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This study introduces a novel strategy for developing reversible thermo-
chromic fluorescent films by precisely controlling the nanoscale proxi-
mity of boron nitride quantum dots and curcumin molecules within a
poly(3-hydroxybutyrate) matrix. The synergistic interaction and Forster
resonance energy transfer between these fluorophores result in an
energy transfer efficiency of ~94%. This approach enables tunable
color changes in response to temperature variations, governed by the
segmental mobility of polymer chains. Practical applications of these
films as temperature sensors for water bottles and electronic devices are
demonstrated, highlighting their potential in temperature monitoring,
smart packaging, and thermal management systems.

Thermochromic materials, which change color in response to
temperature, have shown remarkable potential in developing fluor-
escent thermometers, temperature labels, and smart packaging
materials."” These materials are often embedded in polymer
matrices, where color changes occur through various mechanisms,
including chemical structure alterations, phase transformations, and
additive-assisted interactions.> > The emission behavior can be
modulated by annealing the glassy systems above the glass transi-
tion temperature (T3) or by crystallizing the semicrystalline polymers,
where the aggregation of fluorophores can be meticulously
controlled.*'*'*'® Férster resonance energy transfer (FRET) has
emerged as an efficient method for modulating the thermochromic
behavior in polymer-based systems, relying on the spatial proximity
of donor and acceptor fluorophores.®%*-2°

Various fluorophores are used in FRET applications, including
organic molecules, inorganic nanoparticles, and fluorescent
proteins.”*'*?°??> Quantum dots (QDs) are particularly effective
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donors due to their broad UV absorption, high quantum yields,
and tunable, narrow emission spectra.>"**">® Despite the promis-
ing applications of thermochromic materials, there remains a
significant gap in understanding the precise modulation of ther-
mochromic behavior in multi-component systems through
FRET.? Earlier research primarily focuses on FRET systems with
limited consideration of the polymer matrix’s role, leaving the
potential of integrating FRET pairs with responsive polymer
matrices largely unexplored.*' %%’

This study focuses on boron nitride quantum dots (BNQDs), a
type of heavy metalfree, two-dimensional QDs that offer unique
advantages for FRET applications. BNQDs address environmental
and health concerns associated with conventional QDs while exhi-
biting excellent biocompatibility, superior chemical stability, and
unique optical properties. While BNQDs present some synthesis
challenges, their benefits outweigh these difficulties for the specific
requirements of this research. These materials, with their unique
luminescence properties and ease of functionalization, present an
exciting opportunity for developing advanced thermochromic
systems.”®° However, the challenge lies in achieving controlled
and efficient FRET within these systems to harness their full
potential for practical applications.

In this work, we developed reversible thermochromic films by
integrating polyethylene glycol-modified hexagonal boron nitride
QDs (PQDs) as energy donors and curcumin (Cur) (1,7-bis(4-
hydroxy-3-methoxyphenyl)-1,6-heptadien-3,5-dione) as acceptors
within a biodegradable poly(3-hydroxybutyrate) (PHB) matrix.
The interactions between PQDs and Cur molecules are specifi-
cally controlled by the segmental mobility of polymer chains,
enabling tunable color changes. These hybrid films exhibit
excellent reversible thermochromism under both daylight and
UV light, demonstrating potential for real-life applications in
temperature monitoring and smart packaging.

Hybrid films were fabricated using PQDs (lateral size of
2-4 nm; See Fig. S1-S4 (ESIY) for preparation and characteriza-
tion) and Cur molecules (Fig. 1a). The preparation involved
adding Cur solution to PHB in chloroform, followed by the
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Fig. 1 (a) Schematic of thermochromic film fabrication. (b) Photographs of
hybrid film under daylight and UV light. (c) UV-visible absorption spectra of
PHB/Cur-PQDs (with 6 wt% PQDs) before and after heating. (d) Temperature-
dependent PL emission spectra of PHB/Cur-PQDs (6 wt% of PQDs). (e) CIE
chromaticity plot for color coordinates displaying the color change with
temperature. (f) Time-resolved fluorescence decay curves of PHB/PQDs,
PHB/Cur-PQDs and PHB/Cur-PQDs (after heating) (6 wt% of PQDs).

addition of PQDs (5 and 10 mL) using a solution blending
method. Films were dried under high vacuum at 45 °C for 48 h
to remove residual solvents. A control experiment with PHB/
Cur film prepared using dimethylformamide (DMF) showed no
color change upon heating, confirming the absence of DMF-
curcumin interactions (Fig. S5, ESIT). The PQDs content in the
hybrid film was estimated to be 6 and 12 wt%, respectively. The
resulting films exhibited a yellow color at room temperature,
changing to reddish-orange when heated, observable under
both UV light and daylight (Fig. 1b).

UV-visible absorption spectra showed bands at 486 nm for
as-cast films, with a new band at 545 nm in heated films (Fig. 1c).
The new band likely results from charge transfer (CT) complex
formation between PQDs and Cur molecules.’* This change in
absorbance due to CT complex formation contributes to the color
change observable under visible light, while the FRET process (as
discussed later) primarily affects the emission color seen under UV
light. The interplay of these mechanisms produces thermochromic
behavior visible under both conditions. Similar results were
observed with higher PQDs (up to 12 wt%) and unmodified QDs
loadings (Fig. S6a and b, ESIT). Heating enhances the mobility and
diffusion of polymer chains and fluorophores, facilitating the
formation of CT complexes.

The PL emission spectra of PQDs showed effective overlap
with the absorption band of PHB/Cur (Fig. S7, ESIY), indicating
the possibility of FRET from PQDs (donor) to Cur molecules
(acceptor). Temperature-dependent photoluminescence (PL)
emission spectra for hybrid films with 6 wt% PQDs revealed a
clear red shift (556 to 592 nm) as the temperature increased from
30 to 80 °C (Fig. 1d; excitation at 365 nm). No change was
observed up to 45 °C, but beyond 50 °C, the emission wavelength
shifted with increasing temperature, accompanied by an
enhancement in peak intensity and a decrease in the full width
at half maximum. This behavior can be explained by the poly-
mer’s glass transition temperature (T,) and chain mobility. The
T, of PHB is low, around 3 °C. Just above Ty, only micro-Brownian
motion of polymer chain segments occurs, which is insufficient
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to cause significant changes in fluorophore arrangement. As
the temperature increases well above T, (around 50 °C and
higher), the polymer chains gain much more vigorous mobility.
This enhanced mobility facilitates the diffusion and reorientation
of Cur molecules and PQDs within the PHB matrix, allowing
the fluorophores to achieve the proximity required for forming
charge transfer (CT) complexes. The gradual color change may
also be partly attributed to the time-dependent reorganization of
fluorophores within the polymer matrix.

Similar red shifts were observed with higher loadings of
PQDs (12 wt%; Fig. S8a, ESIT) and unmodified QDs (Fig. S8b,
ESIt). However, films with unmodified QDs exhibited an addi-
tional shoulder peak at 500 nm, attributed to aggregated
curcumin molecules, signifying the necessity of QDs modifica-
tion. Notably, PHB/Cur and PHB/PQDs alone did not show
any change in PL emission with temperature (Fig. S8c and d,
ESIt, respectively), confirming that the red-shift in hybrid
films is primarily due to the formation of CT complexes
and FRET between PQDs and Cur molecules. The CIE chroma-
ticity diagram confirmed the fluorescence color change from
yellow to reddish-orange with the increase in temperature
(Fig. 1e).

Time-resolved fluorescence measurements using time-correlated
single-photon counting (TCSPC) were conducted to further investi-
gate the FRET process (Fig. 1f; excitation at 331 nm and emission
monitored at donor emission maximum). The fluorescence decay
profile of PHB/PQDs film was fitted with a triexponential function,
indicating three emissive species (Table S1, ESIt).”” In PHB/PQDs,
the higher lifetime (7, = 12.2 ns) suggests trapped electrons in PQDs
defects, while faster decay (t; = 3.5 ns) indicates intrinsic excitonic
recombination. A shorter decay (z; = 0.4 ns) likely represents energy
transfer between PQDs, consistent with previous reports on poly-
mer/QDs studies.””*>** Adding Cur molecules to PHB/PQDs signifi-
cantly decreased average fluorescence decay time ((t) = 0.07 ns),
confirming nonradiative energy transfer from PQDs to Cur.

E=1-14

D

The FRET efficiency was calculated using the above
equation,**** where tp, and tp, denote the lifetime of the donor
in the presence and absence of the acceptor, respectively. An
efficiency of 94% was obtained for the as-cast PHB/Cur-PQDs
hybrid film. The heated hybrid film showed a slightly higher
average lifetime ((r) = 0.17 ns) and reduced FRET efficiency
(87%), likely due to CT complexes formation. This decrease in
FRET efficiency upon heating, despite the presumed shorter
donor-acceptor distance, can be attributed to several factors.
The formation of CT complexes may alter the spectral overlap
between donor emission and acceptor absorption. Additionally,
increased mobility of polymer chains and fluorophores at higher
temperatures creates a more dynamic system with fluctuating
donor-acceptor distances and orientations. Changes in the local
environment due to polymer reorganization may also affect the
quantum yield of the donor or the absorption coefficient of the
acceptor. These factors collectively contribute to the observed
decrease in FRET efficiency.
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Fig. 2 (a) Digital images of Cur, Cur-PQDs, and PQDs solutions under UV
light. (b) Spectral overlap of absorbance of Cur solution and emission band
of PQDs (inset showing the FRET between PQDs and Cur molecules). (c)
Photographs displaying the visual color change of Cur-PQDs solution on
heating.

To investigate interactions and FRET between PQDs and Cur
molecules, solution-state PL emission was analyzed. A clear red
shift in the PL emission spectra was observed when PQDs were
added to the Cur solution (Fig. S9, ESIT), with the emission color
changing to yellow under UV light (Fig. 2a). The PL emission
spectrum of PQDs showed adequate overlap with the absorption
spectrum of the Cur solution (Fig. 2b), fulfilling a key require-
ment for FRET. While dilute Cur-PQDs solution showed no
temperature-dependent changes in emission wavelength (Fig.
S10a, ESIt), evaporating the solvent by heating caused a visible
color change from yellow to red under daylight (Fig. 2c and Movie
S1, ESIT). This demonstrates that proximity between PQDs and
Cur is crucial for formation of CT complexes and FRET.**

PL emission spectra of concentrated Cur-PQDs solution (Fig.
S10b, ESIt) at room temperature showed a change in emission
wavelength compared to dilute solution (starting solution in
Fig. 2¢). This is likely due to restricted mobility of fluorophores
in the confined space and the enhanced interactions between
solutes resulting from their increased proximity in concen-
trated solutions, especially as the solvent evaporates during
heating, promoting the formation of CT complexes. Control
experiments using PHB/PQDs and PHB/Cur solutions were
carried out independently, and no color change was observed
in both the cases upon heating (Fig. S11, ESI{). These experi-
ments suggested that the proximity of both PQDs and Cur is
essential for the observed color change.

Solution-state studies helped to elucidate the color change
mechanism in PHB/Cur-PQDs hybrid films. Fig. 3 illustrates
the arrangement of fluorophores within the polymer matrix
and the reversible thermochromic behavior. PHB is a semicrys-
talline polymer, and the solvent-cast film crystallizes into the o
form.** In the PHB/Cur film, Cur resides in the amorphous
phase, produces green emission (528 nm; Fig. 3a). In the PHB/
Cur-PQDs hybrid film, both Cur and PQDs occupy the
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Fig. 3 Schematic representation showing the mechanism of reversible
thermochromic behavior of the film (a) PHB-Cur film, (b) PHB/Cur-PQDs
hybrid film and (c) PHB/Cur-PQDs film after heating above 50 °C.

amorphous region at 30 °C (Fig. 3b), causing a red-shift in PL
emission to 556 nm and changing the film color to yellow.
Heating well above the T, (~3 °C) of PHB (almost 50 °C higher
to T,) increases polymer chain mobility in the amorphous region,
allowing diffusion and orientation of Cur and PQDs (Fig. 3c). This
facilitates CT complex formation, further red-shifting emission to
592 nm and changing the film color to reddish-orange. Small-
angle X-ray scattering (Fig. S12a-c, ESIT) showed decreased amor-
phous layer thickness (5.2 to 3.5 nm) on heating, indicating
improved fluorophore proximity.*® Temperature-dependent FTIR
spectra (Fig. S13a-e, ESIf) confirmed Cur-PQDs interactions
through changes in O-H stretching (3750-3200 cm ') and C—=C
stretching (1540-1480 cm ") regions.

Upon cooling to room temperature, the PHB/Cur-PQDs
hybrid film gradually reverts to its original yellow color over several
hours, demonstrating a slow, reversible thermochromic behavior.
This phenomenon is linked to the T, of the polymer. Heating
increases polymer chain mobility, allowing PQDs and Cur mole-
cules to move closer to form CT complexes, resulting in a reddish-
orange color. The change in emission wavelength is due to the
altered HOMO-LUMO energy gap from CT complex formation.>*
As the T, of PHB (~3 °C) is below the room temperature (30 +
3 °C), polymer chains remain mobile during aging, gradually
achieving a steady state. This process disturbs the CT complexes,
causing the film to return to its original yellow color.

To further confirm the influence of T, on the reversible
thermochromic behavior, heated samples were stored at two
different temperatures. One sample was placed at 30 + 3 °C
(well above the T, of the polymer) and the other was kept inside
the freezer at —10 & 2 °C (below the T, of the polymer) for 4 h.
Fig. S14 (ESIt) shows the photographs of the film before and
after the experiment. The sample kept in the freezer did not
show any noticeable color change (remaining reddish orange),
whereas the room-temperature aged sample reverted to its
original color (yellow) because of the chain relaxation of the
polymer at room temperature.

To demonstrate real-life applications, the thermochromic
films were used as temperature sensor labels for water bottles
(Fig. 4). A small piece of hybrid film placed on a glass bottle
changed color from yellow to reddish-orange within 3 min
when hot water (~75 °C) was poured in (Movie S2, ESIT). The
color change was visible under both daylight and UV light. The
film can also be used to monitor overheating in electronic
devices during charging. Fig. S15 and 16 (ESIT) shows the film’s

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Photographs of reversible thermochromic film as temperature
sensors for hot water bottles under daylight and UV light.

color change when a phone overheats, detectable under both
daylight and UV light.

In conclusion, we have fabricated reversible thermochromic
hybrid films by integrating PEG-modified boron nitride quantum
dots and curcumin within a poly(3-hydroxybutyrate) matrix. The
proximity of these fluorophores facilitates efficient FRET, result-
ing in tunable color changes with temperature. The segmental
mobility of polymer chains governs the reversible thermochromic
behavior by controlling fluorophore mobility and charge transfer
complex formation. This work demonstrates a novel strategy for
developing advanced thermochromic materials and provides
insights into the role of polymer glass transition temperature in
modulating this behavior. The practical applications of these
films as temperature sensors highlight their potential in tem-
perature monitoring, smart packaging, and thermal management
systems. This research opens avenues for exploring multi-
component systems in developing responsive and functional
materials with tailored optical properties.
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