive evaluation of numerous TSFD based on a novel
material formulation and characterisation strategy in order to evaluate overheating
protection and optimisation potential. Candidate matrix materials and thermotropic
additives were characterised comprehensively based on sound polymer-physical
principles. Promising material combinations were formulated. On the one hand
side, TSFD exhibiting the aspired decrease in solar hemispheric transmittance upon
exceeding the threshold temperature were achieved. On the other hand side, TSFD
displaying an increase in solar hemispheric transmittance were attained. Hence, the
major objective of this paper is to establish relationships between observed switching
characteristics and TSFD specific material properties (thermo-refractive properties
of matrix and additive, morphology, etc.). For this purpose a comprehensive charac-
terisation of TSFD morphology is carried out. Subsequently, material optimisation

approaches are derived in order to improve overheating protection performance.

6.4 Systematic Material Formulation Strategy

Refractive index difference of matrix and additive and TSFD morphology are of para-
mount importance for scattering performance and thus overheating protection per-
formance of TSFD [18]. Hence, for the development of novel TSFD a systematic mater-
ial formulation strategy has been established in order to account for these factors.
The strategy comprises seven different steps. First a comprehensive literature review

concerning material properties is carried out in order to evaluate candidate matrix
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materials and thermotropic additives: Matrix materials exhibit preferably high trans-
ition temperatures (glass transition, melting), high transmittance and a refractive
index as low as possible. Thermotropic additives must display a thermal transition -
preferably melting - between 30 °C and 105 °C along with a rapid and steep change of
refractive index. Subsequently, a comprehensive polymer-physical characterisation
of candidate matrix materials and thermotropic additives with regard to thermal,
thermo-mechanical and optical properties is carried out. In the second step ap-
propriate combinations of candidate matrix materials and thermotropic additives
are identified by assessment of refractive index match/mismatch. Based on this
evaluation procedure promising TSFD are formulated and characterised as to light-
shielding efficiency, switching characteristics and threshold temperature. Finally, a
comprehensive characterisation of morphology (scattering domain size, shape, dis-
tribution) is carried out and structure-property-relationships are established. Based
on these interrelationships optimisation potential of TSFD is deduced. These final
steps (coloured grey) are addressed within the present paper. The preceding steps

are already covered in a previous publication [17].

6.5 Characterisation of Morphology

6.5.1 Experimental
6.5.1.1 Materials and Sample Preparation

Three thermoplastic matrix materials (M1 to M3), four UV-curable resin systems (M4
to M7) and 13 different thermotropic additives (Al to A11, A20 and A21) were utilised
for formulation of TSFD. A detailed description of matrix materials and thermotropic
additives is given in the preceding publication [17]. TSFD with thermoplastic matrix
were manufactured at APC Advanced Polymer Compounds (Gai, AT) by melt blend-
ing on a compounder Coperion ZSK 26 Mcc (Coperion GmbH, Stuttgart, DE). From
the compound 800 uym thick plates were obtained by compression moulding on a
press P200PV (Dr. Collin GmbH, Ebersberg, DE). Thermotropic layers based on UV-

curable resin matrix were prepared by dissolving the thermotropic additive in the
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UV-crosslinkable matrix solution, which consisted of 57 wt% oligomers, 40 wt% re-
active diluent and 3 wt% photo-initiator [17]. The dissolutions were poured in the
intervening space between two glass panes which were sealed around the edge and
stored at ambient temperature for 10 min allowing for precipitation of the additive.
Afterwards the mixtures were cured by UV-radiation (dose: 2.1 J cm™) from a Light
Hammer 6 equipped with a mercury-lamp and a LC6E Benchtop Conveyor (Fusion UV
Systems Inc., Gaithersburg, MD, US). Free standing layers with a thickness of 900 pm
were obtained after removal of the glass panes. TSFD based on UV-curable resin matrix
were annealed at the mixing temperature of matrix solution and the corresponding
additive. For both, thermoplastic and resin based TSFD, the theoretical additive
concentration was 5 wt%. As to nomenclature, a system composed of Matrix M1 and
Additive Al is named M1A1 [17].

6.5.1.2 Characterisation Methodology

Morphological characterisation of TSFD was carried out applying optical light mi-
croscopy (LiMi) and scanning electron microscopy (SEM). Optical micrographs were
obtained with an optical microscope Olympus BX51 (Olympus Austria Ges. m. b. H.,
Wien, AT) in transmitted light mode from TSFD without further preparation. Samples
intended for scanning electron microscopy (SEM) were cut with a knife in order to
achieve a fragment of approx. 14 mm x 5mm x 0.9 mm. Fragment was fixed with
a Plastic Specimen Support Clip (Buehler, Lake Bluff, IL, US), inserted in a beaker
and embedded in a mixture of EpoThin Epoxy Resin and EpoThin Epoxy Hardener
(Buehler, Lake Bluff, IL, US). After hardening, specimens were ground successively with
different abrasive disks (P 600, P 1200, P 2400, P 4000) applying a force of 15 N under
constant water flow in counter-rotating mode (200 rpm) on a grinder/polisher Phoenix
Beta (Buehler, Lake Bluff, IL, US). Subsequently specimens were polished with MetaDi
Monocrystalline Diamond Suspension on Polishing Cloth and with lubricant MetaDi
Fluid, Dialub SW (Buehler, Lake Bluff, IL, US). Specimens were rinsed thoroughly with
water between the individual grinding/polishing steps. Prior to imaging with SEM
DSM 962 (Carl Zeiss SMT AG, Oberkochen, DE), the specimens were sputtered with
gold.
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Domain size was evaluated with measurement tools of software analySIS (Soft Ima-
ging System GmbH, Miinster, DE). Minimum and maximum of individual scattering
domain dimensions were evaluated. Multiple determinations were carried out on
a representative specimen for each TSFD. An increased number of specimens (up
to three) were investigated for TSFD with inconsistent (i.e. divergence) switching
behaviour detected by UV/Vis/NIR spectrophotometry.

6.5.2 Results

Figure[6.1]depicts the four prevalent scattering domain types detected for TSFD invest-
igated within this study. SEM images are shown only due inappropriate contrast of
optical micrographs for printing. Several TSFD exhibited spherical scattering domains.
Additionally, some of these TSFD displayed significant gaps at the circumference (va-
cuoles) of the spherical scattering domains (Figure[6.1ja,b). However, most of these
vacuoles appeared rather like a dent in the additive domain than like a shell around
the additive particle. Other TSFD showed scattering domains resembling plate-like
features (Figure ,d). Furthermore, scattering domains resembling balls of fila-
ments, thus named filament spheres, with a significant number of voids between the
individual filaments were observed (Figure[6.1,f). Other TSFD displayed structures
characterised by individual branches originating from a central node and successive
sub-branches, thus named dendrites (Figure,h).

Table[6.1and Table[6.2]summarise morphological features detected by optical light
microscopy (LiMi) and SEM of different TSFD. If domains were detectable, their shape
and size are stated, otherwise cells are left blank. Cells are partially left blank if one
parameter was not detected by LiMi but by SEM or vice versa. Size parameters are
divided in two dimensions in order to be able to handle non-spherical domains also.
Dimension L, represents the major dimension of the scattering domain (e.g. diameter)
whereas dimension L, is only valid for non-spherical scattering domains representing
the minor dimension (e.g. thickness). Detected defects (e.g. vacuoles) are listed
in a separate column. Table[6.1]summarises morphological features for TSFD with
thermoplastic matrix material. TSFD M1A1, M1A2, M1A11, M2A2, M2A6, M2A11, M3A20

and M3A21 exhibited spherical scattering domains with diameters ranging between
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0.31 and 123 ym. Moreover, micrographs revealed existence of vacuoles for layers
M1A1, M1A2, M1A11, M2A2 and M2A6. For several TSFD the scattering domain sizes
detected by LiMi and SEM differ significantly. On the one hand side, that may be
attributed to higher accuracy of measurements in SEM images compared to optical
light micrographs due to higher achievable magnification and thus higher resolution.
This is especially relevant for small features. On the other hand side, that can be an

indication for low uniformity of the layers. Certain regions in a TSFD might exhibit a

higher concentration of specifically sized scattering domains than other regions.

Figure 6.1.: Representative SEM micrographs of scattering domain shapes distinguished within
this study: Spherical domains, with vacuoles from TSFD (a) M7A1 and (b) M5A2; plate-like
domains from TSFD (c) M6A3 and (d) M4A3; filament spheres from TSFD (e) M5A7 and (f) M7A4;
and dendrites from TSFD (g) M4A8 and (h) M7A8.

Table[6.2]summarises morphological features of TSFD with UV-curable resin matrix.
TSFD M4A1, M4A2, M4A6, M4A8, M4A9, M5A1, M5A2, M5A6, M5A9, M6A1, M6A2, M7A1,
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M7A2, M7A6 and M7AQ displayed spherical scattering domains with diameters in the
range between 0.50 and 235 pm. Micrographs revealed existence of vacuoles for layers
M4A1, M4A2, M4AG, M4A9, M5A1, M5A2, M5A6, M6A1, M6A2, M7A1 and M7A2. However,
in M4A9 only one out of three samples displayed a significant number of vacuoles.
Layers M4A3, M5A3, M6A3 and M7A3 exhibited plate-like scattering domains with
diameters and thicknesses ranging from 3.24 to 75.5 pm and from 0.11 to 2.75 pm,
respectively. In TSFD M5A3 persistent cracks were formed upon heating. TSFD M5A4,
M5A7, M7A4 and M7A7 showed scattering domains resembling filament spheres with
diameters between 0.59 and 133 pm and voids between the filaments. Thickness
of the single filaments varied between 0.05 and 3.37 pm. Layers M4A5, M4A7, M4A8,
M4A10, M5A5, M5A8, M5A10, M6A10, M7A5, M7A8 and M7A10 displayed dendritic
scattering domains with diameters and thicknesses of branches varying from 0.5 to
48.9 ym and between 0.08 and 5.74 um, respectively. Interestingly, for TSFD M4A8
two different scattering domain shapes - spheres and dendrites - were distinguished.
None of the TSFD investigated exhibited optimal scattering domain shape and size
for efficient overheating protection performance [18]. For several TSFD the scattering
domain sizes detected by LiMi and SEM differ significantly. On the one hand side, that
may be attributed to higher accuracy of measurements in SEM images compared to
optical light micrographs due to higher achievable magnification and thus higher
resolution. This is especially relevant for small features. On the other hand side, that
can be an indication for low uniformity of the layers. Certain regions in a TSFD might
exhibit a higher concentration of specifically sized scattering domains than other

regions.
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6.6. ESTABLISHMENT OF STRUCTURE-PROPERTY-RELATIONSHIPS

6.6  Establishment of Structure-Property-Relationships

In Figurestoaverage solar hemispheric (t,n; base colour white) and diffuse
transmittance (t,q4; base colour grey) investigated within this study are depicted
for a temperature below (no pattern) and above (hatching pattern) the threshold
temperature, respectively (Figurs[6.2a to[6.6@). Data originates from part | of this
publication series [17]. Absolute refractive index difference of matrix material and
thermotropic additive below (white column) and above the threshold temperature
(hatched column) are also illustrated (Figures[6.2p to[6.6p). Unless otherwise is stated
in general, for each of the TSFD discussed herein refractive index data theoretically in-
dicate a reduction of solar hemispheric transmittance above the switching threshold
[17]. Furthermore in Figures[6.2]to[6.6|observed domain shape is indicated by sym-
bols (“O” spheres; “/” plates; “8” filament spheres; “*” dendrites). The dimensions L;
(diameter: O, /, 6, *; Figurs[6.2k to [6.6fc) and L, (thickness of plate/filament/dendrite
branch: /, 6, *; Figurs[6.2d to[6.6d) of these domains are represented by floating
columns. Size ranges of scattering domains detected by optical microscopy (no pat-
tern) and SEM (hatching pattern) are displayed separately. Optimum diameter range
of spherical scattering domains is bounded by dashed lines. For clarity reasons, in
the following layers displaying the same domain shape are grouped for discussion:
Structure-property-relationships of TSFD exhibiting scattering domains with appropri-
ate shape for optimum light-shielding efficiency (spherical) are discussed in the first
place for each figure. Subsequently, structure-property-relationships of TSFD display-
ing scattering domains with inappropriate shape for efficient overheating protection

performance (plate-like domains, filament spheres, dendrites) are discussed.

Figure[6.2|represents parameters indicated above for TSFD with thermoplastic matrix
material. For these TSFD merely spherical scattering domains (“O”) were observed.
Spherical scattering domains of TSFD M1A1, M1A2, M1A11, M2A2 and M2A6 exhibited
diameters hardly in the optimum range between 200 and 400 nm for efficient light-
shielding performance and vacuoles at their perimeter (interface matrix/additive).
Vacuole formation may be attributed to different coefficient of thermal expansion
(CTE) of matrix material and additive. The CTE of PMMA and paraffin for example
arein the range of 6-8 x 10 K and 0.7-1.1 x 1073 K™, respectively [19], [20]. The
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higher CTE of paraffin forced the embedded additive to contract more intense than
the surrounding matrix PMMA upon cooling during manufacturing, thus yielding
formation of vacuoles when implying limited adhesion at the interface matrix/additive
(171, [21]], [22]. All of these layers displayed anincrease in solar hemispheric and diffuse

transmittance upon heating.

Morphological investigations now confirm assumptions concerning relations between
increase in solar hemispheric transmittance and the presence of vacuoles [17]. Dimen-
sions of dent-like vacuoles were theoretically equal (maximum) to or smaller than
the size of the cavity provided by the matrix. Accordingly the rest of the cavity was
filled with additive. Shell-like vacuoles theoretically had the same diameter as their
respective matrix cavities but were larger than the corresponding additive domain
inside the cavity. However, thickness of the shell-like vacuoles was low compared
to diameter. Thus, a virtual (envisaged) vacuole size distribution probably showed a
significantly lower minimum and mean and a slightly higher maximum compared to
the additive domain size distribution. Virtually merging these two size distributions in
athought experimentyielded a broad “virtual” size distribution of scattering domains.
The high difference in refractive index of matrix material (n approx. 1.5) and vacuole
(n=1) along with smaller size of vacuoles compared to additive domains resulted in
intense scattering and hence low solar hemispheric transmittance at room temperat-
ure [17]. On the contrary, the refractive index difference of matrix and additive below
the switching threshold was negligible. Thus, effect of additive domains on forward
scattering intensity was low, yielding low solar diffuse transmittance. Upon heating
and especially upon melting the additive expanded and filled the cavity completely,
yielding a decrease in refractive index difference at the scattering interface. Moreover,
the virtual size distribution narrowed upon disappearance of the vacuoles and thus
was identical with the actual size distribution of the additive domains. Thus, mean
value of scattering domain size was also shifted to higher values. In general, solar
hemispheric transmittance gained from a decrease in refractive index difference due
to a reduction of overall scattering performance. An isolated increase in scattering
domain size increased anisotropy of scattering field yielding reduced back-scattering
and increased forward-scattering efficiency. Accordingly, a simultaneous reduction of

refractive index difference along with an increase in scattering domain size reduced
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Figure 6.2.: (a) Solar hemispheric (tyn; base colour white) and solar diffuse transmittance (tng;
base colour grey) of TSFD formulated with thermoplastic matrix material below (no pattern)
and above (hatching pattern) the threshold temperature (data from part | [17]). (b) Refractive
index difference of matrix and additive below (no pattern) and above (hatching pattern) the
threshold temperature. Omitted values are indicated by “—”. Observed scattering domain
shapes indicated with symbols (“O” spheres) and their respective dimensions () L; (diameter)
and (d) L, (if applicable, thickness of plates/filaments/dendrite branches) detected by optical
light microscopy (LiMi; no pattern) and SEM (hatching pattern). Optimum scattering domain
size range for spherical scattering domains is bounded by dashed lines.
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the overall scattering performance of the TSFD and made the scattering field more an-
isotropic. Thus solar hemispheric transmittance increased upon heating. An increase
in scattering field anisotropy did not necessarily yield an increase in solar diffuse
transmittance. Especially for non-spherical scattering domain effects of geometry
and potential domain internal boundaries (e.g. voids inside the additive domain)
might be rather complex, either yielding an increase or a decrease in solar diffuse
transmittance. However, the effect of vacuoles on switching characteristics of TSFD is

going to be addressed as “effect of the temporary vacuoles” within this study.

In contrast, for layers displaying spherical scattering domains with inappropriate size
for efficient light-shielding performance but lacking vacuoles a rather moderate reduc-
tion of solar hemispheric transmittance was expected upon heating. Simultaneously
anincrease in solar diffuse transmittance was anticipated. Nevertheless, this required
a sufficient increase in refractive index difference between matrix and additive to be
established upon heating. A prominent example for consistency of these predictions
is TSFD M2A11, which showed spherical scattering domains with inappropriate dia-
meter. Thus, the layer exhibited merely a moderate reduction of solar hemispheric
transmittance upon exceeding the threshold temperature, along with an increase in
solar diffuse transmittance. Although refractive index difference above the threshold
temperature (75 °C [17])) is not stated due to experimental reasons (for details refer
to WEBER AND RESCH [17])), observed switching characteristics implied an increase of
refractive index difference upon switching. The lack of vacuoles within this TSFD may
be attributed to the capability of amide-groups of matrix M2 and epoxy-moieties of
A11 to form covalent bonds. Spherical scattering domains with inappropriate size
for efficient light-shielding performance were detected for layers M3A20 and M3A21.
Only minor changes in solar hemispheric transmittance were obtained for these TSFD
along with a slight increase in solar diffuse transmittance. Refractive index difference
of layer M3A20 is not stated for temperatures above the switching temperature (80 °C
[17]) due to experimental reasons [17]]. However, negligible reduction of solar hemi-
spheric transmittance implied only minor changes in refractive index difference. Layer
M3A21 displayed a smooth change in transmittance rather than distinct switching

[17]. This was attributed to insufficient change in refractive index difference.
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For layers based on thermoplastic resin matrix, the observation of solely spherical
scattering domains for non-polar thermotropic additives like paraffin waxes (A1, A2)
on the one hand side as well as for rather polar additives with maleic anhydride
moieties (A11) on the other hand side was detected. That leads to the conclusion
that establishment of TSFD morphology for these systems was governed by system

rheology: In emulsions, spheres or ellipsoids are the prevalent droplet shapes [23].

Figure[6.3represents parameters indicated above for TSFD with UV-curable matrix
material M4. Observed domain shapes were spheres (“0”), plate-like domains (“/”)
and dendrites (“*”). Spherical scattering domains with inappropriate diameter for
efficient light-shielding performance and with vacuoles at their perimeter (interface
matrix/additive) were detected for TSFD M4A1, M4A2 and M4A6. Vacuole formation
was ascribed to processing effects [17]: Mixtures of UV-curable resin and thermotropic
additive were exposed to UV-radiation yielding crosslinking reaction in the matrix and
heating up of the mixture due to absorption [17]. Upon cooling during manufacturing
its higher CTE forced the embedded additive to contract more intensively than the
surrounding matrix material, thus yielding formation of vacuoles when implying
limited adhesion at the interface matrix/additive [17], [21], [22]. Layers M4A1, M4A2
and M4A6 displayed an increase in solar hemispheric and diffuse transmittance upon
exceeding the threshold temperature. This was attributed to vacuoles rather than to

inappropriate scattering domain size, as already described above.

Spherical scattering domains with inappropriate size for efficient light-shielding per-
formance were detected for TSFD M4A9. Samples one and two of these TSFD displayed
a negligible concentration of vacuoles. However, sample three displayed a significant
concentration of vacuoles. Samples one, two and three displayed solar hemispheric
transmittance of approx. 81 % (one, two) and approx. 62 % (three) at room temper-
ature, respectively, resulting in high standard deviation of mean transmittance [17].
The foremost samples attained a decrease of solar hemispheric transmittance to
approx. 76 % upon heating, whereas solar hemispheric transmittance of the latter
sample increased to approx. 75 %. Low solar hemispheric transmittance at room tem-
perature and its increase for sample three were attributed to significant concentration
of vacuoles. For samples one and two the increase in solar diffuse transmittance upon

heating was attributed to inappropriate size of scattering domains. Solar diffuse
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transmittance increase in sample three was ascribed to the effect of temporary vacu-
oles. A specific reason for selective formation of a high number of vacuoles in sample

three was not identified, because all layers were produced simultaneously.

Plate-like domains with inappropriate diameter but almost optimum thickness for ef-
ficient light-shielding performance were detected for TSFD M4A3, yielding a moderate
reduction of solar hemispheric transmittance and an increase in solar diffuse transmit-
tance upon exceeding the threshold temperature. Dendritic scattering domains with
inappropriate diameter and thickness of dendrite branches for efficient overheating
protection performance were evident for layers M4A5, M4A7 and M4A10. Thus, solar
hemispheric transmittance remained almost unchanged (insignificant change [17])
upon heating whereas solar diffuse transmittance increased. TSFD M4A8 displayed
scattering domains with spherical and dendritic shape, exhibiting inappropriate dia-
meters for efficient light-shielding. However, thickness of dendrite branches was
almost optimum for back-scattering. Hence, a slight reduction of solar hemispheric
transmittance was ascertained upon heating along with an increase in solar diffuse

transmittance.

Figure[6.4|represents parameters indicated above for TSFD with UV-curable matrix
material M5. Observed domain shapes were spheres (“0”), plate-like domains (“/”),
filament spheres (“6”) and dendrites (“*”). Spherical scattering domains with in-
appropriate size for optimum light-shielding and with vacuoles at their perimeter
(interface matrix/additive) were detected for TSFD M5A1, M5A2 and M5A6. Layers
M5A1 and M5A2 displayed an increase of solar hemispheric and diffuse transmittance
upon heating due to effects resulting from vacuoles as already described above (ef-
fect of the temporary vacuoles). On the contrary solar hemispheric transmittance of
layer M5A6 remained almost unchanged upon heating probably due to concentration
effects (lower number of vacuoles yielded a vacuole effect of minor extent). Solar
diffuse transmittance of TSFD M5A6 also increased upon heating. This was primarily
attributed to inappropriate scattering domain size. TSFD M5A9 displayed spherical
scattering domains with inappropriate diameter for efficient light-shielding perform-
ance, yielding a minor reduction in solar hemispheric transmittance along with an

increase in solar diffuse transmittance upon heating.
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Figure 6.3.: (a) Solar hemispheric (tyn; base colour white) and solar diffuse transmittance (tng;

base colour grey) of TSFD with UV-curable matrix material M4 below (no pattern) and above
(hatching pattern) the threshold temperature (data from part | [17]). (b) Refractive index dif-
ference of matrix and additive below (no pattern) and above (hatching pattern) the threshold

temperature. Observed scattering domain shapes indicated with symbols (“O” spheres; “/”

plates; “*” dendrites) and their respective dimensions (€) L; (diameter) and (d) L, (if ap-

plicable, thickness of plates/filaments/dendrite branches) detected by optical light micro-

scopy (LiMi; no pattern) and SEM (hatching pattern). Optimum scattering domain size range

for spherical scattering domains is bounded by dashed lines.
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Plate-like domains with inappropriate diameter but almost optimal thickness for
efficient light-shielding performance were evident for TSFD M5A3. However, investiga-
tions revealed incoherent switching behaviour of the three samples investigated [17].
One sample displayed a decrease of solar hemispheric transmittance upon heating
along with an increase in solar diffuse transmittance. The onset of the observed
decrease in solar hemispheric transmittance of sample one at 55 °C corresponds with
the melting of the additive [17]. However, after cooling to room temperature, solar
hemispheric and diffuse transmittance was lower and higher than in initial state (be-
fore heating), respectively. Maybe cracks (vacuum inside, refractive index 1) formed
during measurement process acted as additional scattering domains [17], thus in-
creasing scattering volume. As a consequence low solar hemispheric transmittance
and high solar diffuse transmittance was attained. In contrast, two other samples of
layer M5A3 displayed a moderate increase of solar hemispheric transmittance upon
heating along with a distinct reduction of solar diffuse transmittance. However, after
cooling to room temperature, solar hemispheric and diffuse transmittance was lower
and higher than in initial state (before heating), respectively, which was attributed to

cracks as described above.

Regarding the crack formation process, only a hypothesis was established. Upon
melting of the thermotropic additive, solar hemispheric transmittance of sample de-
creased due to melting and probably due to solubilisation of additive molecules in the
matrix. Due to concentration gradients of additive molecules, they started to diffuse
inside the matrix. These molecules probably filled the free space close to the molecule
chains of the matrix, yielding inability of these molecule chains to move unhindered
(anti-plasticiser effect). The constraint of molecular movement probably yielded
the inability to relax thermally induced stress upon increasing temperature, hence
yielding crack formation. This corresponds with the continuous decrease in solar
hemispheric transmittance of sample one up to 115 °C (increment 5 °C). In contrast,
solar transmittances of samples two and three were detected at room temperature
and 115 °C only. Thus, time for migration of molten additive was very short, yielding
less progress of crack formation process. This corresponds with the observation of
small hazy areas evident in samples two and three, whereas sample one displayed

large hazy areas and distinct cracks [17].
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Figure 6.4.: (a) Solar hemispheric (t,n; base colour white) and solar diffuse transmittance (tng;
base colour grey) of TSFD with UV-curable matrix material M5 below (no pattern) and above
(hatching pattern) the threshold temperature (data from part | [17]). (b) Refractive index dif-
ference of matrix and additive below (no pattern) and above (hatching pattern) the threshold
temperature. Observed scattering domain shapes indicated with symbols (“O” spheres; “/”
plates; “6” filament spheres; “*” dendrites) and their respective dimensions (c) L; (diameter)
and (d) L, (if applicable, thickness of plates/filaments/dendrite branches) detected by optical
light microscopy (LiMi; no pattern) and SEM (hatching pattern). Optimum scattering domain
size range for spherical scattering domains is bounded by dashed lines.
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Micrographs of TSFD M5A4 and M5A7 revealed spherical scattering domains built
from filaments. The diameters of these domains were inappropriate for optimum
back-scattering. Thickness of the filaments was detected to be almost optimal for
efficient light-shielding. However, between these filaments, voids were observed.
Voids were assumed to act in the same manner as vacuoles. Thus, the ascertained
increase of solar hemispheric transmittance of layers M5A4 and M5A7 was attributed
to voids (effect of the temporary vacuoles/voids). Solar diffuse transmittance of
TSFD M5A4 increased upon heating. In contrast, solar diffuse transmittance of M5A7
decreased upon switching. Divergence in change of solar diffuse transmittance of
layers M5A4 and M5AT is most likely due to effects of scattering domain geometry (e.g.
slight differences in void concentration or distribution), yielding different scattering
performance of the filament spheres. However, formation of voids seemed to be due
to physico-chemical interaction (nucleation, surface tension, etc.) of matrix material
and thermotropic additive. If it was an additive related effect solely, layer M4A7 would
have shown filament spheres also. Layers formulated with UV-curable matrix M4
contracted more upon exposure to UV-radiation compared to layers formulated with
matrices M5, M6 and M7. Stronger contraction of the matrix likely introduced higher
internal stress in the layer. Hence, high internal stress probably forced the additive to
crystallise in filament sphere shape rather than in dendritic shape as in TSFD M5A7
and M7A7.

Dendritic scattering domains with inappropriate diameter for light-shielding pur-
poses were detected for TSFD M5A5, M5A8 and M5A10. Whereas thickness of dendrite
branches of layers M5A5 and M5A10 was detected to be inadequate for efficient light
scattering it was almost optimal for M5A8. Thus, TSFD M5AS8, in contrast to layers
M5A5 and M5A10, exhibited a highly significant reduction in solar hemispheric trans-
mittance [17]. Solar diffuse transmittance of layers M5A5, M5A8 and M5A10 increased

due to inappropriate diameter of dendrites.

Figure[6.5|represents parameters indicated above for TSFD with UV-curable matrix
material M6. Observed domain shapes were spheres (“0”), plate-like domains (“/”)
and dendrites (“*”). TSFD M6A1 and M6A2 displayed spherical scattering domains with
inappropriate size for optimum light-shielding efficiency and with vacuoles at their

perimeter (interface matrix/additive). The achieved increase in solar hemispheric
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Figure 6.5.: (a) Solar hemispheric (t,n; base colour white) and solar diffuse transmittance (tng;
base colour grey) of TSFD with UV-curable matrix material M6 below (no pattern) and above
(hatching pattern) the threshold temperature (data from part | [17]). (b) Refractive index dif-
ference of matrix and additive below (no pattern) and above (hatching pattern) the threshold
temperature. Observed scattering domain shapes indicated with symbols (“O” spheres; “/”
plates; “*” dendrites) and their respective dimensions (€) L; (diameter) and (d) L, (if ap-
plicable, thickness of plates/filaments/dendrite branches) detected by optical light micro-
scopy (LiMi; no pattern) and SEM (hatching pattern). Optimum scattering domain size range
for spherical scattering domains is bounded by dashed lines.
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and diffuse transmittance was ascribed to the effect of the temporary vacuoles. Mi-
crographs of layer M6A3 revealed plate-like domains with inappropriate diameter
but almost optimal thickness for efficient back-scattering. Thus a significant reduc-
tion of solar hemispheric transmittance was ascertained upon heating. Solar diffuse
transmittance of layer M6A3 remained almost constant upon exceeding the threshold
temperature. However, the ratio of solar diffuse to solar hemispheric transmittance
increased upon switching, which was attributed to the suboptimal scattering domain

diameter.

Thickness of branches and diameter of dendrites observed for TSFD M6A10 were
detected to be inappropriate for optimal back-scattering. Hence, merely a slight
reduction of solar hemispheric transmittance was ascertained. The solar diffuse
transmittance of layer M6A10 remained almost unchanged. Due to the increasing ratio
of solar diffuse to solar hemispheric transmittance - similar to the observations for
layer MB6A3 - again an increase in overall scattering efficiency and especially forward
scattering was evident. This was attributed to the low thickness of dendrite branches

and high diameter of dendrites, respectively.

Figure[6.6]represents parameters indicated above for TSFD with UV-curable matrix
material M7. Observed domain shapes were spheres (“0”), plate-like domains (“/”),
filament spheres (“6”) and dendrites (“*”). Spherical scattering domains with inap-
propriate diameter for optimal light-shielding performance were detected for TSFD
M7A1 and M7A2. Micrographs revealed vacuoles in these layers. Thus, these layers
displayed an increase of solar hemispheric and diffuse transmittance upon heating
due to the effect of the temporary vacuoles. Spherical scattering domains with in-
appropriate diameter were evident for layers M7A6 and M7A9. TSFD M7A6 exhibited
no vacuoles. Nevertheless, solar hemispheric transmittance change upon heating
was insignificant [17]. According to the inappropriate scattering domain diameter,
solar diffuse transmittance increased upon switching. Although scattering domain
size was inappropriate for optimum back-scattering in TSFD M7A9, a slight decrease
of solar hemispheric transmittance was detected upon heating. Accordingly, solar

diffuse transmittance increased significantly.
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Figure 6.6.: (a) Solar hemispheric (t,n; base colour white) and solar diffuse transmittance (tng;
base colour grey) of TSFD with UV-curable matrix material M7 below (no pattern) and above
(hatching pattern) the threshold temperature (data from part | [17]). (b) Refractive index dif-
ference of matrix and additive below (no pattern) and above (hatching pattern) the threshold
temperature. Observed scattering domain shapes indicated with symbols (“O” spheres; “/”
plates; “6” filament spheres; “*” dendrites) and their respective dimensions (c) L; (diameter)
and (d) L, (if applicable, thickness of plates/filaments/dendrite branches) detected by optical
light microscopy (LiMi; no pattern) and SEM (hatching pattern). Optimum scattering domain
size range for spherical scattering domains is bounded by dashed lines.
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Almost optimal thickness of plate-like domains for efficient overheating protection
performance provided a reduction of solar hemispheric transmittance for layer M7A3
upon exceeding the threshold temperature. However, diameter of plates was inappro-
priate for efficient back-scattering. Thus, solar diffuse transmittance increased upon
heating. Micrographs of TSFD M7A4 and M7AT revealed spherical scattering domains
built from filaments. The diameters of these domains were inappropriate for optimum
light-shielding whereas the thickness of the filaments was almost optimal. However,
between these filaments, voids were observed. Voids were assumed to act in the
same manner as vacuoles. Thus, the increase of solar hemispheric transmittance of
layer M7A4 was attributed to these voids (effect of the temporary vacuoles). Despite
existence of voids, layer M7A7 showed a slight reduction in solar hemispheric trans-
mittance. That might be attributed to a lower concentration of voids, thus yielding
a mitigated effect on solar hemispheric transmittance. Both layers displayed an in-
crease in solar diffuse transmittance due to the effect of the temporary vacuoles/voids
as already described above. Dendritic scattering domains with inappropriate dia-
meter for back-scattering were recorded for layers M7A5, M7A8 and M7A10. Thickness
of branches of dendrites was detected to be appropriate for efficient light-shielding
in layer M7A8 solely. Thus, out of these three TSFD, layer M7A8 displayed a significant
reduction of solar hemispheric transmittance upon heating solely [17]. The increase
in solar diffuse transmittance was attributed to the inappropriate scattering domain

size.

For TSFD formulated with UV-curable resin matrix, these findings may lead to the
conclusion that thermotropic additives exhibiting only little or almost no polar groups
like paraffin waxes (A1, A2) or montan wax (A9) were not able to solubilise in the matrix
resin upon melting due to the lack of interaction with the matrix (e.g. lack of hydrogen
bonding). Consequently, the high interfacial tension established between matrix
and additive forced the additive to form spheres in order to reduce overall interfacial
forces. On the contrary, for more polar substances like fatty acids and fatty acid esters
(with shorter non-polar section compared to e.g. paraffin waxes or montan wax)
polar interaction forces were effectual in order to maintain solubilisation of - at least
significant fractions of - thermotropic additive upon melting of the additive. Upon

cooling of the cast mixture of resin matrix and thermotropic additive prior to curing
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process, these thermotropic additives were forced to crystallise. Crystallisation led
to separation of additive from the resin matrix yielding two phase morphology. This
transition from a solubilised/liquid to a non-solubilised/solid state was effectual to
establish non-spherical scattering domains. This was ascribed to the lack of viscous
forces governing the additive droplet shape in the liquid state because there were
no liquid additive droplets. In general, the spherical shape is usually in favour com-
pared to other particle shapes due to its low surface/volume-ratio reducing interfacial
forces compared to non-spherical shape of particles. Instead, crystallisation of rather
polar additives and thus domain form was governed by crystallographic alignment

(predominant crystal form) of the thermotropic additives rather by viscous forces.

Summarising, inappropriate scattering domain shape and/or size decreased solar
hemispheric transmittance reduction upon heating and thus attenuated overheat-
ing protection performance of TSFD. This is according to scattering theory [18], [24].
Defects (vacuoles, voids) resulting from processing yielded increasing solar hemi-
spheric transmittance upon exceeding the threshold temperature (effect of temporary
vacuoles). This is attributable to intense scattering at the boundary of matrix and
scattering domain (matrix/vacuum interface), which is reduced upon melting of the
additive.

6.7 Conclusion

Provided that refractive index data are appropriate, structure-property-relationships
established in section[6.6]yielded two major requirements for producing thermo-
tropic systems with fixed domains (TSFD) with enhanced overheating protection

performance:
e Prevention of defects (vacuoles, voids)

e Optimisation of scattering domain shape and size by maintaining spherical

scattering domains with diameters between 200 and 400 nm.

Vacuole formation in TSFD with thermoplastic matrix upon manufacturing was ascribed

to different coefficient of thermal expansion (CTE) of matrix and additive combined
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with limited adhesion at the matrix/additive interface. Reducing the effect of thermal
expansion by lowering processing temperature is not feasible due to processing reas-
ons. Thus, vacuole formation in these TSFD might be prevented merely by adhesion
promotion via covalent bonds between reactive moieties of matrix and additive [19],
[25]-[28]. TSFD M2A11 of this study is a prominent example for the potential of this

approach.

In TSFD formulated with UV-curable resin matrix vacuole formation was ascribed
to thermo-mechanical effects of different CTE of matrix and additive due to heat
generation upon irradiation, cross-linking reaction and limited adhesion at the in-
terface matrix/additive. In acrylate-based systems covalent bonds between matrix
and additive cannot be achieved by introduction of epoxy or maleic-anhydride grafts.
Hence, reduction of heat generation seems more feasible. Reduction of heat gen-
eration requires lowering absorbed energy by reducing the intensity and dose of
UV-radiation. Investigations by RESCH AND CO-WORKERS [9], [11] suggest viability of
this approach. TSFD with similar UV-curable resin matrix and paraffin-type additive
were produced by curing with low intensity UV-radiation. The samples lacked vacu-
oles and displayed a reduction of solar hemispheric transmittance upon exceeding
the threshold temperature [8], [0, [11], [16].

Strategies for optimising scattering domain size and shape can be deduced from
scientific literature in related fields. Smaller scattering domains might result from
increasing number of crystallisation nuclei (i.e. addition of nucleating agent) similar
to achieved spherulite size reduction in polymers [29], [30]. Heterogeneous nucleation
in phase change materials is not only induced by “classical” nucleating agents but
also by surfactants [31]-[34]. Surfactants might also change droplet size in emulsions
of matrix materials and thermotropic additives during processing [35]. Nucleating
agents and surfactants might also influence the shape of the scattering domains by

changing matrix/additive interactions.

Another approach to maintain controlled size and shape of scattering domains is
encapsulation of additives [36], [37]. Simultaneously vacuole formation may be

prevented when incorporating these capsules in a matrix material at temperatures
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close to ambient conditions. To the best of our knowledge MUEHLING ET AL. [12] were

the first to apply this technique for TSFD formulation.

With respect to the optimisation strategies regarding manufacturing process and
TSFD formulation already pointed out, the optimisation potential of TSFD formulated

so far is considered to be high.
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So far, TSFD exhibiting efficient overheating protection performance were not estab-
lished upon application of the systematic material formulation strategy outlined in the
previous chapters. Nevertheless, experiments revealed valuable structure-property-
relationships based on sound polymer-physical characterisation of the formulated
TSFD. The achieved limited overheating protection performance was ascribed to
inappropriately shaped and/or sized scattering domains primarily. However, the
established TSFD faced an additional challenge compared to previous publications
[1]-[5]: The formation of defects in numerous TSFD. The defects resulted in an un-
desirable increase in solar hemispheric transmittance upon exceeding the threshold
temperature. The most prominent defect type were vacuoles. Vacuole formation
was ascribed to differences in coefficient of thermal expansion (CTE) of matrix and
thermotropic additive. Upon cooling down the TSFD to room temperature during man-
ufacturing process, the embedded additive domains contracted more intense than
the surrounding matrix yielding vacuole formation at the perimeter of the additive do-
mains. The established temperatures exceeding room temperature - and thus causing
defect formation - resulted either from manufacturing requirements (thermoplasts
are conventionally processable at temperatures exceeding glass transition (amorph-
ous thermoplastics) or melting temperature (semi-crystalline thermoplastics) only) or
from dissipative heating of the matrix due to absorption of radiation (chromophores
in UV-curable resin matrix - including the photo-initiator - can undergo a wide variety

of photo-physical processes upon irradiation, including energy dissipation to heat).

For TSFD formulated with thermoplastic matrix, adhesion promotion via covalent

bonds was considered as a potential remedy in order to prevent defect formation.
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Although this approach worked rather well with polymeric adhesion promoters ex-
hibiting functional groups being capable to form covalent bonds with matrix M2, the
achieved overheating protection performance was limited and thus results are not
published here. Another attempt was to graft thermotropic additive A2 with maleic
anhydride (MAH) groups. Although the grafting process was successful [6], mixing the
MAH-grafted A2 with matrix M2 (polyamide) did not result in a TSFD with reasonable

overheating protection performance. Thus, these results are not presented here.

For TSFD formulated with UV-curable resin matrix, reduction of absorbed energy by
reduction of radiation intensity and dose upon curing process was considered as
promising defect prevention strategy. Defect formation occured primarily in TSFD
formulated with paraffin waxes (A1, A2) as thermotropic additives. Thus, TSFD M7A1
was chosen as prototype system for the subsequent investigations in order to rep-
resent TSFD formulated with paraffin waxes and with UV-curable resin matrix. These
investigations focussed on an evaluation of the effectiveness strategies to prevent
defect formation. The defect prevention strategies evaluated and their underlying

considerations and hypotheses are outlined in the subsequent paper in detail.
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8.2 Abstract

Within this study relationships between material formulation and processing para-
meters and the morphology (vacuole formation) of thermotropic systems with fixed
domains (TSFD) for overheating protection purposes were investigated. Main aim
was on improving light shielding efficiency of TSFD based on UV curable acrylate
resins by optimisation of selected key parameters including photo-initiator type and
content, type of reactive diluent, radiation intensity/dose and thermal treatment
of layers during manufacturing. Variations of type of reactive diluent and thermal
treatment had a minor effect on overheating protection performance. Utilization
of photo-bleaching photo-initiator of acylphospine oxide type instead of a blend
of conventional type | (a-hydroxy ketone type) and type Il (benzophenone) photo-
initiators enabled reduction of radiation dose to achieve properly cured layers. The
results revealed that a significant reduction of radiation intensity/dose prevented
formation of vacuoles. Consequently light shielding efficiency of TSFD was enhanced
significantly. Nevertheless, obtained scattering domain size was inappropriate for

optimum light shielding efficiency and requires further optimisation strategies.

8.3 Introduction

Thermotropic glazings providing efficient overheating protection for buildings and
solar thermal collectors undergo a transmittance reduction upon exceeding the
threshold temperature, reversibly [1]-[5]. Besides other classes of thermo-responsive
glazing materials, thermotropic systems with fixed domains (TSFD) gained interest
in recent research due to their specific advantages like high reversibility, low hyster-
esis, ease of adjustment of switching threshold, high long term stability and steep
switching process [6]-[19]. TSFD consist of a thermotropic additive finely dispersed
in a matrix material [1], [5]. Refractive index difference of matrix and additive and
TSFD morphology are of paramount importance for scattering performance and thus
overheating protection performance [20]. Refractive indices of matrix and additive
are almost equal below the phase transition temperature (e.g. melting temperature)

of the additive yielding transparent appearance of the TSFD [1]. Upon exceeding
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the switching threshold the refractive index difference between matrix and addit-
ive increases steeply resulting in a reduction of solar hemispheric transmittance [1].
Maximum light shielding efficiency is attained by spherical scattering domains with

diameters in the range between 200 and 400 nm({20].

The most systematic and extensive study on TSFD so far was performed by Weber
and co-workers [17], [18]. In total seven different matrix materials (three thermo-
plastics, four UV-curable resins systems) and 24 different additives were included.
More than 40 material formulations were produced and characterised comprehens-
ively based on sound polymer physical principles. Parameters such as refractive index,
light shielding efficiency and morphology were investigated. Fundamental structure-
property-relationships were established and material optimisation potential and
strategies were revealed. From a theoretical point of view thermo-refractive proper-
ties of matrix and additive were sufficient in order to achieve a significant reduction
of solar hemispheric transmittance upon exceeding the threshold temperature [17],
[21]. However, investigations revealed inappropriate size and/or shape of scattering
domains for achieving optimum light shielding efficiency [18]. Accordingly, overheat-
ing protection performance of investigated TSFD was limited [17], [18]. Moreover,
several TSFD displayed vacuoles at the perimeter of scattering domains, which were
adversely affecting overheating protection performance: the vast majority of TSFD
exhibiting vacuoles showed an increase in solar hemispheric transmittance upon
switching [17], [18]. The high refractive index difference between matrix (n 1.5) and
vacuole (n=1) along with small size of vacuoles yielded intense scattering and thus
low solar hemispheric transmittance at room temperature. Upon heating and espe-
cially upon melting the additive expanded and filled the cavity provided by the matrix
material. Thus vacuoles disappeared and a decrease in refractive index difference
at the scattering interface (matrix/molten additive) was achieved. Consequently,
solar hemispheric transmittance was high above the switching threshold due to lower
overall scattering. Details regarding this effect addressed as “effect of the temporary

vacuoles” are available from a preceding publication [18].

Thus, the major objective of the present study is to investigate the relationships
between material formulation and processing parameters and the morphology (vacu-

ole formation) of TSFD, in order to improve the light shielding efficiency. Effects are
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investigated by factorial design. Focus is on TSFD produced from UV curing acrylate
systems. TSFD based on thermoplastics are not covered within this study, due to

limited feasibility of varying processing conditions [18].

8.4 Vacuole Prevention Strategies

In TSFD with UV-curable resin matrix, vacuole formation is ascribed to thermo-mechanical
effects of different coefficients of thermal expansion (CTE) of matrix and additive and
limited adhesion at the interface matrix/additive [18], [19]. Reduction of irradiation
intensity and dose would possibly prevent radiation induced heating up of matrix
material and thus vacuole formation [18]. However, reduction of radiation intensity
might decrease the final degree of conversion of the matrix resin and thus may yield

partially uncured layers [22].

Hence, more efficient curing would be required. Efficient curing means to decrease
radiation dose and yet achieve properly cured layers. A feasible way to increase ef-
ficiency of curing process would be the use of photo-bleaching photo-initiator. A
photo-bleaching initiator species absorbing at the initiation wavelength is destroyed
upon irradiation [23], [24]. Thus incident radiation can successively penetrate deeper
into the layer, yielding a steady progress of polymerisation front towards deeper lying
sections of the layer [23], [24]. In contrast, according to Lambert-Beer Law, in sys-
tems with conventional photo-initiator intensity of radiation at initiation wavelength
decreases steadily throughout the layer thickness due to absorption. Hence, more
energy is required than for systems formulated with photo-bleaching photo-initiator
in order to achieve properly cured layers. Thus, especially for thick layers, photo-
bleaching photo-initiators are more efficient (faster and higher conversion) than

conventional photo-initiators [23]-[26].

For laminate systems with the UV-curable resin between two glass panes, similar to
the curing setup in this and preceding studies [17]-[19], DECKER AND CO-WORKERS
[27], [28] demonstrated a significant effect of glass induced filtering (wavelengths
below 330 nm extincted) on conversion profiles of a polyurethane acrylate resin de-

pending on the photo-initiator utilized. Due to filtering of incident radiation by the
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glass cover, utilization of photo-initiators absorbing above 330 nm is recommended
[27], [28]. Compared to a conventional a-hydroxyketone initiator (Irgacure 184) an
acylphospine oxide photo-initiator (Lucirin TPO) gives superior curing response in a
polyurethane acrylate resin laminated between glass panes due to better absorption
characteristic upon exposure to filtered UV-light [27]. Thus, regarding production of
TSFD, better absorption characteristics when exposed to filtered UV-light and more
effective polymerisation initiation (more photo-initiator decomposition, less dissipat-
ive heat generation by initiator fragments) of photo-bleaching photo-initiator would
allow for reduction of irradiation intensity and dose as well as for reduction of initiator
content. That probably benefits a reduction of radiation induced heating up of the
layers upon curing. However, as photo-initiator is only one out of many chromophores
within the resin matrix, experiments have to prove the positive effect of reducing

photo-initiator content on dissipative heating and thus vacuole formation.

An alternative approach to inhibit vacuole formation might be minimising differences
in CTE of matrix and additive. Due to lower CTE of matrix material compared to thermo-
tropic additive (e.g. 6 x 10> K to 8 x 10 K™ for PMMA [29] versus 0.7 x 1073 K™
to 1.1 x 1073 K™ for paraffin [30]), an increase in matrix CTE is desired. An increase
in matrix CTE is probably attained by maintaining higher chain mobility. High chain
mobility is achieved at temperatures above glass transition temperature and upon
lowering crosslinking density [29], [31]. Crosslinking density decreases upon de-
creasing functionality of reactive diluent [24], [32]. In preceding studies [17]-[19],
tri-functional reactive diluent trimethylol propane triacrylate (TMPTA) was utilized
for formulation of UV-curable matrix resin. Substitution of TMPTA with either a tri-
functionalreactive diluent with longer flexible spacers between the individual acrylate
moieties than in TMPTA or with a bi-functional reactive diluent (lowering number of
reactive sites per reactive diluent molecule) might provide more chain mobility and

thus probably affect CTE in the desired way.

Investigations by RESCH AND CO-WORKERS [9], [11] suggest viability of these approaches
as a bundle of measures. They manufactured TSFD with UV-curable resin matrix
formulated with bi-functional reactive diluent hexanediol diacrylate (HDDA) and

paraffin-type additive and cured by low intensity UV-light. The samples lacked vacu-
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oles and displayed a reduction of solar hemispheric transmittance upon exceeding
the threshold temperature [8], [9l, [11], [16].

Another idea to manipulate vacuole formation is to apply different thermal treatment
on cast layers during processing. Upon storage of cast mixture at temperatures be-
low room temperature prior to curing, thermotropic additive domains may stay in
a less expanded state than at room temperature. However, upon irradiation matrix
temperature increases more intense than additive temperature and likely exceeds
room temperature. Both temperatures cannot equilibrate on the short time scales of
radiation induced polymerisation (below 30 s) due to low thermal conductivity of poly-
mer and additive. Thus, matrix contracts and thermotropic additive expands upon
equilibration to room temperature after curing process. Hence, vacuole formation
might be prevented by convergent expansion behaviour of matrix cavity and respect-
ive additive domain. Moreover, thermal treatment might also affect crystallisation
process of thermotropic additive and hence probably scattering domain size. Mikl
[33] demonstrated effects of temperature conditions during manufacturing process
on the light shielding efficiency of TSFD. Anyway, information on the morphology of
these TSFD was not provided.

Summarising, factors probably affecting TSFD morphology and being detailed invest-
igated within this study are:

e Radiation intensity and dose
e Photo-initiator type and content
e Type of reactive diluent

e Thermal treatment during processing

Due to reasons described above (photo-physical processes by chromophores in mat-
rix and photo-initiator, adjusting fit of available radiation and absorption spectrum
of photo-initiator) photo-initiator type is assumed to have the most significant effect
on morphology of TSFD. Thus the following experimental part of this paper is differ-
entiated by photo-initiator type (conventional photo-initiator and photo-bleaching

photo-initiator).
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8.5 Experimental

8.5.1 Materials and Sample Preparation

8.5.1.1 Materials

Polyester acrylate oligomer, reactive diluents and conventional photo-initiator were
supplied by Cyctec Surface Specialities Inc. (Drogenbos, B). Photo-bleaching photo-
initiator was obtained from BASF SE (Ludwigshafen, D). Paraffin was supplied by Sasol
Wax GmbH (Hamburg, D) and HDS-Chemie HandelsgesmbH (Wien, A).

8.5.1.2 TSFD formulated with Conventional Photo-Initiator

Figure[8.1]displays the different formulation and processing parameters applied for
TSFD formulated with conventional photo-initiator. Factors varied within these in-
vestigations were radiation intensity and dose (factor levels: 0.055 and 0.097 W cm™
yielding 1.2 and 2.1 Jcm™) and type of reactive diluent (factor levels: trimethylol-
propane triacrylate (TMPTA), propoxylated glycerol esterified with acrylic acid (OTA),
hexanediole diacrylate (HDDA)). Photo-initiator content and thermal treatment were
not varied. Thus, the test design resembles a 2 x 3-mixed level full factorial design.

TSFD were manufactured as follows:

A polyester acrylate oligomer was utilized as the major component of the UV-curable
resin matrix. Tri-functional TMPTA, OTA and bi-functional HDDA were chosen as
reactive diluents. Conventional photo-initiator was a blend of benzophenone and
1-hydroxy cyclohexyl phenyl ketone. Thermotropic additive was paraffin with its
melting point at 55°C [17]. Thermotropic layers were prepared by dissolving the
thermotropic additive in the UV-curable matrix solution consisting of 57 wt% oligomer,
40 wt% reactive diluent and 3 wt% photo-initiator. Dissolutions were poured in the
intervening space between two glass panes which were sealed around the edge
and stored for 10 min at room temperature prior and post curing (treatment RT).
Thermotropic mixtures were cured with varying intensities of irradiation and thus

doses, either 0.055 or 0.097 W m™ yielding 1.2 or 2.1 J cm™, respectively. UV-source
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Photo-initiator conventional

Photo-initiator

|
3
content [wt%]

Reactive diluent TMPTA OTA HDDA
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Treatment RT RT RT RT RT RT

Figure 8.1.: Variations regarding processing conditions and formulation of TSFD (factor levels)

formulated with conventional photo-initiator.

was a Light Hammer 6 equipped with a mercury-lamp (“H” bulb) and a LC6E Benchtop
Conveyor (Fusion UV Systems Inc., Gaithersburg, MD, USA). Free standing layers with
a thickness of 900 pm were obtained after removal of the glass panes. The theoretical
additive content was 5 wt%. TSFD were annealed at the mixing temperature of matrix
solution and the additive. As to nomenclature, a layer formulated with reactive diluent
TMPTA (index “TMPTA”), 3wt% conventional photo-initiator (index “c3”), applied
treatment RT (index “RT”) and exposed to a dose of 2.1 Jcm™ (index “2.1”) is named
M7A1-TMPTA-c3-RT-2.1. Because these layers are based on layer M7A1 from preceding
publications [17], [18], M7AL1 is set as pre-fix. In Table[8.1]the nomenclature of all
layers formulated with conventional photo-initiator is presented.

8.5.1.3 TSFD formulated with Photo-Bleaching Photo-Initiator

Figure[8.2|displays the different formulation and processing parameters applied for
TSFD formulated with photo-bleaching photo-initiator. Factors varied within the
initial investigation were radiation intensity and dose (factor levels: 0.12, 0.39 or
0.57 Wcm™ yielding 0.6, 2.1 and 3.1 J cm™2), photo-initiator content (factor levels: 1
and 3 wt%) and thermal treatment (factor levels: DF and RT). Type of reactive diluent

was not varied. Thus the initial test design resembled a 3 x 2 x 2-mixed level full
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Table 8.1.: Nomenclature of TSFD formulated with conventional photo-initiator

Nomenclature Reactive Photo- Photo-  Treat- Dose
diluent  initiator initiator ment
type content
[Wt%)] [Jem™]
M7A1-TMPTA-c3-RT-1.2  TMPTA conventional 3 RT 1.2
M7A1-TMPTA-c3-RT-2.1* TMPTA conventional 3 RT 2.1
M7A1-OTA-c3-RT-1.2 OTA conventional 3 RT 1.2
M7A1-OTA-c3-RT-2.1 OTA conventional 3 RT 2.1
M7A1-HDDA-c3-RT-1.2  HDDA conventional 3 RT 1.2
M7A1-HDDA-c3-RT-2.1  HDDA conventional 3 RT 2.1

 Identical with M7A1 from previous publications [17], [18]

factorial design. For in detail investigations, additional factor levels were introduced
(see Figure[8.2). TSFD were manufactured as follows:

A polyester acrylate oligomer and tri-functional reactive diluent OTA along with photo-
bleaching photo-initiator (ethyl 2,4,6-trimethylbenzoyl phenyl phosphinate) were
utilized for formulation of UV-curable resin matrix. Thermotropic additive was paraffin
with its melting point at 55 °C [17]. Thermotropic layers were prepared by dissolving
the thermotropic additive in the UV-curable matrix solution consisting of 59 or 57 wt%
oligomer, 40 wt% reactive diluent and 1 or 3 wt% photo-initiator. Dissolutions were
poured in the intervening space between two glass panes which were sealed around
the edge and different thermal treatment was applied prior to curing process. Either
the layers were stored at —20 °C (treatment DF) or at room temperature (treatment
RT) for 10 min prior and post curing. Thermal treatment option HOT (additional factor
level not considered initially) was applied for selected systems only as indicated in
Figure[8.2] Upon treatment HOT, the dissolution of molten additive and UV-curable
resin were immediately cured after casting process and subsequently stored at room
temperature for 10 min after curing. Thermotropic mixtures were cured with varying
intensities of 0.12, 0.39 or 0.57 W cm™ from a gallium doped lamp (“V” bulb) of Light

Hammer 6, yielding doses of 0.6, 2.1 or 3.1 J cm™. Additionally, evaluation process
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required utilization of 366 nm lamp of Universal-UV-Lamp (Camag, Muttenz, CH) as
UV-source of very low intensity of 4.6 yW cm™ yielding 8.3 mJ cm™ (additional factor
level). Free standing layers with a thickness of 900 pm were obtained after removal of
the glass panes. The theoretical additive content was 5 wt%. TSFD were annealed at
the mixing temperature of matrix solution and the additive except for samples irradi-
ated with Universal-UV-Lamp. The latter samples not necessarily required tempering
due to rather homogeneous appearance. Furthermore, the effect of tempering on
overheating protection performance of TSFD irradiated with Universal-UV-Lamp will
be addressed in a forthcoming publication. As to nomenclature, a layer formulated
with reactive diluent OTA (index “OTA”), 3 wt% photo-bleaching photo-initiator (index
“p3”), applied treatment RT (index “RT”) and exposed to a dose of 0.6 Jcm™ (index
“0.6”) is named M7A1-OTA-p3-RT-0.6. In Tables[8.2]and[8.3]the nomenclature of all
layers formulated with 1 wt% and 3 wt% photo-bleaching photo-initiator is presented,
respectively.

—eeeeeeee

Photo-initiator photo-bleaching

Photo-initiator

content [wt%] land3
Reactive diluent OTA

—I—

| \ r ] \ r ] \ r ]
Rdla Qe 0.0083¢ 0.6 2.1 3.1
[Jecm?]
DF DF DF
Treatment RTE RT RT RT
HOT?< HOT?< HOTa<

Figure 8.2.: Variations regarding processing conditions and formulation of TSFD (factor levels)
formulated with photo-bleaching photo-initiator. (* for 1 wt% photo-initiator content only;

® without tempering after curing; © additional factor level)
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Table 8.2.: Nomenclature of TSFD formulated with 1 wt% photo-bleaching photo-initiator

Nomenclature Reactive Photo- Photo-  Treat- Dose
diluent  initiator  initiator ment
type content
[Wt%] [Jem™]

M7A1-OTA-p1-DF-0.6 OTA photo-bl. 1 DF 0.6
M7A1-OTA-p1-DF-2.1 OTA photo-bl. 1 DF 2.1
M7A1-OTA-p1-DF-3.1 OTA photo-bl. 1 DF 3.1
M7A1-OTA-p1-RT-0.008 OTA photo-bl. 1 RT 0.0083
M7A1-OTA-p1-RT-0.6  OTA photo-bl. 1 RT 0.6
M7A1-OTA-p1-RT-2.1 OTA photo-bl. 1 RT 2.1
M7A1-OTA-p1-RT-3.1  OTA photo-bl. 1 RT 3.1
M7A1-OTA-p1-HOT-0.6  OTA photo-bl. 1 HOT 06
M7A1-OTA-p1-HOT-2.1 OTA photo-bl. 1 HOT 21
M7A1-OTA-p1-HOT-3.1 OTA photo-bl. 1 HOT 3.1

Table 8.3.: Nomenclature of TSFD formulated with 3 wt% photo-bleaching photo-initiator

Nomenclature Reactive Photo- Photo-  Treat- Dose
diluent  initiator  initiator ment
type content
[wt%] [Jem™]

M7A1-OTA-p3-DF-0.6  OTA photo-bl. 3 DF 0.6
M7A1-OTA-p3-DF-2.1 OTA photo-bl. 3 DF 2.1
M7A1-OTA-p3-DF-3.1  OTA photo-bl. 3 DF 3.1
M7A1-OTA-p3-RT-0.008 OTA photo-bl. 3 RT 0.0083
M7A1-OTA-p3-RT-0.6 OTA photo-bl. 3 RT 0.6
M7A1-OTA-p3-RT-2.1 OTA photo-bl. 3 RT 2.1
M7A1-OTA-p3-RT-3.1  OTA photo-bl. 3 RT 3.1
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8.5.2 Characterisation Methodology
8.5.2.1 Light Shielding Efficiency

Overheating protection performance of TSFD was determined applying UV/Vis/NIR
spectrometry. A double beam UV/Vis/NIR spectrophotometer Lambda 950 (Perkin
Elmer Inc., Waltham, MA, USA) equipped with an Ulbricht-sphere (diameter 150 mm)
was employed. For the given measurement apparatus the radiation passing through
(transmittance) the specimen outside a cone of approximately 5° relative to the incid-
ent beam direction was defined as diffuse (scattered) component. Hemispheric and
diffuse transmittance was recorded at normal incidence in the spectral region from
250 to 2500 nm. The integral solar transmittance was determined by weighting the
recorded spectral data in steps of 5 nm by the AM1.5 global solar irradiance source
function. The spectrophotometer was adapted by a heating stage to adjust sample
temperature within a range from ambient temperature to maximum 115 °C [17]. Meas-
urements were performed in steps of 5 °C. Prior to measurement the samples were
allowed to equilibrate for five minutes at the selected temperature. The heating
stage was equipped with a control system consisting of a heating stage-internal J-
type thermocouple as temperature sensor and the control unit HS-W-35/M (Heinz
Stegmeier Heizelemente HS-Heizelemente GmbH, Fridingen, D). Within the heating
stage the sample was positioned in close proximity of the port hole of the Ulbricht-
sphere. In situ front- and backside sample surface temperatures as a function of
set-point value of the control unit were recorded on a prototype sample with a two-
channel temperature measurement instrument T900 (Dostmann electronic GmbH,
Wertheim-Reicholzheim, D) equipped with a precision K-type thermocouple. Sample
temperature was assumed as the average of both recorded surface temperatures.
Required set-point values to maintain average sample temperatures were calculated
from a second order polynomial fit of the temperatures recorded in measurements of

the prototype sample.
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8.5.2.2 Morphology

Morphological characterisation of TSFD was carried out applying an optical micro-
scope Olympus BX51 (Olympus Austria Ges. m. b. H., Wien, A) in transmitted light
mode. TSFD were investigated without further preparation. Domain size was eval-
uated with measurement tools of software analySIS (Soft Imaging System GmbH,

Miinster, D). Minimum and maximum sizes of scattering domains were evaluated.

8.6 Results and Discussion

8.6.1 TSFD formulated with Conventional Photo-Initiator

In Figure[8.3]the optical micrographs of layers M7A1-TMPTA-c3-RT-1.2 (Figure[8.3p),
M7A1-OTA-c3-RT-1.2 (Figure[8.3p), M7A1-HDDA-c3-RT-1.2 (Figure[8.3k), M7A1-TMPTA-
c3-RT-2.1 (Figure[8.3d), M7A1-OTA-c3-RT-2.1 (Figure[8.3e) and M7A1-HDDA-c3-RT-2.1
(Figure[8.3f) are presented. Layers exhibited spherical scattering domains with diamet-
ersranging from 1.10 to 150 pm (M7A1-TMPTA-c3-RT-1.2, Figure), 3.31t085.6 ym
(M7A1-OTA-c3-RT-1.2, Figure[8.3p), 1.93 to 229 pm (M7A1-HDDA-c3-RT-1.2, Figure[8.3k),
2.48 t0 167 pm (M7A1-TMPTA-c3-RT-2.1, Figure[8.3d), 2.48 to 139 ym (M7A1-OTA-c3-
RT-2.1, Figure[8.3f) and 3.86 to 242 pm (M7A1-HDDA-c3-RT-2.1, Figure[8.3f). For all
these layers domain size is inappropriate for efficient overheating protection. Largest
domains were ascertained for layers formulated with HDDA. This may be attributed
to lower viscosity of dissolutions formulated with HDDA compared to systems formu-
lated with tri-functional TMPTA or OTA. Low viscosity systems probably yield faster
aggregation of additive droplets prior to solidification. Furthermore layers displayed

distinct vacuoles at the perimeter of the additive domains (black areas).

A distinct effect of radiation dose and type of reactive diluent on vacuole formation
was evident. For layers formulated with HDDA (M7A1-HDDA-c3-RT-1.2 (Figure)
and M7A1-HDDA-c3-RT-2.1 (Figure)), no distinct correlation between irradiation
dose and vacuole concentration was ascertainable. Nearly every scattering domain

exhibited a vacuole. On the contrary, a significant effect of radiation dose on vacuole

133

Figure[8.3|



Figure[8.4]

PUBLICATION 3

concentration was observed for layers formulated with TMPTA and OTA: lower irra-
diation dose yielded a reduction of vacuoles (compare: M7A1-TMPTA-c3-RT-1.2 (Fig-
ure|8.3a) and M7A1-TMPTA-c3-RT-2.1 (Figure); M7A1-OTA-c3-RT-1.2 (Figure)
and M7A1-0OTA-c3-RT-2.1 (Figure)). As described above, the reduction of irradi-
ation intensity and dose decreases dissipative heating up of the matrix material and
may affect vacuole formation. However, irradiation intensity and dose and hence
dissipative heating did not affect concentration of vacuoles in layers formulated with
HDDA. Due to its moderate curing response bi-functional reactive diluent HDDA is
probably not able to fix established structures fast enough, giving the vacuoles suffi-
cient time to establish, independent on temperature. On the contrary, vacuoles were
formed to a minor extent upon reduction of irradiation intensity and dose for layers
formulated with tri-functional TMPTA or OTA. Besides decreased dissipative heating
also fast curing response of tri-functional reactive diluents, yielding rather fast fixation

of established structures and thus limiting vacuole formation, may positively affect

layer morphology.

Figure 8.3.: Optical micrographs of TSFD formulated with different reactive diluents and irradi-
ated with different doses from “H” bulb of LightHammer 6 after storage at room temperature
(treatment RT) (@) M7A1-TMPTA-c3-RT-1.2 (b) M7A1-OTA-c3-RT-1.2 (€) M7A1-HDDA-c3-RT-1.2
(d) M7TA1-TMPTA-c3-RT-2.1 (e) M7A1-OTA-c3-RT-2.1 (f) M7TA1-HDDA-c3-RT-2.1

Figuredisplays the solar hemispheric (square) and diffuse (triangle) transmittance
as a function of temperature of TSFD M7A1-TMPTA-c3-RT-1.2 (Figure [8.4p), M7A1-
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Figure 8.4.: Solar hemispheric and diffuse transmittance as a function of temperature of TSFD
formulated with 3wt% conventional photo-initiator and different reactive diluents, irradi-
ated with different doses from “H” bulb of LightHammer 6 after storage at room temperature
(treatment RT) (a) M7A1-TMPTA-c3-RT-1.2 (b) M7A1-OTA-c3-RT-1.2 (¢) M7A1-HDDA-c3-RT-1.2
(d) M7A1-TMPTA-c3-RT-2.1 (e) M7A1-OTA-c3-RT-2.1 (f) M7A1-HDDA-c3-RT-2.1

OTA-c3-RT-1.2 (Figure[8.4b), M7A1-HDDA-c3-RT-1.2 (Figure[8.4k), M7A1-TMPTA-c3-
RT-2.1 (Figure [8.4d), M7A1-OTA-c3-RT-2.1 (Figure [8.4¢) and M7A1-HDDA-c3-RT-2.1
(Figure[8.4f). The solar hemispheric transmittance of layers M7A1-TMPTA-c3-RT-1.2,
M7A1-OTA-c3-RT-1.2 and M7A1-HDDA-c3-RT-1.2 increased from 80.4, 84.1 and 76.6 %
at ambient conditions to 83.1, 86.9 and 84.8 % at 70 °C, respectively. These layers
exhibited an increase in solar diffuse transmittance from between 53.3 and 64.2 % to
values ranging from 77.9 to 82.8 % upon heating. The solar hemispheric transmittance
of layers M7A1-TMPTA-c3-RT-2.1, M7A1-OTA-c3-RT-2.1 and M7A1-HDDA-c3-RT-2.1 in-
creased from 70.3, 78.9 and 76.1 % at ambient conditions to 84.6, 85.3 and 83.1 % at
70 °C, respectively. These layers exhibited an increase in solar diffuse transmittance

from between 53.5 and 60.6 % to values ranging from 75.1 to 82.5 % upon heating. The
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observed increase in solar hemispheric transmittance around the switching threshold
was ascribed to the effect of temporary vacuoles as already described above. Upon
heatingalso aslightincrease in solar hemispheric and diffuse transmittance was detec-
ted around 35 °C, which is corresponding to solid phase transition of the thermotropic
additive [17]. Probably due to expansion of additive upon solid phase transmittance
several vacuoles vanish, yielding lower vacuole concentration and thus lower overall
scattering performance. Whereas this effect was rather weak upon further heating
for solar hemispheric transmittance, solar diffuse transmittance increased steadily.
Upon melting of the additive around 55 °C [17], a more or less distinct increase in
both, solar hemispheric and diffuse transmittance occurred. This effect was ascribed
to disappearance of vacuoles due to expansion of additive upon melting, thus filling
the complete domain cavity provided by the surrounding matrix [18]. Accordingly, the
scattering domains with inappropriate diameter for back scattering yielded strong

forward scattering.

Differences in switching characteristics of these TSFD were attributed to different
layer morphology (vacuoles), and hence correlated with radiation intensity and dose
applied and type of reactive diluent used. Layers formulated with bi-functional HDDA
displayed rather congruent curves of solar hemispheric and diffuse transmittance
as a function of temperature. This was ascribed to the invariance of vacuole con-
centration upon changes in radiation intensity and dose (Figure[8.3). In contrast,
layers formulated with tri-functional TMPTA or OTA displayed a lower solar hemi-
spheric transmittance at room temperature along with a more distinct increase in
solar hemispheric transmittance upon switching if irradiated with higher dose. This
corresponded well with higher vacuole concentration detected for layers irradiated
with 2.1J cm™ compared to layers irradiated with 1.2 Jcm™ (Figure[8.3). Among
layers formulated with tri-functional reactive diluents (TMPTA and OTA), higher solar
hemispheric transmittance was achieved by layers formulated with OTA, irrespective
of applied radiation dose and reference temperature (room temperature or 70 °C).
OTA exhibits longer spacers between vinyl-moieties compared to TMPTA, thus yielding

higher matrix flexibility due to higher chain mobility.
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8.6.2 TSFD formulated with Photo-Bleaching Photo-Initiator

In layers formulated with conventional photo-initiator and with tri-functional reactive
diluents TMPTA or OTA a reduction in radiation dose yielded a decrease of vacuole
concentration. Hence, the following investigations will also address very low curing
intensities. Anyway, as further reduction of radiation dose would yield partially un-
cured layers, a photo-bleaching photo-initiator will be used. Furthermore subsequent
investigations focus on systems formulated with OTA. Layers formulated with OTA

exhibited higher solar hemispheric transmittance than layers formulated with TMPTA

(see Figure[8.4).

8.6.2.1 Effects of Radiation Dose, thermal Treatment,
and Photo-Initiator Content on Light-Shielding Efficiency

For evaluation of the effects of the factors radiation dose, thermal treatment and
photo-initiator content on light shielding efficiency of TSFD a test design resembling
a mixed level full-factorial design was established. Factor levels were 0.6, 2.1 and
3.1Jcm™ for radiation dose, DF and RT for thermal treatment and 1 and 3 wt% for

photo-initiator content, respectively.

Tables[8.4/and[8.5|present diameters of spherical scattering domains for layers irradi-
ated with different doses from “V” bulb of Light Hammer 6 (0.6, 2.1 and 3.1 J cm™2)
and different thermal treatment (treatment DF and RT) formulated with 3 and 1 wt%
photo-initiator content, respectively. In general no effect of photo-initiator content,
radiation dose and thermal treatment on sample morphology was observed (factor
levels: DF or RT; 0.6, 2.1 or 3.1 J cm™2). Scattering domain size varied between 1.10
and 258 pm. Furthermore nearly every scattering domain exhibited a vacuole. Any-
way, the scattering domain sizes detected for these layers were inappropriate for

efficient overheating protection.

Figure[8.5 presents the mean plots regarding the factors radiation dose applied from
“V” bulb of Light Hammer 6 (0.6, 2.1 and 3.1 J cm™2), photo-initiator content (1 and
3 wt%) and thermal treatment (treatment DF or RT) on solar hemispheric (square sym-

bols) and diffuse transmittance (triangle symbols) of TSFD formulated with reactive
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diluent OTA. Data were recorded at room temperature RT (solid symbols) and 70 °C

(open symbols). Mean and standard deviation of solar hemispheric and diffuse trans-

mittance of layers regarding applied radiation dose were calculated by merging data
of TSFD M7A1-OTA-p1-DF-0.6, M7A1-OTA-p1-RT-0.6, M7A1-OTA-p3-DF-0.6 and M7A1-
OTA-p3-RT-0.6 for a dose of 0.6 J cm™ for example. The mean and standard deviation

of solar transmittances regarding other factor levels were calculated accordingly.

Table 8.4.: Scattering domain size in TSFD formulated with 40 wt% OTA and 3 wt% photo-
bleaching photo-initiator for different thermal treatment prior to UV-exposure (“V” bulb) of

the layers

Radiation dose

0.6Jcm™ 2.1Jcm™ 3.1Jcm™

dmin dmax CImin CImax CImin CImax
Treatment [pm] [pm] [pm] [um]  [um] [um]
DF 248 126 1.38 113 1.66 189
RT 1.10 85.6 3.04 224 221 144

Table 8.5.: Scattering domain size in TSFD formulated with 40 wt% OTA and 1 wt% photo-
bleaching photo-initiator for different thermal treatment prior to UV-exposure (“V” bulb) of

the layers

Radiation dose

0.6Jcm™ 2.1Jcm™ 3.1Jcm™

dmin dmax  dmin dmax  dmin  dmax
Treatment [pm] [pm] [pm] [um] [pm] [pm]
DF 1.24 113 1.52 745 1.10 142
RT 3.17 952 207 171  4.42 258
HOT 248 869 276 112 262 126
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Figure 8.5.: Mean plot regarding effects of factors radiation dose applied from “V” bulb of
LightHammer 6 (factor levels: 0.6, 2.1, and 3.1 Jcm™?), photo-initiator content (factor levels:
1 and 3wt%) and thermal treatment (factor levels: DF: =20 °C/10 min prior and post curing;
RT: room temperature/10 min prior and post curing) on solar hemispheric and diffuse trans-
mittance of TSFD formulated with reactive diluent OTA and photo-bleaching photo-initiator.

Data were recorded at room temperature RT and 70 °C, respectively.

As to solar transmittance, three general trends were evident: (1) Solar hemispheric
transmittance increased from between 49.4 and 56.0 % at ambient temperature to
values between 70.3 and 80.8 % upon exceeding the threshold temperature. The
increase is attributable to the effect of temporary vacuoles. (2) Detected diameters of
scattering domains yielded intense forward scattering thus resulting in rather high
solar diffuse transmittance of around 47 and 73 % at room temperature and 70 °C, re-
spectively. (3) Applied radiation dose, thermal treatment and photo-initiator content
do not affect the level of solar transmittance significantly. The invariance against the
two factors radiation dose and photo-initiator content was ascribed to the high curing
efficiency of the photo-bleaching photo-initiator, yielding fast curing response also
upon low intensities and low photo-initiator content. However, invariance against
these two parameters also indicated that dissipation of irradiated energy was too high

in order to mitigate vacuole formation and thus to achieve a reduction of solar hemi-
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spheric transmittance upon heating. The invariance of solar transmittance against
photo-initiator content revealed an insignificant contribution of photo-initiator con-
tent to overall radiation dissipation. The effect of other chromophores inside the

matrix resin is higher.

Upon variation of thermal treatment slight changes in solar transmittances were
achieved. Solar hemispheric transmittance at room temperature was slightly higher
for treatment RT (53.3 = 2.5 %) than for treatment DF (50.60 4= 0.92 %). However,
initial considerations anticipated a higher solar hemispheric transmittance at room
temperature for layers exposed to treatment DF than for those exposed to treatment
RT. Thus, additional investigations regarding this effect are carried out in the sub-
sequent section. Nevertheless, solar diffuse transmittance at room temperature did
not vary upon change in thermal treatment (DF: 47.00 + 0.47 %; RT: 46.70 + 0.97 %).
This was ascribed to similar scattering domain sizes detected for the respective layers

(see Tables[8.4}[8.5).

At 70 °C high solar hemispheric transmittance of 75.0 & 2.9 % was achieved. This was
attributed to the absence of vacuoles at this temperature. Solar diffuse transmittance
was 72.6 & 2.5 %. The high diffuse fraction of the solar hemispheric transmittance was

attributed to inappropriate scattering domain size for efficient back-scattering.

8.6.2.2 Effect of higher Temperature of thermal Treatment
on Light-Shielding Efficiency

The variation of thermal treatment revealed a slight effect on solar hemispheric
transmittance (see above). Thus in the following an additional factor level is eval-
uated for this factor. Due to invariance of solar hemispheric transmittance upon
changes in photo-initiator content, layers formulated with 1 wt% photo-bleaching
photo-initiator were chosen as model system (see Figure[8.2). Hence, this test design

resembles a 3x3 full factorial design.

Table[8.5|presents diameters of spherical scattering domains detected for layers irra-
diated with different doses from “v” bulb of Light Hammer 6 (0.6,2.1 and 3.1 J cm™2)
and different thermal treatment (treatment DF, RT and HOT) formulated with 1 wt%
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photo-initiator. In general no effect of radiation dose and thermal treatment on
sample morphology was observed (factor levels: DF, RT or HOT; 0.6, 2.1 0r 3.1J cm™2).
Scattering domain size varied between 1.10 and 258 ym. Furthermore nearly every
scattering domain exhibited a vacuole. Anyway, the scattering domain sizes detected

for these layers were inappropriate for efficient overheating protection.

Figure[8.6 presents the mean plots regarding the factors radiation dose applied from
“V” bulb of Light Hammer 6 (0.6, 2.1 and 3.1 J cm™2) and thermal treatment (treatment
DF, RT and HOT) on solar hemispheric (square symbols) and diffuse transmittance
(triangle symbols) of TSFD formulated with reactive diluent OTA and 1 wt% photo-
bleaching photo-initiator. Data were recorded at room temperature RT (solid symbols)

and 70 °C (open symbols).

Solar transmittances did not vary upon changes in radiation dose (Figure[8.6). Solar
hemispheric transmittance was around 57 and 78 % at room temperature and 70 °C,
respectively. Solar diffuse transmittance was around 45 and 72 % at room temperat-
ure and 70 °C, respectively. The observed increase in solar hemispheric and diffuse
transmittance upon heating was attributed to the effect of temporary vacuoles. The
high diffuse fraction of solar hemispheric transmittance was ascribed to inappropriate

scattering domain size for efficient back-scattering.

In contrast, thermal treatment applied during manufacturing affected solar hemi-
spheric transmittance significantly. With increasing treatment temperature (order
DF<RT<HOT) solar hemispheric transmittance increased. At room temperature solar
hemispheric transmittance of 51.4, 54.3 and 65.2 % were detected for factor levels DF,
RT and HOT, respectively. At the same time a solar diffuse transmittance of 42.2 % at
room temperature was evident for treatment HOT. Treatments DF and RT yielded a

solar diffuse transmittance of 47.4 and 46.9 % at room temperature, respectively.

Deviant from what was expected (see section [8.4), the actually detected level of
solar hemispheric transmittance at room temperature was in the order DF<RT<HOT.
Observed order indicates that layers exposed to treatment HOT probably exhibited a
bigger average size of vacuoles yielding less efficient back-scattering. That might be
due to a more left-tailed size distribution of scattering domains for layers exposed to

treatment HOT, yielding a more left tailed size distribution of vacuoles compared to
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layers exposed to treatment DF or RT. Hence, the actually detected order was likely

due to lower back-scattering efficiency of bigger vacuoles.
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Figure 8.6.: Mean plot regarding effects of factors radiation dose applied from “V” bulb of
LightHammer 6 (factor levels: 0.6, 2.1, and 3.1 Jcm™?) and thermal treatment (factor levels:
DF: =20 °C/10 min prior and post curing; RT: room temperature/10 min prior and post curing;
HOT: immediately cured in the hot state after casting, storage at room temperature/10 min
post curing) on solar hemispheric and diffuse transmittance of TSFD formulated with reactive
diluent OTA and 1 wt% photo-bleaching photo-initiator. Data were recorded at room temper-

ature RT and 70 °C, respectively.

These trends were also observed for solar transmittances recorded at 70 °C. Solar
hemispheric transmittance was 75.2, 76.5 and 82.3 % for treatments DF, RT and HOT,
respectively. The enhanced solar hemispheric transmittance at 70 °C for treatment
HOT compared to treatments DF and RT was probably a side effect of the vacuole size
distribution issue. Maybe not all vacuoles disappeared upon exceeding the threshold
temperature for treatments DF and RT, thus yielding residual back scattering. At the
same time solar diffuse transmittance was 72.9, 73.7 and 69.3 % for treatments DF,
RT and HOT, respectively. This was probably due to a reduced concentration of larger
scattering domains in layers exposed to treatment HOT compared to layer exposed

to treatments DF or RT.
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8.6.2.3 Effect of reduced Irradiation Intensity on Light-Shielding Efficiency

The results achieved so far indicate that temperature difference between matrix and
additive is probably the most crucial parameter affecting light-shielding performance.
However, further increasing treatment temperature is not feasible due to deterioration
and evaporation of TSFD constituents. Thus, preventing dissipative heating up of the
matrix might be more beneficial. Hence, for the following discussion layers formulated
with either 1 or 3 wt% photo-bleaching photo-initiator were exposed to radiation
of low intensity (4.6 yW cm™ yielding 8.3 mJ cm™2) of 366 nm lamp of Universal-UV-
Lamp. With respect to a potential practical application in future, thermal treatment
RT was applied solely (see Figure[8.2).

Figure [8.7] displays optical micrographs of the layers M7A1-OTA-p1-RT-0.008 (Fig-
ure[8.7) and M7A1-OTA-p3-RT-0.008 (Figure[8.7p). The layers displayed spherical
scattering domains with diameters ranging from 3.31 to 84.2 ym and from 2.76 to
116 pm for layers formulated with 1 and 3 wt% photo-initiator, respectively. For both
layers only few vacuoles were evident at the perimeter of the scattering domains.
The vacuole concentration was significantly lower for these TSFD compared to the
layers discussed above (e.g. Figure[8.3). This was ascribed to the very low irradiation

intensity preventing excessive dissipative heating up of the matrix material.

Figure 8.7.: Optical micrographs of TSFD formulated with reactive diluent OTA and either
(a) 1 wt% or (b) 3wt% photo-bleaching photo-initiator and irradiated with Universal-UV-lamp
after storage at room temperature (treatment RT)
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In Figure[8.8|the solar hemispheric (square) and diffuse (triangle) transmittance of
TSFD M7A1-OTA-p1-RT-0.008 (Figure[8.8a) and M7A1-OTA-p3-RT-0.008 (Figure[8.8p) is
depicted as a function of temperature. For layer M7A1-OTA-p1-RT-0.008 solar hemi-
spheric transmittance of 81.9 and 80.8 % were evident at ambient conditions and
70 °C, respectively. Diffuse transmittance increased from 37.7 to 75.5 %. Layer M7A1-
OTA-p3-RT-0.008 exhibited a solar hemispheric transmittance of 81.2 and 78.5 % at
ambient conditions and 70 °C, respectively. Diffuse transmittance increased from
56.2 to 75.2 %. Thus, by lowering irradiation intensity and dose a significant improve-
ment of light shielding efficiency was achieved. This is correlating well with layer
morphology. Nevertheless, for optimum overheating protection performance solar
hemispheric transmittances of >85 % and <60 % are required in the transparent and
opaque state, respectively [4]. Inappropriate light-shielding efficiency achieved for
layers M7A1-OTA-p1-RT-0.008 and M7A1-OTA-p3-RT-0.008 within the present study
is attributable to inappropriate scattering domain size. Hence, future work should
focus on optimising scattering domain size. As already pointed out in a preceding
study [18], adjustment of scattering domain size might be achieved by manipulation
of surface energy of the additive by surface active substances, chemical modification

of the additive or covalent bonding for example.
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Figure 8.8.: Solar hemispheric (square) and diffuse (triangle) transmittance of TSFD formulated

with reactive diluent OTA and either (a) 1 wt% or (b) 3 wt% photo-bleaching photo-initiator

and irradiated with Universal-UV-lamp after storage at room temperature (treatment RT)
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8.7 Summary and Conclusion

In this paper the effect of formulation and processing conditions on the light-shielding
properties of TSFD formulated with paraffin type additive were investigated applying
UV/Vis/NIR-spectrometry and microscopy. Type of reactive diluent and applied ra-
diation dose and intensity were found to have significant effects on light shielding
characteristics of TSFD formulated with conventional photo-initiator. Highest trans-
mittance values at room temperature were obtained by utilizing reactive diluent OTA
and by lowering applied irradiation dose/intensity. Nevertheless, these layers dis-
played an increase in solar hemispheric transmittance upon exceeding the threshold
temperature, due to vacuoles formed at the perimeter of the spherical scattering

domains during manufacturing.

However, further reduction of irradiation dose/intensity required application of a
photo-bleaching photo-initiator in order to achieve properly cured TSFD. TSFD formu-
lated with photo-bleaching photo-initiator displayed an increase of solar hemispheric
transmittance upon heating due to vacuoles at the perimeter of the scattering do-
mains also. Nevertheless, upon significant reduction of irradiation dose/intensity,
TSFD exhibiting a transmittance reduction upon exceeding the threshold temperat-
ure were ascertained. The improvement of light-shielding efficiency was ascribed
to a reduction of vacuole concentration. The reduction in vacuole concentration
was attributed to a reduction of dissipative heating of matrix material and thus to a
low temperature difference between matrix and additive during processing. Anyway,
size of scattering domains persisted inappropriate for efficient overheating protec-
tion. Thus, future work has to focus on improvement of scattering domain size. As
pointed out previously [18], surfactants and nucleating agents might have positive
effects on scattering domain size by introducing additional crystallisation loci for
the thermotropic additive and by probably maintaining smaller additive droplets in

matrix/additive dispersions during manufacturing process.

145



PUBLICATION 3

8.8

Acknowledgement

This research project is funded by the State Government of Styria, Department Zukun-

ftsfonds (Project number 5019). The efforts in determination of solar-optical proper-

ties of parts of the formulated TSFD by Astrid RAUSCHENBACH (PCCL) and Alexander

KLuTz (Department Polymer Engineering and Science, University of Leoben) are grate-

fully acknowledged. Furthermore the authors want to acknowledge the contributions

of Cytec Surface Specialities Inc. (Drogenbos, B), Sasol Wax GmbH (Hamburg, D),
HDS-Chemie HandelsgesmbH (Wien, A) and BASF SE (Ludwigshafen, D).

8.9

[1]

146

References

P. Nitz and H. Hartwig, ‘Solar control with thermotropic layers’, Solar Energy,
vol. 79, no. 6, pp. 573-582, 2005, ISSN: 0038092X. DOI:/10.1016/j .solener.
2004.12.009.

A. Seeboth, J. Schneider and A. Patzak, ‘Materials for intelligent sun protecting
glazing’, Solar Energy Materials and Solar Cells, vol. 60, no. 3, pp. 263-277, 2000,
ISSN: 09270248. DOI:{10.1016/S0927-0248(99) 00087-2.

J.Yao and N. Zhu, ‘Evaluation of indoor thermal environmental, energy and
daylighting performance of thermotropic windows’, Building and Environment,
vol. 49, pp. 283-290, 2012, ISSN: 03601323. DOI:/10.1016/7 . buildenv.2011!
06.004.

G. M. Wallner, K. Resch and R. Hausner, ‘Property and performance require-
ments for thermotropic layers to prevent overheating in an all polymeric flat-
plate collector’, Solar Energy Materials and Solar Cells, vol. 92, no. 6, pp. 614-
620, 2008, I1SSN: 09270248. DOI:10.1016/7 . solmat .2007.12.005.

P. Nitz and A. Wagner, ‘Schaltbare und regelbare Verglasungen’, BINE Themen-
info, vol. 1/02, no. 1/02, pp. 1-12, 2002, ISSN: 1610-8302.


http://dx.doi.org/10.1016/j.solener.2004.12.009
http://dx.doi.org/10.1016/j.solener.2004.12.009
http://dx.doi.org/10.1016/S0927-0248(99)00087-2
http://dx.doi.org/10.1016/j.buildenv.2011.06.004
http://dx.doi.org/10.1016/j.buildenv.2011.06.004
http://dx.doi.org/10.1016/j.solmat.2007.12.005

8.9. REFERENCES

[10]

[12]

K.Resch and G. M. Wallner, ‘Thermotropic Resin Systems: Relationships Between
Formulation Parameters, Material Structure and Optical Properties’, in Proceed-
ings of ISES Solar World Congress 2007, D. Y. Goswami and Y. Zhao, Eds., Berlin:
Springer, 2007, pp. 541-545, ISBN: 978-3-540-75996-6. DOI:/10. 1007 /978- 3+
540-75997-3_98.

K. Resch and G. M. Wallner, ‘Thermotropic layers for flat-plate collectors—A
review of various concepts for overheating protection with polymeric materials’,
Solar Energy Materials and Solar Cells, vol. 93, no. 1, pp. 119-128, 2009, ISSN:
09270248.D01:/110.1016/j .solmat.2008.09.004.

K. Resch and G. M. Wallner, ‘Morphology of phase-separated thermotropic
layers based on UV cured acrylate resins’, Polymers for Advanced Technologies,
vol. 20, no. 12, pp. 1163-1167, 2009, ISSN: 10427147. DOI:/10.1002/pat . 1393|

K. Resch, G. M. Wallner and R. Hausner, ‘Phase separated thermotropic layers
based on UV cured acrylate resins - Effect of material formulation on overheat-
ing protection properties and application in a solar collector’, Solar Energy,
vol. 83, no. 9, pp. 1689-1697, 2009, ISSN: 0038092X. DOI:{10.1016/j.solener.
2009.06.006.

K. Resch, G. M. Wallner and R. W. Lang, ‘Spectroscopic Investigations of Phase-
Separated Thermotropic Layers Based on UV Cured Acrylate Resins’, Macro-
molecular Symposia, vol. 265, no. 1, pp. 49-60, 2008, ISSN: 10221360. DOI: /10
1002/masy . 200850506

K. Resch and A. Weber, ‘Smart Windows - Smart Collectors: Entwicklung von
funktionalen Uberhitzungsschutzverglasungen fir Gebaudeverglasungen und
thermische Solarkollektoren’, Berg- und Hiittenmdnnische Monatshefte, vol.
156, no. 11, pp. 429-433, 2011, ISSN: 0005-8912. DOI:/10.1007/s00501-011-
0031-2.

0. Muehling, A. Seeboth, T. Haeusler, R. Ruhmann, E. Potechius and R. Vetter,
‘Variable solar control using thermotropic core/shell particles’, Solar Energy
Materials and Solar Cells, vol. 93, no. 9, pp. 1510-1517, 2009, ISSN: 09270248.
DOI:10.1016/j.solmat.2009.03.029.

147


http://dx.doi.org/10.1007/978-3-540-75997-3_98
http://dx.doi.org/10.1007/978-3-540-75997-3_98
http://dx.doi.org/10.1016/j.solmat.2008.09.004
http://dx.doi.org/10.1002/pat.1393
http://dx.doi.org/10.1016/j.solener.2009.06.006
http://dx.doi.org/10.1016/j.solener.2009.06.006
http://dx.doi.org/10.1002/masy.200850506
http://dx.doi.org/10.1002/masy.200850506
http://dx.doi.org/10.1007/s00501-011-0031-2
http://dx.doi.org/10.1007/s00501-011-0031-2
http://dx.doi.org/10.1016/j.solmat.2009.03.029

PUBLICATION 3

[13]

[22]

148

F. S. Biihler and M. Hewel, ‘Reversibly thermotropic transparent molding ma-
terial, useful e.g. in glazing or covers for shading and light-heat regulation in
houses and cars etc.’, pat. DE19841234C1, 1999.

C. DeArmitt and G. E. Mc Kee, ‘Moulded article with temperature dependent
transparency’, pat. EP1985663A1, 2008.

A. Weber and K. Resch, ‘Thermotropic glazings for overheating protection ap-
plications: Tuning the light-shielding efficiency by systematic material pre-
selection and formulation’, in Solar Building Skins, Economic Forum, Ed., Mu-
nich, 2011, pp. 73-77, ISBN: 978-3-981205343.

A. Weber and K. Resch, ‘Effect of Temperature-Cycling on the Morphology of
Polymeric Thermotropic Glazings for Overheating Protection Applications’,
Journal of Polymer Research, vol. 19:9888, no. 6, pp. 1-8, 2012, ISSN: 1022-9760.
DOI:/10.1007/s10965-012-9888-3.

A. Weber and K. Resch, ‘Thermotropic Glazings for Overheating Protection I:
Material Pre-selection, Formulation and Light-Shielding Efficiency’, Journal of
Applied Polymer Science, 1ISSN: 0021-8995. DOI:|10.1002/app . 39950.

A. Weber, A. Schmid and K. Resch, ‘Thermotropic Glazings for Overheating
Protection Il: Morphology and Structure-Property-Relationships’, Journal of
Applied Polymer Science, 1SSN: 0021-8995. DOI:[10.1002/app . 39910.

A. Weber and K. Resch, ‘Thermotropic glazings for overheating protection’,
Energy Procedia, vol. 30, pp. 471-477, 2012, ISSN: 18766102. DOI:/10.1016/7j |
egypro.2012.11.056.

P. Nitz, ‘Optical modelling and characterisation of thermotropic systems’, Dis-

sertation, Albert-Ludwigs-University, Freiburg i.B., 19909.

D. P. Gruber, G. Winkler, A. Weber and K. Resch, ‘Novel approach to the solu-
tion of the scattering problem in a thermotropic medium’, vol. unpublished

manuscript, 2013.

C. Decker, ‘The use of UV irradiation in polymerization’, Polymer International,
vol. 45, no. 2, pp. 133-141, 1998, ISSN: 0959-8103. DOI:|10.1002/ (SICI) 1097~
0126(199802)45:2<133: :AID-PI1969>3.0.C0;2-F.


http://dx.doi.org/10.1007/s10965-012-9888-3
http://dx.doi.org/10.1002/app.39950
http://dx.doi.org/10.1002/app.39910
http://dx.doi.org/10.1016/j.egypro.2012.11.056
http://dx.doi.org/10.1016/j.egypro.2012.11.056
http://dx.doi.org/10.1002/(SICI)1097-0126(199802)45:2<133::AID-PI969>3.0.CO;2-F
http://dx.doi.org/10.1002/(SICI)1097-0126(199802)45:2<133::AID-PI969>3.0.CO;2-F

8.9. REFERENCES

[26]

V. V. Ilvanov and C. Decker, ‘Kinetic study of photoinitiated frontal polymeriza-
tion’, Polymer International, vol. 50, no. 1, pp. 113-118, 2001, ISSN: 0959-8103.
DOI:|10.1002/1097-0126(200101)50:1<113: :AID-PI594>3.0.C0;2-X.

C. Decker, ‘Photoinitiated crosslinking polymerisation’, Progress in Polymer
Science, vol. 21, no. 4, pp. 593-650, 1996, ISSN: 00796700. DOI:10.1016/0079-
6700(95)00027-5.

G. A. Miller, L. Gou, V. Narayanan and A. B. Scranton, ‘Modeling of photobleach-
ing for the photoinitiation of thick polymerization systems’, Journal of Polymer
Science Part A: Polymer Chemistry, vol. 40, no. 6, pp. 793-808, 2002, ISSN: 0887-
624X. DOI1:/10.1002/pola. 10162,

C. Decker, K. Zahouily, D. Decker, T. Nguyen and T. Viet, ‘Performance analysis of
acylphosphine oxides in photoinitiated polymerization’, Polymer, vol. 42, no. 18,
pp. 7551-7560, 2001, ISSN: 00323861. DOI:/110.1016/50032-3861 (01) 00221 -X.

C. Decker, ‘Kinetic Study and New Applications of UV Radiation Curing’, Mac-
romolecular Rapid Communications, vol. 23, no. 18, pp. 1067-1093, 2002, ISSN:
10221336. D01:/10.1002/marc . 200290014, (visited on 09/02/2012).

C. Decker and K. Moussa, ‘UV-curable acrylic resins for production of glass
laminates’, Journal of Applied Polymer Science, vol. 55, no. 2, pp. 359-369, 1995,
ISSN: 0021-8995. DOI:/10.1002/app.1995.070550218|

E.Baur, S. Brinkmann, T. A. Osswald and E. Schmachtenberg, Saechtling-Kunststoff-
Taschenbuch, 30th ed. Miinchen: Hanser, 2007, ISBN: 978-3-446-41437-2.

M. Schimmelpfennig, K. Weber, F. Kalb, K.-H. Feller, T. Butz and M. Matthai,
‘Volumenausdehnung von Paraffinen aus Steigrohr-Messungen’, in Jahrbuch fiir
den Praktiker 2007, B. Ziolkowsky, Ed., vol. 50, Augsburg: Verlag fiir chemische
Industrie, 2007, pp. 417-429.

G. W. Ehrenstein, Polymer-Werkstoffe: Struktur - Eigenschaften - Anwendung,
3rd ed. Mlinchen: Hanser, 2011, ISBN: 978-3-446-42283-4.

J. A. Arceneaux and K. Willard, UV&EB Chemistry and Technology, 2013. [Online].
Available:http://72.52.184.8/ radtecho/pdfs/PrinterGuideChemistry.
pdf| (visited on 10/01/2013).

149


http://dx.doi.org/10.1002/1097-0126(200101)50:1<113::AID-PI594>3.0.CO;2-X
http://dx.doi.org/10.1016/0079-6700(95)00027-5
http://dx.doi.org/10.1016/0079-6700(95)00027-5
http://dx.doi.org/10.1002/pola.10162
http://dx.doi.org/10.1016/S0032-3861(01)00221-X
http://dx.doi.org/10.1002/marc.200290014
http://dx.doi.org/10.1002/app.1995.070550218
http://72.52.184.8/~radtecho/pdfs/PrinterGuideChemistry.pdf
http://72.52.184.8/~radtecho/pdfs/PrinterGuideChemistry.pdf

PUBLICATION 3

[33] M. J. Mikl, ‘Herstellung und Charakterisierung von thermotropen Systemen mit

fixierten Domanen’, Diplomarbeit, University of Leoben, Leoben, 2010.

150



9 Introduction to Publication 4

The challenge of preventing vacuole formation in TSFD formulated with paraffin wax
as thermotropic additive and UV-curable resin matrix was successfully accomplished
in chapter[8] Nevertheless, a major challenge remained unsolved so far: Diameters of
scattering domains formed by paraffin wax are still inappropriate for efficient over-
heating protection. Earlier publications [[1]-[3] highlighted this issue as hampering the
establishment of TSFD with efficient overheating protection performance. However,
they were not able to solve this problem. Furthermore, as outlined earlier, several
TSFD formulated with more polar thermotropic additives faced an additional chal-
lenge: Not only the scattering domain dimensions were inappropriate for overheating
protection. Indeed, the observed scattering domain shapes were inappropriate as
well. The formation of inappropriate scattering domain shapes was ascribed to a
rather complex effect: Upon manufacturing of the TSFD, temperatures exceeding
the melting temperatures of the thermotropic additives were maintained. Due to
matrix/additive interactions the additives were solubilised in the resin matrix and a
one-phase mixture was formed. Upon cooling, a two-phase system was established
by precipitation of the thermotropic additive. The precipitation was induced by ad-
ditive crystallisation and thus the energetically most favourable shape of the additive
domains was established. Obviously, in several cases this was a non-spherical shape.
Attempts to establish spherical instead of non-spherical scattering domains in these
TSFD by addition of additives - like potential nucleation agents - failed and thus are

only presented in the respective project report [4].

In view of these results, it was considered to be more promising to tune the scattering
domain size in TSFD that already exhibit spherical scattering domains (e.g. like TSFD

formulated with paraffin wax as thermotropic additive and UV-curable resin matrix).
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Thus, mixtures of matrix and thermotropic additive that were showing insignificant
solubilisation of the additive in the matrix were considered to be relevant. Such kind
of mixtures form a persistent liquid/liquid two-phase mixture during manufacturing
and thus form predominantly spherical or ellipsoidal additive droplets, similar as in
conventional emulsions [5]. Upon crystallisation of the additive, the droplet shape
may persist and thus spherical or ellipsoidal additive domains are formed. Hence,
only the size of the droplets has to be adjusted in order to be appropriate for efficient
back-scattering. Subsequently, considerations with regard to size adjustment of the

droplets are discussed more in detail.

In two-phase mixtures, the established size of the minor phase is dependent on a wide
variety of factors including rheological aspects (shear flow, elongational flow, viscosity
ratio of the phases, etc.) and interaction of major and minor phase for example [5]-
[8]. In conventional O/W-emulsions for example, the interactions of major and minor
phase can obviously be tuned by addition of surfactantsyielding a changein interfacial
tension between major and minor phase and thus a potenial reduction in droplet
size of the minor phase. From similarity considerations (prior to curing, a mixture of
UV-curable resin matrix and thermotropic additive form a liquid/liquid two-phase
system) manipulation of interaction of both phases of TSFD were considered to be a

promising approach in order to reduce diameter of established scattering domains.

Another promising approach was to enhance the number of additive domains and
thus to form smaller droplets due to mass conservation. With regard to these consid-
erations, the introduction of additional crystallisation nuclei by changing processing
temperature (affecting homogeneous nucleation of additive crystallisation) and/or
addition of potential nucleation agent (heterogeneous nucleation) were considered to
be reasonable. In the subsequent manuscript the outlined hypotheses are exploited
more in detail and the viability of the suggested measures in order to enhance the

overheating protection performance of TSFD is evaluated.
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10.2 Abstract

Within this study the effect of functional additives and processing conditions on
the light-shielding efficiency of thermotropic systems with fixed domains (TSFD) for
overheating protection purposes was evaluated. Focus was on improving overheating
protection performance of a prototype TSFD based on UV curable acrylate resin by
optimisation of material constitution (addition of functional additives like surfactants
and nucleating agents) and processing conditions (temperature conditions during
manufacturing, annealing). For the evaluated system an effect of nucleating agent on
the light-shielding efficiency was ascertained. Furthermore, omission of an annealing
step improved light-shielding efficiency slightly.

10.3 Introduction

Thermotropic glazings change optical appearance from transparent to opaque upon
exceeding a certain threshold temperature reversibly [1], [2]]. Their utilisation in the
facade of a building can maintain a reduction in energy consumption for heating,
cooling and artificial day-lighting (smart window) [3]|-[5]. Thus, a reduction in over-
all energy demand of a building is achievable [3]-[5]. Furthermore, thermotropic
glazings can provide efficient overheating protection for solar thermal collectors
and thus can limit stagnation temperatures to less than 130 °C (smart collector) [6].
Hence, stagnation control by thermotropic glazings can alleviate thermal load on
solar thermal systems (especially collectors) and heat carrier fluid and thus prevent
those from deterioration, ageing and failure [7]. Especially for polymeric solar thermal
systems stagnation control is a prerequisite in order not to exceed the long-term ser-
vice temperatures of utilised - preferably cost-efficient - polymeric materials [6]-
[al.

Besides other classes of thermotropic glazing materials, thermotropic systems with
fixed domains (TSFD) gained interest in recent research due to their specific advant-
ages like ease of adjustment of switching threshold, high long-term stability, low
hysteresis, high reversibility and steep switching process [9]-[30]. TSFD consist of a
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thermotropic additive which is finely dispersed in a matrix material [1]], [3]. Below
the threshold temperature refractive indices of matrix and additive are almost equal
yielding transparent appearance of the TSFD [1]. Upon exceeding the threshold tem-
perature (i.e. the melting temperature of the additive) a steep increase in refractive
index difference between matrix and additive is imparted with the onset of intense
light-scattering and thus a transmittance reduction [1]. Besides refractive index dif-
ference, TSFD morphology is of paramount importance for overheating protection
performance [31], [32]. Maximum light-shielding efficiency is attained by spherical

scattering domains with diameter in the range between 200 and 400 nm [31].

Recent studies regarding TSFD revealed limited overheating protection performance
of the layers due to inappropriate scattering domain size and/or shape for optimum
light-shielding efficiency [17], [19], [26], [28], [30]. In a preceding study, potential
remedies in order to adjust scattering domain shape and size were outlined [30]. Dur-
ing manufacturing, uncured matrix material (i.e. a mixture of an oligomer, reactive
diluent and photo-initiator) and thermotropic additive form a kind of emulsion. In
conventional emulsions the addition of surfactants yields a reduction in droplet size
by changing interfacial energy between continuous and disperse phase [33]-[36].
In analogy, the addition of surfactants to mixtures of matrix material and additive
might also reduce scattering domain size. However, surfactants may also induce
heterogeneous nucleation in additive domains. This was observed in emulsions
of phase change materials for example [37]. Usually, heterogeneous nucleation is
induced by intentional addition of nucleating agents to a crystallisable substance
[38]-[42]. Addition to mixtures of matrix material and additive may probably yield a
reduction in size of scattering domains by increasing number of crystallisation loci
and by affecting free energy for crystallisation. Furthermore, temperature conditions
during manufacturing process may affect the overheating protection performance
of TSFD significantly [14], [29], due to temperature-affected variations in nucleation
of crystallisation which probably induce changes in scattering domain size distri-
bution. Furthermore, an annealing step employed after curing probably enhances

homogeneity of TSFD.

Thus, the major objective of the present study is to investigate the effect of surfactants

and nucleating agents on scattering domain parameters and hence the light-shielding
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efficiency of TSFD produced from UV-curable resin. As the light-shielding properties of
TSFD are directly related to the TSFD morphology, determining the solar optical prop-
erties of TSFD is an appropriate index in order to quantify the effect of the employed
measures on TSFD morphology. Furthermore, the effect of processing conditions
(thermal treatment, annealing) on the overheating protection performance of TSFD

is studied. Effects are investigated by employing tools of factorial design.

10.4 Experimental

10.4.1 Materials and Formulation

To address the aspects discussed above TSFD M7A1-OTA-p3-RT-0.008 — which was
already developed in a preceding publication [29] - was selected as prototype system.
That specific layer was selected because it exhibited appropriate scattering domain
shape (spherical) but inappropriate scattering domain diameter for efficient over-
heating protection. A reduction in scattering domain diameter is likely to enhance

the light-shielding efficiency significantly.

The layers formulated within this study were thus derivatives of TSFD M7A1-OTA-p3-
RT-0.008. UV-curable resin matrix consisted of 57 wt% polyester acrylate oligomer
Ebecryl 800 (Allnex Belgium SA/NV, former Cytec Surface Specialities, Drogenbos,
BE), 40 wt% reactive diluent OTA-480 (abbr. OTA) - a propoxylated glycerol esterified
with acrylic acid (Allnex) - and 3 wt% photo-bleaching photo-initiator Lucirin TPO-L
(BASF SE, Ludwigshafen, DE). Thermotropic additive was paraffin wax Sasolwax 5005
(additive A1; Sasol Wax GmbH, Hamburg, DE) with melting point at 55 °C [28]. The
nomenclature of the thermotropic additive is consistent with previous publications
[28]-[30]. Functional additives were non-ionic surfactant Lutensol AT11 (BTC Europe
GmbH, Koln, DE) and the potential nucleating agent synthetic Indigo (Sigma-Aldrich
Handels GmbH, Wien, AT). Initially, Indigo was chosen as potential nucleation agent
from analogy considerations: Paraffin waxes and polyolefins have similar structure.
In polypropylene (a polyolefin) Indigo was recognised as efficient nucleating agent
[43], [44]. Thus Indigo is supposed to act as a nucleating agent in paraffin waxes
also. Table[10.1]shows the factors and factor levels employed upon TSFD formulation.
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Whereas the factor levels employed for the factor AT11 concentration were either
0.01 or 0.02 mol kg™, the factor levels maintained for the factor Indigo concentration
were either 0 or 0.001 mol kg™. Thermotropic layers were prepared by dissolving
the thermotropic additive and functional additives in the UV-curable matrix solution.
Dissolutions were poured in the intervening space between two glass panes which
were sealed around the edge and stored at either —20 °C (factor level “DF”) or room
temperature (factor level “RT”) for 10 min prior and post curing. Thermotropic mix-
tures were cured with an intensity of 4.6 pW cm™ yielding a dose of 8.3 mJ cm™ from
366 nm lamp of Universal-UV-Lamp (Camag, Muttenz, CH). Free standing layers with a
thickness of 900 um were obtained after removal of the glass panes. Theoretical addit-
ive concentration was 5 wt%. TSFD were either annealed at the mixing temperature
(100 °C) of resin matrix and the thermotropic additive (factor level 1) or not annealed
(factor level -1). Accordingly, the parental layer M7A1-OTA-p3-RT-0.008 represents the

factor combination AT11: 0 mol kg™; Indigo: 0 mol kg™; Treatment: RT; Annealing:

no).

Table 10.1.: Factors and factor levels employed for formulation of TSFD.
Factorsand c(AT11) c(Indigo) Treatment®  Annealing®
Levels [mol kg™]2 [mol kg™]2 [—] [—]

Coded -1 +1 -1 +1 -1 +1 -1 +1
Uncoded 0.01 0.02 0 0.001 RT DF no yes

® molfunctional additive related to kilograms of thermotropic mixture (matrix + thermotropic
additive)

bRT: storage at room temperature for 10 min prior and post curing; DF: storage at -20 °C for
10 min prior and post curing

¢ at the mixing temperature of resin matrix and thermotropic additive

10.4.2 Characterisation Methodology
10.4.2.1 Light-Shielding Efficiency

Overheating protection performance of TSFD was determined applying UV/Vis/NIR
spectrometry. A double beam UV/Vis/NIR spectrophotometer Lambda 950 (Perkin
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Elmer Inc., Waltham, MA, US) equipped with an Ulbricht-sphere (diameter 150 mm)
was employed. For the given measurement apparatus the radiation passing through
(transmittance) the specimen outside a cone of approximately 5° relative to the incid-
ent beam direction was defined as diffuse (scattered) component. Hemispheric and
diffuse transmittance was recorded at normal incidence in the spectral region from
250 to 2500 nm. The integral solar transmittance was determined by weighting the
recorded spectral data in steps of 5 nm by the AM1.5 global solar irradiance source
function. The spectrophotometer was adapted by a heating stage to adjust sample
temperature within a range from ambient temperature to maximum 115 °C [28]. Meas-
urements were performed at room temperature and 70 °C. Prior to measurement,
the samples were allowed to equilibrate for five minutes at the selected temperature.
The heating stage was equipped with a control system consisting of a heating stage-
internal J-type thermocouple as temperature sensor and the control unit HS-W-35/M
(Heinz Stegmeier Heizelemente HS-Heizelemente GmbH, Fridingen, DE). Within the
heating stage the sample was positioned in close proximity of the port hole of the
Ulbricht-sphere. In situ front- and backside sample surface temperatures as a function
of set-point value of the control unit were recorded on a prototype sample with a two-
channel temperature measurement instrument T900 (Dostmann electronic GmbH,
Wertheim-Reicholzheim, DE) equipped with a precision K-type thermocouple. Sample
temperature was assumed as the average of both recorded surface temperatures.
Required set-point values to maintain average sample temperatures were calculated
from a second order polynomial fit of the temperatures recorded in measurements of

the prototype sample. A double determination was carried out.

10.4.2.2 Morphology

Morphological characterisation of TSFD was carried out applying an optical micro-
scope Olympus BX51 (Olympus Austria Ges. m. b. H., Wien, AT) in transmitted light
mode. TSFD were investigated without further preparation. Domain size was eval-
uated with measurement tools of software analySIS (Soft Imaging System GmbH,

Miinster, DE). Minimum and maximum sizes of scattering domains were evaluated.
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10.5 Results and Discussion

Table[10.2] presents the response - solar hemispheric transmittance detected either
at room temperature (t,yR") or at 70 °C (tn /) - of the investigated TSFD upon ap-
plication of different factor combinations during manufacturing process. Factors
varied were concentration of functional additives AT11 and Indigo as well as thermal
treatment and annealing (see Table[10.1). Solar hemispheric transmittance varied
between 67.3 and 82.3 % at room temperature on the one hand side and between
66.1 and 82.3 % at 70 °C on the other hand side. The layers formulated with Indigo
displayed the lowest solar hemispheric transmittance: Their transmittance varied
between 67.3 and 76.0 % (layers without Indigo 78.8-82.3 %) at room temperature
and between 66.1 and 76.3 % (layers without Indigo 79.6-82.3 %) at 70 °C. That was
attributed to the colouration of TSFD induced by Indigo. In Figure[10.1]hemispheric
transmittance spectra at room temperature of layers formulated without (solid line;
factor combination AT11: 0.01 mol kg™*; Indigo: 0 mol kg™; Treatment: RT; Anneal-
ing: no) or with (dash-dotted line; factor combination AT11: 0.01 mol kg™*; Indigo:
0.001 mol kg™; Treatment: RT; Annealing: no) Indigo are presented. Around 600 nm,
the layer formulated with Indigo displayed a lower transmittance compared to the
layer formulated without Indigo. That was ascribed to absorption characteristics of
Indigo. Furthermore, Indigo introduced inhomogeneities to the TSFD: In optical mi-
crographs, individual pigment particles of Indigo were discernible. Figure[10.2|shows
an optical micrograph of a layer formulated without Indigo (Figure[10.2j) along with
the optical micrograph of a layer formulated with Indigo (Figure[10.2b). Both layers
exhibited spherical scattering domains (bright spots) with similar size. Apart from the
scattering domains, the layer formulated with Indigo showed plate-like structures
(black arrows are pointing on several ones) additionally. These structures were Indigo
(pigment) particles. These particles are distributed in the matrix and are not nucleat-
ing an additive domain. Thus, Indigo seems to be not as effective in nucleating the
thermotropic additive Al as desired. Furthermore, the layers formulated with Indigo

exhibited agglomerates of Indigo, yielding heterogeneous colouration.
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Figure 10.1.: Hemispheric transmittance of TSFD formulated without (solid line; treatment com-
bination AT11: 0.01 molkg™*; Indigo: 0 mol kg™*; Treatment: RT; Annealing: no) and with (dash-
dotted line; treatment combination AT11: 0.01 mol kg™; Indigo: 0.001 mol kg™*; Treatment: RT;
Annealing: no) Indigo.

Figure 10.2.: Optical micrographs of layers formulated (a) without (treatment combination:
AT11:0.01 molkg™; Indigo: 0 mol kg™*; Treatment: RT; Annealing: no) and (b) with (treatment
combination: AT11: 0.01 mol kg™; Indigo: 0.001 mol kg™; Treatment: RT; Annealing: no) Indigo.
Black arrows are pointing on several Indigo particles. Contrast of the image was enhanced by

image processing software.

Summarizing, the addition of Indigo yielded a transmittance reduction of the proto-
type TSFD which was ascribed to the predominating effect of absorption of incident
radiation. Moreover, the desired nucleating agent-induced reduction in scattering
domain-size by addition of Indigo as potential nucleating agent for the thermotropic
additive was not achieved. This may be ascribed to a lack of nucleating potential of

Indigo for the utilised paraffin wax. Anyway, due to the observed inhomogeneities -
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caused by Indigo agglomerates - which yielded a potential bias for statistical analysis,

subsequent discussion is going to omit TSFD formulated with Indigo.

Analysis of variance (ANOVA; coded factor levels according to Table[10.1were em-
ployed upon calculation of the factor effects) of the data presented in Table[10.2]
revealed the most important factors with regard to solar hemispheric transmittance.
For solar hemispheric transmittance at room temperature, the effect of the factor
Annealing was significant only (see Table ). The other factors displayed insignific-
ant effects. On the contrary, for solar hemispheric transmittance at 70 °C the effect
of factor Treatment was significant only (see Table[10.4]). Except for the factor AT11

concentration - its effect was indifferent - all other factors exhibited insignificant

effects.

Table 10.3.: Results of the Analysis of Variance of the quasi-23 full factorial design re-

garding solar hemispheric transmittance of formulated TSFD at room temperature

(tan®T). Layers formulated with Indigo were omitted.

Factors Effect  P-Value?® Effect
for test significance
regarding assessment P
factor effect
on t,pR"
c(AT11) 0.445 0.237 -
Treatment —-0.061 0.865 -
Annealing —-1.327 0.005 +
c(AT11) x Treatment 0.137 0.704 -
c(AT11)xAnnealing 0.275 0.453 -
TreatmentxAnnealing 0.348 0.347 -
c(AT11)x TreatmentxAnnealing -0.264 0.470 -

@ Test statistics according to Montgomery [45]
® accordingto Kleppmann [46]. Applied symbols

significant, “++” highly significant
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10.5. RESULTS AND DISCUSSION

Table 10.4.: Results of the Analysis of Variance of the quasi-2® full factorial design
regarding solar hemispheric transmittance of formulated TSFD at 70 °C (T, ).

Layers formulated with Indigo were omitted.

Factors Effect P-vValue @ Effect
for test significance
regarding assessment ?

factor effect

on T, R"
c(AT11) 0.727 0.014 o
Treatment -1.104 >0.001 +
Annealing -0.299 0.234 -
c(AT11)x Treatment 0.117 0.629 -
c(AT11)xAnnealing -0.362 0.158 -
TreatmentxAnnealing -0.303 0.227 -

c(AT11)xTreatmentxAnnealing -0.225 0.362 -

@ Test statistics according to Montgomery [45]
® accordingto Kleppmann [46]. Applied symbols: “~” insignificant, “o” indifferent, “+”

significant, “++” highly significant

Figure[10.3|displays a plot regarding the factor effects of the factors concentration
of functional additive AT11, thermal treatment and annealing on solar hemispheric
transmittance at room temperature (RT) and at 70 °C of layers formulated without
Indigo. Individual data points are presented for room temperature (squares) and for
70 °C (circles). Furthermore, the change in mean value of solar hemispheric transmit-
tance upon changing a factor level is presented either with a solid line (for RT) or a
dashed line (for 70 °C). Results were derived from data presented in Table[10.2] The
mean solar hemispheric transmittances at room temperature and 70 °C were both
lower for factor level 0.01 mol kg™ than for factor level 0.02 mol kg™ of factor AT11
concentration. The parallel slope of the mean plots indicated that the factor AT11
concentration did not interact with the measurement temperature. Furthermore, for
both factor levels of the factor AT11 concentration the mean solar hemispheric trans-
mittance did only change to a minor extent when exceeding the switching threshold.

Probably, an increase in AT11 concentration improved the overall transmittance of
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the TSFD by affecting the scattering domain size distribution. Imagine two scattering
domain size distributions: Whereas one size distribution displays scattering domains
with sizes close to the optimum, another size distribution displays bigger domains. As-
suming a slight difference in refractive indices of matrix and additive already existing
at room temperature, a TSFD exhibiting the latter scattering domain size distribution
will show pronounced forward-scattering and reduced back-scattering compared to
a TSFD exhibiting optimally sized scattering domains. Thus also solar hemispheric
transmittance will be higher. However, the factor effects of the factor AT11 concen-
tration with regard to solar hemispheric transmittance at room temperature and at
70 °C were rather small. Actually, the factor effects were insignificant and indifferent
with regard to solar hemispheric transmittance detected at room temperature and
70 °C, respectively (see Tables[10.3}[10.4). The rather small factor effect of the factor
AT11 concentration was also related to the calculated insignificance of any factor
with regard to the scattering domain diameter minima and maxima (see Table[10.5}
diameters varied between 1.4 and 1568 pm). Thus, variation in AT11 concentration
did not affect the scattering domain size in the desired way. Furthermore, the additive
AT11 seems to be inappropriate to reduce the scattering domain size and thus to
yield a significant improvement in light-shielding efficiency because the addition of
AT11 was not effectual in order to enhance the difference between solar hemispheric
transmittance at room temperature and at 70 °C: For a layer lacking any AT11 (spe-
cifically that was layer M7A1-OTA-p3-RT-0.008 [29]], which represents a treatment
combination of AT11: 0 mol kg™; Indigo: 0 mol kg™}; Treatment: RT; Annealing: no), a
solar hemispheric transmittance of 81.2 and 78.5 % was achieved below and above
the threshold temperature, respectively. Upon application of an AT11 concentration
of 0.01 mol kg™* solar hemispheric transmittance was recorded to be 81.9 and 81.1%
below and above the threshold temperature, respectively. For an AT11 concentra-
tion of 0.02 mol kg™ solar hemispheric transmittance was 81.6 and 81.8 % below and
above the threshold temperature, respectively. These mean values were calculated
from respective data presented in Table[10.2]- row 1 and 2. Thus, AT11 did not act
in the supposed manner (like a surfactant in an emulsion) in the investigated resin
systems. However, the two other factors Treatment and Annealing showed more

distinct effects, as already demonstrated by ANOVA.
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For both factor levels of the factor Treatment, the mean solar hemispheric transmit-
tances at room temperature were almost the same. For factor level RT, mean solar
hemispheric transmittance was higher at 70 °C than at room temperature. On the
contrary, for factor level DF the mean solar hemispheric transmittance was lower at

70 °C than at room temperature.

g3 RT; - —-70°C
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Figure 10.3.: Plot regarding effects of factors concentration of functional additive AT11, thermal
treatment (Treatment) applied during manufacturing and Annealing on solar hemispheric
transmittance of TSFD at room temperature (RT; single data points represented by squares;
change of mean value illustrated by solid line) and at 70 °C (single data points represented by

circles; change of mean value illustrated by dashed line) for layers formulated without Indigo.

For factor Annealing, the findings were quite similar. Layers lacking annealing dis-
played a higher mean solar hemispheric transmittance at room temperature than
the annealed layers. For layers lacking annealing, the solar hemispheric transmit-
tance was lower at 70 °C than at room temperature. For the annealed layers, the
temperature-dependent behaviour was inverted. Such kind of behaviour was ob-
served already in earlier studies [28]]-[30]: TSFD without defects (like vacuoles or
voids) showed a decrease in solar hemispheric transmittance upon exceeding the
threshold temperature. This behaviour is consistent with the observed increase in

refractive index difference between matrix and thermotropic additive upon exceed-
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ing the threshold temperature (28], [30]. On the contrary, TSFD displaying defects
(especially vacuoles) exhibited an increase in solar hemispheric transmittance upon
exceeding the threshold temperature [28]-[30]. The low solar hemispheric trans-
mittance at room temperature was attributed to the high refractive index difference
established between matrix/additive (n approx. 1.5) and vacuoles (n =1). Upon
melting of the additive, the vacuoles disappeared and the subsequent reduction in
refractive index difference at the scattering interfaces yielded a higher solar hemi-
spheric transmittance than at room temperature. Taking these previous findings into

account, the annealed layers were suspected to exhibit defects.

Table 10.5.: Minimum and maximum of scattering domain diameter detected for spherical

domains in formulated TSFD.

c(AT11) c(Indigo)  Treatment Annealing Diam.,min. Diam., max.
[molkg™] [molkg™] [—] [—] [pum] [pm]
0.01 0 RT no 14 1568
0.02 0 RT no 3.2 907
0.01 0.001 RT no 1.8 170
0.02 0.001 RT no 3.0 537
0.01 0 DF no 1.9 949
0.02 0 DF no 1.9 1198
0.01 0.001 DF no 1.9 983
0.02 0.001 DF no 2.1 802
0.01 0 RT yes 1.9 244
0.02 0 RT yes 2.5 607
0.01 0.001 RT yes 2.5 486
0.02 0.001 RT yes 1.9 410
0.01 0 DF yes 1.8 374
0.02 0 DF yes 3.0 657
0.01 0.001 DF yes 24 276
0.02 0.001 DF yes 14 353

The findings for the factors Treatment and Annealing were an indication for possible

changes in the internal material structure upon changing factor levels. Thus, in
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Figure[10.4]light micrographs of layers formulated upon application of different factor Figure[10.4]
combinations are displayed. Focus is on the different factor levels of the factors
Treatment and Annealing. Whereas the layers lacking annealing displayed almost no
vacuoles inside the spherical scattering domains (Figures[10.4p,c), the annealed layers
exhibited a higher number of vacuoles (dark areas) inside the scattering domains
(Figures,d). Nevertheless, the vacuole concentration was rather low compared
to layers which were not optimised with regard to curing procedure [29]. It can be
concluded that in spite of enhancing the homogeneity of TSFD - which was initially

supposed - annealing introduced additional vacuoles to the TSFD.

Annealing
no yes

Treatment

Figure 10.4.: Light micrographs of TSFD obtained upon application of different factor combin-
ations (a) AT11:0.01 molkg™*; Indigo: 0 mol kg™*; Treatment: RT; Annealing: no (b) AT11:
0.01mol kg™*; Indigo: 0 mol kg™*; Treatment: RT; Annealing: yes (¢) AT11: 0.01 mol kg™*; Indigo:
0molkg™; Treatment: DF; Annealing: no (d) AT11: 0.01 molkg™*; Indigo: 0 mol kg™; Treatment:
DF; Annealing: yes.

These observations led to the conclusion, that the significant effect of Annealing on

the solar hemispheric transmittance at room temperature is associated with these
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vacuoles. The vacuoles were probably formed during the annealing process. This
was ascribed to a thermally-driven diffusion process of molten additive, leaving less
thermotropic additive within the cavity provided by the matrix material after the
annealing process. This hypothesis is supported by the observation of thermally in-
duced diffusion processes of thermotropic additive in a preceding study [26], yielding
a loss of thermotropic additive inside matrix cavities. Vacuoles have a refractive index
equal to unity, yielding a rather high refractive index (RI) difference at the scatter-
ing interfaces (boundaries to matrix or additive, which both have a Rl around 1.5 at
room temperature). Consequently, high scattering efficiency is achieved, yielding
a low solar hemispheric transmittance at room temperature. Upon exceeding the
threshold temperature, the remaining additive fills the cavity completely due to its
higher coefficient of thermal expansion compared to the matrix (e.g. 6 x 102 K™
to 8 x 1072 K™ for PMMA [47] versus 0.7 x 1073 K™ to 1.1 x 1073 K™ for paraffin [48])
and vacuoles vanish. Thus, a lower refractive index difference is established at the
scattering interface matrix/additive (Rl around 1.5 versus 1.44 for matrix and additive,
respectively). Consequently, the achieved lower scattering efficiency yields a higher
solar hemispheric transmittance at 70 °C than at room temperature. For layers lacking
vacuoles - like those not exposed to the annealing process - an increase in refractive
index difference between matrix and scattering domain is achieved upon exceeding
the threshold temperature. Consequently, an increase in scattering efficiency and
hence a reduction in solar hemispheric transmittance upon exceeding the threshold

temperature was achieved for these layers.

The considerations made before indicated that vacuoles are supposed to be absent at
70 °C. This hypothesis is supported by the assignment of an insignificant effect to the
factor Annealing with regard to solar hemispheric transmittance at 70 °C. If vacuoles
would have been present at 70 °C, the established high refractive index difference at
the scatteringinterfaces would have yielded high scattering efficiency and thus a lower
solar hemispheric transmittance compared to layers without vacuoles. The absence
of vacuoles is hence also the reason why the layers formulated upon application of
the different factor levels of factor Annealing displayed rather similar mean solar

hemispheric transmittance at 70 °C.
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However, these micrographs do not give a guiding line for the reason why the factor
Treatment is the only significant with regard to solar hemispheric transmittance at
70 °C. From the data presented above, it is evident that layers exposed to Treatment
factor level DF showed a lower solar hemispheric transmittance at 70 °C compared
to layers which were subject to Treatment RT. Upon recognition of the postulated
absence of vacuoles at 70 °C, only one reasonable conclusion can be drawn: The lower
solar hemispheric transmittance at 70 °C for layers which were subject to Treatment
DF compared to layers exposed to Treatment RT can only be due to differences in
scattering domain size. This is because the absence of vacuoles implies that refract-
ive index difference at the scattering interface for both factor levels are the same.
Lower storage temperature (factor level DF) prior to UV-exposure probably yields
faster nucleation and reduced mobility of additive droplets in the matrix due to higher
viscosity. Thus, coalescence of additive droplets prior to solidification is probably
reduced. Consequently, achievement of more and smaller scattering domains is likely.
Provided that refractive index difference between matrix and additive is low, layers
with smaller scattering domain diameter and layers with bigger scattering domains
are likely to exhibit similar solar hemispheric transmittance at room temperature.
However, upon melting of the additive, the smaller scattering domains would yield
more efficient back-scattering and thus lower solar hemispheric transmittance of
the corresponding layer. Hence, the factor Treatment would have nearly no effect
on solar hemispheric transmittance at room temperature but a significant effect on
solar hemispheric transmittance change when exceeding the threshold temperat-
ure. This hypothesis would fit best to the observed response to variations in factor
Treatment. However, morphological analysis did not reveal differences in scattering
domain size between layers produced under conditions of factor levels RT and DF: As
already pointed out before, no significant differences in scattering domain diameter
(neither with regard to minimum nor to maximum) were evident for the different
factor combinations. This was ascribed to the small effects of the different applied
factors, probably yielding only small changes in scattering domain size, which were

not resolvable with light microscopy applied within this study.

Anyway, a key result of this study is that the employed factor combinations did not

improve the scattering domain size of the TSFD and hence did not improve the light-
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shielding efficiency of the TSFD reasonably. However, the experiments have also
shown that light-shielding efficiency of TSFD is very sensible to vacuoles. Vacuole
formation has to be avoided under any circumstances. A preceding study [29] pointed
out that vacuole formation can be prevented by careful adjustment (i.e. reduction)
of radiation intensity and dose employed upon curing of the TSFD. Now evidence is
proven that selection of disadvantageous processing conditions others than radiation
intensity and dose can also yield undesirable vacuole formation and thus reduction

of light-shielding efficiency of the TSFD investigated.

10.6 Summary and Conclusion

For the investigated TSFD system, the addition of Indigo as potential nucleating agent
reduced solar hemispheric transmittance at room temperature significantly due to
colouration. Indigo also introduced undesirable inhomogeneities into TSFD due to its
insolubility and indispersibility in the resin matrix. Furthermore, it was not able to
nucleate the thermotropic additive in the desired way and thus to reduce the scatter-
ing domain size. This was ascribed to the lacking nucleation potential of Indigo with
regard to the employed thermotropic additive. Altogether, the addition of Indigo was
not beneficial with regard to TSFD performance. Thus, statistical data analysis was
conducted for the layers formulated without Indigo. For these layers the application
of an annealing step yielded a lower solar hemispheric transmittance at room tem-
perature than for layers lacking annealing. Furthermore the annealed layers showed
an increase in solar hemispheric transmittance upon exceeding the threshold temper-
ature. The observed behaviour of the annealed layers was ascribed to vacuoles which
were formed upon annealing. The vacuole formation was attributed to thermally-
induced diffusion of the molten additive, yielding an additive loss inside the cavities
provided by the surrounding matrix material. The vacuoles introduced a high refract-
ive index difference at the scattering interfaces at room temperature, yielding intense
scattering. Upon melting of the thermotropic additive the vacuoles disappeared and
the refractive index difference at the scattering interfaces was reduced along with a
reduction in scattering efficiency. In contrast, layers lacking annealing displayed no

vacuoles. Thus, an increase in refractive index difference at the scattering interfaces
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(i.e. matrix/thermotropic additive interfaces) was maintained. Consequently, a high
solar hemispheric transmittance at room temperature and a transmittance reduc-
tion upon exceeding the threshold temperature was ascertained due to increasing
scattering efficiency. Nevertheless, due to absence of vacuoles, morphology of layers
annealed and not annealed was likely to be similar above the switching threshold of
the TSFD. Consequently, the factor Annealing had no significant effect on solar hemi-
spherictransmittance at 70 °C. On the contrary, the variation of the thermal treatment
of the TSFD prior and post curing process (storage at =20 °C for 10 min prior and post
curing instead of storage at room temperature) had a significant effect on the solar
hemispheric transmittance at 70 °C (but not on transmittance at room temperature).
The solar hemispheric transmittance at 70 °C was lower when the TSFD was stored at
-20 °C than at room temperature. The lower storage temperature was suspected to
enhance (homogeneous) nucleation of additive droplets and their solidification on
the one hand side. On the other hand side, a storage temperature reduction increased
the matrix viscosity and thus was likely to obstruct additive droplet mobility and
coalescence. Hence, formation of a higher number of scattering domains - increasing
scattering probability -, which are also smaller (improving scattering efficiency) due
to mass conservation, was likely. However, morphological analysis by optical light
microscopy revealed no differences with regard to scattering domain size of layers
stored at —20 °C or room temperature. Anyway, the employed measures revealed no
break-through in attempting a significant improvement of the overheating protection
performance of TSFD: Although several of the applied measures slightly improved
overheating protection performance of the investigated TSFD, attained light-shielding
efficiency was not appropriate in order to maintain efficient overheating protection
for a solar thermal collector. This was primarily attributed to inappropriate scattering
domain size. Hence, other factors than the investigated might have a more important
effect on the scattering domain diameter and thus the light-shielding efficiency. Some
of these factors might be the deformation employed upon mixing, interfacial tension
matrix/additive, viscosity ratio of the molten additive and the matrix resin, or type
of flow field (laminar or turbulent), which seem to play a more important role than
initially expected [34], [49]. Thus, future work has to focus on investigating other

factors or entirely different approaches in order to improve scattering domain size.
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Notwithstanding, formation of vacuoles via thermally induced diffusion of molten
thermotropic additive yielding a deterioration of the light-shielding efficiency of TSFD
might have severe implications with regard to application of a TSFD as overheating
protection glazing. In order to preserve long-term overheating protection perform-
ance of TSFD, such diffusion has to be suppressed, probably by encapsulation of
the thermotropic additive with a barrier layer. Otherwise, the efficiency of a solar
thermal collector equipped with a TSFD exhibiting thermally induced additive dif-
fusion as overheating protection glazing will suffer significantly from the reduced
solar hemispheric transmittance of the TSFD. Accordingly, investigations dealing with
adjustment of scattering domain size on the one hand side and encapsulation of the
additive in order to prevent additive diffusion on the other hand side and subsequent

assessment of long-term stability of the obtained TSFD are currently under way.
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11 Introduction to Publication 5

An important lesson learned from previous publication (see chapter[10) was that
thermally-induced diffusion of the thermotropic additive in its molten state had dele-
terious effects on the overheating protection performance of TSFD due to vacuole
formation. With regard to practical application of TSFD as an overheating protection
glazingin a solar thermal collector, this issue poses a severe challenge because the de-
terioration of the overheating protection performance of the TSFD which is associated
with the thermally-induced additive diffusion will indeed reduce the solar thermal
collector efficiency and thus its yield in an undesirable extent during operation. To
encapsulate the thermotropic additive with a barrier layer was considered to be a

promising approach to suppress thermally-driven diffusion of molten additive.

Notwithstanding, the applied measures in order to adjust the scattering domain size
of thermotropic additive paraffin wax - which was the initial motivation to conduct
the study outlined in chapter[10]- failed. For example the addition of a surfactant
was not effectual in order to affect the interactions of matrix and thermotropic ad-
ditive and thus to reduce the scattering domain size similar as a surfactant would
do in a conventional emulsion. Furthermore, suggested heterogeneous nucleation
of thermotropic additive in order to increase the number of crystallisation loci and
thus to reduce the scattering domain size did not work. This was attributed to the
lack of nucleating potential of the employed nucleating agent with regard to the
thermotropic additive utilised. Furthermore, an approach to affect homogeneous
nucleation of thermotropic additive was also established by variation of the temperat-
ure conditions during TSFD formulation in order to tune the number of crystallisation
loci. However, that approach did not work either. Changing the temperature condi-

tions during TSFD formulation do also affect the system rheology by increasing for
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instance the resin matrix viscosity. Hence, it was concluded that effects of system
rheology of TSFD during formulation on the scattering domain size were probably
underestimated. For instance, articles on disperson phenomena (in immiscible fluid
systems and emulsions) point out the significant importance of the viscosity ratio of
the components of a liquid disperse system with regard to the achievable droplet size
of the minor phase [1], [2]: Droplet break-up is easier for liquid/liquid systems with a
viscosity ratio close to unity and therefore smaller droplets are achievable. Probably
different viscosities of matrix resin and liquid paraffin wax forced the formation of in-
appropriately sized scattering domains upon TSFD formulation. In order to eliminate
these effects in a liquid/liquid mixture, establishment of a liquid resin matrix/solid
thermotropic additive mixture upon TSFD formulation was promising. Anyway, that
required the adjustment of the scattering domain size towards the optimum and their
solidification prior to TSFD formulation and to keep these domains solid during TSFD

formulation.

From literature it was recognised that numerous encapsulation processes were cap-
able to form a solid protective shell around a core material 3], [4]. From the numerous
encapsulation processes described in the literature, miniemulsion polymerisation
was considered to be most promising technique due to the possibility to obtain cap-
sules with diameters below 1 um [3]-[18]. So far, only MUEHLING ET AL. [16] applied
miniemulsion polymerisation in order encapsulate a thermotropic additive prior to
TSFD formulation. Nevertheless, MUEHLING ET AL. [[16] employed thermally initiated
miniemulsion polymerisation. When striving for encapsulation of thermotropic ad-
ditives with a low melting point - like MUEHLING ET AL. [16] actually did - thermal
initiation is considered to be rather unproblematic. However, when striving for the
encapsulation of thermotropic additives with a higher melting point, higher temper-
atures have to be maintained during establishment of the reactants and subsequent
emulsification. If these temperatures exceed the decomposition temperature of a
utilised thermal initiator, one may lose spatial and temporal control of the start of
the polymerisation reaction. Furthermore, at higher temperatures the reaction will
likely be faster due to enhanced decomposition frequency of thermal initiators. Thus,
decoupling the initiation trigger from the process temperature was considered to be

desirable. In this context, photo-initiation was considered to be an elegant way to
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trigger the initiation of the polymerisation reaction. Hence, the manuscript presen-

ted hereafter describes the development of a photo-initiated miniemulsion process

for encapsulation of thermotropic additive (adjustment of scattering domain size)

and subsequent TSFD formulation with the reaction product. Consequently, such a

process will provide more flexibility with regard to encapsulation of a wide variety

of thermotropic additives (exhibiting different melting temperatures). Furthermore,

such a process will be reasonably fast.
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12.2 Abstract

Within this study, a time saving photo-initiated miniemulsion polymerisation process
(duration of polymerisation was 15 min) was established in order to encapsulate a
paraffin wax with an acrylate polymer shell. The obtained freeze-dried latex was an
off-white powder exhibiting spherical particles with mean diameters around 400 nm
and a concentration of paraffin wax around 56 %. Mixing the reaction product with
a UV-curable resin matrix resulted in thermotropic overheating protection glazings

with high light-shielding efficiency.

12.3 Introduction

Thermotropic glazings change their optical properties from transparent to opaque
upon exceeding a predefined threshold temperature, reversibly [1], [2]. Thus, they
can provide efficient overheating protection for buildings as well as for solar thermal
collectors [1], [3]-[9]. Upon utilisation in a building’s fagade, a reduction in primary
energy demand is achievable by reduction of energy consumption for heating, cooling
and artificial daylighting 3], [4]. In solar thermal collectors, they can limit stagnation
temperatures to values below 130 °C which otherwise would exceed 180 °C and thus
prevent deterioration, ageing and potential failure of heat carrier fluid and other
collector components [9]-[11]. Especially for polymeric solar thermal systems stagna-
tion controlis a prerequisite in order not to exceed the long-term service temperatures

of utilised - preferably cost-efficient - polymeric materials [9], [10], [12], [13].

Besides other thermotropic glazing systems, thermotropic systems with fixed do-
mains (TSFD) are promising due to specific advantages like ease of adjustment of
switching threshold, high long-term stability, low hysteresis, high reversibility and
steep switching process [8]]. The TSFD itselves consist of a thermotropic additive finely
dispersed in a matrix material [1], [6]. Below the threshold temperature, the refractive
indices of both components are almost equal, enabling the incident radiation to pass
the layer almost un-scattered [1]. Upon exceeding the threshold temperature (i.e.

melting of the additive), the refractive index of the thermotropic additive exhibits a
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steep change [1]. Thus a significant refractive index difference between matrix and
additive is obtained, finally resulting in intense scattering of incident radiation [1]. Be-
sides refractive index difference, layer morphology governs overheating protection of
TSFD to a high extent [14], [15]. Most efficient light-shielding is achieved for spherical
scattering domains with diameters between 200 and 400 nm [14]. Notwithstanding,
the achieved light-shielding efficiency of TSFD established so far is limited, and espe-
cially inappropriate for efficient overheating protection of an all-polymeric flat plate
collector 8], [9], [13]], [16]-[24]. Primarily, this was attributed to inappropriate scatter-
ing domain shape and/or size [13], [17], [19]-[23], [25], [26]: Scattering domains were
either spherical or non-spherical but too big in general anyway. In 2008, RESCH [27]
suggested adjustment of scattering domain shape and size prior to TSFD formulation
in order to enhance overheating protection performance of TSFD. To the best of our
knowledge, MUEHLING ET AL. [24] were the first and only ones so far conducting a
study devoted to the establishment of properly sized scattering domains for TSFD
formulation. However, the established threshold temperature (25 °C [24]) is rather low
and thus not appropriate for overheating protection of a solar thermal collector. Over-
heating protection of a solar thermal collector either requires threshold temperatures
in the range between 55 and 60 °C or 75 and 80 °C, respectively [9]. Thus, an objective
of this study was to establish a novel process for adjustment of scattering domain
size of thermotropic additive with rather high melting point (i.e. 55 °C). Furthermore,

formulation of TSFD with these optimally sized scattering domains was an issue.

12.4 Encapsulation of Thermotropic Additive

12.4.1 Background

As suggested earlier [21], [24], encapsulation of thermotropic additive was considered
to be a promising approach for adjustment of scattering domain size in order to
formulate TSFD with efficient overheating protection performance. Therefore, the
considerations which led to the actual setup of the subsequently employed encapsu-

lations process are outlined in the following paragraphs.
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For encapsulation of phase change materials in general and alkanes and paraffin
waxes - which may also serve as thermotropic additives - more specifically, poly-
merisation processes employing vinyl monomers are addressed rather frequently
in literature [28]-[50]. However, besides other techniques, the most versatile pro-
cess to establish encapsulated thermotropic additive with controlled size is probably
miniemulsion polymerisation [36]], [51]-[64]. In miniemulsion polymerisation the
polyreactions take place in some kind of “nanoreactors” formed by the disperse phase
which are separated from each other by the continuous phase [55], [57], [65]. Extens-
ive reviews on the details of miniemulsion polymerisation - also for encapsulation
purposes - are presented elsewhere [55], [57], [58], [61], [65], [66]. One noteworthy
aspect of miniemulsion polymerisation is that the “nanoreactor”-droplets have to be
stabilised against growth due to Ostwald-ripening by addition of an ultrahydrophobe
(551, [57], [65]. For example, the alkane hexadecane was recognised as a very efficient
ultrahydrophobe [55]], [65]. This is very interesting because with regard to adjustment
of the switching threshold of a TSFD, alkanes and paraffin waxes are probably the most
versatile thermotropic additives due to rather easy availability of materials displaying
a melting transition in the desired temperature ranges (either 55-60 °C or 75-80 °C
[9]). Hence, upon miniemulsion polymerisation mediated encapsulation of an alkane

or a paraffin wax these substances act as an ultrahydrophobe simultaneously.

However, encapsulation of paraffin waxes exhibiting melting in the previously spe-
cified temperature ranges might encounter challenges that are related to standard
thermal initiation of miniemulsion polymerisation: To form an emulsion, usually the
water- and the oil-phase are assembled separately prior to emulsification [35], [36],
[63]. Thereby, the oil-phase contains the monomers (e.g. acrylates) and the paraffin
wax (simultaneously acting as ultrahydrophobe in miniemulsion polymerisation).
Both phases have to be heated above the melting temperature of the paraffin wax in
order to subsequently establish an oil-in-water (O/W) emulsion. High energy emulsi-
fication techniques (e.g. ultrasound) are required in order to establish a miniemulsion
with narrow size distribution and small mean diameter [24], [57], [65], [67]-[69]. How-
ever, the high temperatures employed prior, during and after emulsification and heat
dissipation due to emulsification might be a challenge for thermal initiators, espe-

cially for oil-soluble ones. Oil-soluble initiators have to be mixed with the oil-phase
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prior to emulsification [36]. This may cause uncontrollable polymerisation start due
to decomposition of the thermal initiator when exposed to high temperatures during
establishment of the miniemulsion. Utilisation of water soluble initiators, which can
be added after emulsification and which thus may overcome the previously men-
tioned shortcomings of oil soluble initiators, is not an option when utilising rather
water soluble monomers like methyl methacrylate (MMA). Otherwise nucleation in
the aquatic phase and subsequent growth of pure polymer particles (e.g. PMMA)

might occur [63], which is undesirable when performing an encapsulation process.

Thus, decoupling the polymerisation initiation from the reactants’ temperatures was
considered to be an imperative in order to facilitate utilisation of oil soluble initiator
while maintaining spatial and temporal control of initiation reaction. That may be
achieved via photo-initiation of the polymerisation process [54], [70]. Furthermore,
photo-initiation might provide additional advantages compared to thermal initiation,
like high reaction rates and feasibility of photo-initiated processes for continuous
reactors [70]. Thus, the miniemulsion polymerisation process for encapsulation is
considered to be significantly accelerated by substitution of thermal initiation (for
example reactions last around 3 h in reference [24]) by photo-initiation. However,
photo-initiation for starting polymerisation within an encapsulation process of phase

change materials was rarely addressed in the past [37], [46].

Anyway, not virtually any monomer is suitable for encapsulation of paraffin wax in-
tended for use as scattering domain in a TSFD. A proper match of refractive indices (n)
of the core and the polymeric shell is required for this purpose. For paraffin waxes (n
approx. 1.5), polymers with a proper match of refractive index are derived from ac-
rylate monomers, e.g. Poly (methyl methacrylate) (PMMA; n=1.49) or Poly (isobornyl
methacrylate) (PiBoMA; n=1.50) [20], [71]-[73]. Furthermore, polymers based on

acrylate esters are recognised rather stable upon exposition to UV-light [74].
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12.4.2 Experimental

12.4.2.1 Materials

Monomers methyl methacrylate (MMA; 99 %), ethylene glycol dimethacrylate (EGDMA;
98 %), isobornyl methacrylate (iBoMA; technical grade) and surfactant sodium lauryl
sulphate (SDS; >98.5 %) were purchased from Sigma Aldrich Handels GmbH (Wien,
AT). Thermotropic additive paraffin wax (Sasolwax 5005) and photo-initiator (Lucirin
TPO-L) were supplied by Sasol Wax GmbH (Hamburg, DE) and BASF SE (Ludwigshafen,

DE), respectively. All materials were used as received.

12.4.2.2 Miniemulsion Polymerisation

Monomer mixture either consisted of 4.5 g MMA and 0.5 g EGDMA or2.5g MMA,2.0g
iBoMA and 0.5 g EGDMA. The oil phase was assembled by mixing and stirring the
monomer mixture (5 g), paraffin wax (5 g) and photo-initiator Lucirin TPO-L (0.15 g)
in a beaker immersed in an oil bath (temperature: 70 °C) until it was clear. The wa-
ter phase was established by mixing SDS with 50 g deionized water in a beaker also
immersed in the oil bath. The required amount of SDS was evaluated in preliminary
tests. A concept estimating the area a single surfactant molecule is stabilizing in
an emulsion (Ag,; see references [52], 53, [60], [75], [76]) was adopted in order to
estimate a reasonable starting concentration of surfactant for these tests. Preliminary
tests revealed an amount of 8.3 mg SDS to be effectual. To form the emulsion, the oil
phase was transferred to the beaker (made from clear Schott DURAN glass) with the
water phase and subsequently emulsified by ultrasound from a Sonopuls HD 3200
equipped with a booster horn SH 213 G and a sonotrode KE76 (Bandelin electronic
GmbH & Co. KG, Berlin, DE), maintaining an amplitude set-point of 70 % for 5 min.
Subsequently, the established emulsion was irradiated through the beaker wall for
900 s at 100 % intensity with radiation from a light-guide attached to OmniCure S 1000
(Lumen Dynamics Group Inc., Mississauga, ON, CA). During irradiation vigorous stir-
ring with a magnetic stirrer bar and continuous nitrogen flow was maintained. The

obtained dispersion was freeze-dried.
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12.4.2.3 Freeze-Drying

Proof of concept for freeze-drying was established via a laboratory apparatus con-
sisting of a vacuum pump P8Z (Ilmvac GmbH, Illmenau, DE) equipped with a vacuum
control unit, a cooling trap cooled with liquid nitrogen and a salt/water/ice-bath for
immersion of the round-bottomed flask with the frozen latex. Larger amount of dried
latex was obtained by utilising a commercial freeze-dryer Alpha 2-4 (Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz, DE) equipped with a rotary vane
pump RV 5 (Edwards Ltd., Crawley, West Sussex, GB).

12.4.2.4 Capsule Characterisation

In order to prove evidence for successfully conducted polymerisation reaction, in-
frared (IR) spectra of freeze-dried latex were recorded in mode of attenuated total
reflection (ATR) employing a Spectrum GX FTIR spectrometer (Perkin Elmer Inc.,
Waltham, MA, US) equipped with an ATR device GladiATR Vision (PIKE Technologies,
Madison, WI, US).

Thermal transitions and melting enthalpies of pristine paraffin wax and of encapsu-
lated wax were determined by differential scanning calorimetry (DSC). Thermograms
were recorded under nitrogen flow (40 mL min™t) on a DSC 4000 (Perkin Elmer Inc.,
Waltham, MA, US) applying a heating/cooling rate of 10 Kmin™ in the range between
-20 and 100 °C. Sample mass was 10+1 mg. Threefold determination was carried out
for each sample. Melting temperature (peak temperature) and enthalpy of melting
transition were evaluated from the second heating run. Mass content of paraffin wax
(Wcore) in the capsules was calculated by building the ratio of the specific melting
enthalpy of the capsules (hcapsutes in J g7*) and the specific melting enthalpy of the
pristine paraffin wax (hcore materialin J g™) (see eq..

After transferring the particles to a sample mount and subsequent sputtering with
gold, capsule morphology was characterised employing scanning electron micro-
scope (SEM) DSM 962 (Carl Zeiss SMT AG, Oberkochen, DE). Capsule size was evaluated
with measurement tools of software analySIS (Soft Imaging System GmbH, Miinster,

DE). From the capsule diameters (dcapsule), the core diameters (dcore) were calculated
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according to eq.[12.2] Density of the core material paraffin wax (pcore) and the poly-
meric shell (pshey) were assumed to be 0.91 (value for a paraffin with melting point
around 55 °C [77]) and 1.19 g cm™3 (value for PMMA) [78]-[80], respectively.

The core diameter was calculated because it was of major interest with regard to the
light-shielding efficiency of TSFD formulated with the obtained capsules. In contrast,
the outer diameter of the protective shell of the additive core was of minor interest.
Size distribution histograms were established with graphical statistics tool of software
Origin 9.0 (OriginLab Corporation, Northampton, MA, US).

hCapsules
WCore = — (12.1)
hC’ore material
1 _1
pc — we 3
dCore = dCapsules X <1 + T x ore) (12-2)
PCore WCore

12.4.3 Results

In Figure[12.1]the ATR spectra of pristine paraffin wax (Fig.[12.1j), and of encapsulated
paraffin wax with a polymeric shell obtained from either, MMA and EGDMA (Fig.[12.1p),
or MMA, iBoMA and EGDMA (Fig.[12.1k) are displayed. Band assignment is based on
information provided by literature [81]-[84]. The bands identified for pristine wax
were: IR (ATR): v = 2957 (m, vas(CHs)), 2917 (vs, vas(CH5)), 2874 (w, vs(CH3)), 2849
(vs, Vs(CH,)), 1473 (m, 85(CH,)), 1463 (s, 85(CH,), 8as(CHs)), 1378 (w, 85(CH3)), 730 (m,
p(CH,)), 719 cm™ (s, p(CH,)). These bands were also identified for the paraffin wax en-
capsulated with a shell of either MMA and EGDMA or MMA, iBoMA and EGDMA. Further
bands identified for both encapsulated products were: IR (ATR): v =1728 (s, v(C=0)),
1240 (m, v(C(=0)0)), 1147 (s, p’(CH3)), 988 (w, v(0-C)), 750 cm™ (w, §(C=0)). Especially
the bands ascribed to the carbonyl-moieties (e.g. at 1240 cm™) gave evidence for suc-
cessfully conducted polymerisation. For the product encapsulated with MMA, iBoMA
and EGDMA two more bands were evident, which were not detectable or at least
much weaker for the product encapsulated with MMA and EGDMA: IR(ATR): v = 1327
(w, probably a C-H deformation vibration of a ternary C-H group), 1052 cm™ (probably
a C-C skeletal vibration of >C(CH;),), both indications for the isobornyl-group being

present.
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Figure 12.1.: ATR-spectra of (@) pristine wax, encapsulated wax with a polymeric shell obtained
from (b) MMA and EGDMA, or (¢) MMA, iBoMA and EGDMA.

In Figure[12.2]the second DSC heating runs recorded for pristine paraffin wax (Fig.[12.2]),

and encapsulated paraffin wax with a polymeric shell obtained from either, MMA and
EGDMA (Fig.[12.2b), or MMA, iBoMA and EGDMA (Fig.[12.2) are depicted. Melting peak
temperatures of paraffin wax were 56 °C for the pristine wax (Fig.[12.2l), 55 °C for the
wax encapsulated with a polymeric shell resulting from MMA and EGDMA (Fig.[12.2b)
and 53 °C for the wax encapsulated with a polymeric shell resulting from MMA, iBoMA
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and EGDMA (Fig.[12.2kc), respectively. The specific melting enthalpies obtained from
these thermograms are listed in Table[12.1] Whereas the pristine paraffin wax had
a specific melting enthalpy of 204 J g (hcore material), the wax encapsulated with a
shell of MMA and EGDMA displayed a specific melting enthalpy of 112 Jg™. Thus,
according to eq.[12.1] the related freeze dried product contained 55 % paraffin wax.
For the paraffin wax encapsulated with a shell of MMA, iBoMA and EGDMA the specific
melting enthalpy was 117 J g™, yielding a wax content of 57 %.

(a)

pristine wax

(b) encapsulated wax
MMA/EGDMA

Heat flow

(c) encapsulated wax
MMA/iBoMA/EGDMA

-20-10 0 10 20 30 40 50 60 70 80 90 100
Temperature [°C]

Figure 12.2.: DSC-thermograms (second heating run) of (a) pristine wax, encapsulated wax with
a polymeric shell obtained from (b) MMA and EGDMA, or (¢) MMA, iBoMA and EGDMA.

Figures[12.3]and[12.4]displays SEM micrographs of the paraffin wax encapsulated
with a polymeric shell obtained from either MMA and EGDMA (Fig. or MMA,
iBoMA and EGDMA (Fig.[12.4) in magnifications of 10000 (Fig.[12.3[12.4a) and 30000

(Fig.[12.3]12.4b). Micrographs display aggregated spherical particles. A survey of
individual particles from numerous micrographs enabled establishment of particle

size distributions. Furthermore, for each individual particle the calculation of a hypo-
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thetical core diameter (according to eq.[12.2} assumption: uniform wax content for all
particles) was carried out. The resulting size distribution histograms are depicted in
Figures[12.5/and[12.6] For illustration purposes, a logarithmic normal-distribution
curve was overlaid on the histograms. The mean and median of the actually de-
tected particle diameters for the wax encapsulated with a shell resulting from MMA
and EGDMA were 354 and 280 nm, respectively (histogram see Fig.[12.5p). The size
distribution of the core diameters exhibited mean and median of 301 and 238 nm,
respectively (histogram see Fig.[12.5p). The vast majority of the particle cores had
diameters between 50 and 1000 nm. The mean and median of the actually detec-
ted particle diameters for wax encapsulated with a shell resulting from MMA, iBoMA
and EGDMA were 487 and 439 nm, respectively (histogram see Fig.). The size
distribution of the core diameters exhibited mean and median of 419 and 377 nm,
respectively (histogram see Fig.[12.6b). The vast majority of these particle cores had
diameters between 100 and 1000 nm. Table[12.2]summarises the key findings of the

particle characterisation.

Table 12.1.: Specific melting enthalpies for paraffin wax encapsulated with a polymeric shell ob-
tained from MMA and EGDMA or from MMA, iBoMA and EGDMA and resultant paraffin wax con-
tent of the capsules (wcore) calculated based on the specific melting enthalpy of the pristine

wax Ncore Material = 204 J g’l.

Monomer mixture  hcapsutes[J 8711 Weore [%]
MMA/EGDMA 112 55
MMA/iBOMA/EGDMA 117 57
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Figure 12.3.: SEM micrographs of paraffin wax encapsulated with a polymeric shell obtained
from MMA and EGDMA. Magnifications displayed are (a) 10000 x and (b) 30000 x.

Figure 12.4.: SEM micrographs of paraffin wax encapsulated with a polymeric shell obtained
from MMA, iBoMA and EGDMA. Magnifications displayed are (a) 10000 and (b) 30000x.

In TSFD scattering domains with diameters between 200 and 400 nm are most effi-
cient [14]. However, studies showed that domains with diameters up to 1000 nm are
highly efficient in terms of back-scattering [14]. From this point of view the particles
produced within this study are rather promising for application in TSFD. Furthermore
the established encapsulation process is promising for larger-scale applications with
regard to its reasonably low time demand.
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Figure 12.5.: Histograms and overlaid logarithmic normal-distribution of (a) diameters of
particles with a wax core and a shell made of MMA and EGDMA and (b) core diameters cal-
culated from particle diameters (assumption weore = 0.55 be uniform for all particles). Total
count of particles: 434.

Table 12.2.: Paraffin wax content (wcore) along with the mean and median of the actually de-
tected capsule diameters (dcapsule) and the calculated core diameters (dcore) of capsules with
polymeric shell obtained from different monomer mixtures.

Monomer mixture Weore [%]  dcapsule [NM] dcore [NM]

mean median mean median

MMA/EGDMA 55 354 280 301 238
MMA/iBoMA/EGDMA 57 487 439 419 377
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Figure 12.6.: Histograms and overlaid logarithmic normal-distribution of (a) diameters of
particles with a wax core and a shell made of MMA, iBoMA and EGDMA and (b) core diamet-
ers calculated from particle diameters (assumption weere = 0.57 be uniform for all particles).
Total count of particles: 609.

12.5 TSFD formulated with Encapsulated Paraffin Wax

12.5.1 Experimental
12.5.1.1 TSFD Formulation

Resin matrix was prepared by mixing 57 wt% oligomer (Ebecryl 800), 40 wt% reactive
diluent (OTA-480) and 3 wt% photo-initiator (Lucirin TPO-L). Employed oligomer and
reactive diluent were supplied by Allnex Belgium SA/NV (formerly Cytec Surface Spe-
cialities Inc.; Drobenbos, BE). Photo-Initiator was provided by BASF. The amount of

capsules (Mcapsules) required to maintain a thermotropic additive content (Wagditive)
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of 5wt% in a TSFD formulated with a specific amount of resin matrix was calculated
according to eq.[12.3] This amount of capsules was added to the resin matrix and
dispersed subsequently. The resulting mixtures were poured in the intervening space
between two glass panes, which were sealed around the edge. Subsequently the lay-
ers were cured by UV-radiation (dose: 8.3 mJ cm™) from 366 nm bulb of Universal-UV-
Lamp (Camag, Muttenz, CH). Removal of the glass panes resulted in approx. 900 pm
thick free-standing layers.

—1

WCore

MCapsules = MMatriz X | —————— — 1 (12-3)
W Additive

12.5.1.2 Determination of Light-Shielding Efficiency

Overheating protection performance of TSFD was determined applying UV/Vis/NIR
spectrometry. A double beam UV/Vis/NIR spectrophotometer Lambda 950 (Perkin
Elmer Inc., Waltham, MA, US) equipped with an Ulbricht-sphere (diameter 150 mm)
was employed. For the given measurement apparatus the radiation passing through
(transmittance) the specimen outside a cone of approximately 5° relative to the in-
cident beam direction was defined as diffuse (scattered) component. Hemispheric
and diffuse transmittance was recorded at normal incidence in the spectral region
from 250 to 2500 nm. The integral solar transmittance was determined by weight-
ing the recorded spectral data in steps of 5 nm by the AM1.5 global solar irradiance
source function. The spectrophotometer was adapted by a heating stage to adjust
sample temperature within a range from ambient temperature to maximum 115 °C.
Measurements were performed in steps of 5 °C. Prior to measurement, the samples
were allowed to equilibrate for 5 min at the selected temperature. The heating stage
was equipped with a control system consisting of a heating stage-internal J-type
thermocouple as temperature sensor and the control unit HS-W-35/M (Heinz Steg-
meier Heizelemente HS-Heizelemente GmbH, Fridingen, DE). Within the heating stage
the sample was positioned in close proximity of the port hole of the Ulbricht-sphere.
In situ front- and backside sample surface temperatures as a function of set-point
value of the control unit were recorded on a prototype sample with a two-channel

temperature measurement instrument T900 (Dostmann electronic GmbH, Wertheim-
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Reicholzheim, DE) equipped with a precision K-type thermocouple. Sample temper-
ature was assumed as the average of both recorded surface temperatures. Required
set-point values to maintain average sample temperatures were calculated from a
second order polynomial fit of the temperatures recorded in measurements of the

prototype sample.

12.5.2 Results and Discussion

In Figure[12.7]the solar hemispheric (square symbol) and solar diffuse (triangle sym-
bol) transmittance of TSFD formulated with encapsulated paraffin wax with a poly-
meric shell obtained from either MMA and EGDMA (Fig.) or MMA, iBoMA and
EGDMA (Fig.[12.7b) is displayed. Both layers exhibited a distinct reduction in solar
hemispheric transmittance upon exceeding the switching threshold (45 °C). The layer
formulated with encapsulated paraffin wax with a polymeric shell obtained from
MMA and EGDMA showed a reduction in solar hemispheric transmittance from 73.1
(room temperature) to 49.2 % (70 °C). At the same time, the solar diffuse transmit-
tance increased from 40.7 (room temperature) to 47.8 °C (70 °C). The layer formulated
with encapsulated paraffin wax with a polymeric shell obtained from MMA, iBoMA
and EGDMA showed a reduction in solar hemispheric transmittance from 70.1 (room
temperature) to 49.0 °C (70 °C). At the same time, the solar diffuse transmittance
increased from 34.6 (room temperature) to 46.8 % (70 °C). In order to validate these
results, two additional replicates of each individual TSFD were characterised with
regard to their overheating protection performance. The replicate measurements
were conducted at room temperature and 70 °C only. Mean and standard deviation
of solar hemispheric and diffuse transmittance were calculated for room temperature
and 70°C. The results are presented in Table[12.3] The TSFD formulated with the
additive capsules with a polymeric shell obtained from MMA and EGDMA displayed
higher solar hemispheric transmittance at room temperature (72.6 %) than the TSFD
formulated with the additive capsules with a polymeric shell obtained from MMA,
iBoMA and EGDMA (68.6 %). However, the achieved solar hemispheric transmittance

at 70 °C was rather similar for both layers (48.9 vs. 48.7 %). The solar diffuse trans-
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mittance of both layers increased slightly upon exceeding the threshold temperature
(from 38.8 t0 47.4 % and from 35.3 to 46.6 %, respectively).
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Figure 12.7.: Solar hemispheric (square symbol) and solar diffuse (triangle symbol) transmit-
tance as a function of temperature of TSFD formulated with 5 wt% thermotropic additive con-
tent. Thermotropic additive was incorporated in encapsulated form with a polymeric shell
obtained from different monomer mixtures, either (a) MMA and EGDMA or (b) MMA, iBoMA and
EGDMA.

The difference in solar hemispheric transmittance at room temperature detected for
these two TSFD may be ascribed to a multitude of factors like slight differences in
shell-material content, refractive index differences between matrix/shell/additive or

slight differences in size distribution.

Anyway, compared to earlier results, a remarkable improvement in overheating pro-
tection performance of TSFD was obtained. A TSFD produced from the same matrix
and additive type, but additive not being encapsulated (referred to as M7A1-OTA-p3-
RT-0.008 [22]) exhibited a reduction in solar hemispheric transmittance from 81.2
(room temperature) to 78.5% (70 °C). That was ascribed to the inappropriate dia-
meters of spherical scattering domains formed by the additive, ranging from 2.76 to
116 pm.

Thus, the better light-shielding efficiency of the TSFD formulated with encapsulated
additive was ascribed to the rather optimal diameter of the scattering domains. How-

ever, the detected solar hemispheric transmittance at room temperature of around

205



PUBLICATION 5

70 % is significantly lower compared to the result of 81.2 % detected for the TSFD
formulated with the additive not being encapsulated [22]. This may be ascribed
to the differences in scattering domain size: For scattering domains that are too
big for optimal back-scattering, a low potential refractive index difference between
matrix and additive probably yields no distinct effect on solar hemispheric trans-
mittance at room temperature due to low back-scattering efficiency. However, for
layers formulated with optimally sized scattering domains, even a small refractive
index difference between matrix and additive may yield a significant effect on solar
hemispheric transmittance (i.e. a lower transmittance) at room temperature due to
high back-scattering efficiency. Thus, future work also has to address the optimisation

of the matrix/additive combination more in detail.
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12.6 Conclusion and Outlook

Within this study, a photo-initiated miniemulsion polymerisation technique was es-
tablished in order to encapsulate a thermotropic additive with a polymeric acrylate
shell and thereby obtain optimally sized scattering domains for formulation of ther-
motropic systems with fixed domains (TSFD). The light-shielding efficiency of the TSFD
formulated with these capsules was significantly improved compared to layers lacking
scattering domains with adjusted size. The improvements in light-shielding efficiency
of TSFD were rather remarkable. The obtained solar hemispheric transmittances
were around 73 and 49 % at temperatures below and above the switching threshold,
respectively. However, efficient overheating protection of an all polymeric flat plate
collector requires solar hemispheric transmittances of >85 and <60 % at temper-
atures below and above the switching threshold, respectively [9]. An improvement
in light-shielding efficiency of the layers is probably achievable upon optimisation
of matrix/additive combination. The lower the refractive index difference at room
temperature is, the higher the corresponding solar hemispheric transmittance will be.
Thus, future work has to focus on an optimisation of material composition of matrix
and polymeric shell in order to match the refractive index of thermotropic additive at

room temperature as good as possible.

Anyway, the established miniemulsion polymerisation routine would also allow for en-
capsulation of thermotropic additives with different melting points rather easily and
thus easy adjustment of switching threshold of TSFD formulated with these capsules.
With regard to encapsulation of thermotropic additives with higher melting temperat-
ure, monomer evaporation is an issue, thus carrying out the reaction in pressurised
atmosphere (oxygen-free) would be beneficial in order to mitigate monomer losses.
Anyway, a major advantage of the photo-initiated process is the process acceleration.

The duration of the established photo-initiated polymerisation was 15 min.

Notwithstanding, the way the miniemulsion polymerisation process was carried
out has some drawbacks: In photo-initiated polymerisation processes, thickness
of the irradiated layer is always an issue. In a reaction vessel the layer thickness

- which actually is the diameter of the beaker in this study - is rather high. This is
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especially relevant for scale-up of the polymerisation process. In a big stirred tank
the miniemulsion with its polymerisable fraction is probably not irradiated properly
due to absorption (Lambert-Beer-law) or requires reasonably high residence times in
order to get irradiated properly. Thus, a reduction in layer thickness would enhance
photo-polymerisation process. Furthermore, for larger scale application a continuous

process is desirable.

A promising reactor concept that can probably cope with all these aspects is the spin-
ning disc reactor [85]. With this reactor type, one can control the reaction medium
temperature rather easily and maintain a reasonably thin reactant layer [85]. Fur-
thermore, it has proven applicability for UV initiated photo-polymerisation processes
(85].

Thus, a potential continuous process for manufacturing of encapsulated thermotropic
additive might look like: (1) Establishment of oil and water phase, (2) mixing the
phases and subsequent establishment of miniemulsion via ultrasound emulsification
in a continuous-flow cell, (3) UV-irradiation under nitrogen atmosphere in a spinning
disc reactor equipped with a UV-radiation source and subsequent (4) spray-drying of

the obtained latex.
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Summary

Within this thesis, a systematic material formulation stategy was established in order
to formulate thermotropic systems with fixed domains (TSFD) with efficient over-
heating protection performance. Accoring to the strategy, TSFD constituents were
characterised prior to TSFD formulation employing sound polymer-physical character-
isation methods. TSFD constituents employed were matrix (thermoplastic resins and
UV-curable acrylate resins) and thermotropic additives (paraffin waxes, fatty acids
and derivatives, polymers, etc.). After assessment of potential TSFD constituents with
regard to suitability for TSFD formulation - primarily based on refractive index data of
matrix and additive -, layers were formulated either by compounding and compres-
sion moulding (TSFD with thermoplastic resin matrix) or mixing of matrix and additive
and subsequent curing by UV-radiation (TSFD with UV-curable resin matrix). The
established layers were characterised with regard to overheating protection perform-
ance and morphology, allowing establishment of structure-property-relationships: In
general, scattering domain shape and/or size of these layers were inappropriate for
efficient overheating protection. The actually obtained shape of scattering domains
was ascribed to effects of rheological issues and/or aspects of matrix/additive inter-
action (solubility, etc.). The additives beeing likely to show almost no solubility (e.g.
paraffin waxes) in the employed matrix materials formed spherical domains. This
was ascribed to rheology governing the scattering domain formation process. On the
contrary, additives likely exhibiting reasonable solubility (and actually solubilised
in the UV-curable resin matrix prior to curing) in the matrix formed non-spherical
additive domains because the additive crystals were established in their energetically

most favourable shape (and formation was not affected by rheology).
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Furthermore, defects evident in several layers had detrimental effects on overheating
protection performance. That means an increase in solar hemispheric transmittance
was observed upon exceeding the threshold temperature instead of the desired trans-
mittance reduction. The most layers with defects exhibited vacuoles at the perimeter
of the scattering domains. Formation of vacoules was ascribed to limited adhesion at
the interface of matrix and additive on the one hand side and differences in coefficient
of thermal expansion (CTE) of matrix and additive on the other hand side. Based on
these findings, optimisation strategies were established in order to (1) prevent defect
formation and (2) adjust scattering domain size in order to achieve efficient over-
heating protection performance (Note: The efforts in order to adjust the scattering
domain shape in TSFD is not addressed within this thesis but elsewhere as already

pointed out in chapter[g).

The defect prevention focussed on preventing the formation of vacuoles at the peri-
meter of scattering domains. These investigations were carried out on a prototype
system with UV-curable resin matrix and paraffin wax as the thermotropic additive. Ex-
periments revealed the radiation intensity and dose applied upon curing of the layers
to be the most important factors governing the defect formation process. A significant
reduction in radiation intensity and dose prevented vacuole formation successfully.
Thus, the optimised TSFD was further employed as prototype TSFD in subsequent
investigations. However, the reduction in intensity and dose required replacement of
non-photo-bleaching photo-initiator with a photo-bleaching photo-initiator in order

to achieve properly cured layers.

The adjustment of the scattering domain size was a bit more complicated. In a first
approach, the effects of adding surfactants and nucleating agents on the one hand
side and changes in processing conditions (especially temperatures applied during
manufacturing process) on the overheating protection performance of TSFD was
investigated. However, these approaches did not improve the overheating protection
performance of the investigated prototype TSFD. Notwithstanding, the outcomes of
these experiments further improved the established structure-property-relationships.
Employing an annealing step after manufacturing the TSFD introduced vacuoles at the

perimeter of the scattering domains and thus reduced the achieved solar hemispheric
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transmittance below the threshold temperature significantly. This was ascribed to

temperature-induced diffusion of the thermotropic additive in the molten state.

Thus, in order to adjust scattering domain size on the one hand side and to sup-
press a potential temperature-induced additive migration on the other hand side,
another strategy for adjustment of the scattering domain size was established. A
photo-initiated miniemulsion polymerisation process was developed in order to en-
capsulate thermotropic additive paraffin wax with an acrylate polymer protective
shell and thus adjust the size of the encapsulated thermotropic additive prior to
TSFD formulation. The TSFD formulated with the encapsulated thermotropic additive
exhibited significantly improved overheating protection performance: Upon exceed-
ing the threshold temperature, a reduction in solar hemispheric transmittance by
24 % from 73 to 49 % was achieved. Just for comparison, a nearly identical layer that
was formulated with the thermotropic additive not being encapsulated showed a
reduction in solar hemispheric transmittance by 2 % from 81 to 79 % upon exceeding

the threshold temperature.

225






Conclusion and Outlook

One of the major conclusions of this thesis is that prevention of defect formation upon
TSFD formulation is a prerequisite in order to achieve TSFD with efficient overheating

protection. Defect formation in TSFD had several reasons:
1. poor adhesion between matrix and additive at their interfaces
2. thermally driven effects

a) different coefficient of thermal expansion (CTE) of matrix and additive
b) thermally induced diffusion of thermotropic additive in the molten state

following an additive concentration gradient

Each measure that triggered these mechanisms led to defect formation in TSFD.
On the contrary, if covalent bonds between matrix and additive maintained proper
adhesion at their interface, thermally driven mechanisms were not able to introduce
defects. For example a specific thermotropic additive - a copolymer of ethylene
and glycidyl methacrylate (E-co-GMA) - was capable to form covalent bonds with
the matrix material polyamide (PA) but not with poly (methyl methacrylate) (PMMA).
Thus, TSFD consisting of PA and E-co-GMA did not exhibit vacuoles whereas the
layer consisting of PMMA and E-co-GMA did. Consequently, for defect prevention
(i.e. prevention of vacuole formation) proper adhesion between matrix material and

thermotropic additive is desirable.

For layers with poor adhesion between matrix and additive, mitigation of the effect
of different coefficients of thermal expansion (CTE) of matrix and additive upon TSFD
manufacturing is desirable in order to suppress defect formation. For these kind of

systems apparently no reasonable solution was found when they were formulated
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with thermoplastic resin matrix. However, for TSFD exhibiting poor matrix/additive
adhesion and being formulated with UV-curable resin matrix, the establishment of
low intensity and dose (of the radiation that initiates the polymerisation) upon curing
is sufficient in order to prevent vacuole formation. But also these precautions are
probably antagonised when thermally induced diffusion of thermotropic additive in

the molten state is not suppressed.

One further conclusion was that the establishment of appropriately shaped and sized
scattering domain size is an indispensable requirement for maintaining TSFD with
efficient overheating protection performance. The encapsulation of the thermotropic
additive with a protective polymer shell prior to TSFD formulation was successfully
applied in order to adjust scattering domain shape and size on the one hand side and
to simultaneously prevent thermally induced additive diffusion on the other hand
side. Indeed, upon application of encapsulated thermotropic additive which was
appropriately sized, a significantimprovement in overheating protection performance

of TSFD was achieved.

The promising results of this work with regard to adjustment of the scattering domain
shape and size and the significantly enhanced overheating protection performance of
TSFD formulated with these domains are an excellent starting point for future investig-
ations. However, several open questions are remaining. First, although adjustment of
appropriately shaped and sized scattering domains was achieved, it is not profoundly
justified if encapsulation of the thermotropic additive is able to suppress thermally
induced diffusion of thermotropic additive in the molten state and thus to overcome
defect formation. Although first investigations were rather promising with regard to
prevention of thermally induced diffusion of thermotropic additive by the polymeric
shell, long-term investigations - which are currently under way - have to confirm
the actual effectiveness of the encapsulation in order to prevent the thermotropic
additive in the molten state from diffusion. These long-term investigations are also
important with regard to the utilisation of TSFD in an architectural context or in solar
thermal systems. These goods with rather long life-times require a reasonable long-
term stability of TSFD, ideally exceeding the planned life-time of such appliances or
other economically relevant times spans (for example depending on regulations for

depreciation). Furthermore, TSFD performance has to be evaluated under real-life
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conditions in facades and solar thermal collectors. These long-term investigations are
also important with regard to the second open question, if encapsulation is able to
overcome defect formation by poor adhesion (either between matrix and polymeric
shell or polymeric shell and thermotropic additive) and effect of different CTE of
polymers (matrix, polymeric shell) and thermotropic additive. Otherwise long-term
thermal cycling would probably yield defect formation in TSFD during operation.
Consequently, a reduction in solar hemispheric transmittance below the threshold
temperature would significantly reduce the solar gains available in buildings or the

efficiency of solar thermal collectors equipped with such kind of layers.

Furthermore, future investigations have to focus on the optimisation of the refractive
index match between matrix, polymer shell and thermotropic additive: At room
temperature, a refractive index difference between these three materials equal to zero
is desired. At temperatures exceeding the threshold temperature, the matrix material
and the polymeric shell preferably have the same refractive index. On the contrary, the
refractive index difference between matrix/polymer shell and thermotropic additive

has to be as high as possible.

These remaining challenges have to be carefully addressed (e.g. long-term stability).
Nevertheless, based on the established structure-property-relationships and with
profound polymer physical knowledge one may derive promising strategies to cope
with the remaining issues outlined. For example, thermally induced diffusion of the
thermotropic additive in the molten state might be suppressed by employing matrix
materials with reasonably low polymer chain mobility (i.e. polymers with a high
glass transition temperature) which may hinder additive migration. Taking all these
considerations and achievements into account, one might come to the conclusion
that the results obtained so far are promising and shall encourage further research in
the field of TSFD.
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