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A B S T R A C T   

Despite their potential to reduce energy consumption in buildings and increase user’s comfort, the general 
application of smart windows is currently hampered by economic and technological factors. To overcome these 
limitations, herein we report a new strategy for the fabrication of thermoresponsive smart windows based on 
polymer films loaded with paraffin nanoparticles. Proper selection of these components allows refractive index 
matching when the paraffin nanoparticles are in their solid state - i.e., high visible and near-infrared light 
transparency -, which is lost after melting, thereby resulting in pronounced light scattering - i.e., opacity. As a 
result, these films show ample modulation of sunlight transmittance upon heating, while additionally exhibiting 
other advantageous features: facile preparation from low-cost materials; high photostability, flexibility and 
scalability; and fine tunability of their thermal response. Moreover, by deposition onto transparent electrodes or 
incorporation of nanostructured photothermal agents, the solar transmittance modulation of our paraffin- 
polymer composites can also be triggered with low voltages - i.e., to warrant user’s control - or sunlight ab
sorption - i.e., to improve self-adaptation to ambient conditions. Actually, films with combined thermal and 
photothermal activity allow high sunlight transmission in cold weather while efficiently reducing solar heat gain 
indoors in sunny hot days.   

1. Introduction 

Buildings account for ca. 40% of the primary energy consumption in 
developed countries, about half of which is related to heating, ventila
tion and air conditioning systems (HVAC) [1,2]. One of the main ap
proaches proposed to reduce building’s energy demand and its 
detrimental impact on CO2 emissions are smart windows (SWs) – i.e., 
glazing elements that adapt the transmittance of solar radiation to 
weather conditions [3-8]. As a result, SWs allow dynamic regulation of 
light and energy fluxes between outdoors and indoors: they are highly 
transparent in winter and cloudy days to provide appropriate illumi
nation and subsequent solar heat build-up indoors; by contrast, SWs 
block sunlight entrance when warm, thus lowering the need of air 
conditioning. Aside from energy saving, smart glasses also increase 
user’s comfort and privacy and can find application in other areas (e.g., 
in the ophthalmic [9,10] and automotive industry or in greenhouses to 
increase horticulture productivity [11]). Accordingly, the development 
of materials capable of reversibly varying sunlight transmission in 

response to external stimuli is rising much attention [3-8]. 
One of the most appealing strategies toward SWs is based on chro

mogenic materials that interconvert between noncolored and colored 
states – i.e., they reduce sunlight transmittance through the absorption 
of visible and near-infrared (NIR) photons when activated [3,8,12]. This 
is the case of photochromic [9,13-15], thermochromic [16,17] and 
electrochromic [18,19] windows responding to radiation, temperature 
variation and electric currents, respectively. Although chromogenic SWs 
are already in the market, their widespread application is limited 
because of their elevated price and relatively low fatigue resistance, two 
drawbacks that are mainly ascribed to the use of stimuli-responsive dyes 
and pigments [3,12]. 

Alternatively, dye-free SWs can be prepared from organic (e.g., 
hydro- [20-27] and ionogels [28-30], liquid crystals [31-37], co
polymers [38,39]) and inorganic (e.g., vanadium oxide [40,41]) sub
stances that undergo a phase transition between transparent and opaque 
states upon application of external stimuli [42]. Modulation of light 
transmission in these systems is not accomplished by photoabsorption; 
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instead, it takes place via changes in light reflectivity that occur when 
the internal structure of the material varies due to phase transition – e.g., 
from a fully hydrated, transparent polymer hydrogel to a phase- 
segregated polymer-water mixture that strongly scatters light [20-27]. 
Though this feature largely increases the photorobustness of the 
resulting SW materials, they still suffer from a variety of limitations: 
high cost (e.g., for SWs based on liquid crystals), complex architectures 
to prevent solvent evaporation (e.g., sealed cells for polymer hydrogels), 
short lifetime, modest light transmission modulation, low scalability 
and/or poor adaptability (e.g., of transition temperature) to different 
weather conditions [20,42]. Moreover, most of these systems are only 
responsive to a single type of stimulus, making them only capable of 
either user-controlled (by voltage application) or spontaneous (by 
ambient light or temperature) modulation of light transmission. 
Consequently, novel multistimuli-responsive, dye-free technologies are 
required to attain cost-effective, durable, scalable and tunable SWs. 

Herein we hypothesize that all these characteristics can be accom
plished at once by means of organic composites made of (a) a trans
parent polymer matrix, where (b) paraffin particles (solid lipid particles, 
SLPs) are dispersed that abruptly and reversibly change their refractive 
index (RI) upon melting. By properly selecting the nature of these two 
components, good RI matching could be ensured at room temperature 
when SLPs are in their solid state. As a result, light scattering at the 
polymer-particle interfaces must be minimized and, therefore, the 
composite materials must present high transmission of solar radiation. 
In contrast, when heating above the melting temperature (Tm) of the 
SLPs, a variation of their RI is expected, which should produce an in
crease of light scattering and, consequently, turn the composite films 
opaque (Fig. 1). Together with their simplicity, low cost and facile 
preparation, this behavior would make our composite films excellent 
candidates for the preparation of thermoresponsive smart windows (TR- 
SWs) for energy saving, in contrast to previously reported paraffin- 
polymer mixtures that were found to be opaque at room temperature 
[43,44]. A further advantage of our approach is that the melting of SLPs 
can be induced by means of other external stimuli different from thermal 
heating: (a) through the local heat released by nearby photothermal 
agents (e.g., noble metal nanostructures) when irradiated with light 
[45]; and (b) by the Joule’s heating generated when electric current 
passes through an adjacent electrode [44]. As a result, our composite 
films could also enable the preparation of light- and electro-triggered 
thermoresponsive SWs [27,42,44,46-48] that could be operated both 
autonomously and under user’s demand. 

2. Results and discussion 

2.1. Thermoinduced transparency modulation 

To validate our strategy towards TR-SWs, we chose eicosane (EC), a 
common and low-cost C20 paraffin, for the preparation of light- 
scattering SLPs. As shown in Fig. 2a, EC exhibits an abrupt decrement 
in RI upon solid-to-liquid transition: it goes from ca. 1.51 at room 
temperature to less than 1.44 when melting at T EC

m = 36.5 ◦C [49], a 
behavior that can be ascribed to the change in molecular packing from 
its crystalline form to the amorphous melt. By contrast, poly(vinyl 
alcohol) (PVA), a regular hydrophilic film-forming polymer, presents a 
rather constant RI over all this temperature range - from 1.510 at 25 ◦C 
to 1.507 at 40 ◦C –, where it does not suffer any phase change 
(TPVA

g =56–58 ◦C) [50]. More importantly, the RI of PVA films lies very 
close to the value of solid EC (Fig. 2a), while they are immiscible and 
therefore should preserve their respective refractive indices and thermal 
responses after integration in the final composite. As a result, refractive 
index matching should be selectively expected for EC-PVA mixtures 
below T EC

m and it must be lost after paraffin melting, thus enabling 
modulation of their light transparency properties. 

To experimentally realize this behavior, we prepared EC-PVA com
posite films, which required previous structuration of the paraffin into 
SLPs. For this we used an emulsion-cooling methodology previously 
developed by us [45], which led to the formation of quasi-spherical 
particles. For comparison purposes, SLPs with variable diameters 
within the 25–2000 nm range were obtained (EC@SLP, Fig. 2b, Table S1 
and Fig. S1): 38 ± 13 nm, 74 ± 42 nm, 176 ± 63 nm and 1311 ± 514 
nm. All these particles were stabilized by the addition of PVA (1 wt%) 
during the emulsification process, which reduces the surface tension of 
the paraffin nanostructures formed and increases the viscosity of the 
suspension to prevent their creaming and coalescence [51]. Then, 
composite films were prepared by casting aqueous suspensions of the 
SLPs (1 wt%) in the presence of dissolved PVA (10 wt%) onto poly
styrene containers, which led to the formation of free-standing thin 
polymer layers after solvent evaporation that could be easily peeled off 
from the substrate (thickness ~0.2 mm). Electron microscopy analysis of 
the composite films after treatment with chloroform to selectively 
dissolve the embedded SLPs demonstrated that they preserve their 
structure and lie homogeneously dispersed within the surrounding PVA 
matrix (Fig. 2c and Fig. S2). This good dispersibility must be ascribed to 
the small dimensions of the SLPs and the increasing viscosity of the PVA- 
rich medium as water evaporates during film formation, which disfavors 

Fig. 1. Structure and operating principle of our SW materials based on paraffin SLPs dispersed in polymer films. The refractive index matching between the particles 
(n2) and the surrounding polymer matrix (n1) reversibly varies upon paraffin solid–liquid transition, thus modulating the internal scattering effects and the 
transparency. 

J.R. Otaegui et al.                                                                                                                                                                                                                              



Chemical Engineering Journal 463 (2023) 142390

3

particle creaming and aggregation. 
Composite films with particles of different dimensions presented 

distinct degrees of transparency to naked eye as well as of thermally- 
induced transparency modulation. As expected, SLPs much smaller 
than visible light wavelengths (38 ± 13 nm and 74 ± 42 nm) led to 
transparent composite films with little transparency changes upon 
temperature variation (% T 25◦ C

550nm >87.0%,  % ΔT 25− 40◦ C
550nm <18%, films 1 

and 2 in Table S1). In this case, the transparency properties are mainly 
determined by the reduced particle size irrespectively of the RI changes 
that occur upon SLP melting when heating above TEC

m – i.e., minimal 
visible light scattering occurs at all temperatures. By contrast, the largest 
SLPs (1311 ± 514 nm-in-diameter) resulted in opaque films below and 
above TEC

m (% T 25◦ C
550nm=5.0%, %ΔT 25− 40◦ C

550nm = 4.5%, film 4 in Table S1), a 

behavior that can be ascribed to the combination of two different factors 
that favor light scattering: the large particle dimensions and the non- 
negligible RI differences that exist between EC and PVA even in the 
solid state at room temperature (RI25◦ C=1.514 and 1.510 for EC@SLPs 
and PVA, respectively). Interestingly, an intermediate situation was 
encountered for the film with SLPs of 176 ± 63 nm in diameter 
(EC@SLP@PVA). On the one hand, these particles are small enough to 
minimize the effect of the tiny RI mismatch with the surrounding PVA 
matrix at room temperature, thus yielding high transparency to visible 
light (% T 25◦ C

550nm=72.2%). On the other hand, their dimensions are suf
ficiently large to promote efficient visible light scattering when the RI 
difference between EC@SLPs and PVA increases upon paraffin melting 
(RI40◦ C=1.435 and 1.507 for EC@SLPs and PVA, respectively). As a 

Fig. 2. a) Thermal variation of the refractive index of bulk eicosane and a PVA film. b) Transmission electron microscopy (TEM) image of EC@SLPs with an average 
diameter of 176 ± 63 nm. The particles were stained with uranyl acetate to obtain enhanced contrast. c) Scanning electron microscopy image of the cross-section of a 
cryo-fractured EC@SLP@PVA film treated with chloroform to dissolve the paraffin particles, which creates holes in the polymeric matrix showing the location of the 
SLPs into the film before their extraction. d) Transmittance spectra of an EC@SLP@PVA film at 25 ◦C and 40 ◦C, to which the solar irradiance spectrum ASTM G173- 
03 Global Tilted 37◦ is superimposed. e) Photographs of an EC@SLP@PVA film in its transparent state at 25 ◦C and in its opaque state at 40 ◦C. f) Variation of the 
transmittance at λ = 550 nm of an EC@SLP@PVA film subjected to several consecutive heating–cooling cycles between 25 ◦C and 40 ◦C (theating = 40 s and tcooling =

180 s). All data in c-f) was obtained for composite films made from EC@SLPs with an average diameter of 176 ± 63 nm. 

J.R. Otaegui et al.                                                                                                                                                                                                                              



Chemical Engineering Journal 463 (2023) 142390

4

result, a clear transparent-to-opaque transition was observed to take 
place abruptly around T EC

m (% ΔT 25− 40◦ C
550nm =63.6%), whose actual 

amplitude depends on several parameters: the size and RI variation of 
EC@SLPs, the RI of the surrounding PVA matrix, the number of 
dispersed SLPs and the thickness of the film (Fig. 2d-e and Fig. S3, film 
EC@SLP@PVA in Table S1). 

In view of the thermal modulation of transparency accomplished for 
EC@SLP@PVA, we further investigated its optical performance for TR- 
SW applications. With this aim, we monitored its light transmittance 
over the whole solar irradiance spectrum on Earth’s surface (λsolar =

300–2500 nm), both at room temperature and after SLP melting at 40 ◦C 
(Fig. 2d and Fig. S4a). From these measurements, two main figures of 
merit were derived: (a) the transmittance in the visible or luminous 
range (λlum = 390–780 nm) for the transparent state of the material at 
room temperature, which we found to be % T 25◦ C

lum = 71.0%; and (b) the 
change in solar transmittance upon heating above TEC

m , for which an 
overall value of %ΔT 25− 40◦ C

solar = 46.5% was determined that can be 
broken down into the distinct variations achieved in the visible 
(% ΔT 25− 40◦ C

lum =59.3%) and NIR (% ΔT 25− 40◦ C
NIR =31.1%, λNIR =

780–2500 nm) solar spectra. By combining high visible light trans
mittance at room temperature with efficient solar irradiation modula
tion upon heating (Fig. 2e), these results are clearly better than those 
reported for some well-established TR-SW technologies (e.g., liquid 
crystal- [31-35] and vanadium oxide-based [40,41] materials), and are 
not far from the best values described in the literature (%ΔTsolar =

60–80% with % Tlum = 80–90% for hydrogels and copolymer films 
[23,26,39,52], Fig. S4b). In addition, the thermally-induced optical 
response of EC@SLP@PVA was proven to be highly reversible and fa
tigue resistant when applying sequential heating–cooling cycles 
(Fig. 2f). 

2.2. Gradual modulation of the thermal optical response 

As many other TR-SW materials, EC@SLP@PVA undergoes a sudden 
transparent-to-opaque transition at a defined phase change temperature 
– in our case, EC melting point. This limits the capacity to progressively 
adjust sunlight transmittance to the actual weather conditions, which 
would require fine tuning the temperature at which solar transmission 
variation occurs. For this reason, strategies are needed to modulate the 

Fig. 3. a) DSC thermograms of EC@SLP@PVA, EC5.25HD1@SLP@PVA and EC1OC1@SLP@PVA (temperature ramp = 10 ◦C min− 1). b) Variation of transmittance at 
λ = 550 nm of EC@SLP@PVA and EC5.25HD1@SLP@PVA for T = 21–43 ◦C. c) Photographs of EC@SLP@PVA, EC5.25HD1@SLP@PVA and EC1OC1@SLP@PVA at T =
20, 30, 40 and 50 ◦C. d) Variation of transmittance at λ = 550 nm of EC2OC1@SLP@PVA, EC1OC1@SLP@PVA and EC2OC3@SLP@PVA for T = 30–60 ◦C. e) Time 
dependent variation of temperature and transmittance at λ = 550 nm of EC1OC1@SLP@PVA when heating from 30 to 60 ◦C with isothermal steps of 120 s every 2 ◦C 
of temperature increment. 
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thermal optical response of TR-SW systems – e.g., by adding dopants to 
vanadium oxide films [41] or salts to hydrogels [20]. In our case, we 
achieved this goal by simply mixing EC with paraffins of either lower or 
higher melting points: hexadecane (HD, THD

m = 18.1 ◦C [49]) and octa
cosane (OC, T OC

m = 61.3 ◦C [49]). 
In the case of EC-HD mixtures, SLPs of 276 ± 88 nm in diameter were 

prepared with a 5.25:1 paraffin ratio and then embedded in a PVA layer 
through casting (EC5.25HD1@SLP@PVA, Fig. S5). Differential scanning 
calorimetry (DSC) measurements of the resulting film showed a broad 
endothermal peak at lower temperatures than TEC

m rather than two in
dependent signals at TEC

m and T HD
m (Fig. 3a), in agreement with the re

sults reported for bulk binary mixtures of other paraffins [53,54]. 
Actually, a similar behavior was encountered herein by DSC analysis of a 
homogeneous bulk mixture of EC and HD with a 5.25:1 ratio (Fig. S6a), 
which further corroborates that: (a) the two paraffins remain mixed 
within the EC-HD SLPs; and (b) their solid–liquid phase change does not 
take place isothermally, but through a range of temperatures where the 
solid and liquid solutions of the mixed paraffins coexist [53,54]. 
Importantly, this must have a strong impact on the thermal variation of 
their optical properties. In fact, a stepwise change of RI with tempera
ture was measured for a homogenous bulk EC5.25-HD1 mixture - from RI 
~1.51 at 20 ◦C to RI ~1.43 at 32 ◦C -, which is in contrast with the 
abrupt behavior of pure EC (Fig. S6b). As a result, a gradual and large 
transparency change was observed for EC5.25HD1@SLP@PVA within the 
20–40 ◦C range (% ΔT 20− 40◦ C

550nm =48.5%) instead of the sudden variation 
registered for EC@SLP@PVA at TEC

m (Fig. 3b-c). 
PVA films containing mixed EC-OC SLPs with 2:1, 1:1 and 2:3 ratios 

and around 180 nm in diameter were also prepared 
(EC2OC1@SLP@PVA, EC1OC1@SLP@PVA, EC2OC3@SLP@PVA, 
Fig. S7). Homogenous mixing of the paraffins within the SLPs was again 
revealed by DSC analysis, where broader thermal phase transitions were 
observed extending from ca. 35 ◦C to 55 ◦C (Fig. 3a). This agrees with 
the transparent-to-opaque transitions measured for the EC-OC compos
ite films, which took place gradually within the 35–52 ◦C thermal range 
(Fig. 3c-d). Moreover, their transmittance variation profile was found to 
be dependent on the actual EC-OC ratio of the SLPs, with 
EC1OC1@SLP@PVA exhibiting an almost linear transparency change 
over a temperature range of ca. 15 ◦C. The continuous thermomodula
tion of light transparency for this sample was additionally proven by 
temperature-dependent isothermal transmittance measurements carried 
out upon fast temperature increments of 2 ◦C followed by 120 s of 
equilibration (Fig. 3e). Therefore, all these results combined unambig
uously demonstrate that the use of mixed paraffin SLPs allows the 
preparation of TR-SW materials with (a) gradual transparency adapta
tion to ambient temperature and (b) whose thermal response range can 
be modulated by the particle composition. 

2.3. Other properties of the paraffin-PVA films for smart window 
applications 

Together with their low cost, straightforward preparation and 
optimal optical properties, other features from our paraffin-polymer 
composite films might be of relevance for their practical implementa
tion as TR-SWs. First, we corroborated that the mechanical properties of 
composite PVA films were not compromised by the presence of SLPs in 
their interior. In fact, only a limited reduction in Young’s module, tensile 
strength, toughness and hardness was registered relative to bare SLP- 
free PVA layers of the same thickness (Fig. S8 and Table S2). Another 
interesting mechanical feature is film flexibility, which is required to 
favor manipulation, allow application on curved surfaces and increase 
resistance to mechanical stress. Thus, control and tuneability of the 
flexibility of SW materials are important to enhance their robustness, 
durability and range of applications. To address this issue, two films of 
EC@SLP@PVA containing 5 wt% and 10 wt% of ethylene glycol (EG) 
were prepared (EC@SLP@PVA-EG5% and EC@SLP@PVA-EG10% 

respectively), which preserved the transparency modulation properties 
of the original composite materials (% ΔT 25− 40◦ C

550nm =62.1% and 61.6%, 
respectively). As shown in Fig. 4a, increased flexibility was observed for 
these composite layers, which we ascribe to the capacity of EG to act as a 
plasticizer in PVA films without significantly affecting their RI proper
ties (RI25◦ C=1.510 and 1.508 for SLP-free films of bare PVA and PVA 
with 10 wt% of EG, respectively). 

Another desired property is composite film scalability, which we 
explored by preparing large TR-SW materials by mixing 25 mL of an 
EC@SLP aqueous suspension and 250 g of a PVA aqueous solution (10 
wt%) and casting them onto a large mold. After water evaporation and 
peeling off from the substrate, a round EC@SLP@PVA film of 42 cm in 
diameter was obtained that exhibited thermally-induced transparency 
modulation (Fig. 4b and Fig. S9). This result clearly demonstrates that 
film formation can be easily scaled up using a mould of the desired di
mensions. In addition, the capacity of this type of materials to adhere to 
window surfaces [55] was investigated by directly conducting the 
casting process onto a 12x12 cm2 piece of glass. Because of PVA-glass 
affinity, complete and homogenous coating with excellent adhesion 
properties was observed. As expected, the obtained coated glass showed 
high transparency at room temperature (% T 25◦ C

550nm=90.3%) while it 
became opaque when heated up above T EC

m (% T 40◦ C
550nm=41.8%, Fig. 4c). 

The durability and stability of our paraffin-PVA films were also 
investigated under different relevant conditions: (a) after storage for 8 
months under ambient conditions – i.e., room temperature and ambient 
light; (b) upon accelerated aging at 70 ◦C for several hours; and (c) when 
subjected to 10 consecutive freeze–thaw cycles to evaluate their frost 
resistance (Fig. S10). None of these treatments caused significant effects 
on the TR-SW performance of the EC@SLP@PVA and EC@SLP@PVA- 
EG5% films tested, whose capacity to thermally modulate light trans
mission was preserved even after long storage times and exposure to 
high and low temperatures. 

Finally, co-extrusion lamination of EC@SLP@PVA-EG5% with ther
moplastic polyurethane and polycarbonate layers (5 × 5 cm2) was also 
carried out to provide even larger durability to the composite film. This 
required the application of high temperatures (up to 120 ◦C) and pres
sures to ensure proper adhesion of the multilayer structure. The result
ing laminated material retained the thermo-optical properties of the 
original film: it switched between high transparency at room tempera
ture (% T 25◦ C

550nm=77.8%) and opacity at 40 ◦C (% T40◦ C
550nm=20.1%), thus 

demonstrating the capacity of our PVA-paraffin films to endure standard 
lamination conditions (Fig. 4d). In addition, lamination enhanced the 
mechanical (e.g., anti-scratchability) and weathering (e.g., water resis
tance) properties of our TR-SW materials, which are intrinsically limited 
by the softness and aqueous solubility of PVA. 

2.4. Photo- and electrothermal transmittance modulation 

A highly desired feature for TR-SWs is multistimuli-responsive 
behavior [37,56], which cannot be currently accomplished with most 
technologies in the smart glass market. On the one hand, developing 
materials whose transparency not only varies thermally but also when 
photoactivated should allow for a better self-regulation of light and 
energy fluxes through windows for energy-saving applications 
[46,47,57]. On the other hand, if electroinduced transmittance modu
lation is accomplished, user’s control of window transparency on de
mand will also be enabled by applying an external voltage [30,44,58- 
61]. In light of this, we explored the photo- and electrocontrolled 
operation of our TR-SW materials based on polymer-paraffin 
composites. 

Based on our previous demonstration that SLPs’ melting can be 
achieved photothermally under irradiation [45], we hypothesized that 
the addition of small amounts of photothermal agents (PT) to our 
polymer-paraffin composite materials would facilitate their transparent- 
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Fig. 4. a) Photographs of EC@SLP@PVA (left), EC@SLP@PVA-EG5% (middle) and EC@SLP@PVA-EG10% (right) films when bent. b) Photograph of a 42 cm-in- 
diameter EC@SLP@PVA film attached on to a glass window. c) Photograph of a 12x12 cm2 glass substrate coated with EC@SLP@PVA. The upper right region of the 
material was selectively heated to show the contrast between its transparent and opaque states. d) Photographs of a laminated EC@SLP@PVA film at room tem
perature (left) and after heating above 37 ◦C (right). 
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to-opaque transition upon sunlight absorption and local generation of 
heat. A mixture of visible-absorbing gold nanoparticles (AuNPs, average 
diameter = 18 ± 5 nm) and NIR-absorbing gold nanoshells (AuNSs, 
average diameter = 96 ± 34 nm) in a 1:2.2 wt ratio was chosen as PT 
agents because of (a) their superior properties in photostability and 
photothermal heating [62], and (b) their complementary absorption 
that covers most of the solar irradiance spectrum (Fig. S11). Conse
quently, very low concentrations of gold nanostructures (AuNEs) were 
required to achieve photothermal SLPs’ melting (AuNEs ≤ 0.018 wt%), 
which should allow minimizing their effect on the color, light scattering 
and RI properties of the final films. In fact, the two different EC-PVA 
composites prepared containing 0.018 wt% (EC@SLP-AuNEs@PVA-1) 
and 0.009 wt% of AuNEs (EC@SLP-AuNEs@PVA-2) showed a pale 
neutral residual color and fine light transparency at room temperature in 
the dark (% T 25◦ C

lum =61.6% and 69.4% and haze = 3.8% and 3.6%, 
respectively). In addition, they became opaque when heated above EC 
melting temperature and allowed for high modulation of solar irradi
ance (% ΔT 25− 40◦ C

solar =41.5% and 43.4%, respectively; Fig. 5a). Analo
gously, when a film containing 0.009 wt% of AuNEs and 
EC5.25HD1@SLPs was prepared (EC5.25HD1@SLP-AuNEs@PVA), it also 
exhibited good solar transmittance modulation through thermal heating 
(% ΔT 20− 40◦ C

solar =33.7% with % T 20◦ C
lum = 56%, Fig. 5b). In all the cases, 

however, a small variation in the TR-SW performance of these samples 
was observed relative to analogous AuNE-free films (e.g., % ΔT 25− 40◦ C

solar 
decreased in 5.0% and 3.1% for EC@SLP-AuNEs@PVA-1 and EC@SLP- 
AuNEs@PVA-2, respectively). We ascribe this behavior to the non- 
negligible light absorption and scattering from AuNEs, which occurs 
both in the transparent and opaque states of our films and, therefore, 
slightly reduces their sunlight transmittance contrast. 

To analyze the photothermal response of these materials, we first 
considered irradiation with a NIR laser at λexc = 830 nm that selectively 
excited the AuNSs in the films. As shown in Fig. 5b, photoinduced 
transparent-to-opaque transition could be accomplished at room tem
perature for polymer-paraffin composites bearing both pristine EC and 
mixed EC-HD SLPs. Thus, an abrupt and complete transmittance switch 
was measured for EC@SLP-AuNEs@PVA-2 at NIR powers around 125 
mW mm− 2, which mimics its thermoresponsive behavior. By contrast, 

the visible light transmission of EC5.25HD1@SLP-AuNEs@PVA was 
found to decrease progressively as NIR power increases between 0 and 
100 mW mm− 2, which reproduces the gradual transparency response 
previously demonstrated upon thermal heating. To further investigate 
this behavior, we explored irradiation under relevant sunlight intensities 
- i.e., by illumination with a solar simulator operating at 100 mW cm− 2 

(1 sun, AM1.5), which reproduces the solar irradiation conditions in 
moderate climates. Interestingly, after 3–4 min of illumination at 25 ◦C, 
all the polymer-paraffin composite films bearing gold nanostructures 
showed the expected modulation in optical transmittance (Fig. 5c-d and 
Fig. S12), a result that could not be accomplished in the absence of the 
PT agents (Fig. S13). After turning off the solar simulator, the AuNE- 
doped films recovered their initial transparent state spontaneously due 
to cooling at room temperature and this behavior was found to be 
repeatable and robust through consecutive on–off cycles of sunlight 
illumination (Fig. 5d). Overall, these results prove the capacity of pho
totriggering our TR-SW materials without detrimentally affecting their 
optical response. 

Because paraffin melting can also be accomplished thanks to the 
Joule’s heating generated when current passes through a nearby 
conductor [44,63], we also pursued the electroinduced operation of our 
TR-SW systems. For this we deposited a polymer composite of SLPs 
(EC@SLP@PVA) onto a transparent electroheater consisting of an ITO- 
coated glass substrate (Fig. 6a). As expected, upon application of 
increasing voltages to this device at 25 ◦C, the local temperature on the 
surface of the polymer film highly increased, reaching values that are 
well-above of paraffin melting point even for rather low potentials (ca. 6 
V; Fig. 6b). At such voltages, efficient transmittance modulation was 
accomplished at room temperature (% T 0 V

550nm=62.3% and % T 6 V
550nm =

15.4%), thus revealing the electrotriggered response of our TR-SW 
materials (Fig. 6c-d). To further refine this behavior, we investigated 
the electroinduced operation of EC1OC1@SLP@PVA, which we had 
observed to present thermal gradual variation of transparency. Upon 
adhesion onto ITO-coated glass, this film showed progressive modula
tion of light transmittance at 25 ◦C depending on the applied voltage, 
thereby allowing ultimate user’s control on the degree of transparency 
achieved through windows (Fig. 6e-f). Importantly, this electroinduced 
behavior was found to be robust and reproducible for several cycles of 

Fig. 5. A) Transmittance spectra of 
EC@SLP-AuNEs@PVA-1 (continuous line) 
and EC@SLP-AuNEs@PVA-2 (dashed line) 
at 25 ◦C (black) and 40 ◦C (red) in the dark. 
b) Variation of transmittance at λ = 550 nm 
and 25 ◦C of EC@SLP-AuNEs@PVA-2 and 
EC5.25HD1@SLP-AuNEs@PVA under cw 
NIR irradiation at increasing power density 
(λexc = 830 nm). c) Photographs of 
EC@SLP-AuNEs@PVA-1 before (left) and 1 
s after irradiation (right) with a solar 
simulator operating at 100 mW cm− 2 (1 
sun, AM1.5). d) Variation of transmittance 
at λ = 550 nm of EC@SLP-AuNEs@PVA-1 
during consecutive off–on cycles of solar 
simulator irradiation (100 mW cm− 2) at 
25 ◦C. The yellow areas represent the pe
riods of time when the film was irradiated, 
while the white areas indicate when it was 
in the dark. The inset shows a magnified 
image of transmittance variation for the 
first irradiation cycle. (For interpretation of 
the references to color in this figure legend, 
the reader is referred to the web version of 
this article.)   
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repetitive voltage application (Fig. S14). 

2.5. Energy-saving performance 

To evaluate the performance of our SW materials for energy-saving 
applications, we constructed an insulating box bearing a small 2.5 ×
2.5 cm2 aperture as a house model and monitored the temperature in
side the box and on the outer surface of these films, when exposed to 
different relevant temperature and irradiation conditions (Fig. 7a and 
Fig. S15a). In these experiments, both thermo- (EC@SLP@PVA) and 
photothermoresponsive polymer-paraffin composite films (EC@SLP- 
AuNEs@PVA-1 and EC@SLP-AuNEs@PVA-2) were used as SWs to cover 
the aperture of the house model, together with a blank PVA layer as a 
reference. 

In a first step, we analyzed the energy-saving effect of our SW ma
terials at a constant room temperature of 21 ◦C and a sunlight irradiation 
of 100 mW cm− 2 with a solar simulator (1 sun, AM1.5; Fig. 7b-c). As 
expected, a high temperature increase was observed inside the house 
model under these conditions for the reference PVA film (ΔT=12.8 ◦C at 
the photothermostationay state), which remained highly transparent at 
all times. A similar situation occurred for EC@SLP@PVA (ΔT=12.1 ◦C) 
because paraffin melting requires temperatures above 35 ◦C and cannot 

be accomplished photothermally in this case. This was indeed proven by 
monitoring the temperature on the surface of this film, which could only 
reach a maximum value around 31 ◦C in the stationary state (Fig. 7d). By 
contrast, significantly lower solar thermal heating was measured when 
using EC@SLP-AuNEs@PVA-1 and EC@SLP-AuNEs@PVA-2 as SWs 
(ΔT=7.9 and 8.9 ◦C), which is consistent with their photothermal 
operation triggered by the presence of AuNEs. For these two samples, 
complex profiles of temperature variation with irradiation time were 
determined that reveal the underlying energy-saving mechanism 
(Fig. 7b and d). First, a fast temperature increment inside the house 
model was observed until enough photothermal heating was produced 
as to surpass the EC melting temperature on the surface of the films (t ~ 
1–2 min), which concomitantly induced their transparent-to-opaque 
switch. Then, a subsequent decrease in temperature was registered in
side the insulating box due to reduced solar radiation transmission 
through the opaque films, while the surface temperature kept rising 
under illumination (t ~ 2–4 min). Finally, a slight thermal increase was 
further detected inside the house model, until the corresponding pho
tothermostationary state was reached (t ~ 4–10 min). Overall, this 
resulted in a 30% (EC@SLP-AuNEs@PVA-2) and 38% (EC@SLP- 
AuNEs@PVA-1) reduction in solar heat gain inside the house model 
after 10 min, where the higher concentration of PT agents responsible 

Fig. 6. a) Scheme of our electroresponsive SW de
vices. b) Variation of polymer surface temperature 
and current intensity with applied voltage for an 
electroresponsive device made from EC@SLP@PVA. 
c) Transmittance spectra of EC@SLP@PVA on ITO- 
coated glass at bias voltages of 0 V and 6 V. d) Pho
tographs of EC@SLP@PVA on ITO-coated glass at 
bias voltages of 0 V and 6 V. e) Variation of trans
mittance at λ = 550 nm and surface temperature with 
applied voltage for EC1OC1@SLP@PVA deposited 
onto ITO-coated glass. f) Photographs of 
EC1OC1@SLP@PVA on ITO-coated glass at increasing 
voltages.   
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for the photothermal melting of SLPs account for the largest (and fastest) 
response measured for EC@SLP-AuNEs@PVA-1 (Fig. 7b-c). 

Next, we conducted the same energy-saving experiment under 
AM1.5 irradiation at two other different ambient temperatures: 13 ◦C 
and 30 ◦C to replicate the conditions of cold weather and a hot summer 
day, respectively (Fig. 7c and Fig. S16a). For comparison purposes, an 
additional measurement was performed outdoors at the solar noon 
during a winter sunny day (Tambient = 12 ◦C, Fig. S16b-c). Importantly, 
no transparent-to-opaque transition was observed for any of the SW 
materials tested at 12–13 ◦C with the solar simulator or under direct 
sunlight, as no thermal or photothermal melting of SLPs could be 
induced at this low ambient temperature. Therefore, as desired for sunny 
cold days, all of them allowed for a large solar heat build-up inside the 
house model (ΔT>10.8 ◦C) irrespective of the illumination conditions. 
The small differences in temperature variation observed between the 
reference PVA sample and our polymer-paraffin films must be attributed 
to the lower solar irradiation transmittance of the latter in their trans
parent state due to the presence of SLPs and AuNEs: % T 25◦ C

solar = 75.1, 

72.0 and 64.9% for EC@SLP@PVA, EC@SLP-AuNEs@PVA-1 and 
EC@SLP-AuNEs@PVA-2, respectively, which are slightly lower than the 
transmittance of the blank PVA film (% T 25◦ C

solar =91.1%). 
As for the measurements registered indoors with the solar simulator 

at 30 ◦C, efficient energy saving due to transparency modulation was in 
this case achieved not only for the phothermally-responding AuNE- 
doped films (31% and 40% in temperature reduction), but also for 
EC@SLP@PVA (25% in temperature reduction). This means that the 
thermal mechanism for SLPs’ melting and, consequently, AuNE-free film 
opacity also become activated at high ambient temperatures and irra
diation conditions, which we ascribe to the combination of two different 
factors: (a) the relatively low melting point of the EC@SLPs used 
(T EC

m =36.5 ◦C [49]), which is only slightly above 30 ◦C; and (b) the 
heating of the EC@SLP@PVA layer, which results from both the diffu
sion of the solar heat build-up caused inside the insulating box as well as 
the intrinsic absorption of high-wavelength NIR light (λ > 1300 nm) by 
the PVA and EC molecules of the film (Fig. S15b). Actually, the 
transparent-to-opaque transition of EC@SLP@PVA was achieved after 

Fig. 7. a) Scheme of the set-up for energy-saving tests. b) Temperature variations inside the insulating box promoted by the heat gain during 10 min of irradiation 
with a solar simulator (1 sun, AM1.5, 100 mW cm− 2) through a blank PVA film, EC@SLP@PVA, EC@SLP-AuNEs@PVA-2 and EC@SLP-AuNEs@PVA-1. The room 
temperature during the experiment was 21 ◦C. c) Effect of ambient temperature on the temperature variations achieved inside the insulating box after 10 min of 
irradiation with a solar simulator (1 sun, AM1.5, 100 mW cm− 2) through a blank PVA film, EC@SLP@PVA, EC@SLP-AuNEs@PVA-2 and EC@SLP-AuNEs@PVA-1. d) 
Temperature variations at the front surface of the SW film of the insulating box that are generated during 10 min of irradiation with a solar simulator (1 sun, AM1.5, 
100 mW cm− 2) through a blank PVA film, EC@SLP@PVA, EC@SLP-AuNEs@PVA-2 and EC@SLP-AuNEs@PVA-1. The room temperature during the experiment 
was 21 ◦C. 
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2–3 min of solar simulator irradiation when a thermal increase of about 
10 ◦C was reached inside the house model (Fig. S16a), which must 
induce SLPs’ melting at an external temperature of 30 ◦C even in the 
absence of AuNEs. 

Finally, energy-saving experiments were performed for films loaded 
with SLPs made of paraffin mixtures: EC5.25HD1@SLP@PVA and 
EC5.25HD1@SLP-AuNEs@PVA, for which very similar results were ob
tained (Fig. S17). Thus, whereas large solar heating gain under solar 
irradiation was enabled for these two samples at an ambient tempera
ture of 13 ◦C (ΔT>12.5 ◦C), they reduced heat build-up inside the house 
model when warmer. As expected, this effect was specially efficient for 
the EC5.25HD1@SLP-AuNEs@PVA film containing photothermal nano
structures, which led to a temperature reduction of 32% and 31% under 
solar irradiation at external temperatures of 21 ◦C and 30 ◦C, respec
tively. Therefore, all these results combined demonstrate that our 
thermo- and photothermoresponsive materials based on paraffin- 
polymer composites can be used as adaptative and dynamic SWs for 
energy saving. 

3. Conclusions 

In this work we described a new strategy towards thermoresponsive 
smart windows, which consists in embedding solid lipid nanoparticles 
made from simple paraffins -e.g., eicosane - within polymer films - e.g., 
poly(vinyl alcohol). These components are chosen to warrant refractive 
index matching when the paraffin nanoparticles are in their solid state, 
thus leading to high light transparency. This condition is lost upon 
paraffin melting, which results in pronounced light scattering at the 
nanoparticle-polymer interface and, consequently, opacity. As a result, 
our paraffin-polymer composites combine high transparency to the 
visible range of sunlight in the inactive state (~70–75%) with ample 
modulation of solar radiation transmittance upon heating (~45–50%). 
Although these figures are on the lower limit of the best values reported 
in the literature for other SW technologies, our films present many other 
simultaneous advantageous features as thermoresponsive smart win
dows. First, they are not only easily fabricated from low-cost and 
readily-available materials, but are scalable and applicable to relevant 
flat and curved transparent surfaces - e.g., glass. Second, their thermal 
response is highly reversible and photostable due to the lack of organic 
photoabsorbing components, while it can be finely tuned by changing 
the composition of the paraffin nanoparticles. In addition, the me
chanical properties of the paraffin-polymer composites can be enhanced 
to meet the requirements for actual applications by additive addition 
and lamination - e.g., flexibility, anti-scratchability and weathering 
resistance. Finally, these materials can be turned photo- and electro
sensitive by incorporation of photothermal nanoparticles and deposition 
onto transparent electrodes, which (a) improves their self-adaptation to 
ambient conditions by simultaneously responding to sunlight and 
external temperatures, and (b) enables external user’s control of solar 
transmittance through on-command voltage application. Actually, films 
with combined thermal and phothermal activity were demonstrated to 
allow high sunlight transmission in cold weather conditions, while 
efficiently reduce solar heat gain indoors in sunny hot days (~30–40%). 
Because of these combinations of properties, our paraffin-polymer 
composites emerge as excellent candidates for the development of 
simple, cost-effective and multi-stimuli-responsive smart windows, 
overcoming the main issues related with other current TR-SWs, such as 
high cost (e.g., liquid crystals) or the difficulty to scale-up and integrate 
them into real fenestration elements (e.g., hydrogels). 

4. Materials and methods 

4.1. Preparation of solid lipid nanoparticles (SLPs) 

EC SLPs with an average diameter of 176 nm were prepared through 
an emulsion-cooling methodology previously developed by us [45]. 

First, 2 g of EC were melted by heating up to 60 ◦C; then, they were 
mixed with 20 mL of water containing 1 wt% of PVA as a stabilizer that 
was also heated at the same temperature. Afterwards, the mixture was 
emulsified using an ultrasonic homogenizer operating at 70% amplitude 
(Branson 450 D Sonifier, 400 W–20 kHz, equipped with disruptor horn 
and 13 mm flat tip) during 5 min in cycles of 15 s of sonication and 5 s of 
repose. Finally, the emulsion was poured onto 30 mL of precooled water 
(4 ◦C) to induce the rapid solidification of the EC droplets and generate a 
suspension of the corresponding SLPs. For the preparation of the SLPs 
with an average diameter of 38 nm and 74 nm, the same procedure was 
applied but using 10 wt% and 5 wt% PVA concentrations during the 
emulsion process, respectively. As for the SLPs with an average diameter 
of 1311 nm, in this case we used a 10 wt% PVA concentration and high- 
shear homogenization (IKA Ultra-Turrax® homogenizer) instead of an 
ultrasonic homogenizer. 

4.2. Preparation of SLPs of paraffin mixtures 

First, the desired mixtures of paraffins were prepared by mixing the 
corresponding amount of each paraffin in a vial and heating up the 
sample at 10 ◦C above the melting temperature of the paraffin with the 
highest melting point. The melted mixture was stirred for 30 min and 
then subjected to the same procedure described above for the prepara
tion of SLPs of pure paraffins. In all the cases, a 1 wt% PVA concentra
tion was used during the emulsion process, which was induced by means 
of an ultrasonic homogenizer. 

4.3. Preparation of gold nanoshells (AuNSs) and nanoparticles (AuNPs) 

AuNSs were prepared following the method described by Guan et al. 
[64]. First, 20 µL of APTES and 9.2 mL of water were mixed under 
stirring for 30 s. Then, 640 µL of a 40 mM HAuCl4 aqueous solution were 
added, obtaining a yellow emulsion due to the poor solubility of APTES 
in water. The HAuCl4/APTES mixture was stirred for 30 s followed by 
the addition of 800 µL of a 0.1 M aqueous suspension of NaBH4. 
Immediately, the color of the mixture changed to deep green and 800 µL 
of BSA 0.1 M aqueous solution were then added to stabilize the formed 
AuNSs. 

AuNPs were prepared according to the procedure reported by Grabar 
et al. [65]. First, 250 mL of a 1 mM aqueous solution of HAuCl4 were 
stirred under reflux. Then, 25 mL of a 40 mM sodium citrate aqueous 
solution were added. The mixture was kept under reflux for another 15 
min. During this time, the color changed from pale yellow to deep red. 
The final colloidal suspension was allowed to cool down to room tem
perature while stirring. 

4.4. Preparation of polymeric thermo- and photothermoresponsive PVA 
films (paraffin@SLP@PVA and paraffin@SLP-AuNEs@PVA) 

SLP-loaded PVA films with thermally- and photothermally-induced 
solar light transmittance modulation were prepared using the 
following procedure. First, the convenient volume of a water suspension 
of the SLPs of interest, typically 1.6 mL (0.04 g mL− 1), was added to 7 g 
of an aqueous solution of PVA (10 wt%). The mixture was stirred until a 
homogeneous suspension was obtained. For the preparation of photo
thermoresponsive films, 500 or 250 µL of an AuNSs aqueous suspension 
(0.34 mg mL− 1) and 250 or 125 µL of an AuNPs aqueous suspension 
(0.30 mg mL− 1) were also added. In addition, when polymer films with 
enhanced flexibility were desired, 0.09 or 0.045 g of ethylene glycol 
were added too. In all these cases, the homogeneous mixtures obtained 
were 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. 
Afterwards, a free-standing film was obtained by easily peeling it off 
from the container. 
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4.5. Preparation of scaled-up thermoresponsive PVA films 

The preparation of the 42 cm-in-diameter thermoresponsive PVA 
film containing EC SLPs was analogous to the procedure described in 
previous section 4-4. In this case 25 mL of an aqueous suspension of 
EC@SLPs (0.04 g mL− 1) were mixed with 250 g of an aqueous solution of 
PVA (10 wt%). The mixture was left in repose during 12 h to allow the 
air bubbles to escape from the mixture. After that, the mixture was 
slowly poured into the cavity formed by two independent pieces of 2 
mm-thick polyethylene terephthalate (PET) stacked onto each other: a 
flat base (50 cm × 70 cm) and an equally large layer in which a circular 
aperture with an inner diameter of 42 cm was cut. Then, the water 
solvent was let to evaporate under ambient conditions for 72 h. After
wards, the upper PET layer was separated from the base, where the film 
formed remained adhered (Fig. S9). Finally, it was peeled off from the 
base in order to obtain the 42 cm-in-diameter free-standing thermores
ponsive PVA film. 

4.6. Preparation of glass with thermoresponsive EC@SLP@PVA coatings 

The 12 × 12 cm2 glass coated with a thermoresponsive 
EC@SLP@PVA film was prepared by pouring a mixture of 1.6 mL of an 
EC@SLP suspension (0.04 g mL− 1) and 7 g of an aqueous solution of PVA 
(10 wt%) directly onto the glass substrate. In order to avoid the spilling 
of the liquid and to confine it over the glass substrate, walls of 1 cm 
height were prepared using modelling putty along the glass borders. The 
water solvent was let to evaporate over 24 h and the glass with a ther
moresponsive coating was obtained. 

4.7. Preparation of laminated thermoresponsive PVA film 

The preparation of the thermoresponsive composite film laminated 
between polyurethane and polycarbonate layers was prepared as fol
lows. First, 3 mL of an EC@SLPs aqueous suspension (0.04 g mL− 1), 14 g 
of a PVA aqueous solution (10 wt%) and 0.9 g of ethylene glycol were 
mixed and poured into a polystyrene Petri dish of 9 cm in diameter. The 
suspension was left during 48 h at room temperature to evaporate the 
water solvent. Then, the film was peeled off from the substrate and a 
central square section of 5 × 5 cm was cut. After that, the square piece 
was sent to the company NovoGenio, where the lamination process was 
conducted under the standard conditions established for the TPU 
NovoGlass SF 1959 treatment. 

4.8. Preparation of electrothermoresponsive PVA films 

To prepare electrothermoresponsive smart windows, a thermores
ponsive PVA film (paraffin@SLP@PVA) of 3 × 2 cm was attached to the 
surface of an ITO coated glass (3 × 3 cm), previously covered by a 
transparent adhesive layer obtaining a sandwich structure (see Fig. 6a in 
the main text). The electrodes of the obtained paraffin@SLP@PVA@ITO 
were connected to a power supplier to induce the transparency switch by 
Joule’s heating when a specific voltage was applied. 
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