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Abstract. Effective insulation of near-infrared (NIR) from solar energy via the use of transparent coating on the windows
is one of the most essential issues in energy savings. In this work, a novel lanthanum hexaboride (LaB6 )/poly(methacrylate2-ureido-4[1H]-pyrimidinone) functionalized poly(n-butyl acrylate) (PnBA-r -PMAUPy) film was prepared via an in-situ
radical polymerization method to achieve heat insulation and self-healing performance. LaB6 nanoparticles synthesized by
a low-temperature method were employed as a NIR shielding material, while PnBA-r -PMAUPy was utilized as a material
to enhance the reliability of long-term service. Benefitting from hydrogen bonding interaction, the film showed a marked
progress in self-healing property at ambient temperature. As displayed by optical absorption results, the increase of LaB6
content can effectively enhance the NIR shielding ability. The NIR blocking ratio of the thermal barrier film with a thickness
of 0.64 mm can reach 97.5%, and the self-healing rate is about 84% for 20 mg LaB6 , respectively. The self-healing film for
heat-shielding window can be a promising candidate with long-term service.
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1. Introduction
Near infrared (NIR) light with a wavelength of 780–2500
nm, which accounts for more than half of the solar energy,
is one of the causes for energy consumption of air conditioning and the emission of carbon dioxide [1–4]. To block this
part of the heat, transparent and solar heat-shielding films
are strongly desired for smart windows that have functionalities of shielding NIR rays and controllable visible light
transmittance [4,5]. Inorganic functional particles in the thermal insulation film play a major role in shielding infrared
light. Antimony tin oxide (ATO) and indium tin oxide (ITO)
have been commonly used in the market. However, it can only
shield the IR rays of wavelength >1500 nm [6,7]. Lanthanum
hexaboride (LaB6 ) nanocrystals are attractive candidates as
hosts that exhibit excellent NIR-shielding ability owing to
the localized surface plasmon resonance (LSPR) absorption
around 900 nm, which leads to absorption mainly in the NIR
and high visible transmittance [8,9]. According to the previous reports, LaB6 can achieve the same thermal insulation
effect as ATO and ITO with a relatively small amount [10].
Schelm and Smith [11] had successfully prepared a composite polymer film of LaB6 nanopowder and polyvinyl butyral
(PVB), which was sandwiched between two layers of glass to

form a ‘sandwich’ type laminated glass for heat-shielding
performance. Composite material incorporating LaB6 has
reached 30–75% transmission of visible light, while maximally blocking 750–1300 nm solar energy [12]. LaB6
nanoparticles with uniform size and well dispersity is an ideal
inorganic functional material as an additive in automotive and
architectural glass insulation [13].
Transparent organic polymer can be a good media to facilitate the preparation of thermal insulation film due to its easy
synthesis, functionalization and extensive application [14–
17]. One of the key factors for solar heat-shielding organic
films is the stabilization after long-term exposure in natural
environment. Microcracks in thin films will have an influence
on the thermal insulation effect and ultimately give rise to
the failure of the films. Motivated biologically, self-healing
material can repair damage spontaneously or under external stimuli after being damaged [18–23]. Comparing with
extrinsic self-healing materials, intrinsic healing system can
take advantage of the reversible molecular interactions to
achieve the healing process without pre-embedding remediator [24–29]. Recently, plenty of work have been made
to the intrinsic self-healing materials with reversible healing function due to their attractive mechanical properties and
potential applications [30–32]. Polymers by incorporating
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hydrogen bonding interaction can achieve repeated
self-healing property at room temperature with rapid repair
rate and high repair efficiency [33–36]. 2-ureido-4[1H]pyrimidinone (UPy) group, as a strong quadruple-hydrogenbonding dimer, has been exhibited to be thermally responsive
[36–38]. On account of good reversibility, high stability and
long service time of UPy–UPy bonds, and excellent adhesion
efficiency to various glass surfaces, poly(methacrylate-2ureido-4[1H]-pyrimidinone) (PMAUPy) functionalized poly
(n-butyl acrylate) (PnBA) (PnBA-r -PMAUPy) can be used
as a coating with favourable self-healing ability.
In this paper, a low-temperature Zn molten metal method
was employed to prepare the inorganic functional LaB6
nanoparticles. Owing to the formation of molten Zn with
low-melting point, atom diffusion can be promoted, reaction
dynamics can be enhanced and the growth of nanoparticles
can be suppressed. Meanwhile, the obtained nanoparticles
were employed as NIR absorbent for the in-situ preparation
of heat ray shielding film. In addition, PnBA-r -PMAUPy
were investigated as a kind of organic transparent filmformer. Excellent self-healing ability of PnBA-r -PMAUPy
was expected due to the hydrogen bonding interaction.
LaB6 /PnBA-r -PMAUPy film is a promising candidate for
easily manufactured, flexible and low-cost absorbers for use
in NIR shielding smart window.

2. Experimental
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2.3 Preparation of LaB6 /PnBA-r -PMAUPy thermal
insulation film
LaB6 /PnBA-r -PMAUPy film was prepared by the
in-situ radical polymerization (scheme 1). The polymerization of PnBA-r -PMAUPy was carried out with the molar
ratio of [MAUPy]0 : [nBA]0 = 1 : 17. Before the polymerization, MAUPy was first synthesized via the reaction of
A1 and A2 according to the previous report [40]. The asprepared LaB6 nanoparticles were well dispersed in 8 ml
DMF by ultrasonic oscillation for ∼10 min in a pyriform
bottle. Four hundred milligrams of MAUPy was added to
it. The bottle was put in a 70◦ C oil bath with a magnetic
stirring until MAUPy is completely dissolved. Afterwards,
3.5 ml BA and 10 mg AIBN were put into the bottle, filled
with nitrogen for 2 min, sealed and reacted at 70◦ C for
2 h. The reaction product was cast into a silicone mould
with the dimension of 5 × 5 cm2 (H-type) and dried at 45◦ C
for 24 h. This sample was designated as sample H-1 with
a thickness of about 0.64 mm. For comparison, the samples prepared with different LaB6 contents of 0, 2, 5, 10,
15 and 20 mg were separately labelled as sample H-0, H-2,
H-5, H-10, H-15 and H-20. The thickness of the film was
controlled by changing the size of the mould. The above
experiment was conducted under the same conditions except
that the product was poured into the mould with the dimension of 7.2 × 7.2 cm2 (B-type) and a thickness of about 0.51
mm, the obtained samples with different LaB6 contents were
named as B-0, B-1, B-2, B-5, B-10, B-15 and B-20, respectively.

2.1 Materials
Lanthanum chloride (LaCl3 ·nH2 O), sodium borohydride
(NaBH4 ), metal zinc powder (Zn), azobis-isobutyronitrile
(AIBN), 2-iso-cyanatoethyl methacrylate (A1 ), 2-amino6-methyl-4-pyrimidinol (A2 ), N,N-dimethyl formamide
(DMF), n-butyl acrylate (nBA), and hydrochloric acid (HCl)
were purchased and used without further purification.
2.2 Synthesis of LaB6 nanopowder
Details of the synthesis of LaB6 nanopowders were described
as follows [39]: LaCl3 and NaBH4 with a molar ratio of
1:7 were mixed by hand for 20 min in an agate mortar
using an agate pastel. Sixteen millimoles of Zn powder
was put into the mortar and complete grinding was done.
After Zn powder was evenly mixed, the powder was transferred to a crucible and placed in a furnace to initiate
the reaction. The reaction was carried out at 400◦ C under
Ar atmosphere with a flow rate of 200 ml min−1 for 2 h.
When the furnace was cooled to room temperature, the crucible was taken out and the product was soaked in dilute
HCl for >10 h to remove Zn and other impurities. The
obtained powder was centrifuged and washed with deionized water and ethanol. Black powder was obtained and
reserved.

2.4 Characterization
The phases of the products were identified by using a powder
X-ray diffractometer (XRD, Rigaku D/max 2500 VPC) with
a CuKα X-ray source. The structure and morphology of the
obtained powder were observed on a field-emission transmission electron microscopy (FETEM, JEOL JEM 2010)
under an accelerating voltage of 200 kV. The transmittance
performance of the films was monitored using a UV–Vis–
NIR spectrophotometer (UH-4150, Hitachi) from 250 to
1500 nm. The rheology data were performed on a DFR-2
rheometer (TA). Tensile test was carried out on an electronic
universal material testing machine (LDW-59, Songdun) via
microcomputer control. Heat insulation rates of the films
were tested by a heat insulation rate tester (LS301, Linshang).

3. Results and discussion
3.1 Microstructure of LaB6 nanoparticles
The morphology of the powder sample was characterized
by TEM and high-resolution TEM (HRTEM). The sample consists of nanoparticles with sizes ranging from few
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Scheme 1. Schematic illustration for the preparation of LaB6 /PnBA-r -PMAUPy thermal insulation film.

nanometres to tens of nanometres and presents certain degree
of agglomeration. According to figure 1b, LaB6 nanoparticles prepared via this method show a core–shell structure with
amorphous outer layers, which may be due to the partial oxidation of boron [41], similar results have been reported in our
previous reports [39,42]. Small crystallized LaB6 nanoparticles were wrapped by the outer amorphous layers to grow
together, which resulted in the formation of large crystals.
Spacing lattices of 0.21 and 0.24 nm are indexed to the
(200) and (111) planes of cubic LaB6 , indicating that LaB6
nanoparticles can be prepared by Zn molten metal method at
400◦ C.

3.2 XRD of LaB6 and LaB6 /PnBA-r-PMAUPy film
To further determine the composition of the samples, XRD
measurement was carried out (figure 2). All the diffraction peaks of powder sample were in accordance with the
diffraction peaks of standard LaB6 (JCPDS no. 65-1831),
indicating that LaB6 can be prepared by low temperature Zn molten metal method at 400◦ C. The diffraction
peaks at 21.38, 30.42, 37.44, 43.54, 48.96, 53.96, 63.18,
67.52, 71.70 and 75.76◦ correspond to (100), (111), (200),
(210), (211), (220), (300), (310) and (311) crystal faces of
cubic LaB6 , respectively. This indicates that the sample is a
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Figure 1. (a) TEM image and (b) HRTEM image of LaB6 nanoparticles.

Figure 3 shows the photographs of LaB6 /PnBA-r -PMAUPy
films with same thickness, while different contents of LaB6
additive. In the absence of LaB6 , colourless and transparent
film can be obtained (figure 3a). LaB6 /PnBA-r -PMAUPy
films can be prepared via an in-situ radical polymerization
with uniform dispersity of LaB6 nanoparticles. The colours of
the films darken gradually with the addition of LaB6 nanoparticles from 5 to 20 mg. Along with the increase of LaB6
content, the transmittance of the film gradually decreases.
Based on the practical application, smart windows require
a certain degree of transparency. Therefore, it is necessary
to make sure the appropriate amount of LaB6 nanoparticles
to prepare a thermal insulation film having excellent absorption of ultraviolet and NIR heat radiation, while ensuring the
transmission of visible light [5].
Figure 2. XRD patterns of samples: (a) LaB6 nanoparticles,
(b) B-0, (c) B-5 and (d) B-20.

single phase LaB6 . The XRD patterns of B-0, B-5 and
B-20 films prepared by in-situ radical polymerization show
a broad peak around 20◦ , which was indexed to the
diffraction of PnBA-r -PMAUPy polymer. When the addition
of LaB6 was 20 mg, there was still no obvious diffraction peak of LaB6 powder, which was probably due to
the low content of LaB6 as well as the polymer
encapsulation.

3.3 Self-healing performance
To demonstrate the self-healing effect, the film was made a
scratch with a scalpel on its surface. Although self-healing
rate of H-20 was slightly slower than that of H-0, the crack
of the films (H-0 and H-20) gradually became shallower
as the repair time increased (supplementary figure S1). The
self-healing ability of LaB6 /PnBA-r -PMAUPy film was confirmed by re-forming the strips from two separated pieces
without any external stimuli. Malachite green and rhodamine
B were respectively, added to the films (B-5) to visually verify the self-healing effect. The stretching strips were all cut
into the dumbbell shape by a slitter and the length was about

Figure 3. Photographs of LaB6 /PnBA-r -PMAUPy films: (a) B-0, (b) B-5, (c) B-10, (d) B-15 and (e) B-20.
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Figure 4. Macroscopic photographs of the self-healing process of LaB6 /PnBA-r -PMAUPy film (B-5). (a) Two pieces of strips with
different colours (pink strip was stained with rhodamine B, and green strip was stained with malachite green) were cut into the dumbbell
shape. (b) The tensile strips were cut from the centre, exchanged, contacted and healed for 24 h. (c) Photograph of self-healing strip
supported the load of 200 g. (d) Stretching test of self-healed film.

Figure 5. Stress–strain curves of original film and healed film after 24 h at ambient temperature: (a) H-0, (b) H-20, (c) B-0 and
(d) B-20.
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Figure 6. Rheological characterization of H-20. (a) Under the oscillation mode, the strain sweep measurements of H-20. (b) An
immediate recovery after 1000% strain deformation (t = 200 s, γ = 1%). (c) Dynamic strain amplitude cyclic test (γ = 0.5 or 400%).

Figure 7. Transmittance spectra of films with different LaB6 contents. (a) B-type films: B-0, B-1, B-2, B-5, B-10, B-15, B-20 and
(b) H-type films: H-0, H-1, H-2, H-5, H-10, H-15, H-20.

5 cm (figure 4a). The two strips were cut through the middle,
cross-spliced and repaired for 24 h at room temperature in
the state shown in figure 4b. It is clear that there is no
deformation at the scratched interface. Furthermore, the
re-formed strip maintained its integrity, which could withstand a load of 200 g (figure 4c). The stretched length after
repairing can exceed the initial length (5 cm). The two
separated strips healed into an integrated one, which was
strong enough to bear tensile stress.
The strips with dumbbell shape were subjected to stress–
strain test before and after 24 h of self-healing as shown
in figure 5. For H-type films, the self-healing rates of H-0
and H-20 were 88 and 84%, respectively (figure 5a and b).
The decline in repair rate was due to the addition of LaB6
nanoparticles, which was in accordance with the result of
supplementary figure S1. Similarly, the self-repair rate of B0 was 81%, higher than that of B-20 (75%) (figure 5c and
d). The decrease of self-healing rate proved that the addition
of LaB6 would reduce the self-healing rate, and self-healing
rate of H-type was higher than B-type film. PnBA-r -PMAUPy

polymer has excellent self-healing ability, which is mainly due
to the reversible multiple hydrogen bonding of UPy groups
between PnBA-r -PMAUPy surfaces [20,37]. Therefore, selfhealing film would be a potential candidate for transparent
heat insulation materials in window films of buildings and
vehicles.
3.4 Rheological performance studies
The self-healing and mechanical behaviours of H-20 were
further measured by rheological characterization (figure 6).
G  and G  represent energy storage modulus and loss modulus, corresponding to the energy storage and the energy loss
after materials received deformation, respectively. It can be
seen from figure 6a that G  and G  of H-20 are basically
constant at 0.01–86% strain, which means that the film could
withstand relatively large deformation damage. In this range
of variation, the value of G  is always larger than that of G  ,
indicating the state of H-20 is stable. However, the values
of G  and G  rise greatly with further increase in applied
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Figure 8. Thermal insulation test. (a) Photographs of the end temperatures and thermal insulation rates of films displayed on the
instrument display panel. Photograph of the as-prepared insulation film: (b) B-0, (c) B-5 and (d) B-20.

strain. Beyond this point, polymer chains started to dislocate.
After applying a large strain (γ = 1000%), a 1% of strain
is promptly exerted for 200 s and the mechanical properties of the film were shown in figure 6b. The mechanical
properties of the film could be fully recovered without loss.
Repeated dynamic strain step tests (γ = 1 or 400%) were
carried out on sample H-20 for 10 cycles to study the selfhealing properties of LaB6 /PnBA-r -PMAUPy. As shown in
figure 6c, both G  and G  could regain to initial value without
obvious decrease after 10 cycles’ experiment. This indicates
that the self-healing property of the film was completely
reversible.
3.5 Thermal insulation and visible light transmission
The optical properties of the prepared films were investigated
using a UV–VIS–NIR spectrophotometer in the wavelength
range of 250–1500 nm to evaluate its thermal insulation performance. Figure 7 shows the transmittance spectra of the
obtained films (H- and B-types) with different LaB6 contents.
For B-type films, the samples without the addition of LaB6 and

with the addition of low LaB6 contents of 1 and 2 mg show
no obvious NIR shielding performance with a high visible
light transmittance up to 87%. Film with 5 mg LaB6 additive
has reached a visible transparency of ca. 80%, while a small
NIR shielding of 23%. At higher contents of LaB6 nanoparticles, the films presented a certain degree of NIR absorbing
properties. These samples are endowed with relatively high
transmittance in visible region, and absorption in NIR region
of 750–1500 nm, exhibiting almost the same transmittance
spectrum as the literatures reported [15]. The increase in LaB6
content (20 mg) can effectively cut down the NIR transmittance to 36%, on the other hand, the visible light transmittance
can be suppressed to 45%. But for H-type films, NIR shielding performance and visible light transparency were modest,
probably attributed to the low content of LaB6 in films. However, it can be observed that NIR absorption performance was
promoted, while visible light transparency deteriorated with
further increase of LaB6 content to 5 mg. Although the film
with 20 mg LaB6 has a good NIR shielding ability, a visible
light transparency of 17% was unable to provide the requirement for normal light illumination.
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Table 1. Heat-shielding performances of LaB6 /PnBA-r -PMAUPy
films on float glass.
Sample
Blank
B-0
B-5
B-20
H-5
H-20

T0 , ◦ C

T1 , ◦ C

T, ◦ C

Tdis , %

Tlum

Tsol

22.6
22.7
22.6
22.7
22.7
22.8

37.2
36.2
29.5
24.3
27.3
23.6

14.6
13.5
6.9
1.6
4.6
0.8

0
0
69.2
96.3
72.2
97.5

—
85.3
44.8
29.5
79.2
45.0

—
83.3
42.1
24.3
77.1
40.1

The thermal insulation rates of prepared films were
studied on Linshang LS301 with infrared lamps (150 W,
Philips) (figure 8). Large area films have been fabricated on
ordinary float glass with the dimension of ca. 19 × 16 cm2
(figure 8b–d) for the measurement. Infrared light was irradiated for 1 min and the end temperature was displayed on
the panel, which indicated the thermal insulation effect of the
LaB6 /PnBA-r -PMAUPy film. Figure 8a and table 1 clearly
exhibit the thermal insulation effect. Compared with ordinary
float glass with a thickness of 5 mm, the glass coated with
the self-healing polymer gives no obvious thermal insulation,
as presented in figure 8a and supplementary video). Tdis
reached 69.2 and 96.3% with the end temperatures of 29.5
and 24.3◦ C at LaB6 powder contents of 5 and 20 mg (Btype), respectively, which indicates that the increase of LaB6
content would improve the heat-shielding effect of the film.
Tdis increased from 72.2 to 97.5% as the addition of LaB6
powder increased from 5 to 20 mg (H-type). The thermalinsulation effect of thick film (H-type) was better than that
of thin film (B-type) due to the higher LaB6 powder distribution per unit area. This result was consistent with the result
of UV–VIS–NIR spectra. The Tlum and Tsol of the films with
same thickness decreased with the increase of LaB6 content,
as shown in table 1. Our results were in virtue of the surface
plasmon resonance of LaB6 powder, which results in a strong
absorption in the NIR region [8,9].
For heat-shielding films, long-term stability is the most
pressing issue for the commercialization. Much efforts have
been made for the mitigating deterioration VO2 and Csx WO3
incorporated films [43,44]. In this case, LaB6 /PnBAr -PMAUPy films were treated under high relative humidity
(85%) and temperature (50◦ C) for 24 h. The heat shielding
ability of the films were measured and the results were illustrated in supplementary table S1. The values of Tdis and
T were almost the same with those shown in table 1, which
further confirm that there is no obvious deterioration on the
heat-shielding ability of LaB6 /PnBA-r -PMAUPy films.

4. Conclusion
LaB6 nanoparticles were prepared by a simple Zn molten
metal method and then doped into PnBA-r -PMAUPy to
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fabricate LaB6 /PnBA-r -PMAUPy films with self-healing
function. LaB6 /PnBA-r -PMAUPy films have good absorption in NIR region and high visible transmittance. The content
of LaB6 nanoparticles has little influence on the self-healing
rate of the films. A slight reductions of self-healing rates from
88 to 84% for H-0 and H-20, from 81 to 75% for B-0 and B-20
have been obtained. As the content of LaB6 increased, visible light transmittance of the films reduced, while the NIR
blocking performance increased. Although the film with 20
mg LaB6 has a good NIR shielding ability, a visible light
transparency of 17% was unable to provide the requirement
for normal light illumination. Under the premises of balancing the self-repair rate, visible light transmittance and NIR
blocking performances, film with 5 mg LaB6 additive and
a thickness of 0.51 mm has reached a visible light transparency of ca. 80%, a small NIR shielding of 23% and the heat
insulation rate of about 69.2%. In summary, the preparation
process is simple and promising for large area fabrication of
heat-shielding films and is expected to be extended to design
various flexible devices in the future.
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