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Light Phase Modulation with Transparent Paraffin-Based
Phase Change Materials

Jaume R. Otaegui, Yannick Bertschy, Lorenzo Vallan, Falko Schmidt, Adarsh Vasista,
Jose Garcia-Guirado, Claudio Roscini, Romain Quidant,* and Jordi Hernando*

Phase change materials (PCM) have greatly contributed to optics with
applications ranging from rewritable memories to smart windows. This is
possible thanks to the variation in optical properties that PCMs undergo upon
thermally-induced phase change. However, this behavior is accompanied by a
loss of optical transparency in one (or more) of their phases, posing a major
limitation for transmission-based functionalities. Here this challenge is
addressed by producing PCM-based composites that remain transparent in
the visible spectrum during their phase transition. The cornerstone of this
innovative material is the use of 30 nm-in-size nanoparticles of paraffin as
PCMs, which minimizes the scattering within the polymer host matrix
regardless of the paraffin’s phase. To demonstrate the potential of this
approach, it is shown that thin composite layers can modulate the phase of
the incident visible light using temperature, achieving uniform phase profiles
with maximum phase shifts up to 𝝅 radians. Notably, the composites studied
exhibit up to threefold larger phase changes for the same input power over
reference thermo-optical materials like polydimethylsiloxane. These findings
position paraffin-based composites as promising materials for various
thermo-optical applications, including wavefront shaping and aberration
correction, with the potential to significantly impact a variety of optical
technologies.
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1. Introduction

Phase change materials (PCMs) are sub-
stances that undergo first-order phase
transitions with temperature, such as
melting processes, crystalline transforma-
tions, dehydration, or metallic-to-insulator
transitions.[1,2] A large variety of PCMs
exist and, depending on their nature can be
classified as organic, inorganic, or eutectic
mixtures.[3] The changes in their physical
properties – e.g., thermal conductivity,
refractive index (RI), or viscosity, along
with the latent energy associated with their
phase transitions make them attractive for
a wide range of applications, including
energy management,[4–7] solar light trans-
mittance control,[8] thermochromic[9–12]

and thermofluorochromic[13–18] materials,
and drug delivery platforms,[19–22] among
others.[23,24]

Of particular interest is the nonlinear
behavior of the RI observed at tempera-
tures near the phase transition of PCMs,
a characteristic that can be harnessed for
optical applications.[2,25–28] Historically, in-
organic PCMs have often been the pre-
ferred choice due to their solid-to-solid

state transitions, which exhibit a large contrast of both real (n) and
imaginary (k) parts of the RI as well as fast switching speeds.[26,29]

For example, germanium-antimony-tellurium (GST) and vana-
dium dioxide VO2 are already employed commercially in opti-
cal data storage[26,30,31] and near-infrared filters,[32–35] respectively.
Unfortunately, inorganic PCMs are typically expensive, scarce,
difficult to process, and pose environmental concerns.[36,37] Addi-
tionally, they lack transparency in the visible region, which lim-
its their suitability for transmission-based functionalities.[29,38]

In contrast, organic PCMs such as paraffin and fatty alcohols
have negligible k in the visible range, which could render them
transparent across all phases despite the large change in RI (Δn)
associated with their solid-liquid transition. Furthermore, their
low cost and environmental friendliness make organic PCMs
promising candidates for optical applications.[39–42]

To date, the use of organic PCMs in optics remains largely
unexplored, with only a few reported instances of their incor-
poration into polymeric matrices.[8,42–45] These systems exploit
the abrupt Δn associated with the PCM melting process to ad-
just the scattering intensity at the interface between the PCM
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and the polymer, due to the contrast in RI between the two
components.[8,45] As a result, this change in scattering is accom-
panied by a corresponding shift in transparency, which has po-
sitioned PCM-polymer composites as promising, cost-effective,
and scalable solutions for optical transmission filters that mod-
ulate the flux of light in response to temperature variations.[8,45]

Furthermore, the availability of organic PCMs with a wide range
of melting points (Tm) allows facile fine-tuning of the temper-
atures at which such light transparency modulation occurs.[8]

Despite the advantages offered by organic PCM-polymer com-
posites, their variable transparency poses a challenge for appli-
cations requiring high light transmittance. This is the case of
light phase engineering, such as wavefront shaping or aberra-
tion correction, which is of relevance for optical imaging, free
space optical communication, and integrated optical elements,
amongst others.[47–51] Although there already exist technologies
for light phase modulation such as Spatial Light Modulators
(SLMs), they are expensive, polarization-dependent, and highly
chromatic.[46] Alternatively, thermo-optical plates combine achro-
maticity across the entire visible range with high polarization
insensitivity.[47–51] However, their reliance on homogeneous ma-
terials such as polydimethylsiloxane (PDMS) films, which exhibit
moderate thermo-optical coefficients (dn/dT), requires high ther-
mal heating to reach the desired RI modulation.[47–51] Unlocking
the full potential of phase control for technological advancement
therefore demands the development of novel materials that ad-
dress these current limitations.

In this work, we introduce a set of PCM-polymer-based
composites designed for light phase control which combine i)
straightforward synthesis, affordability, and scalability; ii) high
transparency in the visible wavelength spectrum (400–750 nm)
independent of the PCM phase; and iii) higher thermo-optical
coefficient in comparison to existing thermo-optical materials.
These composites were produced by mixing paraffin nanopar-
ticles (≈30 nm diameter) with a polymer matrix, enabling
highly transparent films via simple drop-casting. Employing op-
tical diffraction tomography, we measured a uniform phase re-
sponse for such heterogeneously structured systems on the mi-
croscale. Finally, we benchmarked the composites against PDMS
demonstrating that our materials not only outperform traditional
thermo-optical plates in terms of energy efficiency but also ex-
hibit comparable thermal properties and response times.

2. Results and Discussion

The speed at which light travels through a material is charac-
terized by the material’s RI and is influenced by several fac-
tors, including its density, internal structure, and composition.
In thermo-optical materials, the RI varies with temperature, thus
affecting the speed of light. Therefore, when a temperature gra-
dient is generated within these media, a phase delay is intro-
duced between light beams traversing through the material that
are exposed to different temperatures, which can be exploited for
wavefront modulation. Herein we hypothesize that temperature-
dependent phase changes can be amplified with the use of or-
ganic PCMs, which typically undergo a density reduction during
their solid-to-liquid transformation leading to a large decrease in
RI and, consequently, a significant increase in the speed of light.
However, to fully unleash the potential of organic PCMs’ phase

transition for thermo-optical applications, two important condi-
tions must be met. First, PCMs must be integrated into a solid
support that maintains its state regardless of temperature vari-
ation, thereby preserving the integrity of the system even after
PCM melting. Second, the final composite material should pos-
sess high optical transparency across all wavelengths at the differ-
ent phases of interest. To reach these goals, we propose embed-
ding PCM nanoparticles (NPs) in a transparent polymer matrix
that are sufficiently small to minimize light scattering irrespec-
tive of the PCM’s phase. In these materials, the thermo-optical
effect achieved should directly scale with the weight ratio of PCM
NPs within the transparent composite film. Following this prin-
ciple and through an appropriate choice of PCMs, the material’s
temperature profile could be precisely controlled, attaining on-
demand modulation of the light’s phase (Figure 1).

Amongst the various organic PCMs available, paraffins were
selected due to their facile miniaturization and significant Δn
upon solid-to-liquid transition (up to 0.07).[8] Moreover, paraffins
are commercially available with varying alkyl lengths and, there-
fore, melting temperatures (Tm) at a low cost. Poly(vinyl alcohol)
(PVA) was chosen as the polymer matrix in which PCM nanos-
tructures were embedded due to several advantageous features:
i) its ability to form uniform films[8,52] as well as excellent stabi-
lizing properties for the preparation of nanoemulsions and paraf-
fin particles’ suspensions;[52,53] ii) its high transparency across the
visible spectrum; iii) its comparable RI to solid state paraffins (n=
1.52 at room temperature); and iv) its low dn/dT value (−1.9·10−4

K−1), ensuring that the overall thermo-optical performance of the
paraffin-PVA composites is primarily determined by the embed-
ded PCM (Figure S1, Supporting Information).

Based on this design, we synthesized various paraffin-PVA
composites containing PCM NPs made of i) n-tetracosane (TC,
Tm = 50.3 °C),[54] ii) n-eicosane (EC, Tm = 36.6 °C),[54] and
iii) a 1:1 mixture of EC and n-octacosane (ECOC, Tm = 60.3 °C for
OC).[54] All these NPs were prepared using a modified emulsion-
entrapping technique,[53] where a heated aqueous solution of
PVA (10 wt.%) was mixed with the melted paraffin and homoge-
nized using an ultrasound tip to form PCM nanodroplets which,
upon cooling, yielded the desired solid nanostructures. The ob-
tained NPs showed an average diameter of ≈ 30 nm as measured
by transmission electron microscopy (TEM), which is sufficiently
small to reduce light scattering at the particle-polymer interface at
optical wavelengths (Figure 2a,b for TC NPs; Figure S2, Support-
ing Information for EC and ECOC NPs). Uniform paraffin-PVA
films of ≈ 175 μm in thickness (Figure 2c) and with a large con-
tent of PCM NPs (33 wt.%) were then obtained by drop-casting a
mixture of the stabilized particles’ suspension with aqueous PVA
solution onto a plastic container (Figures S3 and S4, Supporting
Information). Analysis of the cross-section of one of these films
(TC-PVA) by scanning electron microscopy (SEM) showed that
paraffin NPs were evenly dispersed within the polymer matrix de-
spite the high payload, thus preventing nanoparticle aggregation
or coalescence (Figure 2c, inset). This, together with the small
size of the embedded NPs and the RI matching between PVA
and the solid paraffin used, accounts for the high transparency
exhibited by all composite films at room temperature regardless
of the specific type of PCM (Figure 2d). The successful integra-
tion of PCM NPs into the PVA matrix was further demonstrated
by differential scanning calorimetry (DSC), which revealed the
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Figure 1. Conceptual scheme of the thermo-optical composite film based on organic PCMs. Paraffins of different melting points such as n-eicosane
(EC), n-tetracosane (TC), or n-octacosane (OC) are embedded as NPs dispersed within a poly(vinyl alcohol) (PVA) polymer thin film. When exposed
to heat, the paraffin NPs melt rapidly decreasing the overall RI of the composite layer due to the large dn/dT associated with the phase change of the
PCM. As a result, if two light beams with the same input phase (Φ0) travel through distinctly heated areas of the material where the paraffin NPs are in
different states, the contrast in RI will induce a phase shift (∆Φ).

occurrence of reversible phase transitions for the composite films
at temperatures close to paraffins’ bulk melting points (Figures
S5 and S6, Supporting Information). Intriguingly, the TC-PVA
composite exhibited an additional phase transition ≈ 40 °C in
the DSC thermogram, an effect that has already been observed
in other nanostructured paraffins and attributed to the triclinic to
rotator transition (solid-to-solid phase transition),[55–59] which is
not typically observed in bulk.[57,60] On the other hand, the broad-
ened phase transition observed in ECOC-PVA film was associ-
ated with the merging of the phase transitions of the respective
constituent PCMs.

The thermo-optical properties of all the fabricated paraffin-
PVA film composites were subsequently investigated. First,
temperature-controlled refractometry was used to monitor RI
changes at 𝜆 = 558 nm when heated from 20 to 70 °C
(Figure 3a, top). All measured films showed a decrease in RI of
0.04–0.05 within this thermal range: from 1.521 to 1.471 for TC-
PVA, from 1.512 to 1.472 for EC-PVA, and from 1.513 to 1.479 for
ECOC-PVA. However, the trend of the RI variation with temper-
ature diverged significantly from each other. As expected, films
containing pure paraffin NPs (TC-PVA and EC-PVA) showed a
pronounced decrease in RI around the phase transition temper-
ature of the corresponding bulk PCMs (TTC

m = 50.3 °C[54] and
TEC

m = 36.6 °C)[54] –, i.e., when melting, which was accompa-
nied by a more gradual RI reduction at other temperatures. Con-
versely, the ECOC-PVA film displayed a nearly linear RI change

across the examined thermal range. This behavior can be at-
tributed to different partially overlapping phase transitions of
the two PCMs, resulting in the coexistence of distinct solid (tri-
clinic and rotator) and liquid states and, thus, a more gradual
RI shift, as previously corroborated by DSC analysis. Similar re-
sults were obtained when conducting temperature-dependent re-
fractometry measurements at additional wavelengths in the vis-
ible spectrum (𝜆 = 650, 589, 532, and 445 nm) (Figure S7, Sup-
porting Information). As a result, the thermo-optical coefficients
determined for the TC-PVA and EC-PVA films showed signif-
icant peak values around the melting temperature of the em-
bedded PCMs (dn/dT = −3.2·10−3 K−1 at T = 56 °C and 𝜆 =
558 nm, and −4.2·10−3 K−1 at T = 41 °C and 𝜆 = 558 nm, re-
spectively); by contrast, ECOC-PVA maintained a steadier dn/dT
value of average −0.8·10−3 K−1 across the scanned temperature
range (Figure 3a, middle). A strong correlation was observed be-
tween this thermo-optical behavior and the DSC thermograms
measured for the paraffin-PVA layers, as illustrated by the nearly
mirror-image equivalence between the dn/dT and thermal heat-
ing curves (see Figure 3a, bottom) – i.e., large RI variations coin-
cide with paraffin phase transitions in the composite films. Con-
sequently, this unambiguously validates that the thermo-optical
properties of the PCM-PVA layers are governed by the thermal
features of the embedded paraffin NPs, as originally devised.

Importantly, the large variation of RI determined for the
paraffin-PVA composite films did not occur at the expense of
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Figure 2. TC-PVA film characterization. a) TEM image of the TC NPs prepared. b) Histogram of the size of TC NPs showing an average particle size of
31 ± 11 nm. Inset: Measurement of the size of a single nanoparticle through the intensity value cross-section. c) SEM micrograph of the cross-section
of a TC-PVA matrix film treated with chloroform to dissolve all remaining TC NPs on the outer surface. The inset shows the vacancies left on the surface
after the PCM particles were extracted. d) Photograph of the different composite films prepared to demonstrate their high level of transparency (film
thickness ≈175 μm). The logos were used with permission and according to our institutions’ guidelines.

optical transparency, in contrast to previous reports for similar
PCM-based composite layers.[8,44] As shown in Figure 3b, high
visible light transmittance (Tr) was measured for all these ma-
terials across their operational temperature range – i.e., even af-
ter the melting of the embedded PCM NPs, when RI mismatch-
ing occurs between the liquid paraffin NPs (RI = 1.48–1.47 at
𝜆 = 589 nm) and the surrounding PVA matrix (RI = 1.52 at
𝜆 = 589 nm). Specifically, transmittance values between 80% and
88% were measured between 400 and 750 nm for all materials
with the transmittance profiles remaining nearly invariant with
temperature within the 500–750 nm spectral window. These re-
sults can be attributed to the minimal light scattering occurring
within the composite films due to the small diameter of the dis-
persed PCM NPs (≈ 30 nm), which only slightly affects optical
transparency at shorter wavelengths (400–500 nm) and at higher
temperatures where paraffin particles melt and drastically vary
their RI. This behavior was further proven by directly monitoring
visible light scattering in the films by additional haze measure-
ments (Figure S8, Supporting Information). Very low haze values
that are consistent with high light transparency were obtained in
all cases (<2.5%), which slightly increased upon paraffin melting
due to the concomitant RI variation.

Following the optical characterization of the PCM-PVA films,
we investigated their properties at the microscale, specifically, for

regions of a few tens of microns in length, given the relevance
of such scales for modern integrated optics. To do so, we em-
ployed an optical diffraction tomography (ODT) setup[61] to map
the RI distribution near a microscopic heat source (Figure 4a).
This interferometric technique captures the accumulated phase
delay experienced by a probe laser beam as it traverses the sam-
ple at varying angles, enabling the reconstruction of the RI pro-
file within a 50 × 50 × 20 μm3 (≈50 pL) volume. A layer of uni-
formly distributed gold nanorods (AuNRs) deposited on a trans-
parent substrate serves as a microscopic heat source when excited
by a resonant-focused pump laser beam (Figure S9, Supporting
Information).[62] The PCM-PVA sample, placed in direct contact
with the AuNRs, experiences an RI gradient as the heat absorbed
by the AuNRs diffuses into the material. Furthermore, by utiliz-
ing the experimental RI-to-temperature dependence (Figure 3a),
we can evaluate the volumetric temperature distribution across
the sample (Figure 4b).

For the ODT experiments, each PCM-PVA film was affixed to a
glass substrate coated with AuNRs. A NIR laser (𝜆pump = 808 nm,
60 mW) was used to adjust the temperature, while another laser
(𝜆probe = 465 nm, 0.3–0.7 mW) probed the RI distribution simul-
taneously. The system was designed to maximize the photother-
mal effect caused by the pump laser, as the absorption of the
AuNRs’ substrate was fivefold higher at 808 nm than at 465 nm,
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Figure 3. Thermo-optical properties of the PCM-PVA films. a) Comparison of the thermal dependence of RI (𝜆 = 589 nm, top) and dn/dT (middle) with
the DSC thermogram (down) for the three paraffin-PVA composite films: TC-PVA (blue), b) EC-PVA (yellow) and c) ECOC-PVA (grey). b) Transmittance
spectra at different temperatures within the operational thermal range for each composite film, from lower (darker color) to higher (lighter). From top
to bottom, results are shown for TC-PVA, EC-PVA, and ECOC-PVA films.

and the NIR irradiation power used was ≈ 100-fold higher (Figure
S9, Supporting Information). Our observations confirmed that
the temperature increased to ≈ 50 °C at the source plane, which
generated a concomitant RI reduction in the irradiated area
(≈ 1 μm2). In particular, RI reductions of ∆n =−0.0193, −0.0195,
and −0.0221 were measured in this area for TC-, EC-, and ECOC-
PVA composites, respectively. When moving away from the il-
luminated spot, the temperature and RI variations induced pro-
gressively decrease until fully vanishing at distances ≈ 10–15 μm
(Figure 4b). This is clearly illustrated by Figure 4c, which shows
the RI gradient profiles measured at various planes parallel to
the heat source. Despite the films’ heterogeneous nature and the
different thermal conductivities of the PVA matrix and the paraf-
fin nanostructures, a smooth and gradual RI variation was noted
across the microscopic volume surrounding the irradiated area.
We attribute this behavior to two main factors: the scale of ob-
servation of our ODT experiments (≈ μm), which is significantly
larger than the NPs size (≈ 30 nm), and the isotropic distribution
of paraffin NPs within the film, as shown in Figure 2c.

Adjusting the irradiation NIR power allowed for investigat-
ing the films under different temperature conditions. Figure 4d
showcases the profiles of accumulated phase delay at 465 nm,
or optical path difference (OPD), oriented perpendicularly to the
source plane under varying irradiation levels. Notably, the OPD
can be precisely adjusted by modulating the source temperature.
Gradients up to 𝜋 radians were achieved for all composites at tem-
peratures ≈ 52, 42, and 42 °C, depending on the film’s composi-
tion. These values of phase delay are in agreement with the local
RI variations (up to−0.02) achieved within the small region of the
composite films (≈ 10 μm in height) that is affected by photother-
mally heating in our experiments. In addition, OPD measure-

ments remained consistent across different irradiation powers,
underscoring the stability of the paraffin NPs within the films.
When a pristine PVA film was examined, very small RI variations
were observed under irradiation levels comparable to those used
for the PCM composites (Figure S10, Supporting Information),
indicating that the temperature-induced optical response is pro-
vided by the paraffin nanoparticles embedded in the film. The
composites exhibited a significant thermo-optical effect, with a
contrast of up to 4.5 folds at the central peak position in compar-
ison to the pristine PVA film.

These results demonstrate that PCM-PVA composites can sus-
tain spatially homogeneous gradients of RI, thereby facilitating
phase modulation of light in thin films. To date, a limited se-
lection of thermo-optical materials transparent within the visi-
ble spectrum has been investigated for light-phase engineering,
including water, liquid glycerol, and PDMS.[47,49,51] Given their
physical similarities and sample production requirements, we
chose PDMS as a benchmark material against the PCM-PVA
composites. In contrast, water and glycerol were less suitable
due to their liquid state, which complicates their manipulation.
PDMS possesses exceptional optical transparency, notable dn/dT
for homogeneous polymers (−3.4 10 −4 K−1), non-toxicity, and
ease-of-use characteristics. PDMS films, matching the compos-
ites in thickness, were produced and positioned atop the AuNR-
coated substrate, employing a methodology akin to that used for
the composites. Subsequently, we characterized the local heat
distribution and modulation speed and evaluated the power-to-
phase magnitude relationship.

First, we employed ODT experiments to compare the perfor-
mance of PCM-PVA and PDMS films in terms of heat diffusion
upon local heating. This is a parameter of significant relevance in
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Figure 4. Microscale film’s thermo-optical properties. a) Scheme of the sample configuration for the ODT measurements. The PCM-PVA composite film
(PCM-PVA layer) was placed on top of a glass substrate functionalized with gold nanorods (AuNRs). When the substrate was irradiated at the resonant
wavelength of 808 nm, the gold nanorods absorbed the incident light and converted it into heat creating a temperature gradient and, subsequently, a
RI gradient in the composite, which were probed at 465 nm. b) Volumetric data retrieved from ODT measurements. 2D cross-sections (x-y and x-z) for
the temperature (top) and the RI (bottom) of a TC-PVA film obtained through NIR light irradiation (power ≈ 60 mW). c) RI linear crosscuts of the x-y
cross-section at increasing distances (at 0, 1, 2, 3, 5, 7 and 10 μm) from the heat source plane for the three PCM-PVA composites (𝜆 = 465 nm). d) OPD
linear crosscuts of the x-y cross-section obtained at increasing temperatures for the three PCM-PVA composites (𝜆 = 465 nm).

microsystems, where multiple heated components could be po-
sitioned in close proximity to each other, thus potentially affect-
ing their operation; therefore, precise spatial temperature con-
trol would be required in this case. With this aim, the PDMS and
PCM-PVA films were subjected to local NIR irradiation at con-
stant power to maintain a temperature of ≈ 50 °C, consistent with
prior experiments. Figure 5a illustrates the cross-section of the
temperature map for both the PDMS and the PCM-PVA layers
at the heat source plane, with plots normalized to the maximum
temperature for comparison. Despite minor variations, temper-
ature confinement appeared uniform across all films. However,
profile discrepancies emerge due to variations in thermal con-
ductivity during the PCM phase transitions, which decrease from
solid to liquid.[63] In particular, slightly narrower responses were
measured for the composites in comparison to PDMS, suggest-
ing tighter confinement of temperature changes in PCM-based
materials.

Next, we investigated the films’ phase time response upon lo-
cal heating. Owing to a mismatch between the ODT setup’s ac-
quisition rates and the films’ responses, a series of pump-probe
measurement cycles, interspaced with cooldown periods, were
conducted to ascertain the temperature dynamics with high tem-

poral precision (200 μs), depicted in Figure 4b. The NIR irradia-
tion power remained fixed with induced temperatures ≈ 50 °C.
The phase delay for each measurement point was assessed, and
then the responses of the various films were normalized to fa-
cilitate comparison. Notably, TC-PVA and PDMS films exhibited
similar responses in the millisecond range (≈ 15 ms). In contrast,
EC-PVA and ECOC-PVA films demonstrated slower reactions
(Figure 5b), which can be attributed to the PCMs’ physical state
under experimental conditions. The latent heat necessary for the
solid-to-liquid phase transition decelerated the response of EC-
and ECOC-PVA films. Conversely, the TC-PVA film, poised near
the phase transition temperature, closely matched the PDMS re-
sponse with minimal discrepancy.

From an energy perspective, we assessed the induced phase
modulations relative to the power required to generate heat in
our setup. As in Figure 4d, the accumulated phase delay differ-
ence between the center of the heat source and the boundary
values of the examined volume served as a metric for compari-
son across different laser powers. Figure 5c displays the modula-
tion of composite films and PDMS under increasing laser power.
Given the diverse phase transition temperatures and experimen-
tal setup constraints, film measurements were limited to phase

Adv. Optical Mater. 2024, 12, 2401008 2401008 (6 of 9) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. Benchmarking between the PCM-PVA and PDMS films revealed that the composites yielded a greater phase shift per unit of power injected,
while simultaneously preserving speed and temperature confinement. a) Normalized temperature gradient crosscuts at the source plane. b) Normalized
phase time response obtained by the pump-probe setup. c) Maximum phase difference versus source power. Color code: PDMS (red), TC-PVA (blue),
EC-PVA (yellow), ECOC-PVA (gray).

gradients below 𝜋 radians. As anticipated, the PCM-PVA com-
posites exhibited greater modulations at lower power, resulting in
decreased temperatures and, consequently, reduced operational
energy. For instance, phase shifts close to 𝜋 radians necessitated
only 65, 28, and 28 mW for TC-, EC-, and ECOC-PVA, respec-
tively, whereas PDMS required >70 mW. This is a remarkable
result, as the phase transition enthalpy of PCMs necessitates an
additional heat input absent in PDMS films. However, the greater
magnitude of dn/dT associated with paraffin NPs’ phase change
sufficiently compensates for this requirement, enabling PCM-
PVA-based films to generate phase gradients up to 4-fold larger
than PDMS layers at equivalent irradiation powers.

3. Conclusion

In summary, we have experimentally validated the use of trans-
parent composite polymer films based on phase change mate-
rials as viable thermo-optical media for modulating the phase of
light. For this, we introduce herein a synthesis technique capable
of creating thermo-optical materials made of paraffin nanopar-
ticles embedded into non- or low-thermo-optical matrices. The
operational range of these composites can be customized by se-
lecting paraffins with the desired phase transition temperatures.
Furthermore, their optical properties, time response, and energy
consumption can be predicted simply from the transition tem-
perature analyses. Our synthesis parameters facilitate the pro-
duction of transparent films, of ≈ 175 μm in thickness, whose
visible light transmittance remains effectively high (Tr >80%)
across the entire temperature working range of the materials (25–
55 °C) –, i.e., regardless of the state (solid or liquid) of the PCM.
This optical feature was previously unachievable with reported
PCM materials. A significant benefit of these new composites is
their ability to yield higher phase shifts (up to four times), at re-
duced power levels in comparison to conventional PDMS-based
thermo-optical materials. Moreover, the composite films main-
tain uniform properties at the micrometer scale and are versa-
tile, supporting conformal coating beyond flat substrates. Cru-
cially, the composites we propose are cost-effective, readily avail-
able, scalable, and comprised of non-toxic materials. They also

offer simplicity in processing and can be effortlessly integrated
with optical substrates. For these reasons, we anticipate that this
material family will provide significant advantages to the optics
community in the forthcoming years.

4. Experimental Section
Materials: All the phase change materials used (n-eicosane 99%,

n-tetracosane 99%, n-octacosane 99%) were purchased from Alfa Ae-
sar. Poly(vinyl alcohol) Mowiol PVA 4–88 (Mw = 31.000, hydrolysis
88%) and ethylene glycol (99.8%) were obtained from Sigma Aldrich.
Poly(dimethylsiloxane) was produced using SYLGARD 184 from Dow
Corning. All these chemicals were utilized without further purification.

Preparation of PCM NPs: First, 1 g of the desired paraffin (or a mix-
ture of paraffins) was added into a 30 mL scintillation vial and mixed with
20 mL of a freshly prepared 10 wt.% aqueous solution of low molecular
weight PVA (Mowiol PVA 4–88), previously heated at 60 °C under gentle
stirring. When the paraffin was melted, the mixture was stirred for 1 h at
1000 rpm. After this pre-emulsification process, the mixture was trans-
ferred to a 50 mL beaker and placed in a hot water bath (≈ 60 °C). The
sonication tip was submerged in the mixture (2/3 deep) and the mixture
was sonicated for 5 min (10 s on and 10 s off) at 100% amplitude. This
process was repeated 4 times (20 min of sonication in total). The volume
of the emulsion was checked after every cycle and water was added to com-
pensate for the liquid evaporated during the sonication process. Then, the
sonicated emulsion was transferred to a scintillation vial and was left to
cool down at room temperature under gentle stirring.

Preparation of PCM-PVA and PDMS Films: Typically, 4 g of the desired
PCM NPs suspension (0.05 g mL−1) in an aqueous solution of PVA (0.1 g
mL−1) was poured into a 5.5 cm in diameter polystyrene Petry dish, and
the water solvent was let to evaporate under ambient conditions for 72 h.
Afterward, a free-standing film with a 33 wt. % of embedded PCM NPs
was obtained by easily peeling it off from the container. PDMS films were
made using the standard 1:10 mixture ratio. Similarly to PVA films, liquid
PDMS was poured on a hydrophobic silicon wafer in a petri dish and then
baked for 1 h at 80 °C in a convection oven.

Characterization Methods: The morphology of PCM NPs was analyzed
by transmittance electron microscopy (TEM) using a JEM-1400 (120 kV)
microscope. The samples were prepared by drop-casting diluted suspen-
sions of the NPs over carbon supported onto copper grids and stained
with uranyl acetate (2 wt.%, 8 μL). The morphology of the obtained PCM-
PVA films was analyzed by scanning electron microscopy (SEM) by means
of an FEI Quanta 650 ESEM microscope applying a 5 kV voltage. The

Adv. Optical Mater. 2024, 12, 2401008 2401008 (7 of 9) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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samples were metalized with a platinum layer of ≈5 nm prior to SEM anal-
ysis. For the imaging of the crosscut section, the samples were not met-
alized The obtained films’ RI was measured with an Atago Abbe NAR-1T
SOLID refractometer, and the temperature of the sample was controlled
with a heating/cooling recirculating bath (Huber MPC-K6). A calibration
with mixtures of ethylene glycol (99.8%) and water was performed for the
measurements of RI at wavelengths different from 589 nm.[64] Because
of the high light transmittance of the samples at all the conditions in-
vestigated, no significant variation in precision was observed during the
RI readings on the refractometer at different wavelengths and tempera-
tures. The optical transmittance of PCM-PVA composites within the visi-
ble range was acquired by means of an Agilent Cary 60 spectrophotome-
ter in transmission mode, while haze measurements were performed us-
ing a BYK-Gardner Haze-Gard i (4775) haze meter with a measurement
area of 18 mm illuminated with CIE D65 LED. The temperature of the
films was controlled using a custom-made holder (Sapphire 360, ES Patent
ES1263094U) in which the films were kept between two sapphire windows
attached to two copper sheets, which were connected to a temperature
controller. DSC measurements were obtained using a TA instrument Q20.
A temperature ramp rate of 10 °C min−1 was used for all the samples.

Sample Preparation for ODT Experiment: To perform the ODT mea-
surements, the thermo-optical films of interest were attached to an Au
nanorods-functionalized glass substrate. The gold nanorods were pre-
pared using a method described by Nikoobakht et. al.[65] and the function-
alization was achieved using a standard functionalization protocol.[62] To
attach the films to the functionalized substrate, different procedures were
followed depending on whether the film was made from PVA or PDMS.
For the PVA-based films, the surface of the glass substrate was humidi-
fied with 2 μL of MilliQ water (Merk Direct-Q 3UV), and a piece (5 mm
× 5 mm) of the PCM-PVA composite of interest or PVA film was stuck to
the Au nanorods-glass surface. The assembled film was dried overnight
in a vacuum chamber. For the PDMS sample, SYLGARD 184 was used.
The film was cast with a similar method to the PCM-PVA films. The attach-
ment to the AuNR substrate was made using an uncasted drop of PDMS
between the film and the Au nanorods-glass substrate. Then, the sample
was placed under vacuum for 2 h to degas, and finally, baked in the oven
for 1 h at 80 °C to complete the cross-linking.

Optical Diffraction Tomography Measurements: Optical diffraction to-
mography (ODT) measurements were acquired utilizing the optical setup
previously reported by us.[61] Briefly, a 465 nm probe laser (0.3–0.7 mW)
was bifurcated into reference, and object beams with a fiber splitter, while
illumination angles were modulated by rotating a wedge prism. Interfero-
grams resulted from these beams interfering with a camera. camera. Op-
timized gold nanorods (80 NR μm−2) for NIR absorption (Figure S9, Sup-
porting Information) were excited with an 808 nm pump beam (60 mW)
via a 40x objective lens, directing a non-expanded beam through a long
focal lens to achieve a ≈10 μm spot size. An FPGA card synchronized the
pump and probe lasers with camera acquisitions set at 10 Hz, adjusting
pulse durations to experimental needs.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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