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ABSTRACT: Within this study, a time saving photo-initiated miniemulsion polymerization process (duration of polymerization was 15
min) was established in order to encapsulate a paraffin wax with an acrylate polymer shell. The obtained freeze-dried latex was an
off-white powder exhibiting spherical particles with mean diameters around 400 nm and a concentration of paraffin wax around
56%. Mixing the reaction product with a UV-curable resin matrix resulted in thermotropic overheating protection glazings with high
light-shielding efficiency. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40417.
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INTRODUCTION

Thermotropic glazings change their optical properties from
transparent to opaque upon exceeding a predefined threshold
temperature, reversibly."* Thus, they can provide efficient over-
heating protection for buildings as well as for solar thermal col-
lectors.”™ Upon utilization in a building’s facade, a reduction
in primary energy demand is achievable by reduction of energy
consumption for heating, cooling, and artificial daylighting.>*
In solar thermal collectors, they can limit stagnation tempera-
tures to values below 130°C, which otherwise would exceed
180°C and thus prevent deterioration, aging, and potential fail-
ure of heat carrier fluid and other collector components.”!
Especially, for polymeric solar thermal systems stagnation con-
trol is a prerequisite in order not to exceed the long-term serv-
ice temperatures of utilized—preferably
polymeric materials.”'®'%3

cost-efficient—

Besides other thermotropic glazing systems, thermotropic sys-
tems with fixed domains (TSFD) are promising due to specific
advantages like ease of adjustment of switching threshold, high
long-term stability, low hysteresis, high reversibility, and steep
switching process.® The TSFD itself consist of a thermotropic
additive finely dispersed in a matrix material."® Below the
threshold temperature, the refractive indices of both compo-
nents are almost equal, enabling the incident radiation to pass
the layer almost un-scattered." Upon exceeding the threshold
temperature (i.e., melting of the additive), the refractive index
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of the thermotropic additive exhibits a steep change." Thus a
significant refractive index difference between matrix and addi-
tive is obtained, finally resulting in intense scattering of incident
radiation." Besides refractive index difference, layer morphology
governs overheating protection of TSFD to a high extent.'*"
Most efficient light-shielding is achieved for spherical scattering
domains with diameters between 200 and 400 nm."* Notwith-
standing, the achieved light-shielding efficiency of TSFD estab-
lished so far is limited, and especially inappropriate for efficient
overheating protection of an all-polymeric flat plate collec-
tor.>>1#162% Primarily, this was attributed to inappropriate
scattering domain shape and/or size.'>'”'*2»?>2¢ Scattering
domains were either spherical or nonspherical but too big in
general anyway. In 2008, Resch?’ suggested adjustment of scat-
tering domain shape and size prior to TSFD formulation in
order to enhance overheating protection performance of TSFD.
To the best of our knowledge, Muehling et al.** were the first
and only ones so far conducting a study devoted to the estab-
lishment of properly sized scattering domains for TSFD formu-
lation. However, the established threshold temperature (25°C**)
is rather low and thus not appropriate for overheating protec-
tion of a solar thermal collector. Overheating protection of a
solar thermal collector either requires threshold temperatures in
the range between 55 and 60°C or 75 and 80°C, respectively.”
Thus, an objective of this study was to establish a novel process
for adjustment of scattering domain size of thermotropic addi-
tives with rather high melting point (i.e., 55°C). Furthermore,
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formulation of TSFD with these optimally sized scattering
domains was an issue.

ENCAPSULATION OF THERMOTROPIC ADDITIVE

Background

As suggested earlier,”>** encapsulation of thermotropic additive
was considered a promising approach for adjustment of scatter-
ing domain size in order to formulate TSFD with efficient over-
heating protection performance. Therefore, the considerations
that led to the actual setup of the subsequently employed
encapsulations process are outlined in the following paragraphs.

24

For encapsulation of phase change materials in general and
alkanes and paraffin waxes—which may also serve as thermo-
tropic additives—more specifically, polymerization processes
employing vinyl monomers are addressed rather frequently in
Refs. 28-50. However, besides other techniques, the most versa-
tile process to establish encapsulated thermotropic additive with
controlled size is probably miniemulsion polymerization.’®>'~¢*
In miniemulsion polymerization the polyreactions take place in
some kind of “nanoreactors” formed by the disperse phase,
which are separated from each other by the continuous
phase.>®”% Extensive reviews on the details of miniemulsion
polymerization—also for encapsulation purposes—are presented
elsewhere,>?7?%61:66¢ One noteworthy aspect of miniemulsion
polymerization is that the “nanoreactor’-droplets have to be
stabilized against growth due to Ostwald-ripening by addition
of an ultrahydrophobe.””*® For example, the alkane hexade-
cane was recognized as a very efficient ultrahydrophobe.’>*
This is very interesting because with regard to adjustment of
the switching threshold of a TSFD, alkanes, and paraffin waxes
are probably the most versatile thermotropic additives because
of rather easy availability of materials displaying a melting tran-
sition in the desired temperature ranges (either 55-60°C or 75—
80°C%). Hence, upon miniemulsion polymerization mediated
encapsulation of an alkane or a paraffin wax these substances
act as an ultrahydrophobe simultaneously.

However, encapsulation of paraffin waxes exhibiting melting in
the previously specified temperature ranges might encounter
challenges that are related to standard thermal initiation of
miniemulsion polymerization: To form an emulsion, usually the
water- and the oil-phase are assembled separately prior to emul-
sification.”>**®* Thereby, the oil-phase contains the monomers
(e.g., acrylates) and the paraffin wax (simultaneously acting as
ultrahydrophobe in miniemulsion polymerization). Both phases
have to be heated above the melting temperature of the paraffin
wax in order to subsequently establish an oil-in-water (O/W)
emulsion. High energy emulsification techniques (e.g., ultra-
sound) are required in order to establish a miniemulsion with
narrow size distribution and small mean diameter.?*>7¢>¢7=¢?
However, the high temperatures employed prior, during and
after emulsification and heat dissipation due to emulsification
might be a challenge for thermal initiators, especially for oil-
soluble ones. Oil-soluble initiators have to be mixed with the
oil-phase prior to emulsification.’® This may cause uncontrol-
lable polymerization start due to decomposition of the thermal
initiator when exposed to high temperatures during
establishment of the miniemulsion. Utilization of water soluble
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initiators, which can be added after emulsification and thus
may overcome the previously mentioned shortcomings of oil
soluble initiators, is not an option when utilizing rather water
soluble monomers like methyl methacrylate (MMA). Otherwise
nucleation in the aquatic phase and subsequent growth of pure
polymer particles (e.g., PMMA) might occur,®® which is unde-
sirable when performing an encapsulation process.

Thus, decoupling the polymerization initiation from the reac-
tants’ temperatures was considered to be an imperative in order
to facilitate utilization of oil soluble initiator while maintaining
spatial and temporal control of initiation reaction. That may be
achieved via photo-initiation of the polymerization process.>*”°
Furthermore, photo-initiation might provide additional advan-
tages as compared to thermal initiation, like high reaction rates
and feasibility of photo-initiated processes for continuous reac-
tors.”" Thus, the miniemulsion polymerization process for
encapsulation is considered to be significantly accelerated by
substitution of thermal initiation (e.g., reactions last around 3 h
in Ref. 24) by photo-initiation. However, photo-initiation for
starting polymerization within an encapsulation process of
phase change materials was rarely addressed in the past.’”*®

Anyway, not virtually any monomer is suitable for encapsula-
tion of paraffin wax intended for use as scattering domain in a
TSFD. A proper match of refractive indices (#) of the core and
the polymeric shell is required for this purpose. For paraffin
waxes (n ~1.5), polymers with a proper match of refractive
index are derived from acrylate monomers, e.g., Poly(methyl
methacrylate) (PMMA; n = 1.49) or Poly (isobornyl methacry-
late) (PiBoMA; n = 1.50).2%7'"7% Furthermore, polymers based
on acrylate esters are recognized rather stable upon exposition
to UV-light.”*

Experimental

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

Miniemulsion Polymerization. Monomer mixture either con-
sisted of 4.5 ¢ MMA and 0.5 g EGDMA or 2.5 g MMA, 2.0 g
iBoMA and 0.5 g EGDMA. The oil phase was assembled by
mixing and stirring the monomer mixture (5 g), paraffin wax
(5 g), and photo-initiator Lucirin TPO-L (0.15 g) in a beaker
immersed in an oil bath (temperature: 70°C) until it was clear.
The water phase was established by mixing SDS with 50 g
deionized water in a beaker also immersed in the oil bath. The
required amount of SDS was evaluated in preliminary tests. A
concept estimating the area a single surfactant molecule is stabi-
lizing in an emulsion (Ag,ps see Refs. 52,53,60,75,76) was
adopted in order to estimate a reasonable starting concentration
of surfactant for these tests. Preliminary tests revealed an
amount of 8.3 mg SDS to be effectual. To form the emulsion,
the oil phase was transferred to the beaker (made from clear
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Schott DURAN glass) with the water phase and subsequently
emulsified by ultrasound from a Sonopuls HD 3200 equipped
with a booster horn SH 213 G and a sonotrode KE76 (Bandelin
electronic GmbH & Co. KG, Berlin, DE), maintaining an ampli-
tude set-point of 70% for 5 min. Subsequently, the established
emulsion was irradiated through the beaker wall for 900 s at
100% intensity with radiation from a light-guide attached to
OmniCure S 1000 (Lumen Dynamics Group, Mississauga, ON).
During irradiation vigorous stirring with a magnetic stirrer bar
and continuous nitrogen flow was maintained. The obtained
dispersion was freeze-dried.

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

Capsule Characterization. To prove evidence for successfully
conducted polymerization reaction, infrared (IR) spectra of
freeze-dried latex were recorded in mode of attenuated total
reflection (ATR) employing a Spectrum GX FTIR spectrometer
(Perkin Elmer, Waltham, MA) equipped with an ATR device
GladiATR Vision (PIKE Technologies, Madison, WI).

Thermal transitions and melting enthalpies of pristine paraffin
wax and of encapsulated wax were determined by differential
scanning calorimetry (DSC). Thermograms were recorded under
nitrogen flow (40 mL min~!) on a DSC 4000 (Perkin Elmer,
Waltham, MA) applying a heating/cooling rate of 10 K min "
in the range between —20 and 100°C. Sample mass was 10 * 1
mg. Threefold determination was carried out for each sample.
Melting temperature (peak temperature) and enthalpy of melt-
ing transition were evaluated from the second heating run.
Mass content of paraffin wax (wcere) in the capsules was calcu-
lated by building the ratio of the specific melting enthalpy of
the capsules (hcapsues in ] gfl) and the specific melting
enthalpy of the pristine paraffin wax (Hcore material i J g ')

leq. (1)].

hCa S

_ psules

WCore = ( 1 )
hCore material

After transferring the particles to a sample mount and subse-
quent sputtering with gold, capsule morphology was character-
ized employing scanning electron microscope (SEM) DSM 962
(Carl Zeiss SMT AG, Oberkochen, DE). Capsule size was eval-
uated with measurement tools of software analySIS (Soft Imag-
ing System GmbH, Miinster, DE). From the capsule diameters
(dcapsule)s the core diameters (dgore) were calculated according
to eq. (2). Density of the core material paraffin wax (pcore) and
the polymeric shell (pspen) were assumed to be 0.91 (value for a
paraffin with melting point around 55°C”7) and 1.19 g cm ™’
(value for PMMA”*%), respectively.
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Figure 1. ATR-spectra of (a) pristine wax, encapsulated wax with a poly-
meric shell obtained from (b) MMA and EGDMA, or (c) MMA, iBoMA,
and EGDMA.

l—WCore> T3 (2)

— Pcore
dCore - dCapsule * (1 + *
WCore

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

RESULTS

In Figure 1 the ATR spectra of pristine paraffin wax [Figure
1(a)], and of encapsulated paraffin wax with a polymeric shell
obtained from either, MMA and EGDMA [Figure 1(b)], or
MMA, iBoMA, and EGDMA [Figure 1(c)] are displayed. Band
assignment is based on information provided by Refs. 81-84.
The bands identified for pristine wax were: IR (ATR): v = 2957
(m, v,s(CHj3)), 2917 (vs, v,s(CH,)), 2874 (w, vs(CHj3)), 2849 (vs,
vs(CH,)), 1473 (m, d,(CH,)), 1463 (s, d;(CH,), d,5(CH3)), 1378
(w, 8,(CH3)), 730 (m, p(CH,)), 719 cm™ ' (s, p(CH,)). These
bands were also identified for the paraffin wax encapsulated
with a shell of either MMA and EGDMA or MMA, iBoMA and
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product encapsulated with MMA and EGDMA: IR(ATR): v =
1327 (w, probably a C—H deformation vibration of a ternary
C—H group), 1052 cm ™" (probably a C—C skeletal vibration of
>C(CH3),), both indications for the isobornyl-group being

In Figure 2 the second DSC heating runs recorded for pristine
paraffin wax (solid line), and encapsulated paraffin wax with a
polymeric shell obtained from either, MMA and EGDMA (dot-
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Figure 2. DSC-thermograms (second heating run) of pristine wax (solid
line), encapsulated wax with a polymeric shell obtained from MMA and
EGDMA (dotted line), or MMA, iBoMA, and EGDMA (dash-dotted line).

Table I. Specific Melting Enthalpies for Paraffin Wax Encapsulated with a
Polymeric Shell Obtained from MMA and EGDMA or from MMA,
iBoMA, and EGDMA and Resultant Paraffin Wax Content of the Capsules
(Wcore) Calculated Based on the Specific Melting Enthalpy of the Pristine
Wax heore Material = 204 ] g7

Monomer mixture hcapsules (4 974 Wcore (%)
MMA/EGDMA 112 55
MMA/iBoMA/EGDMA 117 57

EGDMA. Further bands identified for both encapsulated prod-
ucts were: IR (ATR): v = 1728 (s, v(C=0)), 1240 (m,
v(C(=0)0)), 1147 (s, P(CHs)), 988 (w, v(O—C)), 750 cm '
(w, 0(C=0)). Especially, the bands ascribed to the carbonyl-
moieties (e.g., at 1240 cm™ ') gave evidence for successfully con-
ducted polymerization. For the product encapsulated with
MMA, iBoMA, and EGDMA two more bands were evident,
which were not detectable or at least much weaker for the

3 A
*x10000 Z2prm 4 .00V Emm

#zo SDS10NMZ2-US

ted line), or MMA, iBoMA, and EGDMA (dash-dotted line) are
depicted. Melting peak temperatures of paraffin wax were 56°C
for the pristine wax, 55°C for the wax encapsulated with a poly-
meric shell resulting from MMA and EGDMA and 53°C for the
wax encapsulated with a polymeric shell resulting from MMA,
iBoMA, and EGDMA, respectively. The specific melting enthal-
pies obtained from these thermograms are listed in Table I
Whereas the pristine paraffin wax had a specific melting
enthalpy of 204 ] g~ (hcore Material)> the wax encapsulated with
a shell of MMA and EGDMA displayed a specific melting
enthalpy of 112 J g~'. Thus, according to eq. (1), the related
freeze dried product contained 55% paraffin wax. For the paraf-
fin wax encapsulated with a shell of MMA, iBoMA, and
EGDMA the specific melting enthalpy was 117 J g, yielding a
wax content of 57%.

Figures 3 and 4 displays SEM micrographs of the paraffin wax
encapsulated with a polymeric shell obtained from either
MMA and EGDMA (Figure 3) or MMA, iBoMA and EGDMA
(Figure 4) in magnifications of 10,000 [Figures 3 and 4(a)] and
30,000 [Figures 3 and 4(b)]. Micrographs display aggregated
spherical particles. A survey of individual particles from numer-
ous micrographs enabled establishment of particle size distribu-
tions. Furthermore, for each individual particle the calculation
of a hypothetical core diameter [according to eq. (2); assump-
tion: uniform wax content for all particles] was carried out. The
resulting size distribution histograms are depicted in Figures 5
and 6. For illustration purposes, a logarithmic normal-

P" 4 o "‘.’

x30000 Lrm 4 .00V 6mm
HZ5

SDS10NHMZ-US

Figure 3. SEM micrographs of paraffin wax encapsulated with a polymeric shell obtained from MMA and EGDMA. Magnifications displayed are

(a) 10,000 and (b) 30,000X.
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Emm

Figure 4. SEM micrographs of paraffin wax encapsulated with a polymeric shell obtained from MMA, iBoMA, and EGDMA. Magnifications displayed

are (a) 10,000X and (b) 30,000X.

distribution curve was overlaid on the histograms. The mean
and median of the actually detected particle diameters for the
wax encapsulated with a shell resulting from MMA and
EGDMA were 354 and 280 nm, respectively [histogram see Fig-
ure 5(a)]. The size distribution of the core diameters exhibited
mean and median of 301 and 238 nm, respectively [histogram
see Figure 5(b)]. The vast majority of the particle cores had
diameters between 50 and 1000 nm. The mean and median of

100
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= 60
§ I
8§ 40 _
20
0 1 1
100
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80 (calculation)
— " A
E 60 - ;X
§ I YU H . .
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O g A w (paraffin wax)=0.55
20 M1 uniform mass ratio
. ’jj; for each particle
O == 1 1
0 500 1000 1500 2000
Diameter [nm]

Figure 5. Histograms and overlaid logarithmic normal-distribution of (a)
diameters of particles with a wax core and a shell made of MMA and
EGDMA and (b) core diameters calculated from particle diameters
(assumption Weore = 0.55 be uniform for all particles). Total count of
particles: 434.
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the actually detected particle diameters for wax encapsulated
with a shell resulting from MMA, iBoMA, and EGDMA were
487 and 439 nm, respectively [histogram see Figure 6(a)]. The
size distribution of the core diameters exhibited mean and
median of 419 and 377 nm, respectively [histogram see Figure
6(b)]. The vast majority of these particle cores had diameters
between 100 and 1000 nm. Table II summarizes the key findings
of the particle characterization.

120
- a) particles
100 |

Count [1]
N A O @
o O O O

o

120
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100 i (calculation)
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w (paraffin wax)=0.57
uniform mass ratio
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o

i
o
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0 s ' '
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Diameter [nm]

Figure 6. Histograms and overlaid logarithmic normal-distribution of (a)
diameters of particles with a wax core and a shell made of MMA, iBoMA,
and EGDMA and (b) core diameters calculated from particle diameters
(assumption Wcore = 0.57 be uniform for all particles). Total count of
particles: 609.
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Table II. Paraffin Wax Content (wcore) Along with the Mean and Median of the Actually Detected Capsule Diameters (dcapsute) and the Calculated Core
Diameters (dgore) of Capsules with Polymeric Shell Obtained from Different Monomer Mixtures

dCapsu\e (nm) dcore (NM)
Monomer mixture Wcore (%) Mean Median Mean Median
MMA/EGDMA 55 354 280 301 238
MMA/iBoMA/EGDMA 57 487 439 419 377

In TSED scattering domains with diameters between 200 and 400
nm are most efficient.'* However, studies showed that domains
with diameters up to 1000 nm are highly efficient in terms of back-
scattering,'* From this point of view the particles produced within
this study are rather promising for application in TSFD. Further-
more, the established encapsulation process is promising for larger-
scale applications with regard to its reasonably low time demand.

TSFD FORMULATED WITH ENCAPSULATED PARAFFIN WAX

Experimental

TSFD Formulation. Resin matrix was prepared by mixing 57
wt % oligomer (Ebecryl 800), 40 wt % reactive diluent (OTA-
480), and 3 wt % photo-initiator (Lucirin TPO-L). Employed
oligomer and reactive diluent were supplied by Allnex Belgium
SA/NV (formerly Cytec Surface Specialities; Drobenbos, BE).
Photo-initiator was provided by BASE. The amount of capsules
(Mcapsules) Tequired to maintain a thermotropic additive content
(Wadditive) Of 5 Wt % in a TSFD formulated with a specific
amount of resin matrix was calculated according to eq. (3).
This amount of capsules was added to the resin matrix and dis-
persed subsequently. The resulting mixtures were poured in the
intervening space between two glass panes, which were sealed
around the edge. Subsequently, the layers were cured by UV-
radiation (dose: 8.3 mJ cm ™ ?) from 366 nm bulb of Universal-
UV-Lamp (Camag, Muttenz, CH). Removal of the glass panes
resulted in ~900 um thick free-standing layers.

-1
—1> (3)

Determination of Light-Shielding Efficiency. Overheating pro-
tection performance of TSFD was determined applying UV/Vis/
NIR spectrometry. A double beam UV/Vis/NIR spectrophotome-
ter Lambda 950 (Perkin Elmer, Waltham, MA) equipped with an

_ WCore
MCapsules — MMatrix * | ———
WAdditive

90

Ulbricht-sphere (diameter 150 mm) was employed. For the given
measurement apparatus the radiation passing through (transmit-
tance) the specimen outside a cone of ~5° relative to the incident
beam direction was defined as diffuse (scattered) component.
Hemispheric and diffuse transmittance was recorded at normal
incidence in the spectral region from 250 to 2500 nm. The integral
solar transmittance was determined by weighting the recorded
spectral data in steps of 5 nm by the AM1.5 global solar irradiance
source function. The spectrophotometer was adapted by a heating
stage to adjust sample temperature within a range from ambient
temperature to maximum 115°C. Measurements were performed
in steps of 5°C. Prior to measurement, the samples were allowed
to equilibrate for 5 min at the selected temperature. The heating
stage was equipped with a control system consisting of a heating
stage-internal J-type thermocouple as temperature sensor and the
control unit HS-W-35/M (Heinz Stegmeier Heizelemente HS-
Heizelemente GmbH, Fridingen, DE). Within the heating stage
the sample was positioned in close proximity of the port hole of
the Ulbricht-sphere. In situ front- and backside sample surface
temperatures as a function of set-point value of the control unit
were recorded on a prototype sample with a two-channel temper-
ature measurement instrument T900 (Dostmann electronic
GmbH, Wertheim-Reicholzheim, DE) equipped with a precision
K-type thermocouple. Sample temperature was assumed as the
average of both recorded surface temperatures. Required set-point
values to maintain average sample temperatures were calculated
from a second order polynomial fit of the temperatures recorded
in measurements of the prototype sample.

RESULTS AND DISCUSSION

In Figure 7 the solar hemispheric (square symbol) and solar dif-
fuse (triangle symbol) transmittance of TSFD formulated with

T
[
—

—&— hemisph.

&0 - -A- - diffuse

70
60
50 A-n—p—n—
40
30 1 | L 1 L | 1 1 1 1 1

Solar transmittance [%]

- b)

—&— hemisph.
- -A- - diffuse

-E—a—y g

I e —p—B—

- _-A""
_A___A‘,A
L 1 L | L I L | L ] 1
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80 20 30 40 50 60 70 80

Temperature [°C]

Figure 7. Solar hemispheric (square symbol) and solar diffuse (triangle symbol) transmittance as a function of temperature of TSFD formulated with

5 wt % thermotropic additive content. Thermotropic additive was incorporated in encapsulated form with a polymeric shell obtained from different
monomer mixtures, either (a) MMA and EGDMA or (b) MMA, iBoMA, and EGDMA.
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a)

Figure 8. Photographs of TSFD containing capsules with a polymeric shell
resulting from either (a) MMA and EGDMA or from (b) MMA, iBoMA,
and EGDMA. Visible inhomogeneities in the layers are aggregates (solid
arrows are pointing on some of them), and macroscopic voids (broken
arrows are pointing on some of them). The latter are resulting from man-
ufacturing. The photographs were taken against a cloudy sky.

encapsulated paraffin wax with a polymeric shell obtained from
either MMA and EGDMA [Figure 7(a)] or MMA, iBoMA, and
EGDMA [Figure 7(b)] is displayed. Both layers exhibited a dis-
tinct reduction in solar hemispheric transmittance upon exceed-
ing the switching threshold (45°C). The layer formulated with
encapsulated paraffin wax with a polymeric shell obtained from
MMA and EGDMA showed a reduction in solar hemispheric
transmittance from 73.1 (room temperature) to 49.2% (70°C).
At the same time, the solar diffuse transmittance increased from
40.7 (room temperature) to 47.8% (70°C). The layer formulated
with encapsulated paraffin wax with a polymeric shell obtained
from MMA, iBoMA, and EGDMA showed a reduction in solar
hemispheric transmittance from 70.1 (room temperature) to
49.0% (70°C). At the same time, the solar diffuse transmittance
increased from 34.6 (room temperature) to 46.8% (70°C). To
validate these results, two additional replicates of each individ-
ual TSFD were characterized with regard to their overheating
protection performance. The replicate measurements were con-
ducted at room temperature and 70°C only. Mean and standard
deviation of solar hemispheric and diffuse transmittance were
calculated for room temperature and 70°C. The results are pre-
sented in Table III. The TSFD formulated with the additive cap-
sules with a polymeric shell obtained from MMA and EGDMA
displayed higher solar hemispheric transmittance at room

WILEYONLINELIBRARY.COM/APP

Applied Polymer

CIENCE

temperature (72.6%) than the TSFD formulated with the addi-
tive capsules with a polymeric shell obtained from MMA,
iBoMA, and EGDMA (68.6%). However, the achieved solar
hemispheric transmittance at 70°C was rather similar for both
layers (48.9 vs. 48.7%). The solar diffuse transmittance of both
layers increased slightly upon exceeding the threshold tempera-
ture (from 38.8 to 47.4% and from 35.3 to 46.6%, respectively).

Figure 8 displays photographs of two TSFD formulated with
encapsulated paraffin wax with a polymeric shell obtained either
from MMA and EGDMA [Figure 8(a)] or MMA, iBoMA, and
EGDMA [Figure 8(b)]. The photographs were taken against a
cloudy sky. Several inhomogeneities were observable. Aggregates
of the not entirely dispersible capsule powder were detected
(solid arrows are pointing on some of them). Furthermore,
macroscopic voids which were resulting from the mixing, cast-
ing, and curing procedure were evident (broken arrows are
pointing on some of them). Some of them were air bubbles
generated during casting, others might be generated because of
shrinkage of the matrix during curing.

Consequently, the difference in solar hemispheric transmittance
at room temperature detected for these two TSFD may be
ascribed to a multitude of factors like slight differences in shell-
material content, refractive index differences between matrix/
shell/additive, slight differences in size distribution or the higher
concentration of voids in the layers formulated with encapsu-
lated paraffin wax with a polymeric shell obtained MMA,
iBoMA, and EGDMA.

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

Thus, the better light-shielding efficiency of the TSFD formu-
lated with encapsulated additive was ascribed to the rather opti-
mal diameter of the scattering domains. However, the detected
solar hemispheric transmittance at room temperature of around
70% is significantly lower as compared to the result of 81.2%
detected for the TSFD formulated with the additive not being
encapsulated.”” This may be ascribed to the differences in scat-
tering domain size: For scattering domains that are too big for
optimal back-scattering, a low potential refractive index differ-
ence between matrix and additive probably yields no distinct

Table III. Mean and Standard Deviation (the Latter in Brackets) of Solar Hemispheric and Diffuse Transmittance Detected at Room Temperature and
70°C of TSFD Formulated with Encapsulated Paraffin Wax with Polymeric Shell Obtained from Different Monomer Mixtures (Results from Threefold

Determination)

Solar transmittance at room

temperature Solar transmittance at 70°C
Monomer mixture Hemisph. (%) Diffuse (%) Hemisph. (%) Diffuse (%)
MMA/EGDMA 72.6 (0.5) 38.8 (1.7) 48.9(0.2) 47.4 (0.3)
MMA/iBoMA/EGDMA 68.6 (1.3) 35.3(0.8) 48.7 (0.3) 46.6 (0.2)
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effect on solar hemispheric transmittance at room temperature
due to low back-scattering efficiency. However, for layers for-
mulated with optimally sized scattering domains, even a small
refractive index difference between matrix and additive may
yield a significant effect on solar hemispheric transmittance
(i.e., a lower transmittance) at room temperature due to high
back-scattering efficiency. Thus, future work also has to address
the optimization of the matrix/additive combination more in
detail.

CONCLUSION AND OUTLOOK

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

Anyway, the established miniemulsion polymerization routine
would also allow for encapsulation of thermotropic additives
with different melting points rather easily and thus easy adjust-
ment of switching threshold of TSFD formulated with these
capsules (e.g., by utilization of a spinning disk reactor®®). With
regard to encapsulation of thermotropic additives with higher
melting temperature, monomer evaporation is an issue, thus
carrying out the reaction in pressurized atmosphere (oxygen-
free) would be beneficial in order to mitigate monomer losses.
Anyway, a major advantage of the photo-initiated process is the
process acceleration. The duration of the established photo-
initiated polymerization was 15 min.
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