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ABSTRACT

Polymeric materials offer a significant cost-reduction potential for solar thermal
collectors and may thus benefit a broader utilization of solar energy for various
heating purposes. However, the long-term service temperature of plastics is
limited. Thus, for potential applications of cost-efficient plastics in flat-plate solar
collectors an appropriate design including overheating protection is essential. A
feasible way to control stagnation temperatures in an all-polymeric solar collector
would be the application of thermotropic glazings, which reversibly change their
light transmittance from highly transparent to light diffusing upon reaching a certain
threshold temperature. Appropriate thermotropic materials were not developed
and investigated yet. Thus, the overall objective of this dissertation was to provide
basic knowledge on the development and characterization of thermotropic layers
for overheating protection purposes in all-polymeric solar collectors. Specific focus
was given to the establishment of a fundamental understanding of relationships
between the material formulation and structural parameters and the light-shielding
properties of thermotropic layers, based on sound principles of polymer physics

and materials science as well as solar physics.

For that purpose (1) an evaluation and strength-weakness analysis of existing
thermotropic layers produced from polymeric materials concerning their
applicability in solar collectors was carried out, (2) thermotropic prototype-layers
were developed and designed for solar collector applications considering aspects
of polymer physics, (3) thermotropic prototype-layers were characterized as to
relevant morphological parameters and performance properties, (4) structure-
property relationships between the performance properties and the inner material
structure and formulation parameters of thermotropic prototype-layers were
established, and (5) the effect of thermotropic prototype-layers on the efficiency of

an all-polymeric flat-plate collector was investigated and modeled.

A review on various thermotropic glazing materials with respect to their ability to
meet requirements for overheating protection of a solar thermal collector showed
that the systems designed so far have to be adapted and optimized for solar

collector applications, especially regarding their switching temperatures and long-



term stability. Among different thermofunctional materials, thermotropic systems
with fixed domains (TSFD) were observed to possess the highest development
potential for overheating protection applications in solar collectors. In TSFD
scattering particles (also referred to as additives), which exhibit a sudden change
of refractive index upon reaching a threshold temperature, are statically embedded

in a matrix material (in general in a thermoset resin).

A methodological approach for the selection of a matrix material appropriate to the
production of TSFD was defined, which included the determination of cross-linking
parameters (curing rate, degree of cure) and the glass transition temperature of
the resin material. Using exemplarily a UV-curable urethane acrylate resin it was
shown that applying Dielectric Analysis (DEA), Attenuated Total Reflectance
spectroscopy (ATR) and Dynamic Mechanical Analysis (DMA) relevant

performance properties of a matrix material can be derived.

For a systematic investigation on TSFD for solar collector applications numerous
prototype-layers were prepared by variation of base resin and additive type and
concentration. TSFD prototype-layers were characterized concerning solar optical
properties of the thermotropic layers in the clear and opaque state, and the
switching temperature and transition temperature range. Furthermore differences
in refractive index of matrix and additive, additive concentration and scattering
domain size, shape and distribution were investigated. The ascertained
morphological parameters were related to the light-shielding performance of the
layers. Moreover, relationships between properties of formulation ingredients and
the switching characteristics of the thermotropic layers were established. The
overheating protection performance of the thermotropic layers in an all-polymeric
solar collector with twin-wall sheet glazing and black absorber was evaluated

applying theoretical modeling.

In the clear state the TSFD prototype-layers exhibited a hemispheric solar
transmittance between 76 and 87%, with diffuse fractions ranging from 14 to 71%.
Switching from the clear to the scattering state occurred at temperatures between
40 and 80°C. Transition temperature ranges between 10 and 25 K were recorded.
Above the switching threshold the hemispheric solar transmittance changed to
values ranging between 62 and 85%, with diffuse fractions between 36 and 78%.

Vv



Pronounced differences in refractive index >0.04 between matrix and scattering
domain above the switching temperature were detected to be advantageous for
the light-shielding efficiency of the layers. The most efficient additive concentration
for the considered thermotropic layers was observed to be 5 m%. A uniform
additive distribution across the film thickness was found to benefit the back-
scattering efficiency. Thermotropic layers formulated with additive types exhibiting
a short chain length displayed roughly spherical scattering particles with diameters
between 0.5 and 3 pm and a moderate reduction in hemispheric solar
transmittance along with a significant increase of diffuse solar transmittance.
Additive types with long-chain molecules developed anisotropic scattering
domains resembling contorted disks with a diameter up to 50 pum and a thickness
between 100 and 400 nm. These disk-like scattering features yielded enhanced

light-shielding properties.

The highest solar back-scattering efficiency of the TSFD prototype-layers in the
opaque state was detected for material types based on resin types which exhibit a
higher cross-linking density and low chain segment mobility (high glass transition
temperature). Thermotropic layers produced from a resin with a wide-meshed
network and low glass transition temperature exhibited the most distinct increases
of diffuse solar transmittance above the switching threshold. The light-shielding
efficiency of thermotropic layers being formulated with non-polar additive types
increased with increasing molecular mass of the additives. The comparison of the
additives thermal transitions with the switching characteristics of the thermotropic
layer revealed an excellent correlation. This allows for tailoring the switching
temperature and transition temperature ranges by selecting adequate additives.

As to the application of the produced TSFD prototype-layers for overheating
protection of solar collectors it was found that compared to the use of the
functional materials on the absorber, their utilization in the glazing maximized the
efficient collector working temperature range and minimized stagnation
temperatures. Thermotropic layers were found to reduce the maximum absorber
temperatures to values between 129 and 146°C. Stagnation temperatures below
130°C would allow for the application of cost-efficient plastics as absorber

materials.

Vi



KURZFASSUNG

Durch die Anwendung von Kunststoffen als Komponenten fir Sonnenkollektoren
zur Warmwasserbereitung und Raumheizung kénnen Kollektorkosten erheblich
reduziert werden. Demzufolge haben Kunststoffkollektoren ein hohes Potential fur
den Breiteneinsatz ohne staatliche Subventionen. Beim Einsatz von Kunststoffen
ist jedoch sicherzustellen, dass Kollektortuiberhitzungen von tber 200°C, die ober-
halb der thermischen Langzeitbelastbarkeit von kostengtinstigen Kunststoffen lie-
gen, vermieden werden. Dies bedingt ein entsprechendes Kollektordesign, wel-
ches insbesondere auch geeignete Uberhitzungsschutzeinrichtungen inkludiert.
Ein wirksames Mittel zur Temperaturbegrenzung von Kollektoren stellen
thermotrope Verglasungen dar, welche bei Erreichen eines
Temperaturschwellwerts reversibel von einem transparenten in einen opaken
Zustand Ubergehen. Thermotrope Schichten fur Kollektoranwendungen wurden
bis dato noch nicht gezielt entwickelt und untersucht. Dementsprechend liegt die
Hauptzielsetzung dieser Dissertation in der Erarbeitung und Bereitstellung
grundlegender Informationen was die Entwicklung und Charakterisierung
thermotroper Schichten fur die Anwendung als Uberhitzungsschutzelement in
Sonnenkollektoren betrifft. Spezielles Augenmerk wurde auf den Aufbau eines
fundierten Verstadndnisses der physikalischen Zusammenhange zwischen
Materialzusammensetzung sowie morphologischer Parameter und den

Uberhitzungsschutzeigenschaften thermotroper Materialien gelegt.

Dazu wurden (1) bestehende, auf Basis polymerer Werkstoffe hergestellte,
thermotrope Materialien hinsichtlich ihrer Eignung fur den Einsatz in Sonnenkol-
lektoren evaluiert, (2) thermotrope Prototyp-Schichten fir Kollektoranwendungen
unter besonderer Berlicksichtigung polymerphysikalischer Aspekte konzipiert und
entwickelt, (3) thermotrope Prototyp-Schichten hinsichtlich relevanter morpho-
logischer Parameter und Anwendungseigenschaften charakterisiert, (4) Struktur-
Eigenschaftskorrelationen zwischen Materialzusammensetzung und den Uber-
hitzungsschutzeigenschaften thermotroper Prototyp-Schichten erarbeitet und (5)
theoretische Modellrechnungen zur Untersuchung des Einflusses der thermo-
tropen Prototyp-Schichten auf die Effizienz eines Vollkunststoffkollektors durch-
gefluhrt.
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Die Evaluierung unterschiedlicher thermotroper Schichten unter besonderer Be-
ricksichtigung von Eigenschaftsanforderungen fir die Kollektoranwendungen er-
gab, dass bislang entwickelte Systeme fir den Einsatz in aktiv solar-thermischen
Anlagen insbesondere hinsichtlich ihrer Schalttemperatur und Langzeitstabilitat
adaptiert und optimiert werden mussen. Unter den verschiedenen thermo-
funktionalen Materialien weisen vor allem thermotrope Systeme mit fixen Do-
manen (TSFD) das groRte Entwicklungspotenzial fiir Uberhitzungsschutzan-
wendungen in Sonnenkollektoren auf. In TSFD sind Streudomanen (so genannte
thermotrope Additive), welche eine sprunghafte Anderung ihres Brechungsindex
bei Erreichen eines Temperaturschwellwerts aufweisen, statisch in einem Matrix-

material (im Allgemeinen ein Duromer) dispergiert.

Ein methodischer Ansatz zur Auswahl eines geeigneten Matrixmaterials fur die
Herstellung TSFD wurde erarbeitet, welcher die Erfassung von Vernetzungs-
parametern (Vernetzungsgeschwindigkeit, Vernetzungsgrad) und der Glasuber-
gangstemperatur des Duromers einschliel3t. Am Beispiel eines UV vernetzenden
Urethanacrylats wurde gezeigt, dass relevante Anwendungseigenschaften des
Matrixmaterials mittels Dielektrischer Analyse (DEA), Infrarotspektroskopie im
Modus der abgeschwachten Totalreflexion (ATR) und Dynamisch Mechanischer

Analyse (DMA) umfassend charakterisiert werden kénnen.

Fir die umfassenden Untersuchungen an TSFD fir Kollektoranwendungen
wurden zahlreiche Prototyp-Schichten unter Variation des Matrixmaterials und des
Additivtyps sowie dessen Konzentration hergestellt. TSFD Prototyp-Schichten
wurden hinsichtlich ihrer solar-optischen Eigenschaften im ungeschalteten und
geschalteten Zustand, ihrer Schalttemperatur und ihres
Ubergangstemperaturbereichs charakterisiert. Untersuchungen zu Unterschieden
im  Brechungsindex zwischen Matrix und Additiv, Additivgehalt und
Streudoménengrof3e, -form und -verteilung wurden durchgefiihrt. Die detektierten
morphologischen Parameter wurden den Uberhitzungsschutzeigenschaften der
Schichten gegentbergestellt. Zudem wurden Zusammenhénge zwischen den
Eigenschaften der Einsatzstoffe und den Schalteigenschaften der thermotropen

Schichten erarbeitet. Die Uberhitzungsschutzeigenschaften der hergestellten

Vil



Schichten in einem Vollkunststoffflachkollektor mit Doppelstegplattenverglasung

und schwarzem Absorber wurden tUber Modellrechnungen evaluiert.

Im ungeschalteten Zustand zeigten die TSFD Prototyp-Schichten eine hemis-
phéarische solare Transmission zwischen 76 und 87%, wobei der Diffusanteil der
transmittierten Solarstrahlung bei 14 bis 71% lag. Schalttemperaturen zwischen 40
und 80°C wurden ermittelt. Der Ubergangstemperaturbereich variierte zwischen
10 und 25 K. Im geschalteten Zustand wurden hemispharische solare Trans-
missionsgrade zwischen 62 und 85%, mit einem Diffusanteil zwischen 36 und 78%
detektiert.

Unterschiede im Brechungsindex zwischen Matrix und Additiv, die 0.04
Ubersteigen erwiesen sich als vorteilhaft fir die Uberhitzungsschutzeigenschaften
der Prototyp-Schichten. Der optimale Additivgehalt lag bei 5 m%. Die
Ruckstreueffizienz der TSFD wurde durch eine gleichmaRige Additivverteilung
Uber die Schichtdicke beginstigt. Thermotrope Schichten, welche mit kurzkettigen
Additiven formuliert waren, wiesen anndhernd kugelférmige Streudomanen mit
Durchmessern zwischen 0.5 und 3 pum auf. Derartige Materialien zeigten eine
moderate Reduktion der hemispharischen Transmission zusammen mit einem
signifikanten Anstieg der diffusen Transmission oberhalb der Schalttemperatur.
Langkettige Additive entwickelten anisotrope Streudomanen, die gekrimmte
Plattchen bzw. Scheiben mit einem Durchmesser bis zu 50 pm und einer Dicke
zwischen 100 und 400 nm darstellen. Derartige Streudoméanen bewirkten deutlich

verbesserte Uberhitzungsschutzeigenschaften.

Die beste Ruckstreueffizienz im Solarstrahlungsbereich wurde fir TSFD Prototyp-
Schichten festgestellt, deren Matrixmaterialien eine hohe Vernetzungsdichte und
niedrige Kettensegmentbeweglichkeit (hohe Glasibergangstemperatur) aufwies.
Thermotrope Materialien auf Basis weitmaschig vernetzter Matrixmaterialien
zeigten den starksten Anstieg der diffusen solaren Transmission oberhalb der
Schalttemperatur. Fur thermotropen Schichten auf Basis unpolarer Additive wurde
eine Verbesserung der Uberhitzungsschutzeigenschaften mit ansteigender Mol-
masse des Additivs beobachtet. Die Gegeniiberstellung der thermischen Uber-
gange des Additivs und der Schaltcharakteristik der thermotropen Schichten ergab
eine exzellente Korrelation. Dementsprechend kdnnen Schalttemperatur und
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Schaltverhalten von TSFD durch die Auswahl geeigneter Additive mal3ge-

schneidert werden.

Die Uberpriifung des Einflusses der thermotropen Prototyp-Schichten auf die Effi-
zienz eines Kunststoffkollektors ergab, dass verglichen zur Anbringung der
Schichten am Absorber, deren Einsatz in der Verglasung den effizienten Arbeits-
temperaturbereich des Kollektors erhdéht und die Stagnationstemperaturen
minimiert. Die thermotropen Schichten begrenzten die maximalen am Absorber
auftretenden  Temperaturen auf Werte zwischen 129 und 146°C.
Absorbertemperaturen unter 130°C wirden den Einsatz kostengunstiger

Polymerwerkstoffe als Absorbermaterialien ermdglichen.
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1 Introduction and Scope

1.1 Motivation

The prospect of depletion and hence cost increases of conventional oil and gas
occurrences and the adverse impacts of climate change and local air pollution as a
result of fossil-fuel burning related emissions clearly reflect the risk of energy sup-
ply insecurity and the corresponding need for resource diversification (Vries et al.,
2007; Sayigh, 1999). A substitution of fossil energy sources by renewable energy
derived from direct or indirect solar resources thus contributes to both, the security
of energy supply and protection of the environment (IPCC, 2007). In 2006 18% of
the world primary energy demand was already provided by renewable energy. To
enhance the deployment of renewable energy a range of policies and measures
exist (IEA, 2004; IPCC, 2007). In the development of a sustainable energy system,
the direct use of solar energy will significantly gain in importance. The proportion
of solar radiation that reaches the earth’s surface is more than 10,000 times the
current annual global energy consumption (IPCC, 2007). In the heating sector,
particularly in the demand for low temperature heats, there is the biggest potential
for the substitution of fossil energy systems by solar energy. Low temperature
heating, and to a lesser degree cooling, account for over 40% of the annual global
consumer energy demand. In Europe, the final energy demand for heating (49%
including low and high temperature heating) is even higher than for electricity
(20%) or transport (31%) (EREC, 2006; Seyboth et al., 2008). The European Solar
Thermal Technology Platform (ESTTP), which was founded in 2005 and is
expected to have a decisive influence on European research and development
policies, prepared a solar thermal vision document stating: In 2030 solar thermal
energy systems shall provide up to 50% of low temperature heating and cooling
demand for the existing building stock. For new buildings, the vision is to establish
the completely solar-heated building as a building standard by 2030 (Bokhoven et
al., 2006; ESTTP, 2008).

For solar domestic hot water generation and space heating applications, glazed
collectors are applied since several years, which absorb solar heat and pass it to a
water storage tank using a heat carrier fluid (Goetzberger and Wittwer, 1993). In

Europe, the second largest market for solar domestic hot water and space heating



systems after China, mostly flat-plate solar collectors are used. In 2006, around
60.3 million m? (42.2 GWy,) of glazed flat-plate solar collector area was installed
worldwide for hot water generation (Weiss, 2008). Worldwide installations are
currently growing by ~20% per year. Concerning the cumulative installed capacity
of glazed solar thermal collectors in 2007, Austria is ranked third in Europe (2.0
GWy,) after Germany (6.3 GWy,) and Greece 2.5 (GWy,). Austria’s solar thermal
capacity in operation per capita in 2007 (244 kW/1000 capita) is almost 8 times
as high as the European average of 30.7 kW/1.000 capita (Hopwood, 2007,
ESTIF, 2008; Faninger, 2008). To further strengthen the position of Austria in the
solar thermal market, the Austrian Solar Thermal Technology Platform (ASTTP)
was founded recently. The main aim of the ASTTP is to increase the Austrian
research and development activities in the solar thermal sector by bringing
together both, experts in solar technology and material scientists (Brunner et al.,
2007; ASTTP, 2008). Domestic solar hot water systems are also expanding rapidly
in developing countries (Weiss et al., 2008). However, the relatively high initial
cost of solar collectors and systems discourages many people from investments
(Raman et al., 2000).

Thus, to further increase market penetration of solar energy for domestic hot water
generation and space heating, a reduction of the cost-benefit ratio is required
(Koehl, 2006). Installation and hardware costs must, therefore, be reduced
significantly. Conventional flat-plate collectors consist typically of a metallic
absorber and a glass glazing. In most cases the absorber is mounted in an
insulated aluminum box (Goetzberger and Wittwer, 1993). A potential method of
reducing capital as well as installation costs of solar thermal systems is to replace
conventional components by less expensive and light-weight plastics (Raman et
al., 2000; Davidson et al., 2003; Kearny et al., 2005; Koehl, 2005; Wallner and
Lang, 2006; Meir, 2008). The high potential for innovative advancements by the
proper integration of polymeric materials in solar components and systems was
already pointed out in several publications (Lang, 1995; Lang, 1999; Davidson et
al., 2003; Raman et al., 2000; Meir, 2003; Rommel, 2003; Wallner and Lang,
2005; Wallner and Lang, 2006). A special issue of the journal Solar Energy
(Volume 79, Issue 6 “Polymeric Materials for Solar Energy Applications”, edited by

G.M. Wallner and R.W. Lang) as well as two Leobener Symposia on Polymeric



Solar Materials (in 2003 and 2008) organized by the Institute of Materials Science
and Testing of Plastics at the University of Leoben and the Polymer Competence
Center Leoben GmbH clearly reflect the interest in new, advanced materials for
solar thermal applications. Currently also a task within the Solar Heating and
Cooling Program (SHC) of the International Energy Agency (IEA) is dealing with
‘Polymeric Materials for Solar Thermal Applications’ (Task 39) (IEA SHC, 2008).

The advantages of polymers are obvious: Well established manufacturing
processes could allow for cost-efficient large scale production and the preparation
of even complex integrated structures in one step. The low weight of polymeric
components would also decrease the cost of shipping, handling, and installation
(Lang, 1995; Koehl, 2005; Wallner and Lang, 2005). In general, the price for
plastics roughly correlates with their maximum service temperatures. Commodity
plastics are relatively cost-efficient with market prices of about 2 €/kg. However,
their long-term service temperature is limited to about 90°C. The costs for
engineering plastics with long-term service temperatures up to 140°C range
between 2 and 10 €/kg. For high-performance polymers with operating
temperature ranges above 140°C expenses are exceeding 10 €/kg (Wallner and
Lang, 2006).

The nominal operating temperature for solar domestic hot water and space heat-
ing systems is ~90°C. From this point of view cost-efficient commodity plastics are
applicable for thermal collector systems. Nevertheless, conventional flat-plate
collectors with selective absorbers reach stagnation temperatures up to 200°C
(Khan and Brunger, 1995). These temperatures would cause deformation, ageing
and degradation of absorbers produced from cost-efficient plastics. Thus, if the
operating temperature range is ascertained not to exceed the maximum level of
~90°C, nearly any component of a collector system can potentially be realized by
commodity plastics. If absorber temperatures are limited to 130°C the application
of less expensive engineering plastics is possible. Hence, for potential applications
of cost-efficient plastics in solar absorbers an appropriate design including
overheating protection is essential. In other words, the key-challenge in the
establishment of commodity polymeric materials in the solar thermal heating
market is the implementation of an appropriate overheating protection. Hence, the



main intention for the presented dissertation was to perform research on an

overheating protection device for an all-polymeric solar collector.

1.2 Background

The absorber of conventional high performance flat-plate solar collectors reaches
stagnation temperatures exceeding 200°C, e.g. during sunny periods of low hot
water use, during daytime system maintenance or due to a pump or controller fail-
ure (Khan and Brunger, 1995). These temperatures exceed the maximum
operating temperatures of cost-efficient polymeric absorbers with maximum
service temperatures below 130°C. Absorbers made of such plastics tend towards
irreversible deformation, degradation, and ageing when exposed to elevated
temperatures above 150°C for prolonged periods. Thus, it is useful to consider
methods to prevent the absorber from reaching the temperature at which
mechanical and functional integrity is affected (Khan and Brunger, 1995; Kearney
et al., 2005; Roberts et al., 2000). To date, no flat-plate solar collector with
adequate overheating protection is available. However, in the literature two main
methods are proposed to control the energy flux in flat-plate solar collectors, the

one working via an increase in system losses, the other via a reduction in optical

gain (Khan and Brunger, 1995; Roberts et al., 2000; Kearney et al., 2005; Resch
et al., 2007; Wallner et al., 2008).

Concerning the increase in system losses a distinction is drawn between internal
and external overheating protection mechanisms. The elimination of glazing gaps
and the establishment of internal flow circuits are identified as potential internal
methods of overheating protection. External overheating protection mechanisms
include the activation of a radiator coupled to the absorber fluid, the use of a waste
heat exchanger, or the application of a 3-phase heat-pipe system. The most
prominent external system, however, is venting the collector to ambient air.
Increasing the collector loss coefficient through external natural convection loops
was modeled for a range of vent configurations in an all-polymeric flat-plate
collector. It was found that venting limits stagnation temperatures to temperatures
below 123°C. Venting combined with evaporative cooling from a wetted pad
directly beneath the absorber plate lowered maximum absorber temperatures to
values of 65°C (Roberts et al., 2000; Kearney et al., 2005).



Although an increase in system losses in general is a very reliable method to con-
trol stagnation temperatures, several disadvantages arise. Some implementations
require complex installation, which can increase system complexity and can thus
be a potential source of premature failure. Furthermore, systems with open loop

are prone to clogging by leaves and insects (Roberts et al., 2000).

There are various possibilities to reduce the optical gain in a flat-plate solar col-
lector. An example is the use of a clear absorber front with a reflective back and a
heat absorbing fluid. Upon overheating the fluid drains out of the absorber and
exposes the reflective back. Another approach is the reversible incorporation of
insulative material between absorber and glazing. Although these methods are
very efficient, they are complex to implement and require active control (Roberts et
al., 2000).

As to the reduction in optical gain the application of thermotropic glazing is proba-
bly the most appropriate measure (Roberts et al., 2000). Thermotropic layers for
overheating protection reversibly change their light transmittance from highly
transparent to light diffusing upon exceeding a temperature threshold (e.g., Nitz
and Hartwig, 2005; Seeboth, 2000). Overheating protection of solar collectors with
thermotropic layers is well examined in the literature (Khan and Brunger, 1995;
Wendker, 1998; Resch et al., 2007; Wallner et al., 2008). For the case of a
conventional flat-plate collector with a selective absorber and a glass pane includ-
ing a thermotropic layer the stagnation temperature were detected to be limited to
150°C and lower (Khan and Brunger, 1997). Thermotropic polymer blends applied
for overheating protection purposes in a solar collector with metal absorber and
transparent insulating glazing reduced maximum absorber temperatures to 115°C
(Wendker, 1998). In a study performed within the framework of a research project
funded by the State Government of Styria, Department Zukunftsfonds Steiermark
(Graz, AT), and performed at the Polymer Competence Center Leoben GmbH
(Leoben, A) in cooperation with the University of Leoben (Leoben, AT), the AEE-
Institute for Sustainable Technologies (Gleisdorf, AT), and Dr. Schobermayr
Kunststofftechnik (Ansfelden, AT), the potentiality of thermotropic layers to provide
adequate overheating protection (i.e. maximum absorber temperatures of 80°C) in
an all-polymeric flat-plate solar collector was evaluated (Resch et al., 2007,



Wallner et al. 2008). The impact of a thermotropic layer on overall collector
efficiency was shown to be low as long as the solar transmittance exceeds 85% in
the clear state. Stagnation temperatures of the solar collector can be reduced to
temperatures between 80 and 90°C by using thermotropic layers in the glazing or
on the absorber. Whereas for thermotropic layers in the glazing switching
temperatures between 55 and 60°C are required, the solar transmittance should
decrease between 75 and 80°C for thermotropic materials mounted on the
absorber. To provide a limitation of the stagnation temperature to a maximum
operating temperature of ~85°C a residual solar transmittance of 25% for a
collector with twin-wall sheet glazing and black absorber is effectual. The
development and design of thermotropic layers exhibiting a solar transmittance up
to 60% in the opaque state would reduce absorber temperatures to values below
130°C.

Thermotropic layers are characterized by an automatic and quick activation, and
are simple to implement. Special collector geometry modifications and further in-
stallations are not required (Roberts et al., 2000). Nevertheless, appropriate and
cost-efficient material types fulfilling performance requirements for prolonged

periods are not available so far.

1.3 Objectives and Scope

As mentioned above, within the research project funded by the State Government
of Styria, Department Zukunftsfonds Steiermark (Graz, AT), and performed at the
Polymer Competence Center Leoben GmbH (Leoben, AT) in cooperation with the
University of Leoben (Leoben, AT), the AEE-Institute for Sustainable Technologies
(Gleisdorf, AT), and Dr. Schobermayr Kunststofftechnik (Altenfelden, AT), it was
shown by theoretical modeling that thermotropic layers can provide adequate
overheating protection for an all-polymeric solar collector (Resch et al.,, 2007,
Wallner et al., 2008). In the past thermotropic systems have been developed and
investigated mainly for active daylight control in transparent facades (e.g. Nitz and
Hartwig, 2005; Seeboth et al.,, 2000). In contrast, thermotropic layers for
overheating protection purposes in solar collectors were not designed and
characterized systematically so far. Thus the overall aim of this dissertation is to
provide fundamental knowledge and scientific basis for the development of



polymeric thermotropic materials with overheating protection properties that are in

accordance with performance requirements deduced from theoretical modeling of

an all-polymeric solar collector. Specifically, the following objectives were defined:

(1)

(2)

3)

(4)

(5)

Evaluation and strength-weakness analysis of existing thermotropic
layers produced from polymeric materials concerning their

applicability in solar collectors.

Polymer physics based development and design of thermotropic pro-

totype-layers for solar collector applications.

Comprehensive characterization of thermotropic prototype-layers as

to relevant morphological parameters and performance properties.

Establishment of structure-property relationships between the
performance properties and the inner material structure and
formulation parameters of thermotropic prototype-layers, which shall
provide a basis for further research work and a systematic material

optimization.

Investigations and model calculations concerning the effect of
thermotropic prototype-layers on the efficiency of an all-polymeric

flat-plate collector.

1.4  Structure of the Thesis

According to the above objectives, this dissertation presents a series of papers on

the development and evaluation of thermotropic materials for overheating

protection of solar collectors. The dissertation is structured corresponding to the

process of material design, characterization and optimization, and contains 6

chapters:

Chapter 1: Introduction and Scope

Chapter 2: Overheating Protection with Thermotropic Materials — State of

Technology

Chapter 3: Investigation of Matrix Materials for Thermotropic Systems

with Fixed Domains



Chapter 4: Performance Properties of Thermotropic Polymer Systems

with Fixed Domains

Chapter 5:  Structure-Property Correlations of Thermotropic Polymer
Systems with Fixed Domains for Solar Collector Applications

Chapter 6: Conclusions and Future Work

Following the introduction, in Chapter 2 thermotropic polymers developed so far
for overheating protection purposes are surveyed and discussed. Basic
performance properties are defined, which are relevant for the applicability of
thermotropic materials to prevent overheating in solar collectors. Existing
thermotropic materials are reviewed with respect to their capability to fulfill these

requirements and appropriate material types are identified.

Based on the material selection of Chapter 2 and considering the performance
requirements established, in Chapters 3 to 5 the preparation and characterization
of polymeric thermotropic systems with fixed domains (TSFD) for solar collector
applications is discussed. Starting with a treatment of the raw materials, Chapter 3
describes a polymer physics based approach for the selection of a matrix material
appropriate to the production of TSFD. Chapter 4 deals with a comprehensive
characterization of TSFD concerning relevant performance parameters, such as
switching temperature, transition gradient and reduction of solar transmittance.
These material characteristics are related to morphological properties, like the
nature of the material constituents and scattering domain size and distribution. In
Chapter 5 the relationships between formulation parameters, inner material
structure and the light-shielding properties of TSFD are established. Furthermore
the effect of the produced thermotropic prototype-layers on the collector efficiency
and on maximum absorber temperature is investigated applying theoretical
modeling of an all-polymeric flat-plate collector with twin-wall sheet glazing and

black absorber.

In Chapters 2 to 5 a short introduction to the respective topic is followed by
relevant papers published by the main author of this dissertation along with co-
authors. The introduction surveys the state of the art as well as specific scientific

problems and requirements and outlines the main content of the papers. The



subsequent scientific publications include the detailed experimental background

along with the data reduction and the results of the research work.

In Chapter 6 the outcome and contributions of the dissertation are reviewed.
Essential conclusions concerning the development of thermotropic materials to
prevent overheating in solar collectors are summarized. The subsequent outlook

points out open issues and suggests approaches for their solution and future work.
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2 Overheating Protection with Thermotropic Materials —

State of Technology

2.1 Introduction

Thermotropic layers are inherently switching, which permits the light and energy
flux to be adapted to an external temperature stimulus. For overheating
protection purposes a reversible transition from highly transparent to light
diffusing upon reaching a certain threshold temperature is required. The
autonomous shading of the thermotropic layer is induced by light scattering
from mesoscopic particles which exhibit an index of refraction that is different to
that of the surrounding medium above the defined transition temperature. Three
main types of thermotropic layers based on various polymers were established
in the past. These systems differ in their switching mechanisms. Whereas in
thermotropic _hydrogels and thermotropic polymer blends the formation of

scattering particles is based on a phase separation, in thermotropic systems

with fixed domains, the scattering domains are embedded statically in a matrix
material (e.g. Wilson, 2000; Seeboth et al., 2000; Nitz and Hartwig, 2005).

Aside from recent publications associated with the present project (Resch et al.,
2007; Wallner et al., 2008), the suitability of thermotropic layers to prevent
overheating in solar collectors was proved in former studies by Khan and
Brunger (1995) and Wendker (1998). However, research on thermotropic
systems for overheating protection purposes so far focused on the development
of ‘smart windows’ for light-shielding applications in transparent facades (e.g.
Nitz and Hartwig, 2005; Seeboth et al., 2000; Raicu et al., 2002; Georg et al.,
1998; Beck et al., 1995; Wilson, 1994; Watanabe, 1998). Compared to glazing
applications, thermotropic materials applied to control stagnation temperatures
in solar collectors are exposed to harsher environmental conditions and require
different performance properties. Among these especially higher switching
temperatures and appropriate long-term stability at elevated temperatures are
the most important (Wendker, 1998; Resch et al., 2007; Wallner et al., 2008).

Research and development on thermotropic materials for overheating protection

in solar collectors initially requires detailed knowledge on

12



e necessary performance properties,
e  existing material types and their functional principle,
e advantages and disadvantages of material types developed so far, and

o the potential to adapt and modify existing material types.

Information as to these issues allows for an appropriate material selection,
especially from a polymer engineering and science point of view, which
provides the basis for further developments and systematic optimization.
However, a comprehensive survey on thermotropic materials for overheating
protection purposes along with relevant material characteristics was not
reported yet. Hence, this chapter is concerned with the detailed evaluation of
thermo-functional material types developed so far. Specific focus is directed

towards their applicability and adaptability for active solar thermal systems.

2.2 Paperl

Paper 1: Thermotropic layers for flat-plate collectors — A review of various
concepts for overheating protection with polymeric materials
by K. Resch and G.M. Wallner
(to be published in: Solar Energy Materials and Solar Cells)

This paper includes an overview of the developments on thermotropic
hydrogels, thermotropic polymer blends and thermotropic systems with fixed
domains for overheating protection purposes. Relevant performance properties
to provide adequate overheating protection for solar thermal collectors are
defined. Existing material formulations are evaluated with respect to their ability

to meet these requirements.
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1. Introduction

Thermotropic glazings are inherently switching layers which
permit the light and energy flux to be adapted dynamically to
climatic demands [1-3]. Materials which change their light
transmission behavior reversibly from highly transparent to light
diffusing upon reaching a certain threshold temperature can
provide overheating protection for active and passive solar
thermal systems [1,3-8]. Polymeric materials are playing a key

* Corresponding author.
E-mail address: resch@pccl.at (K. Resch).

0927-0248/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.solmat.2008.09.004

role in thermotropic solar control layers [5]. In the past
thermotropic systems for active daylight control in transparent
facades have been developed and investigated mainly [1-3,9-25].
Some recent publications deal with the characterization of
thermotropic materials for all-polymeric solar collectors [26,27].
Nevertheless, the developments on thermotropic materials for
overheating protection purposes are not reviewed extensively in
the literature. Thus the overall objective of the present paper is to
give a comprehensive review of thermotropic systems. Specific
focus is directed towards the definition of basic demands placed
on thermotropic materials for active solar energy related applica-
tions and the potential of existing material formulations to meet
these requirements.
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2. Thermotropic systems

In general, the autonomous shading of the thermotropic layer
is induced by light scattering from particles with dimensions
comparable to the wavelength of the solar spectral range which
exhibit an index of refraction that is different to that of the matrix
above the defined transition temperature [3,5]. On one hand
thermotropic behavior may be achieved by an alteration in the
structure of the liquid crystalline phase with an anisotropic index
of refraction from optically anisotropic to isotropic at a corre-
sponding temperature as in the case of liquid crystal systems
[2,3,18]. Liquid crystal systems are not considered within this
paper. On the other hand scattering can be induced by the
formation of local differences in the refractive index by phase
separation or a change in refractive index of one or more
components [2,3,5]. This is the case in thermotropic hydrogels,
thermotropic polymer blends and thermotropic systems with
fixed domains. The following discussion merely focuses on these
thermotropic systems.

2.1. Thermotropic hydrogels

Thermotropic hydrogels are chemically or physically cross-
linked polymer networks which are poured with appropriate
water (or solvent) content. At low temperatures the aqueous
solution is dissolved homogeneously on the molecular level, so
that a clear state is achieved. Above the switching temperature
scattering domains are formed by an aggregation of the polymers
and/or by separation of free water (or solvent) from the polymer
network (e.g. [2,3,5,10-12,16,20]) and the layer becomes light
diffusing.

Table 1
Survey on thermotropic hydrogels (this list is not exhaustive)

A multiplicity of thermofunctional substances exhibiting a
cloud point have been developed mostly for biomedical applica-
tions, such as carriers for controlled drug release and drug
targeting, biotechnology and tissue engineering (e.g. [28-30]).
Thermotropic hydrogels have also received attention for applica-
tions in architecture as light-shielding glass [2,3,15].

As functional components and/or base materials of thermo-
tropic hydrogels developed so far various polymer types were
used. A classification as to main polymer component is given in
Table 1. Though, not all material modifications and variations are
surveyed within the scope of the present paper. A review on
thermo-responsive hydrogels for pharmaceutical applications and
drug delivery is given in Peppas et al. [28] and Schmaljohann [29],
respectively. The synthesis of thermosensitive water-soluble
copolymers is reviewed and discussed in Dimitrov et al. [31].
The following discussion goes into details concerning composi-
tions and properties merely for thermotropic hydrogels produced
for light-shielding applications.

Comprehensive research and development was done on
thermotropic hydrogels based on polyvinylpolymers. For instance
Kiihl [32], Falicoff et al. [33], Chahroudi [34-36], Starovoytova and
Spevacek [37], Nies et al. [38], Loozen et al. [39] and Guo et al. [40]
investigated thermofunctional aqueous solutions of polyvinyl-
methylether. Chahroudi [41], Kroner et al. [42], Arndt et al. [30],
Moerkerke et al. [43] and Reyntjens et al. [44] discussed gels
produced by cross-linking or copolymerizing. Kiihl [32] prepared
the first thermotropic hydrogel by mixing polyvinylmethylether,
agar-agar and water and laminated the functional material
between glass panes. In 1995 Chahroudi [41] presented Cloud
Gel™ for light-shielding applications (Suntek Inc., Albuquerque,
USA), based on an aqueous polyvinylmethylether solution which
was made capable of UV curing. Measurements on a 1 mm thick

Classification Polymer class Polymer type

Author

Synthetic polymers Polyvinyl

polymers

Polyvinylmethylether

Polyvinylalcohol

Polymers with
amide groups

N-isopropylacrylamide

N,N-dimethylacrylamide
Vinylcaprolactames

N-vinyl-5-methyl-2-oxazolidinone
Poly-2-isopropyl-2-oxazoline
Polymethyl-2-acetamidoacrylate
Polyvinylalkylamides

Various
polyethers

Hydrogel of lactitol based polyether
polyol

Hydrogel of polyglycidols

Aqueous solutions of ethyleneoxide/
propyleneoxide

Hydrogel of polyether compound
with ethyleneoxide groups

Others Aqueous acrylourethane resins
Hydrogel of polyacrylicacid
Solution of metal sulphate salt in

water

Cellulose
derivatives

Biopolymers Hydrogels of hydroxypropylcellulose

Hydrogels of cellulose esters

Arndt et al. [30], Kiihl [32], Falicoff [33], Chahroudi [34-36], Starovoytova and
Spevacek [37], Nies et al. [38], Lozen et al. [39], Guo et al. [40], Chahroudi [41],
Kroner et al. [42], Moerkeke et al. [43], Reyntjens et al. [44]

Chahroudi [34-36], Kiihl [45,46], Nonaka et al. [47], Aoshima [48], Wu et al. [49],
Mitsumata [50], Byun et al. [51], Boyko et al. [52], Kim et al. [53], Zhang et al. [54],
Oktar et al. [55]

Chahroudi [41], Kim et al. [53], Zhang et al. [54], Oktar et al. [55], Nishimura et al.
[56], Chytry et al. [57], Neradovic et al. [58], Zhu et al. [59], Liu et al. [60,61], Park
et al. [62], Geever et al. [63], Zhu et al. [64], Ju et al. [65], Kim et al. [66]
Mueller [67,68]

Kroner et al. [42], Kiihl [69], Eisele and Burchard [70], Makhaeva et al. [71],
Meeussen et al. [72], Verbrugghe et al. [73], Gao et al. [74], Vihola et al. [75]
Walles and Tousignat [78], Walles [79]

Uyama and Kobayashi [80]

Okamura et al. [81-83], Mori et al. [84,85], Lee and Bucknall [86]

Suwa et al. [87,88], Kishida et al.[89], Yamamoto et al. [90,91]

Lin et al. [92]

Dworak et al. [93], Jamroz-Piezga et al. [94]

Nishimura et al. [56], Bosing et al. [95], Campese et al. [96], Song et al. [97], Mori
et al. [98]

Meinhardt [99]

Howard and Nulph [100], Zalucha [101]
Kiihl [102], Tanaka [103]
Stephens [53]

Watanabe [105]

Schneider and Seeboth [18], Seeboth et al. [18,21]
Zhou et al. [106]
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Cloud Gel™ laminated between polymer films showed that the
solar transmittance decreases from 82% in the clear state to 5% in
the opaque state at switching temperatures variable between 10
and 70°C [4,16].

Kuehl [45,46], Chahroudi [34-36], Nonaka et al. [47], Aoshima
et al. [48], Wu et al. [49] and Mitsumata et al. [50] described
thermofunctional gels which were produced from aqueous
solutions of polyvinylalcohol, its copolymers or terpolymers and
modifications. In many cases polyvinylalcohol was also incorpo-
rated into cross-linked polymers (e.g. polyacrylicacid [51], poly(N-
vinylcaprolactam) [52] or poly(N-isopropylacrylamide) [53-55])
for the production of hydrogels with semi-interpenetrating net-
works.

Polymers containing amide groups were constituents of
numerous developments concerning thermotropic hydrogels.
Poly-N-isopropylacrylamide and its copolymers were frequently
cited as polymer base for the production of thermotropic
hydrogels, for example by Chahroudi [41], Nishimura et al. [56],
Chytry et al. [57], Neradovic et al. [58], Zhu et al. [59], Liu et al.
[60,61], Park et al. [62], Geever et al. [63] and Zhang et al. [64].
Furthermore also semi-interpenetrating networks of N-isopropy-
lacrylamide with alginate [65] and polyethyleneoxide [66] were
developed. Mueller [67,68] depicted the production of thermo-
tropic hydrogels with a lower critical solution temperature from
copolymers of N,N-dimethylacrylamide and hydrocarbon-acrylate,
which are partly crosslinkable by energetic radiation. Polyvinyl-
lactams were also considered as polymer base for the production
of thermotropic hydrogels. In Kroner et al. [42], Kiihl [69], Eisele
and Burchard [70], Makhaeva et al. [71] and Meeussen et al. [72]
aqueous solutions of different vinylcaprolactames were described.
N-vinylcaprolactames-graft-polyethyleneoxide was produced by
Verbrugghe et al. [73]. Thermally responsive microgel particles
composed of N-vinylcaprolactames are reported by Gao et al. [74]
and Vihola et al. [75]. Rullier [76,77] developed a functional gel
filling for a double glazing, which was produced from different
acrylamides, water and derivatives from polyvinylalcohol and
poylvinylcaprolactam. Walles and Tousignat [78] and Walles [79]
prepared thermotropic hydrogels by mixing homopolymers or
copolymers of N-vinyl-5-methyl-2-oxazolidinone, water and
glycerol to depress the freezing point. Uyama and Kobayashi
[80] reported on thermotropic hydrogels produced from poly-2-
isopropyl-2-oxazoline. Thermotropic hydrogels based on poly-
methyl-2-acetamidoacrylate, its modifications and copolymers
were discussed for instance in Okamura et al. [81-83], Mori et al.
[84,85] and Lee and Bucknall [86]. Suwa et al. [87,88], Kishida et
al. [89] and Yamamoto et al. [90,91], described thermosensitive
hydrogels based on poly-N-vinylalkylamides and its modifica-
tions.

Also aqueous solutions of some polyethers exhibit a cloud
point temperature. Examples are given in Lin et al. [92], Dworak et
al. [93] and Jamroz-Piegza et al. [94]. The reversible solubility of
ethyleneoxide or propyleneoxide and their copolymers in water or
other solvents was utilized by Nishimura et al. [56], Bosing et al.
[95], Campese et al. [96], Song et al. [97] and Mori et al. [98] for
the production of functional layers. Meinhardt [99] produced
thermotropic hydrogel called TALD (temperaturabhdngige Licht-
durchlaessigkeit) based on a polyether compound with ethylene-
oxide groups, a base, a carboxyvinyl polymer and water. The
application of a non-ionic wetting agent enhanced reversibility
and allowed for the control of the phase transition temperature.
The addition of glycol improved the frost resistance. For a 1 mm
thick TALD-hydrogel laminated between glass panes a solar
transmittance of 84% and 47% in clear and opaque state is
reported, respectively, at switching temperatures adjustable
between 5 and 60°C [4]. Howard and Nulph [100] and Zalucha
et al. [101] generated thermotropic films by blending water and

optionally ethylenic monomers into different acrylourethane
resins.

Kiihl [102] and Tanaka et al. [103] introduced formulations
based on esters of polyacrylacid. A different approach is a metal
sulphate salt solution presented by Stephens [104], which exhibits
a decreasing salt solubility with increasing temperature.

Recent attempts were considering biologically degradable
polymers, such as cellulose derivatives for the production of
thermotropic hydrogels. Watanabe [105] developed a thermo-
tropic hydrogel with enhanced long-term stability consisting of
water, hydroxypropylcellulose (HPC), 5% sodium chloride aqueous
solution and an amphipathic substance acting as a spacer, which
prevents a complete phase separation [1,3,5,54]. The Affinity
Intelligent Window™ of sizes up to 1m? was produced by
laminating the hydrogel between glass panes. If insulating glazing
units were used for lamination the solar transmittance changed
from 44% in the clear state to 9% in the opaque state [23].
Switching temperatures between 25 and 60 °C were realized [15].
Schneider and Seeboth [18] and Seeboth et al. [21,25] reported on
thermotropic hydrogels based on HPC, natriumchloride and either
hydroxyethylcellulose (HEC) or gellan gum, instead of an amphi-
pathic substance to avoid ageing. The different materials changed
their light transmittance at temperatures between 20 and 40 °C
from 80-98% in clear state to <5% in opaque state for a
wavelength of 600nm [18,21]. Thermosensitive hydrogels pre-
pared from cellulose ester derivatives are described in Zhou et al.
[106] which show precipitation temperatures between 54 and
96 °C.

2.2. Thermotropic polymer blends

In general, polymers are incompatible with one another as a
result of low entropy of mixing and the positive energy of mixing
between polymers. Exceptions to this rule are for example
metastable, partly miscible systems which exhibit a lower critical
solution temperature (LCST). At low temperatures the polymers
interact via salt formation, hydrogen bonding, complex formation,
n-electron interaction or dipolar interaction. The miscibility
decreases with increasing temperature associated with the
formation of domains [2,5,19,20,22,107]. Thus the material under-
goes a transition from clear to cloudy. An overview of thermo-
tropic polymer blends developed so far for light-shading purposes
is given in Table 2.

The specific utilization of this phase-separation mechanism for
thermotropic polymer blends was first described by Siol et al.
[107], who manufactured thermotropic layers showing clear/
cloudy transitions from various acrylate based polymers and
chlorinated rubber or polystyrene. The transition temperature was
varied between 60 and 140 °C by a modification in the proportions
of the interacting groups, by a change in the proportions of the
polymers, by the addition of one or more low molecular weight
substances or by a variation of the molecular weight of the
polymers. Eck [19] and Eck et al. [108] developed thermotropic
polymer blends based on interpenetrating networks by thermally
crosslinking styrene-hydroxyethylmethacrylate random copoly-
mers using a trifunctional isocyanate with polypropyleneoxide
being simultaneously grafted onto the network. The breadth of
the temperature range, in which turbidity occurs, could be
adjusted from 30 to 100°C by the cross-link density. The solar
transmittance changed from 89% in clear state to 37% in opaque
state. In Jahns et al. [109] switching temperatures between 40 and
130 °C were achieved with a dissolution of styrene-hydroxyethyl-
methacrylate random copolymers and polypropyleneoxide that
was radiation cured during or after evaporation of the solvent. The
material exhibited solar transmittance values of 87% and 38% in
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Compositions of thermotropic polymer blends

Classification

Polymer 1

Polymer 2

Author

Acrylate based

Styrene based

Polymethylmethacrylate
Methylmethacrylate-butylmethacrylate copolymer
Polyisobutylmethacrylate
Poly-2-ethylhexylmethacrylate
Isobutylmethacrylate and 2-ethylhexylmethacrylate
Ethylacrylate

Styrene-hydroxyethylmethacrylate random copolymers
Styrene-hydroxyethylmethacrylate random copolymers
Dissolution of styrene, hydroxyethylmethacrylate and allylmethacrylate

Chlorinated rubber

Polystyrene

Polypropyleneoxide
Polypropyleneoxide
Polypropyleneoxide
butylenoxide copolymer

Siol et al. [107]

Eck [19], Eck et al. [108]
Jahns et al. [109]
Jahns et al. [110]

Table 3

Compositions of thermotropic systems with fixed domains

Classification Matrix material(s) Thermotropic component(s) Author
Matrix not cross-linked
Amorphous Thermoplastic copolyesters Octadecane Dabisch [112]
thermoplastics
Polymethylmethacrylate Eicosane?®

Semi-crystalline
Thermoplastics

Matrix cross-linked
Silicon resin

Thermoset resins
Peroxidic curable

resins
UV curing resins

Thermoplastic polystyrene
Thermoplastic polyamide

Silicon resin

Polyesters resins based on aromatic or aliphatic carboxylic acid and
aliphatic diols, solvent trichloroethylene

Resin based on phtalic anhydride, soy oil, pentaerythrit and solvent
Epoxy resin, crosslinker: dibenzoylperoxide, cyclohexanonperoxide,
aminfunctionalized crosslinker, isocyanatic crosslinker
Polyesteracrylate, methacrylicacid-methylester, UV initiator

Ester types
Ester types

Random copolymer of ethylene and
glycidyl
Methacrylate-butadiene-styrene
core-shell block-copolymer

Ester types®
Waxy polymer (C,F5Cl),
Ester types

n-Octadecane, eicosane
n-Eicosane, n-octadecane

n-Octadecane

Buehler and Hewel
[113]

Dabisch [112]
Charoudi [34]
Dabisch [112]

Meinhardt et al. [114]
Bicer et al. [115]

Bicer et al. [116]

Polyesteracrylate, divinylbenzol, UV initiator
Polyesteracrylate, epoxyacrylate, acrylicacid,
tetrahydrofurfurylacrylate, UV-initiator
Photo-crosslinkable matrix solutions

n-Eicosane

n-Octadecane Schwitalla et al. [117]

n.a. Resch et al. [26,27]

n.a. data not available.
2 System with switching direction from opaque to transparent.

clear and scattering state, respectively. Kleinke et al. [110]
suggested a transparent sheath layer which surrounds the
thermotropic core material to provide stickiness control and
mechanical strength and makes it possible to put the material into
film form. To enhance coextrusion with sheath layers Jahns et al.
[111] produced polymer blends based on a dissolution of styrene,
hydroxyethylmethacrylate and allylmethacrylate, which are
mixed homogeneously with a polypropyleneoxide-butyleneoxide
copolymer. After outgassing in an extruder and granulating the
granulate material was processed into films with a switching
temperature of 30 °C by blow-molding.

2.3. Thermotropic systems with fixed domains

In thermotropic systems with fixed domains (TSFD) scattering
particles, which exhibit a sudden change of refractive index with
temperature, are statically embedded in a matrix material. At low
temperatures the layer is translucent, as the refractive indices of
matrix and domain are almost equal. The differing temperature

dependence of the refractive index for the components above the
switching threshold causes the thermotropic film to turn opaque.
Vice versa if the refractive index of matrix and domain are
differing at low temperatures and are almost equal above the
switching temperature the thermotropic system exhibits a
transition from an opaque to a transparent state. However, such
systems are not appropriate for overheating protection purposes.
Whereas in some developments thermoplastics were considered
as matrix materials for TSFD, other attempts focused on the
embedding of scattering domains in cross-linked polymers
[26,27,34,112-117]. A summary of different systems is presented
in Table 3.

The combination of a monomer compound and a polymer
matrix for TSFD was proposed by Dabisch [112], who prepared
numerous thermotropic materials with switching temperatures
between 5 and 40 °C based on both thermoplastic and duromer
matrix materials and different ester types and alcanes as
thermotropic components. Both thermotropic layers switching
from a transparent to an opaque state and from a scattering to a
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clear state were prepared. Chahroudi [34] suggested the embed-
ding of a waxy polymer in silicon rubber. Buehler and Hewel [113]
described TSFD composed of a thermoplastic polyamide matrix
and impact-modifier copolymers as thermotropic components,
which is commercially available and can be converted in any
shape by injection-molding or extrusion. In Meinhardt et al. [114]
a dissolution of alcanes in a resin based on pthalic anhydride, soy
oil, pentaerythrit and a solvent was converted into a functional
film. In a further development Bicer et al. [115] suggested the use
of modified epoxy resins, which are peroxidic curable, as matrix
material. For ecologic and economic reasons Bicer et al. [116]
prepared thermotropic casting resin systems by dissolving the
monomer compound in a matrix solution, which contains photo-
hardening oligomers, reactive thinners as well as photo-initiators
and can be cured using photo-radiation. In a further modification
of this composition Schwitalla et al. [117] added a thixotrope
component to enhance retrofitting of existing glazing. For these
functional films [114-117] switching temperatures between 20
and 35°C and moderate switching ranges of 25% were achieved
[23,114-117]. Resch et al. [26,27] discussed TSFD for solar thermal
applications based on UV curable acrylate oligomers and non-
polar as well as polar additives, which show moderate clear/
cloudy transitions (9%) in the temperature range between 40 and
75°C.

3. Strengths and weaknesses

In the following basic requirements for thermotropic materials
to provide adequate overheating protection for solar thermal
collectors are described. Subsequently the potentialities of
thermotropic hydrogels, polymer blends and systems with fixed
domains to meet these specifications are discussed. A summary
and comparison of their performance properties is given in Table
4,

Table 4

In Seeboth et al. [2] and Watanabe [15] a set of requirements is
defined, whereof thermotropic materials should fulfill most for
industrial applications. Some further specifications arise, when
thermotropic layers are applied to prevent overheating of solar
thermal systems [8,9,118]. Theoretical modeling of an all-poly-
meric flat-plate collector with twin-wall sheet gazing and black
absorber shows that for adequate overheating protection (i.e.
stagnation temperatures ranging from 80 to 140°C) switching
temperatures between 55 and 60°C and 75 and 80°C for
thermotropic glazing and thermotropic absorbers, respectively,
as well as a residual hemispheric solar transmittance below 60%
in the opaque state are effectual [8,9]. The influence of the
thermotropic layer on the overall collector efficiency is insignif-
icant as long as the solar transmittance is higher than 85% in the
clear state [8,9]. Further basic demands placed on thermotropic
materials are the exceptional high reversibility and reproducibility
of the switching process along with homogeneous stability and
low hysteresis [2,15]. A steep and rapid switching within a small
temperature range is required [8,9]. Whereas the materials should
be free of haze and coloring in the clear state, the turbidity in the
scattering state should be distributed uniformly over the whole
area, without appearance of streaks [15]. To obtain maximum
light-shielding efficiency in the solar wavelength range
(250-2500 nm) the scattering domain size should range between
200 and 400 nm in diameter and the differences in the refractive
index between the scattering particles and the surrounding
matrix should exceed 0.03 [1,11,20,55,66]. Fluid thermotropic
materials, especially hydrogels, filled in the intervening space of a
double glazing must show a high viscosity to distribute internal
hydrostatic pressure and to not run out [2]. To achieve a high
long-term stability the materials have to be stable against UV
radiation, non-freezing and exhibit an excellent weatherability
[2,15]. As to ecologic aspects thermotropic materials should be
safely manageable, innocuously, low or non-flammable and free of

Performance properties of thermotropic hydrogels, polymer blends and systems with fixed domains

Properties Thermotropic hydrogels Thermotropic polymer Thermotropic systems with fixed domains
blends

Switching temperature 5-60°C 30-130°C 25-100°C
Highest solar transmittance in clear state 82% >85% 84%
Maximum switching range and collector stagnation 77% 75 °C 52% 90°C 25% 125°C

temperature according to switching range

(determined for an all polymeric flat-plate

collector with twin-wall sheet glazing and black

absorber [8,9])
Reversibility High High High
Reproducibility High n.a. High
Homogeneous stability High n.a. High
Hysteresis Low High Low
Haze in clear state Low Low High
Turbidity in opaque state Uniform Uniform Uniform
Switching process Steep Gradual Steep
Diameter of scattering domain 400-2500 nm 480 nm >800 nm

Ageing and long-term stability UV protection required;

susceptible to dessication

Ecologic aspects Innocuously
Availability in large area Yes

Costs Expensive if synthetic
materials used
Commercially available
Affinity Intelligent
Window™ [15]

State of the art

Susceptible to humidity Delamination
Innocuously Innocuously
Yes Yes

No data available Low

No products available With thermoplastic matrix: commercially
available product developed by Buehler
and Hewel [114] at EMS Chemie AG (CH)
With crosslinked matrix: no products
available

n.a. data not available.
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organic solvents [2]. Furthermore, availability in a large area at
low costs is essential [15].

3.1. Thermotropic hydrogels

Investigations on optical properties, switching properties,
average particle size and distribution, long-term stability and
ageing of thermotropic hydrogels for light-shielding applications
are discussed extensively in the literature
[1,4-6,10-12,14-16,18,21,25]. Other publications deal with out-
door tests and properties in practical applications such as facade
elements, insulating glazing units and transparent insulation
glazings [6,14,119,120].

The performance properties of thermotropic hydrogels are
summarized in Table 4. In general, thermotropic hydrogels exhibit
a high solar transmittance in the clear state (>82%) and a high
opacity (solar transmittance <5%) in the scattering state. The
materials show a steep switching gradient (<10K) and a rapid
and complete return to the transmitting state (low hysteresis)
[4,5,15,16]. As to the switching temperature a flexible adjustment
in the range between 5 and 60 °C is reported [4,15]. Differential
light scattering measurements to characterize average sizes of
structural inhomogeneities and thus scattering domain sizes for
Cloud Gel™ and TALD reveal scattering particles up to 2500 nm in
diameter [11]. The Affinity Intelligent Window™ exhibits particle
sizes of ~400nm and retains a uniform state, even when heated
partially [1,118]. As to economic aspects thermotropic hydrogels
are quite expensive if synthetic materials are applied [18,21,25].
Hydroxypropylcellulose as a natural thermotropic material does
not only enhance availability and environmental capability, but
also decreases the costs for the functional material significantly
(86-216 €/kg for synthetic materials; 4.60 €/kg for natural materi-
als) [18,21,25]. However, the use of biopolymers requires a
thorough protection against microorganisms [18,21,25]. Light
and durability tests show that the switching range of the
functional material used for the Affinity Intelligent Window™
decreases slightly, along with little yellowing of the sample and
small air bubbles [14-16]. In general UV protection is required
[14,15]. The TALD gel shows neither changes in the switching
behavior nor in the optical properties in clear and cloudy state
after 4000 cycles of heating [10]. Also some problems with water
as a main component may arise, as water makes the thermotropic
hydrogel susceptible to freezing and limits the operation tem-
perature range to 0-40 °C [4]. The addition of anti-freezing agents
depresses the freezing point to temperatures below —50°C [4].
Furthermore thermotropic hydrogels filled into the intervening
space of a double glazing, place high demands on sealing of the
glazing. If not sealed properly the layer will dry out [3]. Reflection
on the interfaces between the surrounding glazing and the
thermotropic material may also cause a reduction in solar gains.

For the different thermotropic hydrogels developed to date
commercialization was announced merely for the Affinity Intelli-
gent Window™ [3]. In general, thermotropic hydrogels are well
suited for solar thermal applications, as the high switching range
of 77% would reduce maximum absorber temperatures to ~75 °C,
as shown by theoretical modeling of an all-polymeric flat-plate
collector with twin-wall sheet glazing and black absorber
(assuming 85% solar transmittance in clear state) [8,9]. This
would allow for the application of cost-efficient plastics as
absorber materials. Nevertheless, no thermotropic hydrogel is
described currently that exhibits the working temperature range
and switching temperatures required to provide adequate over-
heating protection for solar collectors. A further difficulty is that
the only practical way of realizing overheating protection with
thermotropic hydrogels to date is the encapsulation of the

functional material between glass panes. This complex glazing
configuration along with high mass is contradictory to the main
aims of an all-polymeric solar collector such as simplifying design
and reducing weight.

However, the basic properties such as transition temperature
and working temperature range of thermotropic hydrogels can be
adjusted for the application as overheating protection device in
solar collectors. The switching temperature of the thermotropic
hydrogel can be adapted by a change of the constituents and/or
their concentration or, if the applied polymer consists of two or
more monomer components, by a variation of the copolymer ratio.
The composition of the solvent has great influence on the cloud
point temperature. Furthermore, the switching temperature can
be adjusted by the addition of surfactants or by coupling the
hydrogel with alcohols, salts, acids or bases. Salts also affect
viscosity and lead to a physical cross-linking of the system, which
is advantageous for long-term stability. For thermotropic hydro-
gels formulated with water salts depress the freezing point and
increase the boiling point of water and thus enhance durability
and working temperature range. The durability of the system can
be improved by the incorporation of molecular spacers. To
enhance long-term performance for solar collector applications
the replacement of water by other solvents may be advantageous.
Alternatively the addition of anti-freezing agents is possible.

3.2. Thermotropic polymer blends

Thermotropic polymer blends are well examined in the
literature. Some publications deal with switching characteristics
and solar shading capability as a function of time, temperature
and angle of incidence as well as with theoretical simulation
experiments [4,5,17,22]. Other works focus on long-term stability
and ageing optimization of thermotropic polymer blends as well
as on practical applications [14,20,22].

As summarized in Table 4, thermotropic polymer blends
exhibit a high solar transmittance (>85%) in the clear state and
a high opacity (<38%) in the scattering state at elevated
temperatures [4]. The switching temperature can be adjusted
within a wide temperature range (30-130°C) [4,108]. Goetzberger
et al. [17] show that thermotropic polymer blends provide shading
only at a solar position within +30° relative to the south and an
altitude of the sun between 30° and 65° (experiments performed
at 48°N; orientation south; 30°inclination relative to the hor-
izontal). Furthermore, the layers need several hours (up to 15 h) to
become clear again completely (high hysteresis) [17]. Compared to
hydrogels the time to reach the switching point is longer and the
solar irradiation required to maintain the opaque state is higher
[17]. Raicu et al. [22] demonstrate that the switching is very
gradual in a temperature range of 40°C and that especially at
temperatures close to the switching point the reduction of the
visible transmittance is more pronounced than the reduction of
the solar transmittance. For this thermotropic polymer blend
Fuchs [20] determined average scattering domain sizes of 480 nm
in diameter. As to long-term stability it was observed that the
temperature-dependent transmittance spectra were identical
before and after the ageing test [14]. Nevertheless, the materials
are very susceptible to humidity (transition to opaque state also at
raised humidity levels) [14].

The developments on thermotropic polymer blends have been
discontinued and no products are available at present [3].
Nevertheless, thermotropic polymer blends could provide ade-
quate overheating protection for solar thermal systems. Assuming
85% solar transmittance in clear state, the switching range of 52%
would reduce stagnation temperatures of an all-polymeric flat-
plate collector with twin-wall sheet glazing and black absorber to
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90 °C, which is the required maximum operating temperature for
domestic hot water and space heating applications [8,9]. However,
no materials with switching temperatures required for solar
thermal applications have been realized so far. Further develop-
ments on thermotropic polymer blends should focus on the
adjustment of switching temperatures between 55.and 80 °C. For
the application in solar collectors also the long-term stability and
performance of the materials have to be improved, especially with
respect to the sensitivity to humidity. In this regard also an
appropriate encapsulation of the blend may be an alternative.
There are several possibilities to adapt the properties of
thermotropic polymer blends and thus to make them suited for
solar collector applications. The switching temperature of the
thermotropic system can be varied by a change of the interacting
groups (polymers, copolymers) and/or their concentration, the
change of the mobility and thus molecular weight of at least one
polymer component (LCST decreases with increasing molecular
weight) or the addition of substances with low molecular weight
such as plasticizers (decrease of LCST). Numerous polymer blends
exhibiting a LCST are given in Paul et al. [121]. Durability of the
material itself can be enhanced by the addition of UV-stabilizers,
antioxidants and/or weathering agents or by the formation of
(semi)interpenetrating polymer networks, which also improve
reversibility and affect the switching temperature. The switching
performance can be tailored by adjusting the difference between
the glass transition temperature of the homogeneously mixed
polymer blend (below LCST) and the switching temperature or by
varying the concentration of the mobile polymer component.

3.3. Thermotropic systems with fixed domains

TSFD_are little discussed in the literature. Whereas Wilson
gives a short overview, Resch and Wallner characterized thermo-
tropic resins under polymer-physical aspects and established
structure-property relationships [5,26]. In Resch et al. [27] a
comprehensive spectroscopic characterization of TSFD is pre-
sented.

As discernible from Table 4, TSFD exhibit a solar transmittance
(<85%) below the switching temperature which can be attributed
to usually slight differences in the refractive indices between the
components over the entire spectral range, which cause scattering
also in the clear state [3,5,27]. As depicted in Resch et al. the
turbidity in the opaque state is distributed uniformly over the
whole area [27]. However, only moderate switching ranges up to
25% are reported [5,23,27]. Domain sizes exceeding 800 nm in
diameter discussed so far do not allow for more effective shading
in the solar spectral range [27]. Resch et al. [26] show that the
switching temperature of TSFD can be adjusted in a wide
temperature range by selecting adequate additives. In general
the materials are characterized by a steep and rapid switching
within a small temperature range <15°C, a rapid and high
reversibility and low hysteresis [26,27]. Functional layers can be
produced environmental friendly and cost-efficient using existing
polymer processing technologies (injection molding; extrusion;
curing by UV radiation) and without the emission of polluting
solvents [113,116,117]. For TSFD no research on long-term stability
and ageing has been reported yet. Merely for layers laminated
between glass panes, failure due to delamination is described
[122].

Except the TSFD developed by Biihler et al. [113], no market-
able products are available to date. The continuous utilization
temperature of this material type ranges between 80 and 100 °C.
The gradual transition from clear to cloudy of this TSFD, however,
is not optimal for solar collector applications. In general, TSFD for
autonomously shading glasses posses a high potential for

industrial applications and active solar thermal systems. Theore-
tical modeling of an all-polymeric flat-plate collector (twin-wall
sheet glazing; black absorber) with thermotropic overheating
protection shows that even a moderate switching range of 25%
would limit maximum absorber temperatures to ~125 °C (assum-
ing 85% solar transmittance in clear state) [8,9]. The high
reversibility and low hysteresis of TSFD are advantageous for
overall solar thermal system efficiency. However, new develop-
ments should focus on the adjustment of appropriate switching
temperatures and on the assurance of adequate durability. The
switching properties of TSFD can be tailored easily for the desired
application by selecting adequate additives. Information as to the
switching process can be deduced from the thermal transition of
the additive in advance. As the long-term stability of the
thermotropic layer is strongly affected by the resin type and the
cross-linking density, appropriate resin formulations have to be
selected. Resins are available and already applied industrially that
can withstand operating temperatures exceeding 100 °C. The long-
term stability and weatherability can be improved further by
adding stabilizers.

Especially the easy and fast adjustment of the switching
temperature and high possible operating temperatures favor TSFD
over thermotropic hydrogels and thermotropic polymer blends for
the application in solar collectors. However, further research and
development considering polymer physical parameters are ne-
cessary for optimizing product properties.

4. Summary and conclusions

Within this paper investigations and developments on ther-
motropic hydrogels, thermotropic polymer blends and thermo-
tropic systems with fixed domains (TSFD) are reviewed with
respect to requirements to prevent overheating of a solar thermal
collector.

In general, thermotropic hydrogels are characterized by a high
transparency in the clear state along with low haze and a change
in solar transmittance by 77% at temperatures adjustable between
5 and 60°C. The materials exhibit an excellent switching
performance with a steep switching gradient, a high reversibility,
and low hysteresis. Thermotropic hydrogels place high demands
on UV protection and on sealing due to water as a main
component and are expensive if synthetic materials are used.
Thermotropic polymer blends undergo a transition from a highly
transmitting state to a highly reflecting state (change in solar
transmittance by 52%) at temperatures variable between 30 and
130°C. These material types show a gradual switching within a
broad temperature range along with high reversibility within a
broad time-frame. Furthermore, the materials are susceptible to
humidity. TSFD show a steep and rapid switching process within a
small temperature range and an extraordinary high reversibility at
low hysteresis. TSFD developed so far show a moderate change in
transmittance (currently by 25%) above the switching threshold
that is easily adjustable between 0 and 100°C. The moderate
switching performance of TSFD is related to an inappropriate size
of the dispersed phase with particle diameters above 800 nm.
Regarding the solar switching ranges, all material systems possess
a high potential for solar thermal applications. For an all-
polymeric flat-plate collector with twin-wall sheet glazing and
black absorber thermotropic hydrogels, thermotropic polymer
blends and TSFD would limit maximum absorber temperatures to
75,90 and 125 °C, respectively (assuming 85% solar transmittance
in clear state). The reduction of the maximum stagnation
temperature to such temperatures would allow for the use of
cost-efficient commodity plastics as absorber materials. However,
the systems developed so far need to be adapted especially as to
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their switching temperatures required for solar thermal applica-
tions (55-60°C, 75-80°C) and optimized as to their long-term
stability.
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3 Investigation of Matrix Materials for Thermotropic Systems

with Fixed Domains

3.1 Introduction

Among different thermo-functional materials, thermotropic systems with fixed do-
mains (TSFD) possess the highest potential for overheating protection applications
in solar collectors (Resch and Wallner, 2008). This can be attributed to their
distinct advantages such as the easy adjustment of the switching threshold, high
possible operating temperatures, high reversibility and low hysteresis. In TSFD
scattering domains are embedded statically in a polymer matrix material (e.qg.
Seeboth et al., Wilson, 2000; 2000; Nitz, 2005;). Although also thermoplastic
matrices are considered in the literature (Dabisch, 1978; Buehler, 1999), most
publications deal with cross-linked matrices, and thus thermoset resins (Dabisch,
1978; Meinhardt et al., 1996; Bicer et al., 1997; Bicer et al., 2000; Schwitalla et al.,
2002; Wilson, 2000). Especially for preliminary tests and basic material
development, thermoset resins are favourable to thermoplastics, because the
incorporation of scattering particles in thermosets is more flexible and requires
less processing effort.

Due to higher polymerization rates, lower temperatures of curing and the solvent
free formulation, resin systems curable by energetic radiation, especially by ultra-
violet (UV) light, are favored to thermally curing material types for the production of
TSFD (Bicer et al., 2000; Schwitalla et al., 2002). In a UV-curable resin, UV energy
from a light source causes the photoinitiator to fragment into reactive species.
These species (either free radical or cationic) react with unsaturated
monomers/oligomers in the resin formulation and thus initiate a cross-linking
reaction that converts the liquid into a cured film (Fouassier, 1995; Fouassier
1997; Beck, 2002).

A UV-curable resin consists of three main components — the oligomer, a
monomer, which is mostly referred to as reactive diluent, and a photoinitiator. The
oligomer is a multifunctional material which gives a cross-linking polymerization.
Acrylate functional groups were found to be most effective. The backbone of the

oligomer plays a decisive role for the final properties of the film. Most commonly
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applied are epoxy, urethane, or polyester acrylates. A reactive diluent is a low mo-
lecular weight acrylate monomer with double bond functionalities, which is added
to adjust the system viscosity. This monomer participates in the polymerization re-
action and becomes part of the polymer matrix in the cured resin. If large concen-
trations are added, the influence of the reactive diluent on the performance proper-
ties of the system can be significant. The photoinitiator system is responsible for
the free radical formation and is thus the critical component of the UV curing proc-
ess. The selection of an adequate photoinitiator formulation depends on the resin

type and application (Fouassier, 1995; Fouassier 1997; Beck, 2002).

The curing rate, degree of cure, and performance properties of the resin system
are directly affected by the concentration of its constituents (Fouassier, 1995;
Fouassier 1997; Lecamp et al., 1997; Ruiz et al., 2003). Thus, in order to optimize
a resin formulation for a given application, extensive tests and experiments are
necessary. For the reflectance efficiency of a TSFD in the scattering state es-
pecially the cross-linking characteristics of the matrix material are playing a key
role (Bicer, 1997). High curing rates are essential to maintain a homogeneous
additive distribution. Cross-linking densities and glass transition temperatures
affect the precipitation of the additive and are advantageous for the long-term
stability (Resch et al., 2008). In summary, besides the chemical backbone the
evaluation of resin formulations for the production of TSFD must consider

o the curing rate,
e the degree of cure, and
e the glass transition temperature.

TSFD reported so far were not developed regarding cross-linking characteristics,
polymer-physical properties, and formulation parameters of the resin material.
Furthermore material selection was not described to be done according to the
degree of cure and the glass transition temperature of the matrix material. Thus,
within this chapter an approach for the determination of relevant cross-linking
parameters and matrix properties of a UV-curable resin is presented. Emphasis is
placed on the effect of the concentrations of oligomer, reactive diluent and

photoinitiator on the curing characteristics and the final degree of cure of a UV-
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curable resin. Conclusions concerning the suitability of the resin formulations for

the preparation of TSFD are drawn.

For this study materials were provided by Cytec Surface Specialties (Drogenbos,
BE). The oligomer used is an aliphatic urethane diacrylate (difunctional). The re-
active diluent added is 1,6 hexanediol diacrylate. A liquid radical photoinitiator
blend based on 1-hydroxy-cyclohexylphenyl-ketone and benzophenone is chosen.
The concentrations of reactive diluent (x=30, 40, 50 m%), photoinitiator (y=2, 3, 4,
5 m%) and oligomer (100-x-y m%) are varied.

3.2 Paper?2

Paper 2: Cross-linking behavior of UV-curable acrylate resins
by K. Resch, G.M. Wallner and R.W. Lang
(to be published in: Journal of Plastics Technology)

This paper includes an investigation concerning the effect of resin formulation on
the curing characteristics and properties of a UV-curable acrylate polymer. The
cross-linking process is studied applying real-time cure monitoring by Dielectric
Analysis (DEA). A quantitative evaluation of the degree of cure is performed
applying Attenuated Total Reflectance Spectroscopy (ATR). The glass transition
temperature is deduced from thermo-mechanical measurements by Dynamic
Mechanical Analysis (DMA).
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Cross-linking behavior of UV-curable acrylate
resins

Within this study the effect of the concentrations of oligomer, reactive diluent and photoinitiator on the
cross-linking characteristics of UV-curable urethane acrylate polymers was analyzed applying dielec-
tric analysis (DEA), Attenuated Total Reflectance Spectroscopy (ATR spectroscopy) and Dynamic
Mechanical Analysis (DMA). Real-time cure monitoring by DEA provided fundamental information on
the progress of polymerization and polymerization rate. A significant effect of the ambient temperature
on the curing characteristics was discernible. An influence of the concentrations of photoinitiator and
reactive diluent on the curing rate and time was not observable. After a curing time of 230 seconds
the various resin formulations exhibited degrees of cure between 0.96 and 0.99. ATR spectroscopy
ascertained that the degree of conversion on the surface exposed to air during the curing process is
enhanced by increased photoinitiator concentrations. DMA revealed glass transition temperatures
between 16 and 21°C for the different materials.

Vernetzungsverhalten UV-hartender Acrylat-
harze

In dieser Studie wurde der Einfluss des Anteils an Oligomer, Reaktivverdiinner und Photoinitiator auf
die Vernetzungseigenschaften UV-hartender Acrylatharze mittels Dielektrischer Analyse (DEA),
Attenuated Total Reflectance Spektroskopie (ATR-Spektroskopie) und Dynamisch Mechanischer
Analyse (DMA) charakterisiert. Mittels DEA wurden Informationen hinsichtlich des Polymerisations-
fortschritts und der Vernetzungsgeschwindigkeit abgeleitet. Die Umgebungstemperatur wirkte sich
signifikant auf das Reaktionsverhalten der Harze aus. Polymerisationsgeschwindigkeit und -zeit
wurden nicht von der Konzentrationen an Photoinitiator und Reaktivverdiinner beeinflusst. Nach einer
Bestrahlungszeit von 230 Sekunden wurden Vernetzungsgrade zwischen 0.96 und 0.99 erreicht. Uber
ATR-Spektoskopie wurde belegt, dass sich der Umsatz an der Oberflache durch héhere Anteile an
Photoinitiator verbessert. Untersuchungen mittels DMA zeigten, dass die Glastibergangstemperaturen
der verschiedenen Harzformulierungen zwischen 16 und 21°C liegen.
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Cross-linking behavior of UV-curable acrylate
resins

Katharina Resch, Gernot M. Wallner, Reinhold W. Lang

1 INTRODUCTION

Thermotropic resins are actively switchable layers which change their light
transmission behavior from highly transparent to light diffusing upon reaching a
certain threshold temperature reversibly [1-9]. The autonomous shading is
induced by a sudden change in the refractive index of scattering particles, which
are statically embedded in a matrix material [5,7-9]. Such functional films can
provide overheating protection for passive solar thermal systems (e.g., glazings
in buildings) as well as for active solar thermal systems (e.g., hot water
collectors) [5,7,10-15].

Due to distinct advantages such as the high polymerization rate, the low
temperature of curing and the solvent free formulation UV-curable acrylate
functionalized polymers and oligomers are used currently for thermotropic
resins [3,6,8,9]. UV-curable resins are typically composed of a photoinitiator, a
low viscous reactive diluent and a reactive acrylate oligomer, which determines
the application properties [16,17]. Thermotropic layers are produced by
dissolving a thermotropic additive in the resin material initially [1-3,6,8,9]. The
subsequent cross-linking process causes the additive component to precipitate,
which results in the formation of scattering domains [1-3,6]. As the scattering
particle size and distribution directly affects the reflectance efficiency of the
thermotropic material in the opaque state, the dissolving power and the curing
characteristic of the matrix material are playing a key-role in the performance of
a thermotropic resin [3]. High curing rates are essential to maintain a
homogeneous additive distribution, especially for systems which are prepared
at temperatures exceeding the curing temperature [3]. Increased cross-linking
densities and high glass transition temperatures may favor the precipitation of
the additive in the desired dimension and the long-term stability [18]. The cross-
linking characteristics of the resin system are directly affected by the
concentration of its components [16,17,19-21].

Hence, the main objective of the present paper is to perform a systematic
investigation of the effect of the concentrations of oligomer, reactive diluent and
photoinitiator on the cross-linking characteristics of UV-curable urethane
acrylate resins. Both, surface and bulk sensitive characterization techniques are
applied. Specific focus is given to the potential of real-time cure monitoring by
dielectric analysis (DEA) to study curing rate and state of cure. In addition, by
Attenuated Total Reflectance Spectroscopy (ATR spectroscopy) the degree of
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conversion is evaluated. Results are compared to the degree of cure of the bulk
deduced from the glass transition temperature determined by Dynamic
Mechanical Analysis (DMA).

2 EXPERIMENTAL

2.1 Materials

The prepolymer used was an aliphatic urethane diacrylate (difunctional) diluted
with 12% of 1,6 hexanediol diacrylate (HDDA) monomer. To adjust system
viscosity difunctional HDDA was selected. A liquid radical photoinitiator blend
based on 1-hydroxy-cyclohexylphenyl-ketone and benzophenone was chosen
to initiate the photo-polymerization process. UV-curable resins were prepared
by mixing the components at room temperature. Various material formulations
were produced by systematically varying the concentration of reactive diluent
(x=30, 40, 50 wt.%), photoinitiator (y=2, 3, 4, 5 wt.%) and oligomer (100-x-y
wt.%).

2.2 Dielectric Analysis (DEA)

Dielectric measurements were carried out using a dielectric analyzer DEA 231/1
(Netzsch-Geratebau GmbH, Selb, GER) at a frequency of 1000 Hz and a data
acquisition rate of 0.1 s. All experiments were performed using nickel plated
interdigitated electrode sensors on a polyimide substrate (65S, A/D ratio 80,
electrode spacing 125 pm (Netzsch-Geratebau GmbH, Selb, GER)). The resin
formulation was applied to the sensor with a paint-brush. A spacer allowed for
the adjustment of a constant wet-film thickness of 600 um. The curing reaction
was induced by a UV-lamp featuring a radiant power of 13.6 W in the UV-A and
3 W in the UV-B wavelength region (Ultra-Vitalux, OSRAM GmbH, Minchen,
GER). The light curing device was assembled 5 cm above the specimen. To
investigate the effect of the curing setup on the photopolymerization process for
one material formulation, a sample-lamp distance of additional 25 cm was
implemented. The irradiation was maintained for 230 s. All experiments were
performed at ambient temperature in the presence of air. Logarithmic plots of
the ion viscosity as a function of curing time were analyzed as to minimum and
maximum ion viscosity. In addition, the maximum slope was determined, which
is a measure for the conversion rate [22,23]. The data presented below have
been averaged over three measurements.

2.3 Attenuated Total Reflectance Spectroscopy (ATR
spectroscopy)

The degree of cure was determined applying Fourier Transform Infrared (FT-
IR)-spectroscopy in Attenuated Total Reflectance mode. A Perkin Elmer
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Spectrum GX (Perkin Elmer Instruments GmbH, Uberlingen, GER) IR
spectrophotometer equipped with a Pike MIRacle Micro ATR (Pike
Technologies, Madison, USA) was used. Spectra were recorded on uncured
resins as well as on both surfaces of photo-cured samples from DEA (top
surface: surface facing air; bottom surface: surface facing the dielectric sensor)
within a wavenumber range from 700 to 4000 cm™ at a resolution of 1 cm™. For
each material formulation, sample surface measurements were repeated four
times. The acrylate conversion X was deduced from the IR absorbance areas at
810 cm™ (vinyl unsaturations), before (Ao) and after (A;) UV-irradiation
according to X = 1 — AJ/Ap [24]. For this quantitative evaluation the recorded
spectra were corrected for the wavelength-dependent penetration depth of the
evanescent wave as well as for the baseline by the Spectrum v. 5.0 software
(Perkin Elmer Instruments GmbH, Uberlingen, GER). Afterwards the spectra
were normalized for 100% absorption at 2862 cm™, characteristic for H-C-H
stretching vibrations [24].

2.4 Dynamic Mechanical Analysis

Thermo-mechanical properties of films produced from the different resin
formulations were characterized by dynamic mechanical analysis (DMA) on a
DMA861e (Mettler Toledo GmbH, Schwarzenbach, CH). For each material
formulation two rectangular specimens (30x5x0.5-0.6 mm) were punched out
from photo-cross-linked samples from DEA-experiments. DMA was carried out
in a tensile mode applying a constant sinusoidal strain amplitude of 20 um at a
frequency of 1 Hz. The gauge length was 19.5 mm. Scans were run in a
temperature range from -30 to 150°C at a heating rate of 3K/min. From DMA
storage modulus (E’), loss modulus (E”) and loss factor (tand) curves were
generated as a function of film temperature. The temperature where the
maximum in loss modulus occurs was taken as the glass transition temperature,
which is a qualitative measure for the degree of cure [25]. As numerous
samples failed before reaching the rubbery region, a quantitative evaluation of
the cross-linking density by the theory of rubber elasticity for a Gaussian
network was not possible.

3 RESULTS AND DISCUSSION

3.1 Dielectric Analysis (DEA)

In Fig. 1 the ion viscosity curves for a resin formulation containing 40 wt.%
reactive diluent and 3 wt.% photoinitiator photo-polymerized at distances of 25
and 5 cm to the UV lamp are compared. In general the sample cured at the
lower distance to the UV light source exhibits a steeper increase of the ion
viscosity and thus a higher polymerization rate. For this sample also the plateau
of the ion viscosity which is an indication for the progress of polymerization is
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already reached after an irradiation time of 30 seconds. The ion viscosity of the
sample cross-linked at the lower distance to the lamp decreases again after a
plateau between 30 and 40 seconds irradiation time. This decrease can be
attributed to an increase of the sample temperature due to heat evolved by the
UV lamp, which enhances ion mobility. Temperature measurements showed
that the ambient temperature at the sample position exceeds 90°C after a
curing time of 40 seconds. The ion viscosity for the sample cured at the higher
distance to the lamp levels up after an irradiation time of 120 seconds. At the
higher distance between sample and light source the ambient temperature
remains below 40°C over the whole curing process only slightly increasing with
increasing curing time. These moderate curing temperatures do not affect the
characteristics of the ion viscosity, as it reaches a final plateau for this photo-
polymerization setup. Nevertheless, the obtained maximum values of the ion
viscosity are not affected by the sample-lamp distance.
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Fig. 1: lon viscosity as a function of the curing time for a resin formulation
containing 40 wt.% reactive diluent and 3 wt.% photoinitiator for
sample-lamp distances of 5 cm and 25 cm

In a study of Lecamp et al. [20], polymerization rate and degree of cure were
found to be favored by sample temperatures slightly above the glass transition
temperature of the resulting material and below the thermal polymerization
temperature. In addition, an increase of curing rate and ultimate conversion with
enhanced irradiation was observed. Applying dielectric cure monitoring,
Stampfer and Ehrenstein [26] described an increase of the cure velocity with an
increase of the light intensity from 25 to 50 mW/cmz2. Smith and O’Malley [23]
detected significant higher levels of the ion viscosity, and thus higher degrees of
conversion at increased curing intensities. The applied UV lamp powers varied
between 100 and 300 W. The differences in irradiation power are much lower
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within the present study. Thus, the differing UV intensities may have a minor
impact on the final degree of cure as well as on the curing rate. The detected
variations in curing rate can rather be attributed to the different temperature
conditions. However, for both curing conditions the temperature exceeds the
glass transition temperature of the resulting material, which is about 20°C
(determined by DMA). Furthermore, DSC measurements revealed that neither
evaporation of reactants and photoinitiator degradation nor thermal
polymerization of the resin formulation occur in the temperature range between
0°C and 150°C. Thus, the effect of the temperature conditions on the overall
degree of conversion is expected to be weakly pronounced.

The data presented in the following have been recorded at a distance of 5 cm
between sample and UV light source. In Fig. 2 the maximum slope of the
investigated resin formulations is plotted as a function of the photoinitiator
concentration for various amounts of reactive diluent added. The maximum
slope of the DEA curve provides information about the polymerization rate. In
general the polymerization rate of the resins is not affected by the
concentrations of photoinitiator and reactive diluent. For the various material
formulations the time to yield inversion point was 8 seconds. A high mean
deviation in data is observable, especially for resins formulated with 40 and 50
wt.% reactive diluent. Conversion rate appears to be very sensitive to wet film
thickness. Slight differences in film thickness were detected after curing, which
are more pronounced for materials containing higher amounts of reactive
diluent. This indicates that preservation of a constant wet film thickness is
complicated by a decreased viscosity.
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Applying photocalorimetry, Scherzer and Decker [27] described an acceleration
of the photopolymerization reaction with increasing photoinitiator concentration.
This effect is not observable using DEA within the present study. DEA records
the curing process on the bottom surface of the 600 pm thick film. High
photoinitiator concentrations do not allow for the effective penetration of the UV
light in the lower layers. This prevalent filter effect may hinder an acceleration of
the cross-linking reaction on the bottom surface.

In Fig. 3 for the different resin formulations the minimum ion viscosity and the
maximum ion viscosity at a curing time of 40 seconds are shown dependent on
the concentrations of photoinitiator and reactive diluent.
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Fig. 3: Minimum and maximum ion viscosity values at a curing time of 40

seconds of the resins determined by DEA as a function of the
photoinitiator concentration (RD: reactive diluent)

The minimum ion viscosity decreases with increasing photoinitiator
concentration. This enhanced ion conductivity can be ascribed to an
augmentation of the concentration of charges with increasing photoinitiator
content in the material. Furthermore, a decrease of the minimum ion viscosity
with increasing concentration of reactive diluent is discernible. As ion viscosity
directly correlates with mechanical viscosity this decrease can be attributed to
the thinning effect of the reactive diluent.

The maximum ion viscosity slightly decreases with increasing photoinitiator
content. This may again be associated with a change of the conducting ion
concentration. Hence, a distinct effect of the photoinitiator content on the
maximum ion viscosity is not discernible. This portends similar degrees of
conversion for the various resin formulations. Slightly higher maximum ion
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viscosity values are apparent for resins formulated with higher amounts of
reactive diluent. Higher levels of the maximum ion viscosity can be an indication
for higher degrees of conversion or be attributable to a change of the resin
composition [26]. Thus DEA does not provide detailed information as to the
effect of the reactive diluent concentration on the state of cure.

3.2 Attenuated Total Reflectance Spectroscopy (ATR
spectroscopy)

In Fig. 4 the degree of conversion on the top surface (surface facing the UV
lamp) and the bottom surface (surface facing the dielectric sensor) is plotted as
a function of the photoinitiator concentrations for various amounts of reactive
diluent added. The bottom surfaces exhibit degrees of conversion between 0.96
and 0.99 with small measurement uncertainties. No effect of the concentrations
of photoinitiator and reactive diluent on the degree of cure is observable. This
indicates that the higher values of the maximum ion viscosity determined by
DEA can be attributed to the change of the resin composition and not to a
higher degree of conversion.
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Fig. 4: Degree of conversion on the top surface (surface facing air) and the

bottom surface (surface facing dielectric sensor) of the resins
determined by ATR spectroscopy as a function of the photoinitiator
concentration (RD: reactive diluent)

The top surfaces of the samples show degrees of conversion between 0.85 and
0.96. These lower degrees of cure compared to the bottom surface of the
samples and partially undercured states (X<90%), can be attributed to the
presence of air during reaction. Atmospheric oxygen makes the monomer
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conversion less efficient and thus slows down the polymerization reaction
[16,17]. From Fig. 4 a tendency is observable that higher photoinitiator
concentrations benefit conversion on the films top surfaces. The strong data
scatter for the top surface is an indication for locally very different degrees of
conversion.

3.3 Dynamic Mechanical Analysis

Figure 6 illustrates the glass transition temperatures of the investigated resin
formulations determined by DMA as a function of the photoinitiator
concentration for various amounts of reactive diluent added. The resins exhibit
glass transition temperatures between 16 and 21°C. No significant differences
between the various samples are discernible. The low glass transition
temperature is an indication for a high chain mobility and therefore film
flexibility. High segment mobility combined with the high molecular weight of the
oligomer designates long aliphatic chains and consequently due to the
difunctionality a wide meshed network structure in general. Hence, for the
investigated resin type the glass transition temperature may not be a sensitive
measure for the degree of cure.
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Fig. 5: Glass transition temperature of the resins determined by DMA as a
function of the photoinitiator concentration (RD: reactive diluent)

As the curing process and final state of cure of the various resin formulations
was ascertained to be independent on the concentrations of reactive diluent and
photoinitiator, conclusions as to their suitability for the preparation of
thermotropic layers are difficult to draw. In general each of the material
formulations can be applied for the production of thermotropic layers. However,
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it was shown in Resch et al. [18], that the light-shielding performance of
thermotropic layers is favored by high glass transition temperatures and cross-
linking densities of the resin matrix. Hence, the resins examined within the
present study with their high chain mobility and low glass transition temperature
are not optimal for the production of thermotropic layers.

4 SUMMARY AND CONCLUSIONS

Within the present investigation the effect of the concentrations of photoinitiator
and reactive diluent on the curing characteristics of UV-curable urethane
acrylate resins was analyzed applying DEA, ATR spectroscopy and DMA. DEA
showed that curing rate and time are independent on the material formulation
(measurement uncertainties 0.1 — 25%). Lower sample-lamp distances were
found to accelerate the curing process. DEA did not allow for an evaluation of
the state of cure as a function of the concentrations of photoinitiator and
reactive diluent. ATR spectroscopy revealed that after an irradiation time of 230
seconds for the investigated samples a fully cured state was achieved. No
effect of the concentrations of photoinitiator and reactive diluent on the degree
of conversion was ascertained. Surface cure was enhanced with higher
concentrations of photoinitiator. Regarding the glass transition temperature as a
measure for the state of cure, DMA proved similar degrees of conversion of the
various resin formulations. The low glass transition temperatures of the samples
between 16 and 21°C indicate high chain mobility and flexibility.
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4 Performance Properties of Thermotropic Polymer Systems

with Fixed Domains

4.1 Introduction

Theoretical modeling demonstrated that thermotropic layers can provide adequate
overheating protection for an all-polymeric flat-plate collector with black absorber.
It was shown that the solar transmittance of the thermo-functional materials should
exceed 85% in clear state to minimize its effect on the overall collector efficiency.
To allow for the application of cost efficient plastics as absorber materials the solar
transmittance of thermotropic layers needs to be reduced to values below 60% at
switching temperatures of 55 to 60°C and 75 to 80°C for thermotropic glazing and
thermotropic absorbers, respectively. Furthermore a rapid and steep switching
process within a small temperature range is required (Resch et al., 2007; Wallner
et al., 2008).

The performance properties of thermotropic layers are affected by morphological
parameters. The switching characteristics of a thermotropic material, such as
switching temperature and transition temperature range depend on the switching
mechanism (i.e. phase separation or change in refractive index of one component)
and on the material formulation. In general the light-shielding efficiency is
determined by the difference in refractive index between scattering domain and
the matrix material as well as by the number of scattering domains, their size and
distribution (Wilson, 1994; Nitz, 1999; Goetzberger et al., 2000; Fuchs, 2001,
Wilson, 2000; Nitz and Hartwig, 2005). Nitz (1999) performed theoretical modeling
to determine scattering domain sizes required for optimum backward scattering of
thermotropic materials. The overheating protection performance in the solar
spectral range between 250 and 2500 nm was found to be maximized by spherical
scattering domains with radii between 100 and 200 nm. This is valid both for a

broad range of differences in refractive index of matrix and scattering domains.

According to this the development and systematic optimization of thermotropic
materials for overheating protection applications is based on the correlation of
performance properties with morphological parameters. In this regard the eva-

luation requires a comprehensive characterization of
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e the solar transmittance in the clear and the opaque state,

e the switching temperature,

e the transition temperature range,

o differences in refractive index between matrix and additive, and
e the scattering domain size and distribution.

Thermotropic hydrogels and thermotropic polymer blends are well examined in the
literature as to these parameters (e.g. Beck et al., 1993; Wilson, 1994; Beck et al.,
1995; Wilson et al., 1996; Grangvist, 1998; Watanabe, 1998; Georg, 1998; Fuchs,
2001; Raicu et al., 2002). Concerning the development of polymeric thermotropic
systems with fixed domains (TSFD) for overheating protection purposes to date 6
patents were published (Dabisch, 1978; Meinhardt et al., 1996; Bicer et al., 1997;
Buehler, 1999; Bicer et al., 2000; Schwitalla et al.,, 2002). However, a
comprehensive characterization of their performance properties is not reported
yet. Hence, this chapter addresses a comprehensive characterization of TSFD
concerning optical and morphological properties. The light-shielding performance
is related to morphological parameters. Specific focus is directed towards the
demonstration and implementation of an appropriate testing methodology to
determine material characteristics which are relevant to control stagnation

temperatures in solar collectors.

For the investigations various TSFD are prepared by systematic variation of base
resin and additive type. Two different UV-curable matrix materials and five polar
and non-polar additive types are chosen. The matrix oligomers include a polyester
acrylate (Material A) and a urethane acrylate (Material B). The matrix materials
were provided by Cytec Surface Specialties (Drogenbos, BE). As additive types an
ester of an alcohol (Additive 1) and paraffin waxes with different melting tem-
peratures (Additives 2 to 5) are considered. The additives were provided by Sasol
Germany GmbH (Hamburg, DE) and Chemson Polymer Additive AG (Arnoldstein,
AT). The additive concentration is 5 m%.
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4.2 Papers 3and 4

Paper 3: Spectroscopic investigations of phase-separated thermotropic layers
based on UV cured acrylate resins
by K. Resch, G.M. Wallner and R.W. Lang
(Macromolecular Symposia, 265 (2008), 49-60)

This paper includes a comprehensive characterization of TSFD as to the solar
transmittance in the clear and opaque state, the switching temperature and the
switching process. Information as to these parameters and aspects is deduced
from measurements of the solar transmittance as a function of temperature by
UV/VisINIR spectroscopy. The implementation of an appropriate measurement
device is described. The light-shielding properties of TSFD are related to dif-
ferences in refractive index between matrix and thermotropic additive, scattering
domain size determined by light-microscopy, and scattering particle distribution
evaluated by Attenuated Total Reflectance spectroscopy.

Paper 4. Morphology of phase-separated thermotropic layers based on UV

cured acrylate resins

by K. Resch and G.M. Wallner
(submitted to: Polymers for Advanced Technologies)

This paper includes a comprehensive characterization of TSFD as to additive
domain shape and size dependent on material formulation, and the additive do-
main distribution across the film thickness. Scattering domains are investigated
applying high resolution Atomic Force Microscopy in phase imaging mode. Re-
lationships between the scattering domain parameters and the light-shielding effi-
ciency of TSFD are deduced. Furthermore, the effect of additive type on the for-

mation of scattering domains is described.
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Spectroscopic Investigations of Phase-Separated
Thermotropic Layers Based on UV Cured
Acrylate Resins

Katharina Resch,*! Gernot M. Wallner,> Reinhold W. Langl’2

Ssummary: In this paper spectroscopic techniques were adapted and applied to
characterize the optical and morphological properties of thermotropic resins.
Thermotropic films were prepared by variation of resin base and thermotropic
additives. By UV/Vis/NIR spectroscopy the solar optical properties, the switching
temperature, the switching process and the residual transmittance in the opaque
state were determined. To control the sample temperature from ambient to 100 °C a
conventional UV/Vis/NIR spectrophotometer equipped with an Ulbricht-sphere was
adapted by a heating stage. Additive content, distribution and scattering domain size
were characterized by Differential Scanning Calorimetry, Attenuated Total Reflec-
tance spectroscopy and microscopic techniques. For the investigated film types
hemispheric solar transmittance values ranging from 80 to 87% and 75 to 85% were
obtained in the clear and the scattering state, respectively. The diffuse solar
transmittance values increased significantly from 14 to 40% below the switching
temperature to 36 to 70% at elevated temperatures. The thermotropic resins exhibit a
steep and rapid switching process with switching temperatures between 45 and
70 °C. The materials with the best switching properties are characterized by distinct
differences in refractive index between the components, a uniform additive distri-
bution and scattering domains with diameters below 1000 nm.

Keywords: infrared spectroscopy; overheating protection; refractive index; thermotropic

resins; UV-Vis spectroscopy

Introduction

Polymeric materials are playing a key-role in
the future development of solar energy
systems, as they offer significant potential
for cost savings in solar thermal collectors
and may thus benefit a broader utilization of
solar energy, specifically for low-temperature
heating purposes. Especially for domestic hot
water generation and space heating applica-
tions, where the required maximum operat-
ing temperature of the absorber is about

! Polymer Competence Center Leoben GmbH, Roseg-
gerstrasse 12, 8700 Leoben, Austria
Fax: (+43) 3842 402 2102;
E-mail: resch@pccl.at

2 Institute of Materials Science and Testing of Plastics,
University of Leoben, Franz-Josef-Strasse 18, 8700
Leoben, Austria

Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim -

80 °C, cost-efficient plastics will be applied.
However, conventional solar thermal collec-
tors reach stagnation temperatures up to
200 °C, which exceed the maximum operat-
ing temperatures of cost-efficient plastics
(~80-140°C). Absorbers made of such
plastics tend towards irreversible deforma-
tion and/or degradation when exposed to
elevated temperatures of 200 °C for prolon-
ged periods. Therefore an appropriate over-
heating protection is required. The energy
flux in an all-polymeric flat-plate collector
can be controlled by thermotropic layers.[l‘z]
Thermotropic materials change their light
transmission behavior from highly transpar-
ent to light diffusing upon reaching a certain
threshold temperature.** Thus such actively
switchable layers permit the light and energy
flux to be adapted dynamically to climatic

:‘. EWILEY .
InterScience*
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demands. By theoretical modeling of an
all-polymeric flat plate collector it was found
that for adequate overheating protection (i.e.
stagnation temperatures ranging from 80 to
140°C) switching temperatures between 55
and 60°C as well as a residual hemispheric
solar transmittance of 25 to 60% in the
opaque state are effectual [!)

In thermotropic materials that undergo a
transition from transparent to light diffusing,
the light is scattered from particles, which
exhibit an index of refraction, which is
different to that of the matrix.**! In the past
various thermotropic systems for active
daylight control in transparent facades
have been developed and investigated.[3’10]
Whereas in thermotropic polymer blends
and hydrogels the switching is involved in a
phase separation, in thermotropic resins, the
scattering domains are embedded statically
in a matrix material.®} To the best of our
knowledge, comprehensive and systematic
development and research on thermotropic
materials for solar thermal systems has not
yet been performed. Hence, the overall
objective of our research is to perform a
comprehensive development and character-
ization of thermotropic materials for over-
heating protection of solar collectors and to
establish structure-property relationships.
Various thermotropic resins were manufac-
tured by systematic variation of base resin
formulation as well as of additive type. The
materials are characterized as to their optical
properties and switching characteristics on a
UV/Vis/NIR spectrophotometer equipped
with an Ulbricht-sphere to differentiate
between diffuse and direct transmitted light.
Additionally the indices of refraction are
considered. Scattering domain size, additive
content and distribution of the thermotropic
resins are characterized applying Differential
Scanning Calorimetry, light microscopy and
Attenuated Total Reflectance spectroscopy.

Material Preparation
Thermotropic layers were prepared by

dissolving the thermotropic additives in a
photo-crosslinkable matrix solution, which

Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

consists of oligomers, a reactive diluent as
well as a photoinitiator. For the present
study 2 different oligomer systems (oligo-
mers A and B) serving as the main
component of the matrix material were
selected. In order to meet the requirements
as to overheating protection of solar thermal
systems, 3 thermotropic additives exhibiting
switching temperatures of 47, 54 and 60 °C
were selected (additive types 1, 2 and 3).1!
The additive concentration chosen for the
preparation of the films was 5 wt%. The
dissolution of the thermotropic additive in
the resins was filled into an intervening space
located between two glass panes, which
were sealed around the edge. Afterwards the
mixture was cured by UV-radiation (Ultra
Vitalux, Osram GmbH, Miinchen, GER) for
5 minutes. The film thickness was 800 pm. As
to the nomenclature A-1 indicates a film
based on resin A containing additive type 1,
for example.

Characterization of Optical
Properties

The refractive indices of the additives and
the resins were determined on a m-line
apparatus (Metricon model 2010 (Metricon
Corp., Pennington, USA)) based on the
prism coupling technique. All measure-
ments were performed at temperatures
from 25 to 100 °C using a He-Ne laser with
a wavelength of 633 nm.

The thermotropic materials were ana-
lyzed as to solar transmittance values in clear
and opaque state, switching temperature and
switching process applying UV/Vis/NIR
spectroscopy. Hemispheric and diffuse trans-
mittance spectra were recorded at normal
incidence within a wavelength range between
250 and 2500 nm on a conventional UV/Vis/
NIR spectrophotometer (Lambda 950, Per-
kin Elmer Instruments GmbH, Uberlingen,
GER) equipped with an Ulbricht-sphere
(diameter 150 mm). For the given measure-
ment apparatus the radiation passing through
the specimen outside a cone of approximately
5° relative to the incident beam direction is
defined as diffuse (scattered) component.

www.ms-journal.de
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The measured spectral data were weighted in
steps of 5 nm by the AM 1.5 global solar
irradiance source function, given in Bird and
Hulstrom"!! and representing the spectral
distribution of solar radiation energy, when
the sun is at approximately 42° above the
horizon at sea level where the solar radiation
has traveled 1.5 atmospheres. By this way
integral solar transmittance values were
determined.

To investigate the switching behavior
(i.e. switching characteristic and tempera-
ture) the spectrophotometer was adapted by
a heating stage allowing for controlling the
sample temperature from ambient to 100 °C.
For the determination of films thermal
transitions the samples were mounted in a
heating-chamber within the standard sam-
ple chamber of the spectrophotometer using
a purpose-built clamp. This clamp has been
additionally adapted by sensors to acquire
the temperatures of the chamber and the
sample. Due to this setup the sample is not
positioned directly at the entrance of the
integrating sphere. Especially for highly
diffuse scattering samples this causes sig-
nificant chamber recess error, which in turn
results in considerable deviations between
the recorded values and the effective
radiation transmitted by the sample. To
avoid these radiative losses on the one hand

100

the inner boundaries of the light transmit-
ting recess in the heating chamber were
covered with a highly reflective mirror film
which exhibits direct-direct and direct-
diffuse solar reflectance values of 80 and
5%, respectively. On the other hand, the
dimension of the incident light beam striking
the sample has been reduced by a pinhole
that was mounted at the front side of the
heating chamber. With this configuration
even for highly diffuse scattering samples
more accurate transmittance values were
measured. However, slight differences
between the detected values and the effec-
tive radiation transport were obtained,
which can be attributed to absorption of
the mirror film (merely 85% solar reflec-
tance). Thus a calibration of the recorded
data is required. For this purpose hemi-
spheric and diffuse transmittance spectra of
numerous weak and highly scattering sam-
ples were recorded both by positioning the
samples direct within the portholes of the
Ulbricht-sphere and by mounting the mate-
rials in the adapted heating stage. In Figure 1
hemispheric and diffuse solar transmittance
values, recorded at the different sample
positions are compared. Excellent linear
correlations with regression coefficients of
0.99 and 0.96 for hemispheric and diffuse
solar transmittance values, respectively,
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Calibration for hemispheric and diffuse transmittance.
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were obtained. All data presented in the
following have been corrected by the
corresponding equations of the linear
regressions given in Figure 1.
Transmittance measurements were per-
formed in steps of 5 K. Prior to the measure-
ments the sample was maintained at the
selected temperature for 10 minutes.

Characterization of Morphology

The additive contents of the produced
thermotropic layers were determined by
Differential Scanning Calorimetry operat-
ing in Temperature Modulation mode
(TM-DSC). TM-DSC was performed under
static air from 0 °C to 130 °C at a heating rate
of 1 K/min, a modulation amplitude of
+0.5 °C and a modulation period of 75 s on a
Mettler Toledo DSC822¢ (Schwarzenbach,
CH). Weighting the transition enthalpy of
the thermotropic layer by the heat of fusion
of the pure additive allowed for the evalua-
tion of the films additive content.

To obtain information as to film composi-
tion and additive distribution on the surface
of the thermotropic materials Fourier Trans-
form Infrared (FT-IR)-spectroscopy was
performed in Attenuated Total Reflection
mode (ATR) within a wavenumber range
from 700 to 4000 cm ' at a resolution of
1 cm ! using a diamond crystal (Spectrum
One, Perkin Elmer Instruments GmbH,
Uberlingen, GER). The recorded spectra
were corrected for the wavelength-
dependent penetration depth of the evanes-
cent wave as well as for the baseline by the
Spectrum v. 5.0 software (Perkin Elmer
Instruments GmbH, Uberlingen, GER).

Additive particle sizes were characterized
applying optical microscopy. Transmitted
light micrographs were recorded on an
Olympus BX51 (Olympus GmbH, Hamburg,
GER) microscope at a magnification of 50x.

Results and Discussion

In Figure 2 a representative thermotropic
resin (layer A-1) in transparent and light

Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2.
Thermotropic layer A-1 in clear (left) and scattering
state (right).

diffusing state is depicted. The thermo-
tropic material is perfectly clear below the
switching temperature (left side). At ele-
vated temperatures the light scattering of
the sample increases, which causes the
material to turn opaque.

In Figure 3 to 6 hemispheric and diffuse
transmittance spectra of the different
thermotropic layers based on the resins A
and B in the clear and scattering state are
depicted, respectively. In the transparent
state (solid line) all layers show a hemi-
spheric transmittance of about 80% in
the visible and the near-infrared region
(Figure 5 and 7). No significant differences
between the various materials are apparent.
Interactions between the films and the solar
radiation which reduce transmission occur
below 380 and above 1200 nm. Below
380nm the transmittance decreases due
to absorption of incorporated ultraviolet
absorbers. Absorption bands at approxi-
mately 1200, 1400 and 1700 nm and above
2225 nm can be attributed to vibrations of
carbon-hydrogen single bonds (C-H). The
peak at 2150 nm appears due to stretching
of carbon-oxygen double bonds in the
polymers (C=0). The absorption peak at
about 1900 nm refers to water molecules
absorbed by the material. In the scattering
state (dotted line) material B-1 displays
slightly higher transmittance values com-
pared to the clear state. For the other layers
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Figure 3.

Hemispheric transmittance spectra of thermotropic layers based on resin A in clear and scattering state; top:
layer A-1; mid: layer A-2 and bottom: layer A-3 (solid line: clear state; dotted line: scattering state).

a decrease of the hemispheric transmission
is discernible at elevated temperatures. In
general these layers show a stronger
decrease of transmission in the region
between 300 and 1500 nm than at longer
wavelengths. The differences in transmis-
sion between the clear and the scattering
state increase with decreasing wavelength.
The reduction of transmittance is more
pronounced for materials A-2, A-3 and B-3.

This indicates that these layers exhibit
better light shielding properties than film
types A-1, B-1 and B-2.

The diffuse transmittance spectra of the
investigated thermotropic materials shown
in Figure 4 and 6 give information as to
their scattering properties. The spectra
reveal significant differences in the film’s
scattering behavior. All film types exhibit
an increase of diffuse transmittance with
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Figure 4.

Diffuse transmittance spectra of thermotropic layers based on resin A in clear and scattering state; top: layer A-1;
mid: layer A-2 and bottom: layer A-3 (solid line: clear state; dotted line: scattering state).
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Figure 5.

Hemispheric transmittance spectra of thermotropic layers based on resin B in clear and scattering state; top:
layer B-1; mid: layer B-2 and bottom: layer B-3 (solid line: clear state; dotted line: scattering state).

decreasing wavelength. Whereas additive
type 1 yields lower diffuse scattering for
layers based on resin A, additives types
2 and 3 reduce the diffuse scattering power
for layers produced on the basis of resin B
in the clear state (solid line). For the films
A-1, B-2 and B-3 the diffuse transmittance
values were found to remain below 30%
over the whole wavelength range only
slightly increasing with decreasing wave-

length. For the layers A-2, A-3 and B-1 a
more pronounced increase of the diffuse
transmittance values in the short wave-
length range was observed associated with
also higher diffuse transmittance values in
the near infrared wavelength range. In the
scattering state (dotted line) a significant
increase of diffuse transmittance is dis-
cernible in the wavelength range between
380 and 2250 nm. The most pronounced rise
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Figure 6.

Diffuse transmittance spectra of thermotropic layers based on resin B in clear and scattering state; top: layer B-1;
mid: layer B-2 and bottom: layer B-3 (solid line: clear state; dotted line: scattering state).
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of diffuse scattering power was found for
the layers A-1 and B-3. Layer B-1 exhibits
the less distinct changes. The differences in
diffuse scattering below and above the swit-
ching temperature increase with decreasing
wavelength for layers A-1, B-1 and B-2. For
the layers showing the most significant
reduction of hemispheric transmittance
(layers A-2, A-3, B-3) this tendency is not
observable.

The hemispheric and diffuse transmit-
tance spectra of the samples clearly indicate
that the thermotropic layers undergo a tra-
nsition from a clear to a scattering state.
Accurate relationships between material
formulation and the scattering behavior
may be emphasized by integral solar optical
properties determined over the solar spec-
tral intensity AM 1.5. Thus in Table 1
integral solar optical properties (hemispheric
and diffuse transmittance) of the investi-
gated thermotropic layers in the clear and
the opaque state are summarized. Below
the switching temperature all samples
exhibit an excellent hemispheric transmit-
tance above 80%. For the diffuse transmit-
tance considerable differences between the
various material formulations are observa-
ble. The values range from 14 to 40%.
Whereas for layers based on resin A
additive type 1 yields lower diffuse scatter-
ing, materials with resin B matrix show
better optical properties with the additive
types 2 and 3. In the scattering state at
elevated temperatures the diffuse transmit-
tance increases significantly to values
exceeding 36%. The most distinct changes
are observable for the layers B-3 and A-1,

Table 1.

where the forward scattered light increases
by 53 and 37%. The diffuse transmittance
of the other layers increases by 13 to 26%.
Already a change of the diffuse transmit-
tance of 13% is associated by a loss of
view-through behavior. However, the over-
heating protection properties are deter-
mined by the reduction of hemispheric
transmittance. The hemispheric transmis-
sion of the films is decreased above the
switching temperature to a smaller extent.
The most significant changes were found
for thermotropic layers being formulated
with additive type 3. By dispersing this
additive type in the resins A and B the
hemispheric transmittance is reduced by
6 and 9%, respectively. A reasonable
decrease of the hemispheric transmission
was also obtained for material A-2 (6%).
For material B-1 an increase of transmit-
tance from 80 to 81% is discernible. This
layer exhibits a significant increase of
transmittance to values of 85% at tem-
peratures between 30 and 45 °C.

To describe the switching characteristics
of the materials in Figure 7 and 8 the diffuse
solar transmittance is plotted as a function
of temperature for thermotropic materials
based on resin A and B, respectively. For
thermotropic layers being formulated with
additives 1 and 2 the switching gradient is
reasonably steep, so that the diffuse solar
transmittance changes within a small tem-
perature range of 10 to 15 K. The
temperature at which this transition occurs
(switching temperature) ranges between 40
and 50 °C for these film types. Whereas for
the thermotropic layer produced from

Hemispheric and diffuse solar transmittance values of the thermotropic layers in clear and scattering state.

Resin Additive type Solar transmittance
Clear state Scattering state
Hemispheric Diffuse Hemispheric Diffuse
(%] (%] [%] (%]
A 1 85 19 84 56
2 85 40 79 64
3 84 25 75 51
B 1 80 34 81 47
2 87 14 85 36
3 86 17 80 70
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Figure 7.

Diffuse solar transmittance of thermotropic layers based on resin A as a function of temperature; top: layer A-1;

mid: layer A-2 and bottom: layer A-3.

additive type 3 and resin B the switching
again proceeds at a temperature of about
45°C, the transition from the clear to the
scattering state is more gradual. In contrast
the thermotropic layer produced from resin
A and additive type 3 shows a very steep
switching process. However, the switching
temperature of this film is shifted to above
70°C.

Both, the scattering spectra and the solar
optical transmittance data presented in
Table 1 reveal significant differences in the
scattering behavior between the various
thermotropic layers. In general the optical
properties and the switching behavior of the
thermotropic materials are determined
both, by the differences in refractive index
between the additives and the matrix
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Figure 8.

Diffuse solar transmittance of thermotropic layers based on resin B as a function of temperature; top: layer B-1;

mid: layer B-2 and bottom: layer B-3.
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material below and above the switching
temperature, and by the scattering domain
size and number of scattering particles,
which is correlated to additive content.!'?!
The consideration of these parameters is of
significant importance for the establishment
of a fundamental understanding of the layers
switching characteristics and a systematic
material development and optimization.

In Figure 9 the refractive indices of the
additives and the matrix materials are
compared at different temperatures. For
the resins A and B refractive indices of 1.52
and 1.50 were determined at low tempera-
tures, respectively. The insignificant decrease
of 1.1 (resin A) and 1.3% (resin B) in the
temperature range between 25 and 95°C
indicates that the refractive index of the
resins is not affected by changes in tempera-
ture. The refractive index of additive type
1 switches steeply from 1.52 to 1.45 within 40
and 50 °C. For additive type 2 the refractive
index decreases from 1.50 to 1.42 in the tem-
perature range from 25 to 50 °C. For additive
type 3 the decrease of the refractive index is
more gradual. It changes from 1.52 to 1.43 in
a temperature range between 30 and 90 °C.

In general below the switching tempera-
ture a reasonable match of the refractive
indices of the resins and the thermotropic

1,550

additives with differences between 0 and
0.02 was detected. Whereas hemispheric
transmittance values were found to be
insignificantly affected by the differences
in the refractive index of the components,
the diffuse transmittance varies between
the different film types. An increasing
diffuse transmittance with increasing dif-
ference in refractive index is observable.
Figure 9 shows that the differences in the
refractive indices of the components at
elevated temperatures are more pro-
nounced for the additive types 2 and 3
compared to additive type 1. This may be
attributed to a more distinct change in the
refractive index of the additive types 2 and
3. However, at elevated temperatures no
correlations between the differences in
refractive index and the scattering proper-
ties of the samples are observable. This
indicates that the optical properties of the
considered thermotropic layers are further
dependent on the additive concentration
and distribution as well as on scattering
domain size.

As to additive content significant devia-
tions from the theoretical concentration
were ascertained, especially for the resins
formulated with additive types 2 and 3. For
additive type 2 dispersed in the resins A and
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Figure 9.

Refractive indices of resins A and B and the thermotropic additives at a wavelength of 633 nm as a function of
temperature; top: resins vs. additive type 1, mid: resins vs. additive type 2 and bottom: resins vs. additive type 3.
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B the additive content amounts to 1.33 and
1.60 wt.%, respectively. Scattering domain
concentration in films formulated with
additive type 3 is even lower with 0.95
and 1.09 wt.% for layers based on resin
A and B. The highest additive content was
found for thermotropic materials contain-
ing additive type 1 with values of 3.87 and
4.80 wt.% in layers A-1 and B-1.

In Figure 10 and 11 ATR spectra in the
wavenumber range from 3050 to 2800 cm !
of the various thermotropic layers and the
neat resins are depicted. For the thermo-
tropic materials spectra are shown both, for
the front side, i.e. the side faced to the UV
light source during the curing and for the
opposite side, i.e. the back side of the films.
Information as to additive concentration on
the surface can be deduced from the decrease
of transmission at wavenumbers of 2848 and
2915 em™!, which can be attributed to
symmetric and asymmetric stretching vibra-
tions of methylene groups (-CH,-), respec-
tively. In general the absorption bands are
more pronounced for thermotropic layers
produced from additive type 1 than for

materials formulated with the additive types
2 and 3. This can be ascribed to the higher
additive concentration of layers containing
additive type 1. Whereas for thermotropic
materials based on the additive types 2 and 3
no differences between the two film sides are
observable, additive concentration is higher
on the front surfaces of layers formulated
with additive type 1. It is observable that the
absorption peaks are more distinct for
thermotropic materials based on resin B.
On the one hand this can be attributed to the
slightly higher additive content of these
materials. On the other hand it may be an
indication for a less uniform additive dis-
tribution across the film thickness.

The scattering domain sizes of the thermo-
tropic layers were determined applying light
microscopy. For materials based on resin A
and formulated with the additive types 1,
2 and 3 average particle diameters of 1.7, 1.0
and 0.8 pm were obtained, respectively.
Thermotropic layers based on resin B and
formulated with additive types 1, 2 and 3
exhibit scattering domains with diameters
of 1.4, 22 and 1.1 pm, respectively. In
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general a tendency was observed that with
decreasing particle sizes the light shielding
properties of the thermotropic layers are
enhanced. Nevertheless, for maximum
reflectance efficiency in the solar wave-
length range scattering radii of 100 to
200 nm are required.[5 612131 The scattering
domain sizes of the thermotropic materials
produced within the present study are
significantly larger, which results in less
light-shielding capability.

Furthermore the micrographs of the
materials depicted a higher aggregation of
additives for materials based on resin B.
This is convenient with ATR spectra,
revealing higher additive concentrations
on the surface for these materials. For
layer B-3 the additives are less pronounced
on the surfaces. Because light microscopy
does not allow for a detailed analysis of
scattering domain size distribution further
investigations are currently carried out
using Atomic Force Microscopy (AFM).

As to the influence of morphological
parameters on the optical properties of the

Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

; top left: resin B, bottom left: layer B-1, top right: layer B-2 and bottom right: layer B-3.

films it was found that although additive
concentration is higher for thermotropic
layers based onresin B, both the forward and
the back scattering power above the switch-
ing temperature is higher for materials
produced from resin A. This may be ascribed
to the more uniform additive distribution
across the film thickness for these materials.
The decreased hemispheric solar transmit-
tance of the layers A-1, A-2 and B-3 above
the switching temperature can be attributed
to the smaller scattering domain size of these
films. In general a tendency is observable
that decreasing scattering domain size
increases the diffuse scattering power.
Furthermore a more uniform distribution
of the additives across the film thickness
yields better light-shielding properties, and
thus higher opacity in the scattering state.

Summary and Conclusion

In this paper the optical and morphological
properties of thermotropic resin materials are
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described and discussed. In the clear state the
investigated films exhibit direct-hemispheric
solar transmittance values of 80 to 87 %, with
diffuse fractions ranging from 14 to 40%. The
materials undergo a transition from the clear
to the scattering state at temperatures between
40 and 75 °C. The investigated thermotropic
resins exhibit a steep and rapid switching
process. Above the switching temperatures
the hemispheric solar transmission decreases
to values between 75 to 85%, with diffuse
fractions ranging from 36 to 70%. The
materials show a stronger decrease of
transmittance in the visible than in the near
infrared region.

The optical properties of the films in the
clear and the scattering state were found to
be significantly dependent on the differ-
ences in the refractive indices of the
components, additive content and distribu-
tion as well as on scattering domain size.
The light-shielding properties of the ther-
motropic layers and thus the opacity in the
opaque state are enhanced by more pro-
nounced differences in refractive index
between matrix and additive (>0.04), a
uniform additive distribution across the
film thickness and scattering particles with
dimensions below 1000 nm.
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Abstract

Within this paper, relationships between the scattering domain parameters (size
and shape) and the light-shielding properties of thermotropic systems with fixed
domains are established. Specific focus is given to the effect of additive type on
the formation of scattering domain size. Various functional layers are prepared by
a variation of thermotropic additives. Scattering domains are investigated applying
high resolution Atomic Force Microscopy in phase imaging mode. Thermotropic
layers formulated with additive types exhibiting a short chain length display roughly
spherical scattering particles with dimensions between 0.5 and 3 pum and a mod-
erate reduction in hemispheric solar transmittance along with a significant increase
of diffuse solar transmittance above the switching threshold. Additive types with
long-chain molecules develop anisotropic scattering domains resembling distorted
disks with a diameter up to 50 um and a thickness between 100 and 400 nm. Disk-

like scattering features yield enhanced light-shielding properties.

Keywords: thermotropic systems with fixed domains, Atomic Force Microscopy,
scattering domain size, light-shielding efficiency

1. Introduction

Thermotropic glazings reversibly change their light transmittance upon reaching a
certain threshold temperature (Seeboth et al, 2000; Nitz, 2005; Resch, 2008b).
Materials types that show a transition from a transparent to an opaque state can
prevent overheating in solar thermal systems (Wallner et al., 2008). Recent
publications deal with thermotropic systems with fixed domains (TSFD), that
consist of a thermotropic additive dispersed in a resin matrix, for overheating

protection purposes in solar collectors (Resch and Wallner, 2007; Resch et al.,
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2008a; Resch et al. 2008b; Resch et al. 2008c). Spectroscopic investigations as to
optical and morphological properties revealed a reduction of the hemispheric solar
transmittance by maximum 18% (Resch et al., 2008a; Resch et al., 2008b). As
shown by Wallner et al. (2008) for a collector with twin-wall sheet glazing and
black absorber a reduction of the solar transmittance by at least 25% is required to
limit stagnation temperatures to values below 130°C and accordingly to allow for
the application of cost-efficient plastics as absorber materials. Hence, to prevent
overheating in solar collectors, the light-shielding performance of the considered
TSFD has to be improved. The back scattering efficiency is mainly affected by the
scattering domain size, which should range between 200 and 400 nm in diameter
(Nitz, 1999; Nitz and Wilson, 2008). Material development concerning TSFD so far
did not consider relationships between morphological parameters and the light-
shielding efficiency of the layers. Especially scattering domains in TSFD were not
investigated yet. Thus, the overall objective of the present investigation is to
determine additive, and thus scattering domain size and distribution in TSFD.
Specific focus is given to the effect of additive type on the formation of scattering
domains. A morphological characterization of the thermotropic layers is performed
applying Atomic Force Microscopy (AFM) in phase imaging mode. Furthermore
relationships between the scattering domain size and the light-shielding properties
of the thermotropic layers are established.

2. Materials and Sample Preparation

For the present investigation a UV curing resin (resin A) and 4 non-polar thermo-
tropic additives exhibiting switching temperatures between 45 and 85°C were se-
lected (additives 2 to 5). According to previous publications (Resch et al., 2008a;
Resch et al., 2008c) the denotation of the additive types starts with 2. The mo-
lecular weight of the additives increases successively from additive type 2 to 5
(Resch et al., 2008c). Thermotropic layers were produced by dissolving a thermo-
tropic additive in a photo-cross-linkable resin material composed of 57 wt.% oli-
gomer, 40 wt.% reactive diluent, and 3 wt.% photoinitiator. The additive concen-
tration was 5 wt%. The dissolution of the thermotropic additive in the resins was
filled into an intervening space located between two glass panes, which were

sealed around the edge. Afterwards the mixture was cured by UV-radiation (Ultra
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Vitalux, Osram GmbH, Muenchen, GER) for 5 minutes. Film thickness was 800
um. As to the nomenclature A-2 indicates a film based on resin A containing

additive type 2, for example.

3. Morphological Characterization

For the investigations concerning layer morphology, cross-sections of the samples
were prepared using an ultramicrotome (Leica, GER). A comprehensive charac-
terization as to scattering domain sizes and shapes was done applying Atomic
Force Mircroscopy (AFM). Specific focus was given to the generation of high
resolution phase images. Due to the fact that an AFM phase image represents the
phase lag between the agitating oscillation and the detected cantilever oscillation,
the differentiation between hard (i.e., resin) and soft (i.e., additive) sample areas is
possible. AFM was performed in tapping mode (frequency: ~80 kHz) with a MFP
3D (Asylum Research, Santa Barbara, CA, USA). Phase images with a lateral
resolution below 0.1 pm were recorded under ambient conditions with the “fast”
scan axis parallel to the machine direction of the film. Sharpened Si NCH tips with

a tip radius <10 nm and an opening angle of 18° were used.

4. Results and Discussion

In the AFM height images presented in Figs. 1 to 4 brighter colors indicate feature
heights. In the corresponding phase images, dark colors represent a smaller
phase lag and bright colors a larger phase shift. According to this, the darker areas
represent the softer additive particles, and thus scattering domains, and the resin

matrix appears bright.

In Fig. 1 representative 50x50 um2 AFM height and phase images of thermotropic
layer A-2 are depicted. The characteristic features of the height images (Fig. 1a)
are roughly spherical particles which are distributed randomly across the film
thickness. In the phase image (Fig. 1b) these structures show a smaller phase
contrast compared to the surrounding material and are thus softer. Applying Ra-
man microscopy it was ascertained that these features can be attributed to the
additive and represent scattering domains. The uniform distribution of the scatter-

ing domains is in good agreement with additive concentrations on the film surface
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determined by Attenuated Total Reflectance Spectroscopy in Resch et al. (2008a).

The scattering particle size ranges from 0.4 to 3 um.

Fig. 1. a) 50x50 um2 AFM height image of thermotropic layer A-2 and b) corre-
sponding phase image.

Figure 2 shows high resolution AFM height and phase images (5x5 um?2) of a

scattering domain of thermotropic layer A-2. The domain consists of numerous

smaller additive particles (primary particles), with sizes between 50 and 200 nm.

The aggregation of the wax primary particles results in the formation of micro-

scopic scattering domains with dimensions up to 3 um.

Fig. 2: a) High resolution AFM height image of thermotropic layer A-2 and b)
corresponding phase image.
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For high back scattering efficiency in the opaque state spherical domains with di-
ameters between 200 and 400 nm are optimal (Nitz, 1999; Nitz and Wilson, 2008).
Larger particles lead to increased diffuse forward scattering. The reduction in solar
transmittance detected by UV/Vis/NIR spectroscopy of layer A-2 is 6% (Resch,
2008a; Resch 2008c). The diffuse transmittance increases by 24% above the
switching threshold (Resch, 2008a; Resch, 2008b). The moderate reduction of the
hemispheric transmittance along with the significant increase of the diffuse trans-
mittance can be attributed to the inappropriate scattering domain sizes.

In Fig. 3 an AFM height and phase image of thermotropic layer A-3 is presented.
These images are representative for thermotropic materials A-3, A-4 and A-5. The
spherical structures observable in the height image can be attributed to the carrier
film used for collecting the thin sample slices after preparation on the ultramicro-
tome. In the height image (Fig. 3a) also anisotropic features are observable.
These structures consist of a lower center seamed by an elevated region on both
sides and are distributed uniformly across the film thickness. Most likely the re-
corded features are an indication for contorted disk-like domains within the layer.
In the corresponding phase image (Fig. 3b) a smaller phase lag is detectable for

the disk-like structures.

Fig. 3: a) 30x30 um2 AFM height image of thermotropic layer A-3 and b) corre-
sponding phase image.

Applying also Transmission Electron Microscopy and Raman microscopy it was

confirmed that these features represent the waxy scattering domains. The addi-
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tive’s molecular weight increases continuously from material type 2 to 5. Com-
pared to the short-chain additive 2, waxes with longer aliphatic chains (additives 3
to 5) tend towards the formation of scattering particles resembling contorted disks

in the considered matrix material.

Figure 4 illustrates AFM height and phase images of disk-like domains of thermo-
tropic layers A-3, A-4 and A-5 in higher magnification. Various shapes of the do-
mains are apparent. The additives develop branched (Fig. 4a and b), as well as
curved (Fig. 4c and d) or straight (Fig. 4e and f) scattering features. In the height
image of sample A-3 (Fig. 4a) a groove-like structure of the scattering domain is
evident. In the center of the feature a distinct disruption (dark colors) is detectable.
However, what now appears to be a groove may initially be generated by and filled
with the additive. Presumably during sample preparation additive is released. A
variable thickness of the disk-like feature ranging from 100 to 200 nm is observ-
able. The phase image does not show any phase lag to the surrounding matrix
material in the center of the feature (Fig. 4b). The additive is concentrated in the
fringe, indicated by the smaller phase shift.

The AFM height images of thermotropic layer A-4 given in Fig. 4c a reveals an
even more pronounced groove-like appearance of the scattering domain. Further-
more the elevated region seaming the feature is developed stronger compared to
the feature given in Fig. 4a. The domain thickness is narrowing from 400 nm to
300 nm. In the corresponding phase image (Fig. 4d) hardly any additive areas are
discernible, especially in the disrupted center of the feature. The highest additive

concentrations occur in regions which appear elevated in the height image.

However, additive does not necessarily release by sample preparation, as observ-
able in Fig. 4e that depicts a high resolution AFM height image of a scattering do-
main in thermotropic layer A-5. The scattering feature displays a slight elevation
(~200 nm in height). This elevated region exhibits a stronger phase contrast com-
pared to the adjacent plane area in the left of the domain. This is an indication for
higher additive concentration in the elevated region. The overall thickness of the
feature given in Figs. 4e and f is 300 nm. In general no differences in scattering
domain size are detectable for the layers A-3, A-4 and A-5. The diameter of the
contorted disks is below 50 um. The thickness ranges between 100 and 400 nm.
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Fig. 4: High resolution AFM images of disk-like scattering domains; a) height
image of thermotropic layer A-3 and b) corresponding phase image, c)
height image of thermotropic layer A-4 and d) corresponding phase
image, e) height image of thermotropic layer A-5 and f) corresponding
phase image.
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A tendency is observable that thermotropic layers exhibiting disk-like scattering
domains show better light-shielding properties than thermofunctional materials
displaying roughly spherical particles. For thermotropic layers A-3, A-4 and A-5 a
reduction of the hemispheric solar transmittance by 9 to 10% is reported (Resch et
al., 2008c). The diffuse solar transmittance increases by 15 to 23% above the
switching threshold. The measured thickness of the contorted disks is in
agreement with an ideal domain size for back-scattering (Nitz, 1999; Nitz and
Wilson, 2008). Hence, incoming radiation is scattered more effectively for TSFD
layers A-3, A-4 and A-5 than for layer A-2.

5. Summary and Conclusion

Within this paper scattering domains in thermotropic systems with fixed domains
(TSFD) were investigated applying Atomic Force Microscopy phase imaging.
Thermotropic layers being formulated with additives exhibiting a short chain length
displayed roughly spherical scattering particles with dimensions between 0.5 and 3
um. For functional material types containing additives with high molecular weight,
anisotropic scattering domains resembling contorted disks showing a diameter up
to 50 um and a thickness between 100 and 400 nm were ascertained. A uniform
distribution of the scattering domains across the film thickness was detected. The
changes in hemispheric and diffuse solar transmittance of the thermotropic layers
above the switching threshold were found to be in good agreement with the parti-
cle size and shape. Layers exhibiting large spherical scattering domains displayed
a moderate reduction in the hemispheric solar transmittance by 6% along with a
significant increase of the diffuse solar transmittance by 24%. Thermofunctional
layers showing disk-like scattering features possessed better light-shielding prop-
erties (hemispheric transmittance -9 to 10%; diffuse transmittance +15 to 23%).
However, for solar collector applications a reduction in hemispheric transmittance
by at least 25% is required. Hence, further research should focus on an adjust-
ment of the scattering domain size, shape, and distribution for optimizing the light-

shielding properties.
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5 Structure-Property Correlations of Thermotropic Polymer
Systems with Fixed Domains for Solar Collector

Applications

51 Introduction

To date 5 patents were published which describe the preparation of thermotropic
systems with fixed domains (TSFD) based on a thermoset resin matrix (Dabisch,
1978; Meinhardt et al., 1996; Bicer et al., 1997; Bicer et al., 2000; Schwitalla et al.,
2002). Interestingly, only a single scientific publication briefly discussing this
subject seems to exist (Wilson, 2000). A fundamental understanding of the
physical relationships between the properties of the basic material types used for
layer production and the performance characteristics of the thermotropic systems
was not yet established. Thus, material development so far was not done
considering polymer physics and applying a systematic polymer science approach.
Efficient and systematic development and optimization of TSFD, however, requires
basic knowledge on interrelationships between properties of formulation

ingredients and the switching characteristics of the thermotropic layers.

Hence, the overall objective of this chapter is to generate information on formu-
lation parameters affecting the light-shielding properties of TSFD, which shall pro-
vide the basis for further material development. This includes the establishment of

structure-property correlations, with specific focus on

o relationships between the switching temperature of the additive and the

thermotropic layer,

. relationships between transition temperature range of the thermotropic layers
and the thermal transitions of the additive,

e the effect of the additive type and molecular mass on the light-shielding

efficiency of the thermotropic layer, and

e the effect of resin type and its interactions with additive on the light-shielding

efficiency of the thermotropic layer.

Various TSFD are prepared by variation of base resin and additive type and con-
centration. In total three different UV-curable matrix materials and six polar and
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non-polar additive types are selected. The matrix oligomers include a polyester
acrylate (Material A), a urethane acrylate (Material B) and an epoxy acrylate
(Material C). The matrix materials were provided by Cytec Surface Specialties
(Drogenbos, BE). As additive types paraffin waxes with different melting
temperatures (Additives 2 to 5) and an ester of an alcohol (Additive 6) are
considered. The additives were provided by Sasol Germany GmbH (Hamburg,
DE) and Chemson Polymer Additive AG (Arnoldstein, AT), respectively. Functional
films with additive concentrations of 5 and 7 m% are investigated.

Apart from the determination of polymer-physical factors affecting the properties of
TSFD, investigations concerning the overheating protection performance of the
thermotropic layers in the solar collector are essential for optimizing material
properties. In an experimental study by Wendker (1999) thermotropic polymer
blends prototype-layers were applied for overheating protection purposes in a
solar collector with metal absorber and transparent insulating glazing. The
materials controlled maximum absorber temperatures to values below 115°C but
exhibited insufficient long-term stability and inappropriate switching temperatures.
The overheating protection efficiency of TSFD prototype-layers in solar collectors

was not investigated yet.

Thus within this chapter furthermore the overheating protection capability of TSFD
prototype-layers for an all-polymeric flat-plate collector with twin-wall sheet glazing
and black absorber is evaluated applying theoretical modeling. Focus is directed

towards
e the effect of TSFD on collector stagnation temperature, and
. the effect of TSFD on overall collector efficiency.

The theoretical modeling is performed using a software generated by AEE —
Institute for Sustainable Developments (AEE-INTEC; Gleisdorf, AUT). The
experiments are carried out by Dipl.-Ing. Robert Hausner (AEE-INTEC). The
software provides a comprehensive theoretical mathematical description of flat-
plate solar collector performance and allows for the evaluation of collector

conversion factors and for the determination of efficiency graphs. Details
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concerning the modeling software and the chosen collector configuration are given

in a publication closely related to this thesis (Wallner et al., 2008).

5.2 Paper5

Paper 5: Phase separated thermotropic layers based on UV cured acrylate
resins — Structure-property relationships
by K. Resch, G.M. Wallner and R. Hausner
(submitted to: Solar Energy)

This paper includes a comprehensive investigation concerning the effect of resin
and additive type and their interactions on the light-shielding performance of
numerous TSFD. Structure-property relationships are established, which provide a
basis for further material development and optimization. Switching temperature,
switching process and hemispheric and diffuse solar transmittances in the clear
and opaque state of TSFD are determined applying UV/Vis/NIR spectroscopy. The
switching temperature and switching process of the layers are compared to
thermal transitions of the additive deduced from Differential Scanning Calorimetry
(DSC). Furthermore, the capability of selected TSFD to reduce stagnation
temperatures in an all-polymeric flat-plate collector is described applying

theoretical modeling.
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Phase separated thermotropic layers based on UV cured acrylate

resins — Structure-property relationships
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Abstract

This paper focuses on the effect of material composition on the overheating
protection properties of thermotropic systems with fixed domains for solar thermal
collectors. Numerous functional layers were prepared by a variation of base resin
and of thermotropic additives. A detailed investigation of optical properties,
switching temperature and switching process was performed applying UV/Vis/NIR
spectroscopy. Thermal transitions of both the thermotropic layers and the additives
used were determined by Differential Scanning Calorimetry (DSC). The capability
to reduce stagnation temperatures in an all-polymeric flat-plate collector was
evaluated by theoretical modeling. The produced thermotropic layers showed a
hemispheric transmittance between 76 and 87% in clear state. Above the
switching threshold the transmittance changed by 1 to 18% to values between 62
and 85%. The layers exhibited switching temperatures between 40 and 80°C and
transition temperature ranges between 10 and 25 K. A particular effect of the
resins glass transition temperature on the reduction of the hemispheric solar
transmittance above the switching threshold was ascertained. The hemispheric
switching range was found to increase with increasing molecular weight of the
non-polar additive types. The comparison of the switching performance with the
additives thermal transitions revealed a good correlation. Theoretical modeling
showed that by using selected thermotropic layers the maximum absorber
temperatures can be limited to temperatures below 130°C.

Keywords: overheating protection, thermotropic resin, UV/Vis/NIR spectroscopy,
switching performance, modeling
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1. Introduction

The application of polymeric materials in active solar thermal systems is gaining
increasing in importance and interest. Polymeric components in solar collectors
offer new possibilities concerning system innovations and collector design and
may lead to a significant reduction of overall system costs. However, as shown by
theoretical modeling stagnation temperatures up to 160°C can occur in an all-
polymeric flat-plate collector with twin-wall sheet glazing and black absorber
(Resch et al., 2007; Wallner et al., 2008). Thus a key challenge in the application
of plastics in solar thermal systems is to maintain system durability for extended
lifetimes. Especially if cost-efficient plastics with maximum operating temperatures
of 130°C are applied as absorber materials an adequate overheating protection is
required. A feasible way to reduce maximum absorber temperatures is the use of
thermotropic materials either in the glazing or on the absorber (Khan and Brunger,
1997; Resch et al., 2007; Wallner et al., 2008). Thermotropic layers change their
light transmission behavior from highly transparent to light diffusing upon reaching
a certain threshold temperature (e.g. Seeboth et al., 2000; Nitz and Hartwig, 2005;
Resch and Wallner 2008). For thermotropic glazings and thermotropic absorbers
switching temperatures between 55 and 60°C and 75 and 80°C are required,
respectively (Wallner et al., 2008). To ensure sufficient collector efficiency the
solar transmittance should exceed 85% in the clear state. Adequate overheating
protection is obtained with layers that exhibit a residual solar transmittance below
60% in the opaque state (Resch et al., 2007; Wallner et al., 2008).

Thermotropic systems with fixed domains (TSFD) that consist of a thermotropic
additive dispersed in a resin matrix are currently evaluated for the application in
solar thermal collectors (Resch and Wallner, 2007; Resch et al.,, 2008).
Spectroscopic investigations as to optical and morphological properties revealed
inappropriate switching temperatures and a moderate reduction in hemispheric
solar transmittance (Resch et al., 2008). Thus for overheating protection of solar
collectors the transition temperature and the light-shielding performance of the
functional materials have to be improved. The switching temperature is dependent
on the thermal transition of the additives. Back scattering efficiency is affected by

the differences in refractive index between resin and additive as well as by
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scattering domain size and distribution (Nitz, 1999; Resch et al., 2008). However,
the development of scattering domains may be strongly determined by the resin
type used and its interactions with the additive. Hence, the main objective of the
present investigation is to describe the impact of resin and additive type and their
interactions on the light-shielding efficiency of TSFD performing a comprehensive
polymer-physical characterization. Specific focus is directed towards the
establishment of structure-property relationships which shall provide a basis for a
systematic optimization of TSFD. Numerous TSFD domains are prepared using
three different base resins and five thermotropic additives. The thermotropic layers
are characterized as to switching performance applying UV/Vis/NIR spectroscopy.
The switching performance is compared to thermal transitions of the thermotropic
additive. Relationships between the resin and additive type and the light-shielding
properties of thermotropic layers are established. Furthermore the effect of
selected TSFD on the collector efficiency is evaluated applying theoretical

modeling.

2. Materials

Various thermotropic layers were produced by dissolving a thermotropic additive in
a photo-cross-linkable resin material composed of 57 m% oligomer, 40 m%
reactive diluent, and 3 m% photoinitiator. This dissolution was filled into an
intervening space located between two glass panes, which were sealed around
the edge. After irradiation with UV light (Ultra Vitalux, Osram GmbH, Muenchen,
GER) for 5 minutes and removal of the glass panes, freestanding layers with a
thickness of 800 pm were obtained. For the present investigation 3 different
acrylate oligomers serving as the main component of the matrix material (resin
types A, B and C) were selected. The resins differ in chemical basis and cross-
linking density. Whereas resin type B exhibits a wide meshed network and a glass
transition temperature of ~25°C, resin types A and C feature a higher cross-linking
density and glass transition temperatures of ~55 and ~60°C, respectively. As
thermotropic component 5 different thermotropic additives with switching
temperatures between 45 and 90°C were used (additive types 2, 3, 4, 5: non-
polar; additive type 6: polar). To be in accordance with a previous published paper
(Resch et al., 2008) the denotation of the additive types starts with 2. Theoretical
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additive concentrations of 5 m% and 7 m% were chosen for the preparation of the
films. As to the nomenclature, for example A-2-5 indicates the thermotropic layer
based on resin type A and being formulated with additive type 2 in a concentration
of 5 m%.

3. Material Characterization

3.1 Experimental
3.1.1 Differential Scanning Calorimetry (DSC)

The switching temperatures of the additives and the produced thermotropic layers
with additive concentrations of 5 m% were determined by Differential Scanning
Calorimetry (DSC). Thermograms were recorded under static air on a Mettler
Toledo DSC823e (Schwarzenbach, CH) in a temperature range between 0°C and
130°C applying a heating rate of 10 K/min. The sample mass was 10 + 1 mg. The
melting temperature was evaluated according to 1ISO 11357-3. The data were

averaged over three measurements.

3.1.2 UV/Vis/NIR Spectroscopy

Solar transmittance in clear and opaque state, switching temperature and
switching process of the thermotropic layers were determined applying UV/Vis/NIR
spectroscopy. A double beam UV/Vis/NIR spectrophotometer (Lambda 950,
Perkin Elmer Instruments GmbH, Ueberlingen, GER) equipped with an Ulbricht-
sphere (diameter 150 mm) was adapted by a heating stage to adjust the sample
temperature. For the given measurement apparatus the radiation passing through
the specimen outside a cone of approximately 5° relative to the incident beam
direction is defined as diffuse (scattered) component. Hemispheric and diffuse
transmittance were recorded at normal incidence in the spectral region between
250 and 2500 nm in steps of 5 K from 25°C to 100°C. Prior to the measurements
the sample was maintained at the selected temperature for 10 minutes. The
integral solar transmittance was determined by weighting the recorded spectral
data in steps of 5 nm by the AM 1.5 global solar irradiance source function, given
in Bird and Hulstrom (1983). The obtained data were corrected for radiative losses

due to the measurement setup according to Resch et al. (2008).
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3.2 Results and Discussion

The switching process in the thermotropic layer is induced by the melting of the
additive. However, the melting point of the bulk additive does not necessarily
correlate with the melting temperature of the additive dispersed in the matrix
material (Dabisch, 1978). Thus in Fig. 1 melting temperatures of the additives in
bulk form and dispersed in the thermotropic materials in a concentration of 5 m%
are compared. For the pure additives melting peak temperatures between 54 and
86°C were determined. For the non-polar additive types 2 to 5 a continuous
increase of the melting temperature from material type 2 to material type 5 is
observable. This is an indication for increasing molecular weight. The high melting
temperature of additive type 6 can be ascribed not necessarily to the molecular
weight. In this polar additive strong intramolecular interactions are active. Except
for the thermotropic layer A-3-5 the melting peak temperature of the additive
dispersed within the resin is between 2 and 5°C lower than in its bulk form. These
differences in melting point are most likely related to additive size. The particle
size of the additive within the thermotropic layer is significantly smaller (<3 pm)
than in its bulk form (50-700 um). The resulting larger surface to volume ratio and
thus lower cohesive energy leads to a decrease of the materials melting point
(Sakai, 1996; Riegler and Koehler, 2007). For the polar additive type 6 the
smallest shifts in melting temperatures are discernible. For this material type
stronger intermolecular interactions occur due to chemical similarities between
resin and additive, which cause the melting temperature to increase slightly. The
smallest deviations in melting temperature are observable for additives dispersed
in resin type B. The wide-meshed network of resin type B may benefit additive
mobility and thus the development of larger scattering domains. For the non-polar
additive types 2 to 5 the deviations increase with increasing melting temperature
and thus molecular weight. The melting peak temperature of additive type 3 is
17°C higher than in its bulk form if dispersed in resin type A. Additive type 3 melts
in the temperature range between 40 and 80°C with a distinct maximum at 60°C.
However, in thermotropic layer A-3-5 molecule chains contributing to the melting
region between 70 and 80°C are predominantly active. This leads to a shift of the

switching temperature.
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To limit collector stagnation temperatures to ~80°C thermotropic glazings with
switching temperatures between 55 and 60°C are required. For thermotropic
absorbers the switching temperature should range between 75 and 80°C (Resch
et al., 2007; Wallner et al., 2008). According to the transition temperatures
deducible from Fig. 1 thermotropic layers produced with additive types 2 and 3 are
suited for the application in the collector glazing (except layer A-3-5, which is more
suited for the thermotropic absorber). Thermotropic layers formulated with additive
types 4 to 6 are more appropriate for the use on the absorber.
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Fig. 1: Melting peak temperatures of additives in pure form and dispersed in
the resins in a concentration of 5 m%.

Figure 2 illustrates the integral hemispheric solar transmittance along with the
diffuse fraction for the investigated thermotropic layers in clear and opaque state.
Below the switching temperature the samples exhibit a hemispheric solar
transmittance between 76% and 87%. For the diffuse transmittance considerable
differences between the various material formulations are discernible. The values
range from 14 to 71%. Films with a diffuse transmittance exceeding 40% (A-2-5,
A-4-5, C-6-5, C-6-7) exhibit a hazy appearance already in the clear state. The
lowest diffuse transmittance in the clear state is observable for thermotropic layers
based on resin type B. Compared to thermotropic layers based on resin type A,

functional materials with resin C basis tend to show lower diffuse transmittance if
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formulated with the non-polar additive types 2 to 5. This is in reverse for layers
containing additive type 6. For film types being formulated with additive types 2
and 3 an increase of the additive content from 5 to 7 m% leads to a slight
decrease of the overall transmittance. For thermotropic layers produced with
additive types 4 and 5 the additive concentration does not affect the hemispheric
transmittance (except layers B-5). The minor impact of the additive concentration
on the hemispheric transmittance in the clear state is attributable to a limited
dissolving power of the resins for the additives. This effect is even more
pronounced if the molecular weight of the additives increases, especially for non-
polar additives. Nevertheless, a tendency is observable that an increase of the
additive concentration from 5 to 7 m% is associated by an increase of the diffuse

transmittance.

The overheating protection properties of the thermotropic layers are determined by
the reduction of hemispheric transmittance in the scattering state. Above the
switching temperature the hemispheric transmittance changes by 1 to 18% to
values ranging between 62 and 85%. The data presented in Fig. 2 show, that no
significant effect of the additive concentration on the hemispheric switching range
is discernible if 5 and 7 m% are considered. Previous examinations revealed a
considerable increase of the light-shielding efficiency by increasing the additive
concentration from 2 to 5 m%. This indicates that the maximum additive content
for the considered thermotropic layers is about 5 m%. For layers based on resin B
and being formulated with additive types 4 to 6 even a slight increase of the
hemispheric transmittance above the switching threshold is detectable. Whereas
thermotropic layers based on resin type C tend to exhibit the most significant
decrease of the hemispheric transmittance, for layers produced from resin type B
the lowest changes are discernible. Compared to resin type B resin types A and C
exhibit higher cross-linking densities and decreased chain mobility (higher glass
transition temperature). Probably these properties facilitate the precipitation of the
additive in dimensions required for back-scattering. A tendency is observable that
for thermotropic layers based on resin types A and C the light-shielding efficiency
increases with increasing molecular weight of the non-polar additive types 2 to 5.
This can most likely be attributed to a limited mobility of high molecular weight

additives in the dense network, which results in the formation of scattering domain
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sizes required for maximizing solar back-scattering efficiency. Hence, if additive
types with lower molecular weight and thus lower switching temperature are used,
to enhance light-shielding efficiency resin types with still higher cross-linking
densities and glass transition temperature have to be used. With increasing
molecular weight of the non-polar additives also the deviations in melting peak
temperature of the additives in bulk form and dispersed in the resin were detected
to increase (see Fig. 1). However, no distinct correlation between the differences
in the melting peak temperature and the thermotropic layers light-shielding
efficiency can be established. Thermotropic layers based on resin type C and
additive type 6 exhibit the most significant reduction of the hemispheric
transmittance above the switching threshold. Independent on the additive
concentration the transmittance changes by 14%. In contrast to the other layers
considered within the present investigation for these thermotropic films the
reduction of the hemispheric transmittance is associated by a decrease of the
diffuse transmittance. This indicates that the scattering domain size in these layers
is ideal for back scattering (diameters between 200 and 400 nm required).
Generally, scattering particles with diameters exceeding 400 nm lead to an
increase of diffuse forward scattering above the switching threshold. This is the
case for the other layers, which show a significant increase of the diffuse
transmittance by 9 to 61% to values between 36 and 78% above the switching
temperature. Thermotropic layers produced from resin C show more significant
changes of diffuse transmittance than functional materials with resin A basis. The
most distinct changes are observable for thermotropic layers based on resin type
B. Thus a wide-meshed network and low glass transition temperature
(characteristic for resin type B) leads to the development of larger scattering

domains, which benefit forward scattering.

For the application of cost-efficient plastics as absorber materials in an all-
polymeric solar collector a hemispheric transmittance of minimum 85% in clear
state and maximum 60% in opaque state is required. As to the hemispheric
switching range thermotropic materials based on resin type C and being
formulated with additive type 6 are the most promising layers for overheating
protection of a solar collector (14% and 18%). However, the solar transmittance in

clear state needs to be improved (actual 78% and 83%). Furthermore functional
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materials based on resin type A and being formulated with additive types 3 to 5
and produced from resin type C with additive types 4 and 5 may be appropriate to
reduce stagnation temperatures. For these materials especially the switching
range has to be increased.
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Fig. 2: Hemispheric solar transmittance and diffuse fraction of thermotropic
layers in clear (left column) and opaque state (right column) for
different additive concentrations; top: layers based on resin A; mid:
layers based on resin B; bottom: layers based on resin C.

For the investigated layers the temperature induced change in diffuse
transmittance is more distinct than the change in the hemispheric transmittance.
Thus to describe the switching process of the thermotropic layers in Figs. 4 to 7
the diffuse solar transmittance is plotted as a function of temperature (additive
concentration 5 m%). The various layers show switching temperatures between 45
and 80°C. For thermotropic layers A-2, B-2, C-2, A-3 and B-5 the diffuse solar
transmittance changes within a small temperature range below 15 K. A reasonable
switching progress with transition ranges of 15 to 20 K is observable for functional
layers A-4, A-5, C-5 and C-6. Thermotropic layers B-3, C-3, B-4, C-4, A-6 and B-6
exhibit a broad transition range exceeding 20 K. In general for thermotropic layers
that shall be applied to prevent overheating of a solar collector a steep switching
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process within a small temperature range is required. Thermotropic layers with a

broad transition range of 20 K are less suited for solar collector applications.

In Figs. 3 to 7 the switching characteristics of the thermotropic layers are
compared to the thermal transition of the additives (in bulk form). For all films it is
observable that at the onset of the additive’s melting peak the diffuse
transmittance increases significantly. Subsequently the switching proceeds with
the melting of the additive. The thermotropic layer reaches its final scattering state
once the additive is in a fully melted state. For additive type 2 (Fig. 3) besides the
melting peak between 40 and 50°C an endothermic effect at lower temperatures
(25-35°C) is observable. This peak can be attributed to a phase transition in the
crystalline structure from orthorhombic to hexagonal (Hammami und Mehrotra,
1995; Meyer et al.,, 2005). Regarding the switching characteristics of the
thermotropic layers being formulated with additive type 2 the change in crystalline

order leads to a slight increase of the diffuse solar transmittance.
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In general, upon heating the comparison of the layers switching characteristics
with the additive’s thermal transitions reveals a good correlation. This indicates
that conclusions as to thermosensitivity of TSFD can be drawn from thermo-
analytical measurements on thermotropic additives. Furthermore the relationships
presented in Figs. 3 to 7 show that the switching temperature of the functional

material can be tailored by selecting adequate additives.

4 Theoretical Modeling

4.1 Experimental background

The effect of selected thermotropic layers on maximum absorber temperatures in
an all-polymeric flat-plate collector was evaluated by theoretical modeling applying
a software generated by AEE-INTEC (Gleisdorf, AUT) (Solar, 1997-2006). This
software provides a comprehensive theoretical mathematical description of flat-
plate solar collector performance. A description of the model collector along with
details as to ambient conditions is given in Wallner et al. (2008). For the present
study a collector configuration with black absorber (solar absorbance a of 0.95,
infrared emittance ¢ of 0.90) and a 10 mm twin-wall sheet glazing (thermal
conductivity of material 0.20 W/(mK), solar absorbance 0, thermal emittance 0.90,
thermal transmittance 0, refractive index 1.59) was chosen. The thermotropic layer
as overheating protection device was attached either to the back side of the
glazing (nomenclature: thermotropic glazing) or to the absorber (nomenclature:
thermotropic absorber). As to the light transmission properties of the thermotropic
layer the solar transmittance was determined by UV/Vis/NIR spectroscopy as a
function of the temperature. For the functional film a thermal conductivity of 0.20
W/(mK), a solar absorbance of 0, a thermal transmittance of 0 and a thermal
emittance of 0.90 was specified. The refractive index of the polymer is 1.50.
Efficiency graphs were generated for a solar irradiation of 1000 W/m? and an

ambient air temperature of 20°C.

4.2 Results and Discussion

In Figs. 8 and 9 the collector efficiency is plotted as a function of the absorber
temperature for collectors without and with thermotropic overheating protection.
Figure 8 illustrates efficiency graphs for the thermotropic layers A-5, C-4 and C-6
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with an additive concentration of 5 m%. Both thermotropic glazing (top) and
thermotropic absorber (bottom) are considered. Compared to the collector without
overheating protection the application of thermotropic layers yields a shift of the
overall collector efficiency to lower values. This can be ascribed to the hemispheric
transmittance of the thermotropic layers ranging below 87% in the clear state. The
decreased overall collector efficiency leads already to a reduction of the maximum
absorber temperatures. Whereas for collectors without overheating protection a
maximum absorber temperature of 158°C is obtained, even by the use of
thermotropic layer A-5-5 that exhibits a moderate switching range of 8% the
stagnation temperatures can be limited to ~145°C. Functional material C-4-5 with
a reduction of transmittance by 10% limits stagnation temperatures to ~140°C.
The thermotropic glazing yielding the best overheating protection (absorber
temperatures of ~136°C) is material type C-6-5, that changes the solar
transmittance by 14%. Compared to thermotropic glazing the application of
thermotropic layers on the absorber causes a shift of the efficiency drop to lower

temperatures.
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Fig. 8: Effect of thermotropic layers A-3-5, A-4-5, A-5-5, C-4-5, C-5-5, C-6-5
on collector efficiency and maximum absorber temperature of a solar
collector with twin-wall sheet glazing and black absorber (o=0.95,
€=0.90) at a solar irradiation of 2000W/m? and an ambient temperature
of 20°C.
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Although as to their switching temperatures (70-80°C) the considered thermotropic
layers should be theoretically suited for the application on the absorber (switching
temperatures between 75 and 80°C required), to maximize the efficient working
temperature range and to minimize stagnation temperatures the considered
thermotropic layers have to be attached rather to the glazing than to the absorber.
This effect can be attributed to the low switching ranges and the high transition
range >10K of the produced thermotropic layers. This indicates that the positioning
of thermotropic layers is primarily dependent on their switching range and the
switching performance. The switching temperature is more important for the layer
positioning if the reduction of the hemispheric transmittance exceeds 25% and the

layer exhibits a rapid and steep switching process.

The effect of the thermotropic layer's additive concentration on the collector
efficiency graphs is shown in Fig. 9. As thermotropic layers material types A-3 and
C-6 were implemented. For these film types the strongest increase of the
switching range by a variation of the additive concentration was ascertained. In
general it is observable that with increasing additive concentration and thus
decreased solar transmittance the overall collector efficiency in the clear state
decreases. With thermotropic layers A-3-5 and A-3-7 stagnation temperatures can
be limited to 141 and 135°C, respectively. The higher switching range of layer A-3-
5 compared to layer A-3-7 is reflected in a steeper decrease of the collector
efficiency in the transition range. It is observable that the layer with an additive
concentration of 7 m% exhibits a lower switching temperature than the film
formulated with an additive content of 5 m%. Due to the increase in additive
concentration also molecules of this additive type are significant which contribute
to the melting region around 60°C (see Fig. 4). For thermotropic layers based on
resin type C and being formulated with additive type 6 no effect of the additive
concentration on the switching temperature is detectable. The application of these
thermotropic layers yields a reduction of maximum absorber temperatures by up to
29°C, as stagnation temperatures of 129 and 136°C are obtained for an additive
concentration of 7 and 5 m%, respectively. A maximum operating temperature of
130°C would allow for the application of cost-efficient plastics as absorber
materials. Nevertheless, further material development should focus on an increase

of the collector efficiency in clear state and thus of the hemispheric solar
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transmittance. An increase of solar transmittance in clear state, however, has to
be associated by an increase of the switching range. Otherwise maximum

absorber temperatures exceed 130°C.
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Fig. 9: Effect of formulated additive concentration of thermotropic layers A-3
and C-6 on collector efficiency and maximum absorber temperature of
a solar collector with twin-wall sheet glazing and black absorber
(0=0.95, £=0.90) at a solar irradiation of 1000W/m2 and an ambient
temperature of 20°C.

5. Summary and Conclusion

In this paper the effect of resin and additive type on the light-shielding
performance of TSFD with resin matrix was investigated. In clear state the
thermotropic layers exhibited a hemispheric solar transmittance between 76 and
87%, with diffuse fractions ranging from 14 to 71%. The materials underwent the
transition from the clear to the scattering state at temperatures between 40 and
80°C. For the investigated thermotropic layers transition temperature ranges
between 10 and 25 K were recorded. Above the switching threshold the solar
transmittance changes by 1 to 18% to values ranging between 62 and 85%, with
diffuse fractions between 36 and 78%. The most efficient additive content of the
considered thermotropic layers was found to be 5 m%. A stronger decrease of

hemispheric solar transmittance was observed for thermotropic layers based on
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resin types which exhibit a higher cross-linking density and low chain mobility (high
glass transition temperature). Thermotropic layers based on a resin with a wide-
meshed network and low glass transition temperature were detected to exhibit the
most distinct increases of diffuse solar transmittance above the switching
threshold. The switching range of the thermotropic layers being formulated with
non-polar additive types was found to increase with increasing molecular weight of
the additives. The comparison of the additives thermal transitions with the
switching performance of the thermotropic layer revealed a good correlation. This
enables the development of thermotropic materials exhibiting tailor-made

switching temperatures by selecting adequate additives.

The capability of selected thermotropic resins to prevent overheating of an all-
polymeric solar collector was evaluated applying theoretical modeling. To
maximize the efficient working temperature range and minimize stagnation
temperatures the investigated layers were detected to be more appropriate for the
use in the glazing than for the application on the absorber. Thermotropic layers
were found to reduce the maximum absorber temperatures by 12 to 29°C to
values between 129 and 146°C. Stagnation temperatures below 130°C would
allow for the application of cost-efficient plastics as absorber materials. However,
due to the low hemispheric transmittance of the thermotropic layers in the clear
state overall collector efficiency is decreased. Thus further research should focus
on the development of thermotropic resins with higher solar transmittance in the

clear state associated by an increase of the switching range.

Acknowledgements

The research work of this paper was performed at the Polymer Competence

Center Leoben GmbH within the framework of the Non-Kpus Program.

This work is funded by the State Government of Styria, Department Zukunftsfonds

Stelermark.  z yKUNFT sfonds @ Das Land
STEIERMARK Ste]‘ermark

The authors wish to express their acknowledgements to Cytec Surface Specialties
(Drogenbos, BEL), Sasol Germany GmbH (Hamburg, GER) and Chemson
Polymer Additive AG (Arnoldstein, AUT), for providing the materials.

88



References

Bird, R.E., Hulstrom, R.L., 1983. Terrestrial solar spectral data sets. Solar Energy
30, 563-573.

Dabisch, W., 1978. Koerper mit reversibel veranderlicher temperaturabhéangiger
Lichtextinktion und Verfahren zur Herstellung des Koerpers. EP 0000868: 1978.

Hammami, A., Mehrotra, A.K., 1995. Thermal behaviour of polymorphic n-alkanes:
effect of cooling rate on major transition temperatures, Fuel 74, 96-101.

Khan, A., Brunger, A., 1997. Thermal Protection of Flat Plate Solar Collectors
Using Thermotropic Glazings. In Proceedings 23™ Annual Conference of the Solar
Energy Society of Canada Inc: Implementing Sustainable Energy in a Changing
World, Vancouver, Canada, pp. 119-124.

Meyer, G., Matthai, M., Auge, J., Lindow, H., 2005. Crystallisation processes and
hardness of paraffin waxes characterised by DSC, ultrasonic, x-ray and needle
penetration measurements. SOFW-journal 131, 51-58.

Nitz, P., 1999. Optische Modellierung und Vermessung thermotroper Systeme.
PhD Thesis, Fakultat fuer Physik, Albert-Ludwigs-Universitat Freiburg im Breisgau.

Nitz, P., Hartwig, H., 2005. Solar control with thermotropic layers. Solar Energy 79,
573-582.

Resch, K., Hausner, R., Wallner, G.M., 2007. All polymeric flat-plate collector —
potential of thermotropic layers to prevent overheating. In Proceedings of ISES
Solar World Congress, Beijing, China, pp. 561-565.

Resch, K., Wallner, G.M., 2007. Thermotropic resin systems: relationships
between formulation parameters, material structure and optical properties. In
Proceedings of ISES Solar World Congress, Beijing, China, pp. 541-545

Resch, K., Wallner, G.M., Lang, R.W., 2008. Spectroscopic investigations of
phase- separated thermotropic layers based on UV cured acrylate resins.
Macromolecular Symposia 265, 49-60.

Resch, K., Wallner, G.M., 2008. Thermotropic layers for flat-plate collectors — a
review of various concepts for overheating protection with polymeric materials.
Submitted to Solar Energy Materials and Solar Cells.

Riegler, H., Koehler, R., 2007. How pre-melting on surrounding interfaces
broadens solid-liquid phase transitions. Nature Physics 3, 890-894.

Sakai, H., 1996. Surface-induced melting of small particles. Surface Science 351,
285-291.

Seeboth, A., Schneider, J., Patzak, A., 2000. Materials for intelligent sun
protecting glazing. Solar Energy Materials and Solar Cells 60, 263-277.

SOLAR, 1997-2006. Warme- und stroemungstechnische Berechnungen,
Unterprogramm: Theoretischer Kollektor. AEE INTEC, Gleisdorf, AUT.

Wallner, G.M., Resch, K., Hausner, R., (2008). Property and performance
requirements for thermotropic layers to prevent overheating in an all polymeric flat-
plate collector. Solar Energy Materials and Solar Cells 92, 614-620.

89



6 Conclusions and Future Work

6.1 Contributions of this Dissertation

This dissertation and the papers presented herein provide the basic knowledge on
the development of polymeric thermotropic materials for overheating protection of
solar collectors. In the following, the substantial contributions are summarized with

respect to the objectives defined for this dissertation.

The evaluation and strength-weakness analysis of existing thermotropic layers

produced from polymeric materials concerning their applicability in solar collectors

included thermotropic hydrogels, thermotropic polymer blends, and thermotropic
systems with fixed domains (TSFD). It was found that for solar collector
applications, thermotropic systems designed so far have to be adapted and
optimized, especially regarding their switching temperatures and long-term
stability. Distinct advantages such as the easy adjustment of the switching
threshold, high possible operating temperatures, high reversibility, and low
hysteresis favor the use of TSFD over thermotropic hydrogels and thermotropic

polymer blends for overheating protection purposes in a solar collector.

In TSFD, scattering particles (also referred to as additives), which exhibit a sudden
change of refractive index with temperature, are statically embedded in a matrix
material (mostly a duromer resin). At low temperatures the layer is translucent, as
the refractive indices of matrix and domain are almost equal. The differing
temperature dependence of the refractive index for the components above the
switching threshold causes the thermotropic film to turn opaque. The polymer
physics based development and design of thermotropic prototype-layers for solar

collector applications described in this dissertation included first of all the

establishment of a methodological approach for the determination of cross-linking
parameters (curing rate, degree of cure) and the glass transition temperature of
the matrix material relevant for the production of TSFD. Investigations were done
using exemplarily a UV-curable urethane acrylate resin. It was shown that applying
Dielectric Analysis (DEA), Attenuated Total Reflectance spectroscopy (ATR) and
Dynamic Mechanical Analysis (DMA) relevant performance properties of a matrix
material can be derived. To perform a systematic investigation for the preparation
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of thermotropic prototype-layers, three UV-curable resin materials with differing
chemical backbone were selected. The matrix oligomers included a polyester
acrylate, a urethane acrylate and an epoxy acrylate. In order to meet the
requirements as to overheating protection of a solar thermal collector, six
thermotropic additives with appropriate thermal transition temperatures were
chosen. Paraffin waxes and esters of an alcohol were considered. Numerous
prototype-layers were prepared by variation of base resin and additive type.
Additives were incorporated into the resin in concentrations of 5 and 7 m%.

A comprehensive characterization of thermotropic prototype-layers as to relevant

morphological parameters and performance properties showed at first that the lay-

ers exhibited a hemispheric solar transmittance between 76 and 87% in the clear
state, with diffuse fractions ranging from 14 to 71%. The switching from the clear
to the scattering state occurred at temperatures between 40 and 80°C. Transition
temperature ranges between 10 and 25 K were recorded. Above the switching
threshold the hemispheric solar transmittance changed to values ranging between
62 and 85%, with diffuse fractions between 36 and 78%. The optical properties of
the thermotropic layers in the clear and the scattering state were observed to
depend significantly on the differences in the refractive indices of the matrix and
additive, additive concentration, and distribution as well as on scattering domain
size. Pronounced differences in refractive index between matrix and additive
(>0.04) above the switching temperature were detected to be advantageous for
the light-shielding efficiency of the layers. The most efficient additive concentration
for the considered thermotropic layers was found to be 5 m%. A uniform additive
distribution across the film thickness was ascertained to be beneficial for the
reflectance efficiency in the scattering state. Relationships between the changes in
hemispheric and diffuse solar transmittance of the thermotropic layers above the
switching threshold and scattering domain size and shape were established.
Thermotropic layers formulated with additive types exhibiting a short chain length
displayed roughly spherical scattering particles with dimensions between 0.5 and 3
um and a moderate reduction in hemispheric solar transmittance along with a
significant increase of diffuse solar transmittance. Additives types with long-chain
molecules developed anisotropic scattering domains resembling contorted disks

with a diameter below 50 pm and a thickness between 100 to 400 nm. The
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obtained anisotropic scattering features were detected to yield improved light-
shielding properties compared to spherical particles with dimensions ranging from
0.5to0 3 um.

Furthermore, this dissertation included the establishment of structure-property

relationships between the performance properties and the inner material structure

and formulation parameters of thermotropic prototype-layers to provide a basis for

further research work and a systematic material optimization. A stronger decrease

of the hemispheric solar transmittance in the scattering state was observable for
thermotropic layers based on resin types which exhibit a higher cross-linking
density and low chain mobility (high glass transition temperature). Thermotropic
layers based on a resin with a wide-meshed network and low glass transition
temperature displayed a moderate reduction in solar transmittance along with the
most distinct increases of diffuse solar transmittance above the switching
threshold. The switching range of the thermotropic layers being formulated with
non-polar additive types was shown to increase with increasing molecular mass of
the additives. An excellent correlation between the thermal transitions of the
additives and the switching characteristics of the thermotropic layer was
ascertained. Hence, the switching temperature and transition temperature ranges

of TSFD can be tailored by selecting adequate additives.

Finally, investigations concerning the effect of thermotropic prototype-layers on the

efficiency of an all-polymeric flat-plate collector were carried out. The overall col-

lector efficiency in the clear state was found to decrease when thermotropic layers
are applied. To maximize the efficient working temperature range and to minimize
stagnation temperatures, the investigated layers were detected to be more appro-
priate for the use in the glazing than for the application on the absorber. The
thermotropic layers investigated were found to reduce the maximum black

absorber temperatures to values between 129 and 146°C.

6.2 Open Issues and Suggestions for Future Work

Within this dissertation, TSFD were evaluated from a polymer physics and
materials science point of view. It was shown that the materials investigated are
not yet optimal for overheating protection of a solar collector. However, some
major routes for further research to achieve better results became apppparent. In
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the following, the most important open issues which should be addressed in future

work are described.

To control stagnation temperatures in solar collectors and to allow for the appli-
cation of cost-efficient plastics as absorber materials, thermotropic layers showing
a reduction of the solar transmittance of at least 25% above the switching thres-
hold are required. For the thermotropic prototype-layers prepared within the pre-
sented dissertation a decrease of the solar transmittance by maximum 18% was
ascertained. Hence, the light-shielding efficiency of the thermotropic layers still has
to be improved. The moderate reduction of the solar transmittance can be
attributed primarily to inappropriate scattering domain size and shape, as the
change in refractive index was found to be effectual. Optimum reflectance
efficiency is obtained with spherical scattering particles that exhibit diameters
between 200 and 400 nm. In TSFD prepared and investigated so far the scattering
domains were anisotropic and/or exhibited sizes which are inappropriate for high
reflectance efficiency in the solar spectral range. The optimization of the primary
performance property of the thermotropic materials, i.e. reduction in solar
transmittance, thus requires the adjustment of the scattering domain size and
shape. This could be achieved by the incorporation of scattering domains, which
already possess the necessary shape and sizes. This may be resolved by
producers of thermotropic additives. Conversely, the scattering particle size and
distribution is dependent on the matrix material. The selection of adequate resin

types may therefore also favor the development of appropriate scattering domains.

In addition to the adjustment of the reduction in solar transmittance, the
maintenance of the light-shielding capability of the thermotropic layer for a long
time is of importance. For this purpose, the incorporated additive must be fixed to
prevent migration if the layer is exposed to elevated temperatures for prolonged
periods. In this regard the chemical backbone and the cross-linking characteristics
of the resin material play a key-role. Hence, the selection of appropriate resin

formulations is of special relevance.

For a systematic optimization of TSFD the combined knowledge of resin
manufacturers, producers of thermotropic additives, and polymer scientists is
required. A close cooperation between these specialists should be aimed for in a
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future study to adapt layer properties for overheating protection properties of solar
collectors. In this regard also specific focus should be given to adequate
temperature stability and durability of the layers. Further material development and
optimization should be done based on the findings and results concerning
interrelationships between material formulation, morphological characteristics and

performance properties of TSFD provided within this dissertation.

From the author’s point of view, the availability of adequate thermotropic layers
and thus of an appropriate overheating protection can revolutionize the solar
thermal collector market. It allows for the application of cost-efficient plastics as
materials for the absorber and for various other components of a solar collector.
The use of polymers in solar components and systems yields cost reduction,
functional improvements and more design freedom. This is serving to make solar
thermal systems more attractive to architects and end-users and thus may act to
increase the use of renewable energy for low-temperature heating purposes — a

big step towards the development of a sustainable energy future.
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