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ABSTRACT: Paraffins are typical organic phase change materials (PCM) used
for latent heat storage. For practical applications they must be encapsulated to
prevent leakage or agglomeration during fusion. In this study it is shown that
eicosane (CyH,, = C20) in the melted state could be dissolved in the
hydrophobic domains of poly(dodecyl methacrylate) (PDMA) up to
concentrations of 30 wt %, avoiding the need of encapsulation. For a 30 wt %
solution, the heat of phase change was close to 69 J/g, a reasonable value for its
use as a PCM. The fully converted solution remained transparent at 80 °C with
no evidence of phase separation but became opaque by cooling as a consequence
of paraffin crystallization. Heating above the melting temperature regenerated a
transparent material. A high contrast ratio and abrupt transition between opaque
and transparent states was observed for the 30 wt % blends, with a transparent
state at 35 °C and an opaque state at 23 °C. This behavior was completely
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reproducible during consecutive heating/cooling cycles, indicating the possible use of this material as a thermally reversible light

scattering (TRLS) film.
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1. INTRODUCTION

One of the proposed technologies for the storage of thermal
energy involves the use of phase change materials
(PCMs).'""3These materials make use of latent energy; e.g.,
crystalline materials absorb energy during melting and release
energy during crystallization. Paraffins are typical organic PCMs
due to several advantages: low cost, low toxicity, high heat of
fusion, chemical inertness, low vapor pressure, small volume
change on melting, congruent melting, and self-nucleating
properties.' "> However, for practical applications they must be
encapsulated to prevent leakage and agglomeration during
fusion."*"**Otherwise, special containers must be designed for
this purpose.”***

In this study, the possibility of using poly(n-alkyl
methacrylates) with long side chains to dissolve melted
paraffins is analyzed. As the polar polymer backbone does
not have chemical affinity with the hydrophobic side chains, a
nanostructuration of the amphiphilic polymer takes place,
generating nanodomains of associated side chains.***"At
sufficiently low temperatures, partial crystallization of side
chains occurs in these nanodomains.”’The question we ask is if
melted paraffins can be reversibly dissolved in nanodomains of
n-alkyl chains. Paraffins should be expelled during crystal-
lization and redissolved after melting in the course of cooling/
heating cycles of the material. Above the melting temperature
of the paraffin the material should be transparent, and below
the crystallization temperature the material should become
opalescent/opaque due to the scattering of light by paraffin
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crystals. Therefore, the material may be useful both as a PCM
and as a thermally reversible light scattering (TRLS) film.
Optical properties of TRLS films based on encapsulated organic
crystals dispersed in a polymer matrix have been reported.”®*’

The selected paraffin was eicosane, C,0H,, (C20), and the
amphiphilic polymer was poly(dodecyl methacrylate) (PDMA),
also identified as poly(lauryl methacrylate). Materials contain-
ing up to 30 wt % C20 in PDMA were obtained by free radical
polymerization of solutions of C20 in dodecyl methacrylate.
Thermal and optical properties of the resulting materials were
analyzed to determine their potential use as PCM or TRLS
films. A rheological characterization evidenced the dissolution
of melted C20 in hydrophobic domains of PDMA.

2. MATERIALS AND METHODS

The monomer dodecyl methacrylate (DMA, Fluka, 95%) was used as
received. It contained 500 ppm of p-methoxyphenol as inhibitor. The
initiator was benzoyl peroxide (BPO, Akzo-Nobel). The selected
paraffin was normal eicosane, C,oH,, (C20, Aldrich, 99%), with a
melting temperature range of 35—37 °C. Tetrahydrofuran (THEF,
Biopack) was P.A. grade.

Polymerization of DMA/C20 Solutions. A solution of DMA
containing 2 wt % BPO (with respect to DMA) and C20 (0—30 wt %
with respect to the total mass) was sonicated at 40 °C until the paraffin
was melted and completely dissolved. The free-radical polymerization
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was performed at 80 °C under nitrogen flow in a sealed silicon mold,
between glass covers, or in the cell of a characterization device. The
thickness of the films obtained between two glass covers was selected
based on potential application of these materials as a constitutive part
of a glass smart window with a sharp transparent—opaque transition
and PCM properties. To adjust the thickness (200, S00, and 1000
pum), steel spacers were placed between the two glass covers and liquid
precursors casted to completely fill the space between them. Under
this procedure, complete coverage of the surface and uniformity in
thickness was easily achieved. The size of these glass covers was
selected to fill the requirements of subsequent characterization
procedures. For microscopy measurements, 1.2 cm diameter rounded
glass covers were used to allow thermal cycling in a hot stage. Bulky
samples were obtained by curing liquid precursors in a sealed silicon
mold under nitrogen flow. These samples could be peeled off using
tweezers to obtain free-standing materials.

Characterization Techniques. The polymerization kinetics was
determined by Fourier-transformed near-infrared spectroscopy using
an FT-NIR device (Nicolet 6700), provided with a heated trans-
mission cell (HT-32, Spectra Tech) and a temperature controller
(CAL 9500P, Spectra Tech). The sample was placed between glass
windows using a rubber spacer of 1.4 mm thickness. The height of the
absorption band at 6165 cm™" was used to determine the conversion
of methacrylate double bonds as a function of time at 80 °C, for
solutions of different C20 contents.

Differential scanning calorimetry (DSC, Pyris 1, Perkin-Elmer and
TA Q2000 Thermal Analysis) was used to determine heats and
temperatures of fusion and crystallization for samples previously
polymerized to full conversion. Dynamic scans were performed at 10
°C/min, circulating nitrogen outside the sealed pans.

Optical properties of samples polymerized between two glass covers
were determined by transmission optical microscopy (TOM) at
different heating/cooling rates. A Leica DMLB microscope was
employed provided with a hot stage (Linkman THMS 600) and a
photodetector in the optical path.

The evolution of the storage (G’) and loss modulus (G”) of fully
converted samples was followed using an Anton Paar rheometer
(model Physica MCR-301) provided with a CTD 600 thermocham-
ber. Solutions were polymerized at 80 °C, in the same device, for the
period of time necessary to attain full conversion (corroborated by FT-
NIR spectra). Dynamic scans were performed at 2 °C/min, cooling
from 80 to —40 °C and heating again to 80 °C. A parallel-plate
configuration (diameter = 25 mm, gap ~1 mm) was used in oscillatory
mode with a 1% amplitude, at a frequency of 1 Hz.

Scanning electron microscopy (SEM, JEOL JSM-6460LV) was used
to observe the morphology of cryogenically fractured samples. Samples
were previously coated with Au—Pd.

3. RESULTS AND DISCUSSION

3.1. Polymerization Kinetics. The conversion of meth-
acrylate groups at 80 °C was followed by the decrease in the
intensity of its absorption band at 6165 cm™' in FT-NIR
spectral.30 Figure 1 shows conversion vs time curves for the neat
DMA monomer and for a solution containing 30 wt % C20. In
spite of the high C20 concentration, the evolution of
conversion was very close for both samples up to conversions
in the range of 40%. From this point on, the solution
containing C20 exhibited a slower polymerization rate.

The question arises about the absence of a dilution effect on
the initial polymerization rate produced by the presence of 30
wt % C20. A trivial explanation would be that the paraffin was
not dissolved by DMA at 80 °C. As both components have
different refractive indices, an opalescent/opaque solution
would have resulted. However, this was not the case. Besides,
it has been reported that DMA is a good solvent of
polyethylene above its melting temperature.’ Therefore, it
must also be a good solvent of C20 above its melting point. An
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Figure 1. Evolution of the conversion of methacrylate double bonds at
80 °C for the neat monomer and for a solution containing 30 wt %
C20.

alternative explanation arises from the description of the free-
radical polymerization of nanostructured monomers. It has
been proposed that the polymerization occurs first in
disordered domains and then in the organized domains
produced by the association of dodecyl chains.****Assuming
that C20 is dissolved in the hydrophobic nanodomains
generated by the association of dodecyl chains of DMA, the
initial polymerization stage taking place in disordered domains
would not be affected, in agreement with the experimental
observation.

3.2. Physical Properties of the C20/PDMA Solutions
Polymerized to Full Conversion. Samples containing up to
30 wt % C20 and polymerized to full conversion (within the
experimental error of FT-NIR) remained transparent at 80 °C
with no evidence of phase separation. It can be inferred that
paraffin remained dissolved in the hydrophobic domains
formed by dodecyl chains. Crystallization of C20 was produced
when cooling the fully polymerized samples to room
temperature, as revealed by TOM observations. This turned
samples from a transparent to an opalescent/opaque state.
Heating above the melting temperature of C20 crystals led
again to a transparent solution in a completely reversible way.

Some authors reported that secondary reactions involving
generation and recombination of radicals in pendant dodecyl
chains could lead to a chemically cross-linked
PDMA.****However, under our polymerization conditions,
neat PDMA samples and blends with C20 were completely
soluble in THF at room temperature.

3.3. C20/PDMA Blends as Phase Change Materials
(PCM). Crystallization and melting of C20 in blends with
PDMA were investigated by DSC. As an example, Figure 2
shows thermograms obtained in cooling and heating cycles for
a blend containing 30 wt % PDMA. The extremes of both peaks
were located at 34 °C (melting) and 29 °C (crystallization).
The behavior was reversible in consecutive heating/cooling
cycles.

Crystallization and melting temperatures, taken at the
maximum (minimum) of the broad peaks, increased with the
C20 contents up to 30 wt %, as shown in Figure 3. This is a
proof of the solubility of C20 in PDMA in this concentration
range. The values of neat C20 are also indicated, but these
points are not joined with those in the low concentration range
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Figure 2. DSC thermograms obtained in cooling and heating steps for
a C20/PDMA blend containing 30 wt % C20.
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Figure 3. Crystallization (T.) and melting (T,,) temperatures of pure
C20 and C20/PDMA blends of different concentrations up to 30 wt %
C20, determined as the maximum (minimum) of the peaks in DSC
thermograms.

because a liquid—liquid phase separation could take place at
high C20 concentrations.>"*°

Within the experimental error of DSC determinations, for a
particular C20 concentration the heat of melting was equal to
the heat of crystallization. The blend containing 30 wt % C20
showed a heat of phase change equal to 69 J/g, a reasonable
value for a phase change material based on microencapsulated
paraffins.”’ ~**373% The experimental value determined for neat
C20 was 254 J/g. Therefore, the theoretical value for the 30 wt
% blend was 76 J/g. This means that about 90% of C20 present
in the blend could be crystallized. Crystallinity values above
90% can be commonly found in the literature for PCM
materials. For example, in the case of blends containing 40 wt %
of a technical paraffin in a styrene—butadiene—styrene (SBS)
copolymer, a crystalline fraction of paraffin close to 97% was
reported, with lower values expected by decreasing the paraffin
amount.*
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3.4. C20/PDMA Blends as Thermally Reversible Light
Scattering Films (TRLS). Regarding the use of these materials
as TRLS films, it is necessary to evaluate the optical contrast
between transparent and opaque states, the corresponding
switching temperatures, and the reproducibility during
consecutive cooling/heating cycles. As an example, Figure 4a
shows the optical transmittance of a 200 gm thickness film of a
blend containing 30 wt % C20, submitted to a heating and
cooling cycle at 20 °C/min.
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Figure 4. (a) Optical transmittance as a function of temperature for a
200 pm thick film containing 30 wt % C20, submitted to a heating/
cooling cycle at 20 °C/min. (b) Optical images of the TRLS films in
the opaque (left) and transparent (right) states.

The film became opaque in the 27—23 °C range during the
cooling stage and transparent in the 30—35 °C range during the
heating step (Figure 4b). Figure S shows SEM and TOM
micrographs of the samples in the opaque state and an optical
image of the sample obtained as a free-standing thick sample.

Microscopic analysis (Figures Sa and Sb) showed that at
room temperature samples were constituted by a fine
dispersion of micrometric crystals uniformly distributed in the
polymer matrix. This characteristic size and uniform distribu-
tion of crystals were responsible for the eficient scattering of
visible light and for the opaque appearance of the samples at
room temperature (Figure Sc). The opaque—transparent
switching behavior occurred with a high reproducibility for
successive heating—cooling cycles, as shown in Figure 6. This
evidences the absence of leakage or agglomeration of the
paraffin during the consecutive thermal cycles.

The contrast ratio was very much affected by the heating/
cooling rate. Figure 7 shows the effect of changing the rate from
20 to 1 °C/min. At low temperatures the material obtained by
cooling at 1 °C/min was opalescent rather than opaque,
producing a significant decrease of the contrast ratio. TOM
observations showed a decrease of the average crystal size when

dx.doi.org/10.1021/am402680q | ACS Appl. Mater. Interfaces 2013, 5, 9180—9185
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Figure S. (a) TOM and (b) SEM micrographs of a 200 um thickness
film and a 1 mm thick sample, respectively, containing 30 wt % C20,
submitted to a heating/cooling cycle at 20 °C/min. (c) Optical image
of a piece of free-standing thick sample containing 30 wt % C20.
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Figure 6. Intensity of transmitted light as a function of time during
successive heating/cooling cycles at 20 °C/min, for a 200 pm thick
film containing 30 wt % C20.

increasing the cooling rate, a fact explained by the competition
between nucleation and growth rates.*® As smaller crystals are
more effective for scattering visible light, the result is an

100-
90:
80:
70

60

50 1 °C/min

Transmitance (%)

40 4
30

] 20 °C/min
20

10 — 7T T T T 1 T 1 1 T T T T
5 10 15 20 25 30 35 40 45

Temperature (°C)

Figure 7. Optical transmittance as a function of temperature for a 200
um thick film containing 30 wt % C20, submitted to heating/cooling
cycles of 1 and 20 °C/min.

increase in the opacity with the increase in the cooling rate.
Obviously, increasing the film thickness produced an enhance-
ment of the contrast ratio at low cooling rates.

3.5. Rheological Evidence of the Dissolution of C20 in
Hydrophobic Domains. Extra evidence of the fact that C20
in the melted state remains dissolved in hydrophobic domains
was provided by rheological tests. Figure 8 shows the evolution
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Figure 8. Variation of the storage modulus of neat PDMA during a
cooling/heating cycle at 2 °C/min.

of the storage modulus of neat PDMA when cooled from 80 to
—40 °C, followed by a consecutive heating to 80 °C. The
behavior is essentially reversible. A 4-decades increase of the
storage modulus, from the range of 10—10? Pa to the range of
10°—10° Pa, is observed during the cooling stage. At 80 °C the
solution was a liquid (G” > G'), and it became a physical gel at
low temperatures (G’ > G”). The reversible formation of a
physical gel is ascribed to the self-association of the pendant
dodecyl chains of the linear PDMA.>**"*

Solutions of C20 in PDMA exhibited a completely different
rtheological behavior as shown in Figure 9 for a blend
containing 20 wt % C20. The storage modulus in the liquid
state was much lower than the one of neat PDMA. In the 30—
80 °C range, it was comprised between 1 and 10 Pa. This is
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Figure 9. Variation of the storage modulus of a C20/PDMA blend
containing 20 wt % C20, during a cooling/heating cycle at 2 °C/min.

assigned to the dissolution of C20 in hydrophobic domains, a
fact that decreased the fraction of self-associated pendant chain
and, consequently, the average molar mass of polymer chain
aggregates. A diminution of the molar mass of polymer
aggregates produces a corresponding decrease of the storage
modulus.

A very sharp increase of the modulus is observed at the
crystallization temperature of C20, attaining values comprised
in the range of 10°—10° Pa with further cooling. The phase
separation of C20 enabled the rapid self-association of pendant
dodecyl chains with a corresponding increase of the storage
modulus. At low temperatures the material was a physical gel
(G’ > G"), reinforced by C20 crystals and with the mechanical
properties of a soft elastomer (G’ ~ 0.1 MPa).

The self-associated pendant dodecyl chains of PDMA can
form small crystalline domains under cooling.”” Reported
values for the melting temperature and the heat of fusion were
—26 °C and 2 kJ/mol of dodecyl chains.*"This corresponded to
a 6% fraction of CH, groups in crystalline domains. To
corroborate the presence of this small peak in our materials,
DSC scans of samples previously cooled to —60 °C were
performed (Figure 10). A small endothermic peak with a
minimum at about —33 °C was observed for both the neat
PDMA and a blend containing 30 wt % C20. The heat of fusion
was 2.1 kJ/mol of dodecyl chains for both samples, in
agreement with the value reported in the literature.”” This
result corroborates the fact that in blends containing C20
pendant dodecyl chains self-associate after crystallization of the
paraffin. Above melting temperature of the paraffin (about 35—
40 °C) the system behaves as a viscoelastic liquid with a very
high concentration of alkyl chains and high viscosity that acted
very efficiently as an encapsulation medium of the liquid
paraffin. This was demonstrated by the absence of leakage and
macrophase separation even after several cooling—heating
cycles.

B CONCLUSIONS

Eicosane (C20) in the melted state could be dissolved in
hydrophobic domains of poly(dodecyl methacrylate) (PDMA),
in concentrations up to 30 wt %. When the solution was cooled,
crystallization of C20 produced its segregation from hydro-
phobic domains and the self-association of pendant dodecyl
chains of the linear polymer. A physical gel reinforced with C20
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Figure 10. DSC heating scans of neat PDMA and of a blend with 30
wt % C20 previously cooled to —60 °C.

crystals was generated, with a storage modulus comprised
between 0.1 and 1 MPa. Heating this material above the
melting temperature of C20 regenerated a liquid solution. This
behavior was completely reversible in consecutive cooling/
heating cycles, suggesting the possible use of these solutions as
phase change materials (PCM) or thermally reversible light
scattering films (TRLS). A 30 wt % C20 content was suitable
for these purposes.

Results obtained in this study for a model system (C20/
PDMA) could be extended to blends of cheaper paraffins (e.g.,
paraffin waxes) with different types of poly(n-alkyl methacry-
lates). Blends can be prepared by in situ polymerization of the
monomer in the presence of the paraffin, as in the present
study, or by direct mixing the paraffin and the polymer. Optical
and thermal properties of the resulting materials might be
varied in a wide range.
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