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A Colorimetric Hydrocarbon Sensor Employing a Swelling-
Induced Mechanochromic Polydiacetylene

Dong-Hoon Park, Jaesung Hong, In Sung Park, Chan Woo Lee, and Jong-Man Kim*

Exceptional challenges have confronted the rational design of colorimetric
sensors for saturated aliphatic hydrocarbons (SAHCs). The main reasons for
this difficulty are the extremely nonpolar nature of these targets and their lack
of functional groups that can interact with probes. By taking advantage of a
mechanochromic conjugated polydiacetylene (PDA) and the hydrocarbon-
induced swelling properties of polydimethylsiloxane (PDMS), a sensor film
that enables simple, colorimetric differentiation between a variety of C5 to
C14 aliphatic hydrocarbons is fabricated. The unprecedented PDA-PDMS
composite sensor undergoes a blue-to-red colorimetric transition on a time-
scale that is dependent on the chain length of the hydrocarbon target. In addi-
tion, the development of the red color is directly proportional to the swelling
ratio of the film. This straightforward approach enables naked-eye differentia-
tion between n-pentane and n-heptane. The versatility of the sensor system

is demonstrated by using it for the colorimetric determination of kerosene in
adulterated diesel oil. Finally, the observation that a PDA microcrystal in the
film undergoes significant expansion and tearing in concert with a blue-to-red
colorimetric transition during the swelling process provides direct evidence
for the mechanism for the mechanochromic behavior of the PDA.

interactions or chemical transformations
upon mechanical stimulation. In addition,
periodically structured polymeric photonic
gels have also gained much attention for
their mechanochromic properties.®?
Polydiacetylenes (PDAs)1%22 are struc-
turally very unique conjugated polymers.
These polymers that possess alternating
ene-yne conjugated structures are pre-
pared from self-assembled supramolecular
diacetylene (DA) monomers. Owing to
the existence of extensively delocalized
m-electron networks and conformational
restrictions present along the main chain,
PDAs have unique optical properties. In
particular, PDAs undergo distinct color
changes (typically blue-to-red) when their
arrayed p-orbitals are distorted under the
influence of environmental perturba-
tions (eg., heat, solvent, current, magnetic
field, strain force, ions, ligand-receptor
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1. Introduction

Recently, polymeric materials that wundergo visible
(400-800 nm) absorption and emission spectral changes in
response to external mechanical stimuli have attracted signifi-
cant attention owing to their applications in visible strain sensor
and deformation detector systems, and in anti-counterfeiting
and optical memory devices.'*l For these purposes, a variety of
mechanochromic functional dyes have been incorporated into
polymer matrices either noncovalently®”! as supramolecular
aggregates or covalently’®* in the form appendages to polymer
chains. Colorimetric transitions of mechanochromic polymer
systems of this type usually occur when functional dyes in
the polymer matrix undergo either changes in their stacking
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interactions).[23#7]

Mechanochromic properties of PDAs
have also been probed.[¥-3% For example,
a blue-to-red (or yellow) color transition is observed to take
place when a PDA-polyurethane copolymer is subjected to
tensile elongation.*¥! This finding indicates that if a proper
amount of mechanical stretching energy is delivered to PDA
chains, disruption of the p-orbital array occurs to promote a
colorimetric transition.

In the study described below, special attention has been
given to the polydimethylsiloxane (PDMS) elastomer, a low
cost, flexible and optically transparent polymer that has been
reported to undergo significant increases in volume when
exposed to saturated aliphatic hydrocarbons (SAHCs).P! More-
over, the swelling ratios of PDMS promoted by linear alkanes
are inversely proportional to the number of methylene units in
the carbon chain (eg., 1.44 in pentane, 1.34 in heptane). The
combined observations that PDA mechanochromism takes
place during tensile elongation and PDMS swelling occurs
in the presence of hydrocarbons have led to the proposal
that placement of a PDA-incorporated PDMS film in a liquid
hydrocarbon should lead to swelling of the matrix causing
mechanical stress that will be transferred to an embedded
PDA supramolecule. If the energy transferred to the PDA in
this manner is large enough to disrupt the ordered structure
of the PDA chains, a colorimetric transition of the film will
take place. Finally, the different swelling ratios of PDMS in the
PDA-embedded PDMS film upon exposure to different SAHCs
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should serve as the foundation for a novel sensing system that
can be used to detect and differentiate hydrocarbons.

If correct, the above proposal will address one of the most
challenging issues in the chemical and material sciences
revolving about the development of sensor systems that
undergo color changes upon interaction with SAHCs. Until
now, the nonpolar and functional group (hydrogen/ionic
bonding or electron donor/acceptor moieties) deficient nature
of SAHCs have served as large barriers for the rational design
of efficient colorimetric SAHC sensors. Although hydrocarbon
sensors, which are based on fluorescent dye displacement,?>?
polycyclic aromatic hydrocarbons,3! inorganic nanowires,>
photonic crystals,>>! and viscosity sensitive fluorescent poly-
mers,P% have been described, these methods either require
expensive instrumentation to read output signals and/or suffer
from preparation/operational complexity.

As part of our continuing efforts focusing on the develop-

ment of PDA-based solvatochromic sensors,’’~° we have
employed the reasoning given above to design
an unprecedented colorimetric hydrocarbon
sensor system that synergically employs
the effects of PDA mechanochromism and @
PDMS swelling. The new solvatochromic
sensor system possesses many important fea-
tures. Firstly, the colorimetric signal, gener-
ated upon exposure of the sensor to SAHCs,
is easily recognized by using the naked eye.
Secondly, the sensor can be employed to vis-
ually differentiate structurally similar SAHCs
(eg., n-pentane and n-heptane). Thirdly, the
sensor system is readily fabricated from a
commercial DA monomer and PDMS pre-
cursor by using a simple, sequential mixing-
irradiation-curing procedure. Fourthly, in a
practical sense, the sensor can be employed
to determine the presence of kerosene in
adulterated diesel oil. In addition, this effort
has demonstrated for the first time that a
PDA microcrystal undergoes tearing from
edge sides during the PDMS swelling pro-
cess and that this phenomenon simultane-
ously promotes a blue-to-red color change.
Finally, the strategy developed in this inves-
tigation has the potential of serving as the
foundation for the design of a variety of tailor
made colorimetric hydrocarbon sensors that
are comprised of properly selected mechano-
chromic dyes and PDMS elastomers.

2. Results and Discussion

2.1. Fabrication of the PDA-embedded
PDMS Film

In an effort designed to investigate the feasi-
bility of PDA-PDMS composite based SAHC
sensor systems, a PDMS film containing PDA

supramolecules was fabricated employing a  supramolecules.
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Polydiacetylene (PDA)

Figure 1. (a) Structure of PCDA. (b) Photograph of a typical PDA-embedded PDMS film.
(c) Optical microscopic image of the PDA-embedded PDMS film (d) Schematic of PDA
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simple mixing-irradiation-curing method (Figure 1). Specifi-
cally, a chloroform solution (0.2 mL), containing commercially
available 10,12-pentacosadiynoic acid (PCDA) (Figure 1la), was
injected into the PDMS elastomer base (1.0 g). After chloro-
form was removed in vacuo, the mixture was irradiated with a
254 nm UV lamp (1 mWem™?) for 1 min while stirring to induce
photopolymerization of the PCDA molecules. Formation of
blue color upon UV irradiation is indicative of the presence of
PDA supramolecules in the material. Following addition of a
curing agent (10:1 wt ratio), the resulting blue colored, viscous
mixture was poured into a Petri dish, degassed in vacuo, and
cured at room temperature for 2 days. This process generated
a flexible, transparent, ca. 600 pm thick, PDA-incorporated
PDMS film (see Figure 1b).

Visible absorption spectroscopic monitoring of the pro-
cess confirmed that PDAs are present in the PDMS matrix
(Supporting Information, Figure S1). An optical microscopic
image of a PDA-PDMS composite film clearly demonstrates
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PCDA

1. Mixing with PDMS precursor
2. UVirradiation
3. Curing

wileyonlinelibrary.com 5187

dadvd T1Tind



-
™
s
[
-l
wd
=
™

5188

‘a\j

www.afm-journal.de

that the PDA particles are well-dispersed in the PDMS film
(Figure 1c), as represented schematically by layered supra-
molecular PDAs in Figure 1d. It should be noted that fabrica-
tion of stable blue-colored PDA-embedded films is difficult
when other substances such as polystyrene (PS), poly(methyl
methacrylate) (PMMA), poly(ethylene oxide) (PEO) and
poly(vinyl chloride) (PVC) are employed as matrix polymers
(Supporting Information, Figure S2). This observation demon-
strates the meritorious feature of the PDMS matrix.

2.2. Colorimetric Response to Hydrocarbons

A very surprising result arose from initial studies in which
responses of the PDA-embedded PDMS film to hydrocarbons
were probed. Upon being placed in n-pentane, the size of the
sensor film immediately started to grow in concert with the
occurrence of a gradual color change from blue-to-purple-to-
red (Figure 2a). The red color reached a maximum intensity
within 5 min of the start of the incubation process (Figure 2b).
Incubation of the PDA-PDMS sensor film in a pentane for
10 min brought about a 320% increase in its volume (Figure 2c,
middle) and the film returned to its original volume when it
was removed from pentane and allowed to stand (Figure 2c,
right) (Supporting Information, Movie S1).

Equally interesting were the results of studies, which showed
that the PDA-PDMS sensor film responds differently to different
SAHCs. For instance, incubation of the sensor film in pentane
(C5), heptane (C7) and nonane (C9) for 5 min promotes signifi-
cantly different levels of color change (Figure 2d, inset). The strips
after drying display pale red (C5), purple (C7) and purple blue
(C9) colors, respectively. The different colorimetric responses
indicate that pentane is superior to heptane and nonane in its
ability to disrupt the supramolecular order of the PDA chains. It
should be noted as an aside that, although incubation of the PDA
powder in hydrocarbons results in some colorimetric changes,

Red intensity (%)

Time (min)
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they are not sufficiently large to enable visual differentiation of
the SAHCs (Supporting Information, Figure S3).

Visible absorption spectroscopy was used to confirm the
colorimetric changes occurring in the PDA-PDMS sensor
films (Figure 2d). A significant decrease in the intensity of the
absorption band at 641 nm, associated with the blue phase of
the PDA, along with a simultaneous increase in the intensity of
the band at 545 nm take place when the film is exposed to pen-
tane. In addition, the magnitude of the decrease in the intensity
of the 641 nm band decreases with solvent in the order: pen-
tane > heptane > nonane.

Because the colorimetric response is proposed to be associ-
ated with volume changes, swelling ratios of the PDA-PDMS
sensor film in various alkanes were determined. The swelling
ratio for incubation of a 600 pm thick PDMS film in linear
alkanes for 10 min was found to decrease consistently in the fol-
lowing manner: C5 (1.468), C7 (1.326), C9 (1.241), C11 (1.167),
C13 (1.120). In addition, the degree of increase in red intensity
of the PDA-embedded PDMS film following incubation for
10 min in these SAHC was found to decrease as the number of
carbons in the alkane increases (Figure 3a). These observations,
visualized in the movie clip provided in Supporting Informa-
tion (Movie S2), clearly show that the rate of swelling and color
change of the PDA-PDMS sensor film upon exposure to linear
alkanes is strongly dependent on the length of the hydrocarbon
chain with larger rates being associated with shorter alkyl chains.

In the next phase of the investigation, we determined times
required for the sensor strip to reach a fixed red intensity (RI)
value following exposure to various hydrocarbon solvents. As
expected based on observations described above, the times
required for the sensor strip to reach 75% RI increase as the
chain length of the linear alkane increases (Figure 3b). Linear
alkanes of higher carbon numbers than decane require over a
30 min incubation time to reach the 75% RI value. The data
show this sensor enables differentiation between two SAHCs
differing by only one carbon, a remarkable finding in light of
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Figure 2. (a) Images showing the time dependent colorimetric response and swelling behavior of a PDA-PDMS film in a pentane solvent. (b) Plots
of the red intensity of a PDA-PDMS film in pentane as a function of time. (c) Images showing the swelling and shrinking behavior of a PDA-PDMS
composite film upon exposure to pentane. (d) Visible absorption spectra of PDA-PDMS films obtained after incubation in designated solvents for
5 min. The inset shows photographs of dried PDA-PDMS films after 5 min incubation in pentane (left), heptane (middle), and nonane (right).
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Figure 3. (a) Plots of red intensity and degrees of swelling of a PDA-
embedded PDMS film after 10 min incubation in linear alkanes pos-
sessing different chain lengths, showing that red intensity development
is proportional to the swelling ratio of the polymer film. (b) Bar graph
showing that the time required for the PDA-embedded PDMS film to
reach to a 75% red intensity (RI) value increases as the alkane chain
length increases.

previous difficulties encountered in designing colorimetric
hydrocarbon sensors.

Another feature of the PDA-PDMS sensor is that colorimetric
response of the sensor is dependent on the thickness of the film
and the amount of PDA presents in the PDMS matrix (Sup-
porting Information, Figure S4). Thus, the degree of increase
in red intensity developed from a 3 min incubation of a PDA-
embedded PDMS film in heptane was observed to decrease
as the film thickness increases (Supporting Information,
Figure S4, a). In addition, the degree of increase in red inten-
sity was found to be inversely proportional to the amount of the
PDA supramolecules in the PDMS matrix (Supporting Informa-
tion, Figure S4, b). Overall, the best performance was achieved
with a sensor film of 600 pm thickness that was prepared from
a mixture of 2.5 mg of PCDA and 1 g of PDMS base.

2.3. Practical Application

The number of cases in which fake and adulterated petroleum
is sold has increased dramatically worldwide in recent times.
For instance, John Hogg, one of the world’s forerunners in
marketing fuel markers, has estimated that the UK loses more
than GBP 500 million each year as a result of automotive fuel

Adv. Funct. Mater. 2014, 24, 5186-5193
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tampering.[®¥) Especially problematic because of taxation con-
cerns in many countries are illegally formulated diesel oils,
which are generated by adding relatively cheap kerosene to more
heavily taxed diesel fuel. Kerosene is typically used as a heating
fuel for households in many countries and is sold at lower prices
(for instance 1.4 US$ per liter, in Korea) than is diesel (1.8 US$
per liter). Since the compositions of kerosene and diesel are
similar (ca. 80% identical), detection of adulterated diesel oil is
difficult. In an attempt to prevent counterfeiting, commercial
kerosene normally contains a small amount of an indicator (eg.
phenolphthalein derivatives) so that adulterated diesel oil can be
readily identified. The currently used indicators, however, can be
easily removed from kerosene by filtration through active carbon.

Owing to these issues, a simple, relatively inexpensive, on-
the-spot detection system that can be employed to identify
adulterated diesel is in great demand. Because kerosene is com-
posed of C6-C16 hydrocarbons while diesel oil contains hydro-
carbons ranging up to C8-C21, we believed that the new PDA-
PDMS composite film might be applicable for this purpose.
Indeed, incubation of the sensor film in commercial kerosene
and diesel was observed to promote visually distinguishable
colorimetric responses (inset figure in Figure 4). Specifically,
upon exposure to kerosene the PDA-embedded PDMS sensor
film undergoes a blue to purple-red transition while no signifi-
cant color change occurs when the film is immersed in diesel.
In addition, the amount of kerosene added to diesel oil can be
determined by simply measuring the RI value of the film after a
10 min incubation period (Figure 4). These observations suggest
that a potentially useful on-the-spot sensing system to detect
adulterated diesel would be composed of the PDA-embedded
PDMS sensor film and a simple portable reflectometer.

2.4. Mechanistic Considerations

The swelling induced color change that the PDA-embedded
PDMS film undergoes when exposed to SAHCs is mechanistically
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Figure 4. Bar graph showing the colorimetric response of the sensor film
after 10 min exposure to various volume compositions of kerosene in
diesel oil. The inset shows photographs of the corresponding films.
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Figure 5. Confocal fluorescence microscopic image of a PDA-embedded
PDMS film, obtained after incubation in pentane for 5 min.

intriguing. An interesting feature of this process was revealed
in studies in which changes taking place in the PDA-embedded
PDMS strip are monitored using a confocal fluorescence micro-
scope. A pentane incubated, red-colored
sensor film was observed to display seg- @
mented fluorescence emission from some but
not all PDA crystals within the film (Figure 5,
PDAs inside the circles). This phenomenon is
not observed when the PDA-PDMS composite
film undergoes the blue-to-red color transition
upon heat treatment (Supporting Informa-
tion, Figure S5). We initially thought that the
segmented fluorescence emission originated
from different, closely located PDA crystals.
However, analysis of fluorescence images col-
lected from diverse samples confirmed that
emission arises from edges where PDA crys-
tals had undergone rupture (Supporting Infor-
mation, Figure S0).

Motivated by the results of the confocal
fluorescence microscopic studies, our atten-
tion next focused on an effort to gather direct
evidence for the role played by PDA crystal
tearing during hydrocarbon induced film
swelling. We envisioned that optical micro-
scope analysis of a PDA microcrystal located
close to the surface of PDMS film might pro-
vide important information about the mech-
anochromic event. Indeed, this approach
showed that a blue-colored PDA microcrystal
near the surface of the PDMS film exposed
to octane does indeed undergo a dramatic,
time-dependent morphological change along
with a simultaneous blue-to-red color transi-
tion (Figure 6a). Importantly, inspection of
the microscope image reveals that initiation

PDA crystal
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of tearing occurs from the weak edge side of the PDA crystal.
Thus, these findings are fully consistent with the observed
segmented fluorescence images (Figure 5) discussed above. In
Figure 6b are shown schematic top views of the PDA crystal dis-
played in Figure 6a during the hydrocarbon promoted swelling
process. Mechanical strain energy, transferred to PDA crystals
as a consequence of film swelling, should have a major impact
on edge sides where attractive forces between neighboring PDA
chains are expected to be low. Thus, separation of the PDA
chains should occur from the weak edge sides and eventually
migrate to the middle part of the crystal. The increase in inter-
chain distance caused by this change enables a certain degree
of C-C single bond free rotation to occur in the polymer main
chains, which leads to distortion of the arrayed p-orbitals and
the consequent blue-to-red color transition (Figure 6c).

We found that simple mechanical stretching of the PDA-
embedded PDMS film does not cause a noticeable color change.
This observation demonstrates the unique role that SAHCs
play in promoting the blue-to-red color transition of the sensor
film. Important information on the role played by SAHCs was
obtained from an experiment in which a PDA crystal embedded
in the PDMS matrix was monitored by using visual microscopy
(Figure 7). A PDA microcrystal was observed to undergo the
blue-to-red color change during the octane initiated swelling
process (Figure 7a—d). Interestingly, a significant shrinkage of
the crystal takes place when the sensor film is removed from

Side view of
blue and red phases

b Topview c

blue phase

red phase

Figure 6. (a) Images showing that a PDA microcrystal experiences drastic color and shape
changes during PDMS swelling in octane. It is evident that the blue-to-red color transition is
initiated from the edge of the crystal. Microscopic images of the crystal were recorded at 0 (i),
5 (ii), 10 (iii), 15 (iv), 23 (v) min, respectively. (b) Schematic representation of the top-view of
a microcrystal during mechanical stretching. The blue and red dots represent each alkyl chain
and the phase transition points are shown as diagonal lines. (c) Schematic side views of blue
and red phase PDA. An increase in the interchain distance from d; to d, enables C-C sigma
bond rotation that results in twisting of some PDA chains.

Adv. Funct. Mater. 2014, 24, 5186-5193



'A\
M“\“‘\hﬁ,,;

www.MaterialsViews.com

a| @ d

/),,

Figure 7. Optical microscopic images of a PDA crystal embedded in a
PDMS film recorded at 0 (a), 3 (b), 6 (c), and 9 min (d) after placement
in octane. (e) Optical microscopic image of the dried PDA microcrystal
from (d). (f) Optical microscopic image of the dried PDA microcrystal
after 254 nm UV irradiation (1 mW/cm?) for 30 s. Appearance of the blue
color near the PDA crystal is indicative of the PDA formation. The scale
bar is 20 pm.

octane and dried in air (Figure 7e). Surprisingly, UV irradia-
tion (254 nm) of the dried film results in generation of blue
colored PDAs near the location of the original PDA micro-
crystal (Figure 7f, arrow marked areas). This finding strongly
suggests that diacetylene monomers are released from the PDA
crystal during the PDMS swelling process and that these mono-
mers form self-assembled aggregates upon solvent evaporation,
which then participate in UV induced polymerization.

A combination of observations made in this investigation,
including the significant increase in the length of the PDA
crystal (especially direction perpendicular to the PDA chain)
and diacetylene monomer leakage from the polymer crystal
during the swelling process, have led to the following proposal.
The hydrophobic nature of SAHCs causes the PDA-PDMS
film to swell. The large volumetric change occurring during
swelling then generates a significant mechanical strain on the
PDA supramolecules embedded in the matrix polymer. This
perturbation releases unreacted monomers present in the PDA
into the hydrocarbon solvent, an event that leads to the crea-
tion of voids in the PDA supramolecules, The combined effects
of mechanical strain and void creation causes a decrease of
interchain interactions in the PDA and serve as a driving force
for the PDA phase transition. The above hypothesis was fur-
ther verified by observing no color change of a PDA-embedded

Adv. Funct. Mater. 2014, 24, 5186-5193
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PDMS film derived from hydrocarbon insoluble diacetylene
monomer (Supporting Information, Figure S7).

It should be noted that, unlike PDA microcrystals embedded
in the PDMS matrix, isolated PDA microcrystals do not undergo
swelling or disruption when exposed to octane. Instead, crystal
shrinkage and a blue-to-red color transition occur during incu-
bation (Supporting Information, Figure S8). This observation
provides further support for the proposal that PDMS swelling
is the driving force for disruption of PDA crystals embedded in
the polymer matrix.

3. Conclusion

The study described above has led to the development of a
new colorimetric hydrocarbon sensor system. The PDA-PDMS
composite film constructed in this effort enables visual differ-
entiation of a number of different linear alkanes. Distinction
is simply made using blue-to-red colorimetric response times
that depend on the chain length of the alkane. The red inten-
sity developed upon incubation of the film in saturated hydro-
carbons is directly proportional to the degree of swelling that
the film undergoes. The swelling promoted increase in inter-
chain distance between PDA supramolecules within crystals
embedded in the film then produces distortion of the arrayed
p-orbitals of the conjugated polymer and a simultaneous blue-
to-red color transition. A meritorious feature of the sensor
system is that it can be employed to detect kerosene in adul-
terated diesel oils in a simple and convenient manner. Finally,
the current investigation has led to the development of a new
and potentially general strategy for the colorimetric detection
of hydrocarbons. Specifically, it may be possible to design new
chromogenic hydrocarbon sensor systems that are based on
changes in the absorption and emission properties of functional
molecules, which are induced by changes in intermolecular dis-
tances associated with volume deformation of a PDMS matrix.

4. Experimental Section

Materials and Instruments: 10,12-Pentacosadiynoic acid (PCDA)
was purchased from GFS Chemicals, Ohio, USA. 3-Pentacosa-10,12-
diynamidobenzoic acid (PCDA-mBzA) was prepared according to the
literature method. Hydrocarbons (C5-C14) were obtained from Aldrich.
Polydimethylsiloxane (PDMS, Sylgard 184) was purchased from Dow
Corning. Kerosene and diesel oils were purchased from a Hyundai Oil
Bank, Korea. Optical microscopic images were collected with a Olympus
BX 51W/DP70. Confocal fluorescence microscopic image was obtained
with a Olympus IX83/FV1200. UV-visible absorption.

Fabrication of PDA-Embedded PDMS Film: A typical procedure
for the preparation of a PDA-embedded PDMS film is as follows.
A chloroform solution (0.2 mL), containing commercially available
10,12-pentacosadiynoic acid (PCDA) (2.5 mg), was injected into a PDMS
elastomer base (1.0 g). After removing chloroform in vacuo, the mixture
was irradiated with a 254 nm UV lamp (1 mWem™) for 1 min while
stirring. To the resulting, blue colored mixture was added a curing agent
(10:1 wt ratio) and the resultant viscous solution was poured into a Petri
dish, degassed in vacuo, and cured at room temperature for 2 days. This
process generated a flexible and transparent PDA-incorporated PDMS film.

Colorimetric Sensing of Hydrocarbons: A blue-colored PDA-embedded
PDMS film was placed in a vial containing 4 mL of a specified liquid
hydrocarbon. After incubation for 5 min at 25 °C, the sensor strip was
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removed from the vial and air dried. The red intensity (Rl) values of 10
different spots on the hydrocarbon-treated sample were determined
using an Adobe Photoshop program.

Supporting Information

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

Visible absorption spectra and photographs of PDA embedded
polymer films. Confocal and optical microscope images of hydrocarbon
treated PDA-embedded PDMS films and PDA microcrystals. Movies
showing swelling-induced colorimetric transition of PDA-embedded
PDMS films.
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