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a b s t r a c t

Development of simple, readily-applicable sensors for mechanical deformation of polymers is highly
sought albeit a formidable task. Here we demonstrate that composite films comprising carbon dots (C-
dots) embedded in an elastic polymer host allow fluorescence-based quantitative determination of
tensile modulation. Film stretching induced both blue shift in the C-dots' fluorescence peak positions and
dramatic increase in fluorescence intensities. The phenomenon was demonstrated for different C-dots
exhibiting distinct fluorescence emissions (e.g. colors). Importantly, the C-dot/polymer fluorescence
intensity could be quantitatively correlated to tensile parameters, specifically film stress and strain. The
direct correlation is ascribed to stretch-induced modulation of the average distances among the polymer-
embedded C-dots and concomitant modification of aggregation-induced self-quenching. We further
exploited the tensile-dependent fluorescence modulation of the C-dot/polymer system to construct a
tunable-intensity white light emitter, opening the way to innovative mechanically-tuned optical device.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Mechano-responsive polymer composites have attracted sig-
nificant scientific and technological interest in recent years, due to
their use in varied devices and applications, including Wearable
Devices for Monitoring Physiological Markers [1,2], Self-Healing
Materials [3,4], mechanically-activated drug-delivery systems [5].
electro-optical modulators [6e9], and others. The development of
new shape-deformable polymeric materials has progressed hand in
hand with introducing new analytical platforms for assessing me-
chanical modulation [10].Indeed, polymer-deforming sensors have
been employed in applications such as tamper-proof packaging
[11], health monitoring [12],and wearable electronic devices for
monitoring human motion [13e16]. Stress and strain are the
fundamental parameters describing the physical impact upon
mechano-responsive polymers, and as such varied techniques have
been developed to evaluate these parameters. Reported stress/
strain sensors have relied upon varied techniques, such as
recording electrical signals upon mechanical force application us-
ing extensometers and piezoelectric sensors [17], application of
Ben Gurion University of the
Raman spectroscopy [18], and photo-elasticity measurements [19].
Such methods, however, are limited by measurement areas, are
often experimentally complex, or are not amenable for real-time
analyses [20].

Polymer-embedded optical sensing has gained particular inter-
est as a simple visual means for assessing mechanical deformation
[21]. In general, optical tensile sensing of mechano-responsive
polymers has been carried out through embedding dyes [22],
functional molecules [23], metallic and inorganic nanoparticles
[24,25], or excimers [26] within the polymeric matrix undergoing
shape changes. These composite materials change their light
absorbance or fluorescence emission in response to mechanical
transformations [3,27]. Significant hurdles, however, have been
encountered for wider applicability of these sensing schemes, pri-
marily due to the mostly complex synthetic schemes, lack of
quantitative correlation with actual mechanical parameters (such
as stress/strain), and confined polymer areas analyzed.

Carbon dots (C-dots), nanometer-scale carbonaceous nano-
particles exhibiting unique physico-chemical properties, have
emerged in recent years as a powerful fluorescent sensing platform,
exhibiting diverse applications in chemo- and bio-sensing [28e31],
imaging [32e34], and photonics [35].C-dots exhibit intriguing
excitation-dependent fluorescence properties, determined in large
part by the surface properties of the particles, particularly the
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functional units displayed upon the carbonaceous nanoparticles'
surface [36e39]. Notably, C-dots can be readily synthesized from
diverse carbon-containing reagents which allow tailoring their
chemical and optical properties [40].

Similar to other fluorescent nanoparticles, C-dots' fluorescence
is usually quenched when the particles are in close proximity to
each other [41]. This feature has generally limited applicability of C-
dots in solid-phase materials, and varied strategies have been
introduced to ameliorate aggregation-induced quenching of C-dots,
usually focusing on their incorporation and immobilization in host
matrixes which maintain distance among the particles [42,43].
Here, we introduce a new C-dot/polymer composite in which the
distance-dependent fluorescence properties of the C-dots are
exploited for tensile sensing. This system is designed to provide an
optical means for stress-strain determination through exploiting
the C-dots' self-quenching properties. Remarkably, we show that
the fluorescence shifts and intensity of different C-dots embedded
in a transparent elastic polymer undergo significant tensile-
dependent transformations. Importantly, we show that the fluo-
rescence emissions of the C-dots were correlated to the stress and
strains of the composite films, making possible optical determi-
nation of the tensile properties. Finally, we employ the tensile-
dependent fluorescence strategy for creating an innovative
mechanically-tuned light emitter.
2. Experimental section

2.1. Materials

Cetylpyridinium chloride monohydrate (CPC), polyvinyl butyral
(PVB), and polyvinyl alcohol (PVA) were purchased from Sigma-
Aldrich Chemicals, Jerusalem, Israel.1,5-Diaminoanthraquinone
(Daaq)was purchased from Alfa-Aesar, Heysham, England. chloro-
form, Hydrochloric acid (HCl), ethanol (EeOH) and dichloro-
methane (CH2Cl2), Sodium Oxide (NaOH) were purchased from
Bio-lab Itd. Hayetzira, Jerusalem, Israel. Teflon plates were
custom-made. Single-side polished and heavily doped p-type Si
wafers were purchased from Sil'tronix Silicon Technologies, Arch-
amps, France.0.22 Non-Sterile Millex® Syringe Filters with Hydro-
philic PTFE Membrane were purchased from Merck, Darmstadt,
Germany.Water used in the experiments was doubly purified by a
Barnstead D7382 water purification system (Barnstead Thermo-
lyne, Dubuque, IA), at a resistivity of 18.3MU cm. All reagents of
analytical reagent grade or above were used as received without
further purification.
2.2. Synthesis of CPC-C-dots

Synthesis of the CPC-C-dots was based upon reported proced-
ures for construction of C-dots soluble in organic solvents [44].
Briefly, 150mg of CPC was dissolved in 9ml of deionized water.
360mg of NaOH dissolved in 1ml of deionized water was then
added to the CPC solution which turned immediately yellow. The
solution was mixed for 12 h and let to stand at room temperature
without applying any external energy until turning brown. The
solution was subsequently neutralized with 5% HCl solution, 10ml
of dichloromethane were added and the resultant C-dots were
extracted from the bottom of the organic layer. The extracted so-
lution was centrifuged twice for 5min at 14,000 rpm, removing the
larger aggregates. Dialysis was then performed in chloroform for 2
days using dialysis tubing (Avg. flat width 9mm (0.35 in.), MWCO
2000). An intense brown powder was obtained after evaporation of
the organic solvent (45mg).
2.3. Synthesis of Daaq-C-dots

50mg of Daaq were heated in 10mL EtOH solvent at 200 �C for
24 h in a Teflon autoclave. The solution became brown red.The
extracted solution was then centrifuged twice for 5min at
14,000 rpm for separation of larger aggregates. Ethanol was sub-
sequently evaporated and the dry content was dissolved in chlo-
roform and placed for dialysis for 2 days (Avg. flat width 9mm (0.35
in.) dialysis tubing, MWCO 2000). An intense black color powder
was obtained after evaporation of the organic solvent (8.3mg).

2.4. Preparation of C-dot/PVB composite film

500mg of PVB powder (with 6% PVA) were dissolved in 8ml of
chloroform and sonicated for 25min to form homogeneous solu-
tion. 20mg of C-dot were dissolved in 2ml chloroform and added
to the polymer solution, mixed for 5min using a Vortex to get
uniform dispersion. the mixed solution was poured into a Bone
shape Teflon plate (depth of 0.5 cm and surface of 35 cm2) in a fume
hood for the evaporation of chloroform, obtaining the C-dot/PVB
composite film.

2.5. Characterization

Fluorescence spectroscopy: Fluorescence emission spectra of
the different C-dots solution and the C-dot/PVB film were recorded
on an FL920 spectro-fluorimeter (Edinburgh Instruments, Living-
ston, UK). Fluorescence emission spectrawere acquired in the range
of 400e700 nm with different excitation. Measuring the fluores-
cence after incorporation of the C-dots with PVB polymer creating
the fluorescent films was carried out using a suitable stand for solid
state materials. The fluorescence was measured at a 90� angle
relative to the excitation light. This geometry is used instead of
placing the sensor at the line of the excitation light at a 180� angle
in order to avoid interference of the transmitted excitation light
[45]. High resolution transmission electron microscopy (HR-
TEM): A drop of C-dot solution was placed upon a graphene-coated
copper grid and HR-TEM images were observed on a 200 kV JEOL
JEM-2100F microscope (Japan), The sample was dried for 12 h prior
to measurements. Transmission electron microscopy (TEM): im-
ages were observed on a 200 kV Thermo-Fisher Scientific Talos
F200C with the same graphene-coated copper grids. Atomic force
microscopy (AFM): AFM images were collected in AC-mode (tap-
pingmode), with a Cypher-ES, asylum research (oxford instrument)
model, using an AC 160 TS (olympus) probe, with a tip radius of
9 nm and a force constant of approximately 26 Nm�1. The C-dots
solution (4mg/ml) were mixed using a Vortex for 5min then
deposited onto hot silicon wafers wormed to 80 �C for fast evapo-
ration (avoiding aggregates formation) [46]. X-ray photoelectron
spectroscopy (XPS): Concentrated solutions of C-dots were drop-
casted on silicon wafers and measurements were performed us-
ing an X-ray photoelectron spectrometer ESCALAB 250 ultrahigh
vacuum (1� 10�9 bar) apparatus with an AlKa X-ray source and a
monochromator. The beam diameter of was 500 mm and with pass
energy (PE) of 150 eV survey spectra were recorded, while for high
energy resolution spectra the recorded pass energy (PE) was 20 eV.
The AVANTGE programwas used to process the XPS results. Fourier
transform-infrared (FT-IR): FTIR spectra were recorded on a
Nicolet FTIR spectrometer (6700 FTIR spectrometer), using the
attenuated total reflectance (ATR) technique with a diamond
crystal, collecting data with clean crystal as a background. For each
sample, a reference spectrumwas first acquired from a clean crystal
then the Spectra of dry samples were recorded by putting few mgs
of dried sample. Analysis was carried out using Omnic (Nicolet,
Madison, WI, USA) software. Differential scanning calorimetry
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(DSC): Experiments were carried out on a DSC Mettler Toledo
model DSC 823 (Switzerland). Heating rates of 20 �C/minute were
used in a nitrogen atmosphere. z-Potential: z-potential was
measured by Zetasizer (Zetasizer Nano ZS, Malvern, Worcester-
shire, UK) on 1mL solutions of the CPC C-dots, at a concentration of
0.1mg/ml. A Malvern DTS 1070 disposable capillary cuvette was
used. Results are given as the means of four replicates [47]. Ultra-
violet visible (UVevis) spectroscopy: UVevis spectra were ac-
quired on a Thermo Scientific Evolution 220 spectrophotometer. All
absorbance measurements were performed using 1-cm cells in
water as dispersive medium. Confocal microscopy: films images
were taken by CLSM (Plan-Apochromat 20�/0.8 M27, Zeiss
LSM880, Germany), using 10 mm sectioning of paraffin-embedded
polymers (Microtome instrument was used for sectioning) [48].

2.6. Tensile test

The tensile analyses were conducted in accordance with the
ASTM D882-09 standard using a Zwick 1445 tensile instrument
(Zwick Roell AG, Germany) [49]. All tests were conducted under
standard laboratory conditions (temperature¼ 23± 2 �C; relative
humidity¼ 50± 5%) on dry samples. Two crosshead speeds used
for the testing with 20mm/min rate and gauge length of 50mm
with the testing speed of 500mm/min. The test control and data
acquisition were achieved using Zwick 1445 computer software. In
order to measure the fluorescence intensity at a specific strain
value, the tensile measurement was paused at a given strain value
and the film was then transferred to a fluorometer wherein the
fluorescence intensity in the center of the film was measured at a
set excitationwavelength. The filmwas then transferred back to the
tensile instrument for further stretching.

2.7. Fabrication of mixed C-dot/PVB films

500mg PVB powder was dissolved in 8ml of chloroform and
sonicated for 25min. 16mg of Daaq C-dots and 4mg of CPC C-dot
were mixed in 2ml chloroform (ratio of 8:2), added to the polymer
solution, mixed for 5min using a Vortex to get a uniform disper-
sion. The mixed solution was poured into a Teflon plate in a fume
hood, yielding the C-dot/PVB composite film after the evaporation
of chloroform, appearing in an orange color. Light emission of the
film was measured in an integrating sphere using a 410 nm LED;
specifically, the film was placed between the optic fibre and the
blue LED, generating white light.

3. Results and discussion

3.1. Experimental strategy

Fig. 1 outlines the fabrication and operation principle of the
stretch-sensitive C-dot/polymer films. Construction of the C-dot/
polymer composite films is depicted in Fig. 1A. We began with
synthesis of the C-dots, prepared from the carbonaceous precursors
cetylpyridinium chloride (CPC, yielding green C-dots) [44], and 1,5-
Diaminoanthraquinone (Daaq) which generated red C-dots. The C-
dots were interspersed in an organic solvent with polyvinyl butyral
(PVB), a widely-used thermoplastic polymer that can mold at room
temperature into stretchable transparent films [50]. Notably, due to
the mild synthesis conditions (particularly low temperature), C-
dots retain precursors' functional residues upon their surfaces [51];
in the systems presented here, both CPC-C-dots and Daaq-C-dots
displayed the substituted aromatic residues, amine moieties, in
addition to carbonyl and hydroxyl units on their surfaces (Fig. 1A).
As depicted in Fig. 1A, polar residues at the C-dots' surfaces enable
C-dot immobilization within the PVB host matrix through
hydrogen bond formation.
The cartoon in Fig. 1B illustrates the novel phenomenon un-

derlying the stretch-sensing properties of the C-dot/PVB films. The
as-prepared C-dot/PVB composite film comprised of 4% C-dots by
weight (Figs. 4C and SI). In this concentration, the embedded C-dots
experience two opposing effects. On the one hand the solid poly-
mer host matrix blocks aggregation of the C-dots and concomitant
fluorescence quenching [52]. On the other hand, the proximity of
the C-dots to one another likely to cause a certain tuning of the C-
dots' fluorescence emission akin to aggregation-induced quenching
[53]. Consequently, as shown in Fig. 1B, the un-stretched C-dot/PVB
film exhibits low fluorescence emission. However, when the film is
stretched, the distances between the C-dots increase, thereby giv-
ing rise to lesser fluorescence quenching and more pronounced
emission. In parallel, the stretched PVB network modified the
chemical environment of the embedded C-dots, giving rise to a shift
in the position of the emission peak (Fig. 1B).

3.2. Characterization of the carbon-dot/PVB composite films

Fig. 2 depicts microscopy and spectroscopy characterization of
the CPC-C-dots. The representative atomic force microscopy (AFM)
image in Fig. 2A shows relatively uniform spherical C-dots, further
reflected in the magnified region (Fig. 2A, inset). Particle size
analysis indicates that the C-dots exhibited diameters of
7.4± 0.2 nm (Figs. 1A and SI). The high-resolution transmission
electron microscopy (HR-TEM) image in Fig. 2B confirms the crys-
talline graphitic nature of the C-dots' carbon cores [54], displaying
well-resolved lattice spacing of 0.21 nm and 0.33 nm, correspond-
ing to the (100) and (002) lattice planes of graphite, respectively
[30,55]. The transmission electron microscopy (TEM) image in
Figs. 1B and SI revealing the uniform spherical nanoparticles. The
excitation-dependent fluorescence spectra of the CPC-C-dots
(Figs. 1C and SI) exhibit a maximal emission peak at 538 nm
(lex¼ 400 nm) accounting for the green colour of the C-dots. The
excitation-dependent fluorescence spectra of the Daaq-C-dots
(Figs. 2C and SI) exhibit a maximal emission peak at 600 nm
(lex¼ 480 nm) accounting for the red colour of the C-dots.

The Fourier transform infrared (FTIR) spectra of the CPC pre-
cursor and CPC-C-dots in Fig. 2C illuminate the functional units
retained in C-dots (Fig. 2C). Specifically, the FTIR peaks between
1330 and 1380 cm-1 are assigned to CeN bonds, the signals at
1460-1520 cm-1 correspond to aliphatic carbons, while the FTIR
peak at 1630 cm-1 is ascribed to C¼N vibration bond of the pyr-
idinium rings upon the carbon dot surface [44]. The intensity var-
iations between the CPC precursor and the CPC-C-dots apparent in
Fig. 2C are indicative to C-dot formation [56]. The deconvoluted
nitrogen 1s x-ray photoelectron spectrum (XPS) of the CPC-C-dots
in Fig. 2D corroborates the FTIR data, confirming retaining of the
CPC functional units upon the C-dot surface. Specifically, the
spectrum shows peaks at 399.1, 400.0, and 401.7 eV, are assigned to
pyridine-N (C¼N), pyrrolic-N (CeN),and NeH groups, respectively
[44,57]. Zeta potential analysis (Tables 1 and SI) confirms the
abundance of positively charged pyridinium units on the surface of
the CPC-C-dots. Spectroscopic and microscopic characterization of
the Daaq-C-dots is provided in Figs. 2 and SI. UVevis spectra of CPC-
C-dots and Daaq-C-dots (Figs. 3 and SI) confirmed the trans-
formation of the precursors into the C-dot assemblies.

C-dot/PVB composite films were fabricated by simple mixing of
the C-dots and polymer solutions, aided by a brief sonication and
followed by evaporation of the organic solvent (Fig. 1). Fig. 3 pre-
sents spectroscopic and thermodynamic experiments examining
the mutual effects upon both CPC-C-dot and PVB constituents in
the mixed C-dot/PVB film. While the CPC-C-dots retained the
typical excitation-dependent emission spectra even after



Fig. 1. Preparation of the elastic carbon-dot/polymer films and their stretch-dependent fluorescence properties. (A) Fabrication of the films using either green C-dots prepared
from the CPC precursor (top row), or red C-dots from Daaq as the carbonaceous precursor (bottom row). The C-dots are immobilized within the PVB polymer framework through
hydrogen bonding. (B) Fluorescent tensile sensing in the C-dot/PVB films. Both the position and intensity of the fluorescent peak change due the film stretching which modulates
the average distance among the fluorescent C-dots. (A colour version of this figure can be viewed online.)

N. Shauloff et al. / Carbon 152 (2019) 363e371366
incorporation within the PVB matrix (Figs. 4A and SI), This phe-
nomenon was also apparent in case of the Daaq-C-dots/PVB film
(Figs. 4B and SI). Importantly, the C-dot/PVB composites retained
excellent transparency to incoming light (Figs. 5 and SI). An addi-
tional confocal fluorescence microscopy experiment carried out on
films' cross-sections confirmed encapsulation of the C-dots in the
entire film volume (Figs. 6 and SI).

Fig. 3A reveals that a significant blue shift for the highest
emission peak, from around 550 to 530 nm (excitation at 400 nm)
occurred upon film formation. This result likely reflects significant
interactions of the CPC-C-dots with the PVB matrix, altering their
chemical environments and corresponding fluorescence emission
position [58]. Indeed, the blue shift of the CPC-C-dots in the com-
posite film is probably due to hydrogen bonding between polar
units at the C-dots' surface and hydroxyl groups within the PVB
framework [59,60]. Supporting this interpretation is the observa-
tion of similar blue emission shifts upon placing the C-dots in polar
vs. non-polar solvents (Figs. 7 and SI).

While the fluorescence results in Fig. 3A attest to the impact of
PVB incorporation upon the properties of the CPC-C-dots, we also
tested the reciprocal effect of the embedded C-dots upon the PVB
host (Fig. 3B). The differential scanning calorimetry (DSC) ther-
mograms in Fig. 3B show the glass transition (Tg) of PVB [61], prior
to, and after incorporation of the CPC-C-dots. Importantly, Fig. 3B
demonstrates a significant decrease in Tg, by almost 6 �C, in the
CPC-C-dot/PVB composite compared to PVB alone. A similar result
was apparent in case of DAAQ-C-dots (Figs. 8 and SI). The lower Tg
in the CPC-C-dot/PVB composite is ascribed to interference of the
embedded C-dots in the gyration radius of the polymer chains,
thereby increasing the free volume [62,63]. A similar thermody-
namic effect has been reported in other nanomaterial/polymer
composites [64].Together, the fluorescence spectroscopy and DSC
data in Fig. 3 point to significant interactions between the C-dot
guests and PVB host in the C-dot/PVB films.

3.3. Fluorescence sensing of carbon-dot/PVB film stretching

The thrust of this study was to investigate the relationship be-
tween the fluorescence properties of the C-dot/PVB films and their
mechanical deformations. Indeed, Figs. 4 and 5 demonstrate
remarkable correlations between the fluorescence emission of the
C-dot/PVB composites andmechanical stretching of the films. Fig. 4



Fig. 2. Characterization of the carbon dots. (A) Representative atomic force microscopy (AFM) image of 2mg/ml CPC-C-dots in Chloroform solution on a SiO2 substrate; a 1� 1 mm
cropped area is further magnified. (B) High resolution transmission electron microscopy (HRTEM) image of CPC-C-dots showing the graphitic crystalline lattice planes. The
magnified image highlights the graphite lattice spacing of 0.21 nm. (C) Fourier transform infrared (FTIR) spectra of the CPC precursor (black) and CPC-C-dots (red). (D) N 1s X-ray
photoelectron spectrum (XPS) of CPC-C-dots. (A colour version of this figure can be viewed online.)

Fig. 3. Spectroscopic and thermodynamic impact of carbon dot-polymer interactions. (A) Excitation-dependent emission spectra of 2mg/ml CPC C-dots in chloroform solution
(black) and CPC C-dot/PVB film (red); (B) differential scanning calorimetry (DSC) traces depicting the glass transition temperature (Tg) of 4mg bare PVB film (black) and 4mg of CPC
C-dot/PVB composite film (red). Traces were measured in air from 30 to 210 �C at a 20 �C/min rate. (A colour version of this figure can be viewed online.)
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depicts the visual and spectroscopic relationship between
stretching of the C-dot/polymer films and their fluorescence
emissions. In the experiments, 2 cm� 0.2 cm films were fabricated
and placed between two clamps in a tensile test instrument. The
clamps were then gradually pulled apart using a mechanical servo
screw drive, producing an increasing strain until the film sample
finally tore. During the experiment, the force applied for film
stretching was measured as well as the corresponding film elon-
gation. Importantly, the fluorescence appearance and emissions of
the films were recorded at each stage of stretching using a con-
ventional spectrofluorimeter (Fig. 4).
The data in Fig. 4 demonstrate remarkable fluorescence trans-
formations of the C-dot/PVB films that were directly correlated to
the extent of film stretching. Fig. 4A, for example, shows that the
CPC-C-dot/PVB film changed from a diminished green color prior to
stretching to intense green-blue appearance upon stretching to
265% with respect to the initial film length. Similarly, the DAAQ-C-
dot/PVB film appeared dark orange-red in its un-stretched state,
transforming into bright orange in the highly stretched (265%)
condition (Fig. 4B).

The spectral analysis in Fig. 4 (right) further underscores the
dramatic tensile-dependent modulation of the films' fluorescence



Fig. 4. Stretch-dependent fluorescence transformations of the carbon-dot/PVB films. (A) Fluorescence photographs of a CPC-C-dot/PVB film at different tensile strengths. The
degree of film stretching (beyond the initial film length) is indicated in percentage values. The corresponding normalized fluorescence emission spectra (lex¼ 400 nm) are shown
on the right. (B) Fluorescence photographs of a Daaq-C-dot/PVB film at different tensile strengths. The degree of film stretching (beyond the initial film length) is indicated in
percentage values. The corresponding normalized fluorescence emission spectra (lex¼ 480 nm) are shown on the right. (A colour version of this figure can be viewed online.)
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signals, specifically the pronounced enhancement of the fluores-
cence emissions upon film elongation. Indeed, in both CPC-C-dot/
PVB film and Daaq-C-dot/PVB film, the emission peaks exhibited
considerably higher intensities upon film stretching. Moreover, the
fluorescence intensity enhancement went hand in hand with blue
shifts of the emission peaks; this effect was particularly apparent in
case of CPC-C-dot/PVB which shifted from approximately 520 nm
prior to stretching, to around 500 nm following elongation of the
film by 265% (Fig. 4A). A lesser blue shift, yet still experimentally
significant - from around 620 to 610 nm - was also apparent in case
of the Daaq-C-dot/PVB film (Fig. 4B). While Fig. 4 demonstrates that
the fluorescence intensity of the PVB-embedded C-dots exhibited
significant sensitivity to film stretching, we also examined the
quantitative relationships between the recorded fluorescence
emissions and specific mechanical parameters e film stress and
strain [65](Fig. 5). Fig. 5 presents experimental data in which the
stress and strain of the C-dot/PVB films were measured upon uni-
axial application of a constant strain loading rate of 20mm/min. In
parallel, the fluorescence intensities emitted by the films at specific
strain/stress were recorded.

Fig. 5 depicts the relationships between the true-stress (T-
stress) and true-strain (T-strain) obtained for the CPC-C-dot/PVB
(Fig. 5A) and DAAQ-C-dot/PVB (Fig. 5B) films, and the corre-
sponding fluorescence intensities recorded at specific T-stress/T-
strain points. The T-stress and T-strain were obtained according to
the following equations [66].

T-stress: st¼ se(1 þ εe)

T-strain: εt¼ In(1 þ εe)
in which se and εe are the engineering (experimentally-measured)
strain and stress, respectively.

It should be emphasized that T-stress and T-strain were
employed here rather than the recorded stress/strain as they better
reflect the plasticity of polymer films undergoing stretch de-
formations [67]. Accordingly, the T-stress/T-strain curves in Fig. 5
reflect the interdependence between film stress and strain, up to
the rupture point at high strain values. The curves reflect conven-
tional behaviour of amorphous elastic like polymers rising in an
exponential manner as the stress gradually increases with an in-
crease in strain [68,69].

Fig. 5 depicts the T-stress/T-strain curves recorded for the two C-
dot/PVB films, obtained at a constant strain rate of 20mm/min at
room temperature, and the corresponding fluorescence intensities
(for CPC-C-dot/PVB - lex¼ 400 nm, maximal emission values at
around 520 nm; for Daaq-C-dot/PVB - lex¼ 480 nm, maximal
emission values at around 620 nm). Specifically, as the films were
stretched from T-strain of 0e3.4 (corresponding to 0%e265%
elongation, i.e. Fig. 3), the T-stress exponentially increased from0 to
60MPa. Fig. 5 reveals remarkable quantitative correlations be-
tween the fluorescence intensities of the films (recorded at distinct
film elongation points corresponding to different strains) and the
mechanical parameters pertaining to film stretching (T-strain/T-
stress curves, and calculated T-stress). The correlation between
fluorescence emission intensity and strain/stress values was
apparent for both CPC-C-dot/PVB film (Fig. 5A), and the DAAQ-C-
dot/PVB film (Fig. 5B).

An important result in Fig. 5 is that in both C-dot/PVB films the
fluorescence intensities of the C-dots exhibit exponential
enhancement upon T-strain increase, closely tracing the calculated



Fig. 5. Correlation between fluorescence intensity and stress/strain of the carbon-dot/PVB films. (A) CPC-C-dot/PVB; (B) Daaq-C-dot/PVB. (i) Tensile true stress (T-stress)/true
strain (T-strain) curves recorded at strain rates of 20mm/min (black lines). The Tensile T-stress/T-strain curve is correlated to the fluorescence intensities (relative to the non-
stretched films in which the fluorescence emission was defined as "1"; green values correspond to CPC-C-dot/PVB and red points account for Daaq-C-dot/PVB). (ii) Correlation
between the fluorescence intensities of the C-dot/PVB films and the measured T-stress. The black lines correspond to the linear fittings. (A colour version of this figure can be viewed
online.)

Fig. 6. Mechano-optical modulation using a mixed carbon-dot/PVB film. (A) Pho-
tographs of a mixed C-dot/PVB composite film at two stretching states using
l¼ 410 nm light emitting diode (LED). (B) Corresponding photoluminescence spectra
of the film prior to stretching (red) and after stretching (black). (A colour version of this
figure can be viewed online.)
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T-stress curves. The exponential behaviour of the fluorescence/
strain relationship is depicted in Figs. 9 and SI. This remarkable
correlation is likely due to the fact that during plastic deformation,
the entangled polymer chains undergo moderate relaxation upon
strain increase, resulting in small enhancement in stress [70],
which, in turn, yields less pronounced separation of the polymer-
embedded C-dots and concomitant small enhancement of fluo-
rescence intensity (Fig. 5). However, following the relaxation stage,
strain-induced chain reorientation along the tensile axis requires
significantly greater work accounting for the steep increase in
stress [71]. Chain reorientation gives rise to significant separation
among the PVB-embedded C-dots, accounting for the precipitous
enhancement of fluorescence intensity, which nicely correlates
with the stress increase (Fig. 5). The remarkable correlation be-
tween the strain/stress curves and fluorescence emission intensity
attest to the interdependence between the mechanical properties
of the films and C-dots' chemical environment, particularly the
average distances among the C-dots which affect the degree of
fluorescence quenching/de-quenching [72]. Supporting this inter-
pretation is an experiment in which lower concentrations of C-dots
were detected in the same film volumes extracted from differently-
stretched films (Figs. 10 and SI).

Particularly striking is the almost linear relationship between
the relative fluorescence emission peaks of the composite C-dot/
PVB films, and the calculated T-stress (Fig. 5A,ii for CPC-C-dot/PVB
and Fig. 5B,ii for DAAQ-C-dot/PVB). The linearity is manifested in
the high R2 factor of above 0.98 for both films. The linear rela-
tionship between film fluorescence andmechanical stress (Fig. 5A,ii
and Fig. 5B,ii) essentially constitutes an effective "calibration
curve”, allowing accurate stress determination based upon
recording the C-dot/polymer film fluorescence. Overall, the data in
Fig. 5 demonstrate an extraordinary quantitative correlation be-
tween the fluorescence of the C-dot/PVB composites and the
intrinsic mechanical properties of the films.
3.4. Optical applications of the stretch-dependent fluorescent C-
dot/PVB films

The dependence of the C-dot/PVB fluorescence upon mechani-
cal modulation of the composite films, particularly its stretching,
facilitated interesting optical applications. Fig. 6 demonstrates
generation of mechanically-tuneable white light emission upon
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illuminating a PVB film hosting both CPC-C-dots and Daaq-C-dots
with a blue (410 nm) light emitting diode (LED), while simulta-
neously stretching the film. As apparent in the photographs shown
in Fig. 6A, the transparent film was initially (prior to stretching)
whitish-grey and exhibited low intensity; however, following 50%
stretching, the film emitted intense white light (Fig. 6A). This
remarkable phenomenon is due to the combined enhanced fluo-
rescence emissions of the two C-dot species interspersed within
the PVB matrix e green in case of CPC-C-dots and red for Daaq-C-
dots. Indeed, the photoluminescence spectrum in Fig. 6B un-
derscores both the spectral profile accounting for the white light
emission [73], specifically the broad emission peak from around
450 nme700 nm, as well as the dramatic stretching-dependent
emission enhancement accounting for the greater light intensity.
The CIE coordinates of the LED-illuminated stretched film (0.310,
0.353) are shown in Figs. 11 and SI, confirming the white light
properties.

4. Conclusions

This work presents a new C-dot/polymer composite allowing
quantitative sensing of tensile modulation in elastic films. Specif-
ically, we incorporated C-dots within a PVB host matrix, and
demonstrated that the shift, and particularly intensity of the C-dots'
fluorescence was intimately linked to stretching of the films.
Importantly, we show that the fluorescence emission intensity of
the C-dots exhibited excellent correlation to the films' stress and
strain, allowing quantitative determination of these parameters.
The remarkable mechano-optical modulation of the C-dot/PVB
films is attributed to the dependence of C-dots' fluorescence upon
the average distance between immobilized particles in a host ma-
trix. Besides fluorescence-based tensile sensing, the C-dot/PVB
films were employed for fabricating a novel mechanically-tuneable
white light emitter. In conclusion, the tensile-dependent fluores-
cence of the C-dot/PVB composites represents a unique physico-
chemical phenomenon having significant technological potential.
The C-dot/polymer films exhibit practical advantages, such as
readily-available and inexpensive reagents, a simple synthesis
scheme, and easily recorded optical output. The concept we
introduce is generic and can be implemented in sensing and optical
applications using varied C-dots and polymeric matrixes.
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