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Colorimetric mechanical (force, pressure, strain, and impact) sensors allow naked-eye visualization of
existing structural deformations of a system occurring upon application of a mechanical action. The
combination of mechanochromic materials with polymers offers a practical approach to designing and
fabricating these sensors. Polymers as matrices can tolerate a wide range of forces and permits
reusability of the sensors. On the other hand, mechanochromic materials provide unique colour
properties depending on the type of mechanical action. They have also been frequently employed for
the quantification of mechanical forces. As an example, non-centrosymmetric crystals are combined
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using polymers and inorganic and organic mechanochromic materials working under a wide range of
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1 Background

Colorimetric optical signals initiate natural activities in wildlife
such as mating, hunting, and combat."” This phenomenon
has inspired researchers to develop bio-inspired functional
materials®*° that change colour upon exposure to an external
stimulus such as mechanical action. A mechanical force is
converted into an optical signal through a process called
mechanochromism. While commercially available mechanical
sensors are mainly based on electronic systems that need
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additional and exclusive circuitry assembly,"* colorimetric

mechanical sensors exhibit a visible optical response upon
application of mechanical action."®™*° They offer various advan-
tages such as being cost-effective and easy detection of stimuli
even by the naked eye."” These sensors find essential application
in strain, impact, and damage indicators in biomedical devices,
smart displays, household products, fingerprint identification,
and civil engineering.'® Moreover, colorimetric mechanosensors
have received a great deal of interest due to their strong ability to
control light propagation, vivid color display, and zero energy
consumption.” As in all sensor technologies, sensitivity, selec-
tivity and rapid detection are major challenges to colorimetric
mechanical sensors. Despite these obstacles, colorimetric sensors
have become widely accepted in many daily life applications.
Mixing polymers and mechanochromic additives is a versatile
approach to obtain flexible and processible stimuli responsive
materials.”® Mechanochromic materials that reversibly or
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permanently change their colour as a response to external
stimuli are of widespread fundamental importance.>" In gen-
eral, these optically active functional additives are mostly
inorganic/organic and/or organometallic compounds.>* Their
sole use leads to restrictions in sensor applications due to their
inherent rigidity, hard processing conditions, and discontinuity.>®
Therefore, polymeric composites thereof provide tailorable colori-
metric properties owing to their versatility, processability, and
reusability in the visible region.>*?” In this context, the nature of
polymers in such composite sensors has a dramatic role and their
physical properties need to be considered for careful design.
For instance, the responsivity is related to the transparency of
matrices since it can facilitate light propagation, namely the
signal output of colorimetric sensors. Both the optical properties
and mechanical behaviour of polymeric matrices have strong
influences on the reversibility and reusability of mechanochromic
systems. The polymeric materials employed in mechanochromic
composites behave like rubber or elastomers and exhibit almost
complete reversibility.*® In contrast, the use of viscoelastic poly-
mers causes irreversible responses, yet the polymers may preserve
the colorimetric data even after removing the stimulus. Moreover,
the low cost, processability, and mechanical robustness of polymer
matrices make them useful and good candidates for long-term
use.”’

Over the past few decades, various polymer composites have
been fabricated that show optical response to stimuli such
as force, temperature, chemical substances, and pH using
various chemical and nanostructure systems.”***~** Literature
examples are compiled in Table 1, along with the types of
mechanochromic additives, the types of polymers and the
corresponding preparation methods. Mechanical deformation
and the range of mechanical action are also presented. The under-
lying mechanism is important for selection of mechanochromic
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materials, which can be summarized under four different optical
phenomena (Scheme 1).

Triboluminescence (TL), namely luminescence generated
through crack or fracture formation under mechanical
actions, can serve as an example of emission related optical
responses.’*?* The combination of TL materials with an elastic
matrix allows the transfer of this optical feature to the matrix
material. If a careful calibration curve is prepared, one can
obtain information about the magnitude of the applied impact
using the intensity of the TL emission. The shift of the emission
signal at the excitation wavelength (photoluminescence) upon
application of a mechanical action can be another source
of mechanochromism. This change usually occurs due to the
switching of the molecular structure, conformational rearrange-
ments and/or intermolecular interactions.**’” Photonic crystals
are also a candidate for mechanochromic materials.>®*™*!
Numerous polymer-based three-dimensional photonic crystal-
line structures that show responsive colour change upon
stretching have been developed.'®**™* Diffraction, i.e. a coherent
scattering of incident light from periodic structures, generates
colours; the variation of periodicity upon application of a
mechanical action causes a change in colorimetry. The sensi-
tivity of a sensor system can be determined by the shift in the
reflectance spectrum divided by the applied strain.*® Along with
sensor applications, these responsive photonic crystal compo-
sites have remarkable potential in colour displays, inks and
paints, and numerous optically active components.*> Moreover,
some metal nanoparticles with surface plasmons such as Au
and Ag can be sources of mechanochromic materials.*”** The
plasmon resonance of the coupled particles depends on the
interparticle distance.**”>* Therefore, assembly/disassembly of
the particles causes a strong plasmonic signal and distinct
colour change. Such plasmonic nanoparticles may respond to
mechanical actions or even influence the optical processes of
molecules present on their surfaces (e.g., absorption, fluores-
cence, and Raman scattering).>®> Metal nanoparticles are
embedded into polymers to contribute optical response to
generate colorimetric mechanical sensors.>*>°

The aim of this review is to give a general picture of the
fundamentals of colorimetric mechanical sensors from the
perspectives of preparation methods, sensing performance,
and further potential applications. This part of the text includes
basic statistical data from the literature. A brief summary of the
preparation methods of sensor systems and key applications of
colorimetric mechanical sensors will be given further in the
text, while expatiating on the state of the art of these materials.
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Table 1 Overview of mechanochromic materials and their working ranges in the literature
Polymer Type of
matrix Chromic additive Processing technique stimulus Properties Reversibility Ref.
PVDF EuD,TEA Spin coating Impact Force range = 5.4-9.5 N Irreversible 57
PDMS ZnS:M**(Mn/Cu)@ Dispersion and Impact A strain of 20% Reversible 58
Al O3 printing processes at a frequency at 2 Hz
PU EuD,TEA Blending in solution Impact Force range = 2.45-42.00 N Irreversible 59
or surface impregnation
PU Cu(NCS)(py).(PPh3) Surface impregnation on Impact Force range = 0.98-4.98 N Irreversible 60
nonwoven electrospun mats
LLDPE Cyano-OPVs = Conventional melt Strain Stretching ratio = 500% Irreversible 61
BCMDB and BCMB processing
PU Cyano-OPVs = Conventional melt processing Strain Stretching ratio = 200-300% Irreversible 62
C1-RG, C18-RG
Polyamide 12 C18-RG Conventional melt Strain Stretching = 80% Reversible 63
B processing
PDMS (PVA)/LAPONITE®™ Drop casting, spray Strain Strain range = 0-40% Reversible 64
composite coating, curing
PDMS Y,03:Eu; Drop casting, spray Strain Strain range = 0-20% Reversible 64
PVA TiO, coating, curing
PDMS SiO, particles Spray coating, curing Strain Strain range = 0-80% Reversible 65
PDMS PS particles Drop casting Strain Strain range = 0-20% Reversible 66
PPEGPEA SiO, particles Photopolymerization Strain Strain range = 20-47% Reversible 40
Poly(ethyl Colloidal particles Soap-free emulsion Strain Poisson’s ratio = 0.497 Reversible 41
acrylate) MMA and ethyl polymerization (rubbery soft materials & 0.5)
acrylate
PPEGPEA SiO, particles Photopolymerization Strain Strain range = 0-50% Reversible 39
PVP Au NPs Dispersion and drop Pressure Pressure range = 7 X Irreversible 67
casting 10%-1.6 x 10° psi
PEG Expansion up to 66% with
PEG doping
PAAmM Au NPs Dispersion and Pressure Pressure range up to 160 MPa Irreversible 55

drop casting
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Scheme 1 Schematic outlook for reviewed mechanochromic sensors governed by different mechanisms.

From this starting point, the rational design and fabrication of
polymeric mechanical sensors working under a wide range of
external mechanical forces with various tones of colours may
become possible.

To study the development of these subjects, publications
were collected and classified with respect to their publication
year using the Web of Science with keywords “photoluminescence,”
“plasmonics,” “triboluminescence,” and “light scattering.”

12038 | J. Mater. Chem. C, 2020, 8,12036-12053

Moreover, sensor and mechanochromic sensor related publica-
tions were extracted from these datasets as subsets by searching
for “sensor” and ‘‘sensor” + “mechanical” (meaning that
“mechanical” was extracted from “sensor” related publications)
keywords. Publication years were classified into three groups in
order to see the distribution of publications over certain year
ranges: before 2000 as “<2000” to represent old publications,
between 2000 and 2010 as ‘“2000-2010”, and after 2010 as

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Statistical distributions of (a) photoluminescence, (b) plasmonics, (c) triboluminescence, and (d) light scattering publications with respect to
publication years classified into certain time periods such as before 2000 (<2000), between 2000 and 2010 (2000-2010), and after 2010 (>2010).
In each part, the first figure shows total publications, while the inset demonstrates sensor-related ones, and the second figure illustrates mechano-

chromic sensor-related publications.

“>2010.” Processed data were plotted (Fig. 1) using “letter value
plots” via the Seaborn python library.®®® Here, the black lines for
each distribution represent the medians of the data. The box
height indicates the corresponding range of lower and upper
hinges as interquartile regions. The algorithm first draw the
largest box around median. Then it continues to find interquartile
regions for each remaining data distribution and draw smaller
boxes. The reduction of the box width continuous many times
until whole data is covered (data that remain outside of the box/
boxes in both the upper and lower regions separately). Therefore,
the box size hints about how far it is from the central distribution,
as an outlier. The left panels represent total general publications
with main keywords from (a) to (d) in the same order as above.
Inset plots demonstrate sensor related publications, while the
right figures illustrate mechanochromic sensor related ones.
All these plots suggest that the general trends for the publications
in these fields (taking black lines into account) have reached their
peak in recent years, indicating that there has been growing
interest over time. More specifically, Fig. 1a shows that before
2000 photoluminescence publications were around 1000, while
after 2010 they reached 13000, which constitutes a dramatic
increase. Similarly, sensor and mechanochromic related publica-
tions jumped from almost 0 to 800 and 0 to 35, respectively. In the
case of plasmonics, Fig. 1b, the numbers of publications in
<2000 and 2000-2010 were similar, but after 2010 the number
has increased dramatically to 2250. Since this is a new field which
emerged mostly with the advances of nanotechnology, there were
almost no publications before 2010. After 2010, sensor and
mechanochromic sensor related publications have reached 300
and 35, respectively. Meanwhile, although TL has been known for
a long time, the number of related publications is relatively low,
around 45 before 2000 and between 2000 and 2010. However,
after 2010, there has also been a significant increase in TL papers,
reaching 70 but with a maximum of 100. Sensor related papers

This journal is © The Royal Society of Chemistry 2020

show an increasing trend over these time ranges, from 2 to 4 and
then 15, respectively, while mechanochromic sensor related ones
started to jump after 2010, increasing from 2 to 8. Light scattering
publications were numerous before 2000 but had a median below
1000 and increased dramatically between the years 2000 and 2010,
reaching almost 11 000 publications after 2010. Similarly, sensor
and mechanochromic sensor related publications have demon-
strated an increasing trend over time, increasing from almost 0
for both to 700 and 70 publications, respectively. As a result, these
fields will attract more attention in the near future, and we expect
that mechanochromic related publications, as subsets of these
fields, will continue to grow.

2 Triboluminescence

TL is a term used to define a flash of light produced by
materials as a result of impact or under any mechanical action.
It may be one of the oldest known sources of luminescence.
Even though the first examples of its application originated
from the Uncompahgre Ute Indians from Central Colorado,”®
the first recorded discovery of its presence dates back to the
beginning of the 17th century. It was reported in the Advance-
ment of Learning by Francis Bacon based on his observations
from scraped sugar.”! Since then, contributions to this field
had mainly focused on the discovery of different types of TL
materials from inorganic to organic crystals until the 19th
century. Finally, systematic studies exploring the physical
mechanisms behind this phenomenon and revealing the rela-
tionship between crystal structures and TL appeared in the 20th
century thanks to advancements in instrumentation to catch up
weak and short life time signals.””> Even though some satis-
factory physical mechanisms have so far been proposed to
explain the source of radiation in these materials, they work

J. Mater. Chem. C, 2020, 8,12036-12053 | 12039
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well in only certain cases, meaning that TL is still short of a
universal theory.”

One of the well-known explanations for TL was proposed by
Langevin in 19137* and further elucidated by Longchambon,”>”®
which took into consideration oppositely charged fracture planes
appearing in almost all non-centrosymmetric crystals. The electric
field between these planes causes gas-discharge and therefore
results in an emission due to the energy released from neutralized
ions while returning to the lower energy state. Fig. 2 presents how
a typical fractured crystal reorganizes the charge distributions in
cracked regions by forming oppositely charged planes in this
model that create emission based on gas-discharge. First, under
certain stress, the system has positive and negative charge distri-
butions due to its piezo nature (Fig. 2a). A crack or fracture
emerges in the system as the applied stress changes, which causes
reorganization of the charge distribution between the fractured
regions (Fig. 2b). During this process, gas-discharge occurs and
results in luminescence. A typical TL spectrum for gas-discharge is
usually related to characteristic N, emission. For instance,
sucrose’””® and Li,SO,-H,0”* demonstrate this characteristic TL
emission (Fig. 2c). However, this explanation fails in the case
when emission does not match with the surrounding particular
gas emission spectrum’® or when the TL material is a non-
piezoelectric crystal. For instance, europium tetrakis(dibenzoyl-
methide) triethylammonium (EuD,TEA) crystals show typical Eu®*
ion spectral distribution instead of indicating any characteristic
emission spectrum of the surrounding gases.*>®' On the other
hand, some well-known statistics about materials with centrosym-
metry, such as 68% of aromatic organic compounds,®” 53% of
inorganic sulfates,”® 73% of triclinic crystals,**** and 50% of
nitrates and halogens,® reveal that a significant amount of non-
piezoelectric crystals can exhibit TL.%® Nevertheless, TL started to

g tEEFEE4H

TR

g EEtEEEL

o
ad

Sucrose Li,S0,+H,0

TL intensity (a.u.)

320 360 400
Wavelength (nm)

320 360 400 440 480
Wavelength (nm)

Fig. 2 (a and b) Schematic representations of the mechanism proposed
by Langevin. Redesigned from Walton et al., Taylor & Francis.”® (c) Typical
TL spectra of sucrose and Li,$O4-H,O. Reprinted from Xie et al., Elsevier.®®
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get more attention with advancements in sensor technologies,
such as real-time sensors and mechano-sensors, and in bio-
imaging devices, display technologies, etc. To gain further insight
into the details of TL for non-piezoelectric crystals, various
mechanisms have been proposed including impurity/defect or
fracture induced local piezoelectric fields, electron bombardment,
and charge dislocations or disorder in materials.”"””*” For more
details about the proposed mechanisms and TL applications,
readers are strongly encouraged to refer to some recent
reviews.®**° Here, we will focus mainly on applications of TL
materials in the form of polymer composites as mechanochromic
sensors, in other words, transfer of TL to polymeric systems.

Since TL materials can produce emission without electricity
as input, these materials can be used in a wide-range of
applications, including mainly sensors and also display
technologies,”"> emergency lighting, and even biological®***
and lighting/solar cell applications.”>™® In the case of
mechanochromic sensor applications, the main purpose is to
develop TL material systems that have high durability in terms
of producing bright enough optical signals under repeated
mechanical actions. First, such a requirement necessitates
any selected TL system to exhibit elastic deformation under a
corresponding mechanical action that can produce lumines-
cence. Second, this system should also be able to create high
brightness while satisfying the above condition. The candidate
materials including mechanosensor and surrounding matrix
should satisfy the conditions mentioned above. The specific
colour rendering of a particular signal makes TL materials
functional in composite structures and makes it possible to
develop sensors which can simultaneously measure the location
and intensity of the mechanical force generated. However, using
TL materials alone is not sufficient for impact sensors. This is due
to the difficulty in implementation of a TL material, since it is
deformed irreversibly and loses its initial crystalline structure.
Since the signal is weak, its detection is problematic. Arica et al.>’
demonstrated a home-made, unique design of a device to mea-
sure both TL and electrical signals when a precise mechanical
impact is applied to an EuD,TEA containing PVDF system under
repetitive cycles. Therefore, the incorporation of TL materials into
any surrounding system like polymers is, in addition to the
requirement of high durability, also crucial for these materials
to be used as mechanochromic sensors.

Polymers, as surrounding matrices, can provide significant
advantages for TL systems since they exhibit high elastic
deformation rates and high durability, protect against the
environment and can even improve TL.”® For instance, Tu
et al. prepared Li,NbO;:Pr** by varying the Li amount and
mixed these materials with optical epoxy resin, which were
cross-linked through exposure to UV light at 365 nm."®° They
found that slightly Li-rich Li,NbO;:Pr** show optimum TL, and
the corresponding stress sensors can work in the range from
10 Pa to piconewton scales. Qian et al. used PDMS as a polymer
matrix for ZnS:Mn/Cu@Al,O; microparticles, and they adjusted
the elasticity modulus of the composite by employing different
amounts and sizes of SiO, nanoparticles.’® Mixing polymers
with particles can provide a range of strains under which the

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Schematic demonstration of a flexible device composed of a TL
system filled with SiO, microparticles. (b) SEM images indicating systems
with/without SiO», (c) TL under certain stress and (d) TL intensity along the
yellow arrow. Reprinted from Qian et al., Wiley.>®

corresponding TL system can work, which can be determined
for any specific sensor application. On the other hand, the
authors found that the presence of SiO, microparticles can also
concentrate the stress on the TL material, which can lead to
intense luminescent radiation even under weak mechanical
actions like stimuli of the moving skin (Fig. 3). This system can
be used in flexible and printable devices that may find a wide
range of potential applications. For polymer specific investigation
of TL performances such as mechanochromic sensors, Incel et al.
prepared micrometer-sized europium tetrakis(dibenzoylmethide)
triethylammonium (EuD,TEA) crystals and embedded them into
various transparent polymers including PMMA, PS, PVDF and PU
by either blending in solution or surface impregnation.”® The
main transition of EuD,TEA was from °D, to 'F,. Here, these
polymers were selected due to their variation in morphology, and
mechanical and electrical properties. PMMA and PS are amor-
phous, while PVDF and PU exhibit piezoelectric and elastic
properties. The authors observed that more than 10% in wt of
TL material is needed in order to obtain luminescence when a
polymeric film is prepared by casting polymer and TL material
dispersion. On the other hand, only 2.5% is required for surface
impregnation of TL materials onto polymer films. This conclusion
reveals that the preparation method of composites is significant
to achieve TL signals. Moreover, among those polymers, surface
impregnated PU/TL composites exhibited longer-lived emission
and higher TL intensity between applied forces of 2.45 and
42.00 N.

The same group of authors also investigated the TL perfor-
mance of Cu(NCS)(py).(PPhs) crystals under certain mechanical
impacts between 0.98 and 4.98 N, which were measured and
applied through a home-made drop tower system presented in
Fig. 4a, using the same polymers above but in the form of
nonwoven electrospun mats this time.®® They impregnated the
surfaces of these electrospun mats with the corresponding TL
material. Similar to their previous study, they found that sur-
face impregnated nonwoven electrospun PU fibres show strong
TL response while retaining the difference between the TL
and PL emission minima, which may have originated from
the chemical affinity between PU and Cu(1). Moreover, in terms

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Drop tower system, (b) TL emission of different polymer mats
over varying number of drops, and (c) TL emission of PU fibre mats over
varying number of drops. Reprinted from incel et al., American Chemical
Society.®©

of repeatability, the authors observed that using PU fibre mats
provides a longer-lived emission that is persistent over a large
number of drops, as presented in Fig. 4b and c.

One limitation of TL materials when combined with polymers
is the attenuation of luminescence throughout the polymer
component. The morphology of polymers plays an important
role in sensor materials. Since they usually absorb materials,
the intensity of TL rapidly decreases even if the employed
polymer is transparent. The application of polymeric fibres as
mentioned in the previous example as a substrate for TL
crystals did not allow detection of meaningful optical signals.
Since the thickness of the fibres is comparable with the
wavelength of visible light, the polymer causes rigorous optical
scattering of the TL signal.

3 Photoluminescence

Materials that can change their optical fluorescence charac-
teristics upon application of mechanical action have received
prominent academic interest and have a wide range of applica-
tions from strain sensors to integrated failure indicators. For
instance, integrating appropriate organic pigments into ductile
or elastic polymer matrices allows fabrication of emissive
mechanochromic polymer composites. One of the significant
strategies for the fabrication of emissive mechanochromic
sensors is based on excimer-forming photoluminescent colour
aggregates in a molecularly dissolved/dispersed state that exhibit
considerably different emission characteristics. This difference is
thought to originate from the formation of nanoscale aggregates
of excimer-forming dyes in the polymeric host, which are
homogeneously and well distributed under mechanical
deformation.'®?%1°1192 Therefore, the force-induced shift in
the photoluminescence observed may be irreversible or reversible.
As examples, blends of 1,4-bis(a-cyano-styryl)benzenes in
poly(ethylene),'® excimer-forming chromophores or cyano-
OPVs, 02103194 eyano-substituted poly(phenylene ethynylenes),'*
perylenes and perylenebisimides,'®® bis(benzoxazolyl)stilbene,""”
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pyrenes,'*®'® and various polymer matrices'>*>"'° have been
used. Besides molecular fluorophores, quantum dots are nano-
particles that can emit PL and have been frequently used for
optoelectronic applications. Only the mechanical sensor applica-
tions of quantum dots have been reported. Polymer composites
have been studied for other stimuli such as temperature and
pH‘111—113

Mechanochromic materials’ optical responses through either
emitting or shifting emission spectra at certain excitation wave-
lengths can be explained via different mechanisms depending
on their morphological properties. During the application of
mechanical action, the geometry of photoluminescent com-
pounds may organize throughout the compelled flow direction
of the macromolecular matrix. Mainly, the mechanisms of
photoluminescent mechanochromic materials can be summarized
as aggregation-induced emission/aggregation-caused quenching
or aggregation-state transitions such as J-type to H-type and to
dimer-type through varying stacking modes of these functiona-
lized molecule crystallizations.''® Aggregation-induced emission
or aggregation-caused quenching can be related to n—n stacking
or restricted intramolecular rotation, respectively. Both cases are
the consequences of the varying packing formation depending
on the corresponding molecule structures. For instance, the n-n
stacking of the aggregated molecules can form excimeric shapes
that can favour non-radiative decaying channels causing quench-
ing (Fig. 5a), or restricting the rotation of some molecular bonds
due to aggregation can release the stored energy radiatively since
the rotation is blocked (Fig. 5b). Mechanical stress-induced n-n
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colour

Fig. 5 (a) Propeller-shaped HPS molecules are highly emissive upon
aggregation owing to the restriction of intramolecular rotation (RIR) of
their multiple phenyl rotors against the silole stator. (b) Disk-shaped DDPD
molecules are non-fluorescent in an aggregate state because of the
involved strong mn—n stacking interaction; reprinted from Wang et al.,
Elsevier.* (c) Schematic diagram of the stacking modes and emission
colours with various molecular aggregation states in generic AIE lumino-

gens. Reprinted from A. Pucci, MDPI.1*®
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stacking can lead to transition in the aggregation states, from
J-type to H-type and to dimer-type, as the mechanical stress
increases (Fig. 5¢c), which is the inevitable consequence of the
strengthened m-7 interactions. Such a transition can cause a
dramatic red shift in the emission due to excimer formation.
Both mechanisms include the formation of excimers, but
depending on the molecular structure of the corresponding
material, the excimer formation either favours the non-radiative
energy decay causing quenching or still decays radiatively but with
a lowered energy compared to monomer emission.
Conventional melt-processing techniques are generally used
to fabricate physical blends of dyes and host polymers. Crenshaw
et al. stated that binary mixtures of LLDPE and cyano-OPVs can be
readily fabricated by this technique.®’ The homogeneous blends
display emission spectra that have been characteristic of the
monomer emission of the dyes; however, simple mixing of the
components leads to the formation of excimers that emit less
energy. The study shows that mechanical deformation can result
in a significant change in the emission characteristics of the
blends, allowing the excimer deformation framework to be
used as a “molecular” strain sensor. This result offers tremen-
dous potential for technological applications, especially for the
use of polymer artefacts of such dyes as integrated deformation
sensors. Fig. 6a shows the chemical structures of the photo-
luminescent dyes and the emission properties of their mixtures
under deformation. These structures are 1,4-bis(R-cyano-4-
methoxystyryl)-2,5-dimethoxybenzene (BCMDB), 1,4-bis(R-cyano-
4-methoxystyryl)benzene (BCMB), and 1,4-bis(R-cyano-4-(2-ethyl-
hexyloxystyryl))-2,5-dimethoxybenzene (BCEDB). Binary blends of
LLDPE and BCMDB or BCMB with a dye concentration of more
than 0.18% w/w were prepared by using a twin-screw mini-
extruder. Solid state tensile deformation was applied to blend
films of LLDPE and 0.18% w/w BCMDB and 0.20% w/w BCMB to

-
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Fig. 6 (a) Chemical structures of photoluminescent dyes employed in
this study, (b) photographs of LLDPE and 0.18% w/w BCMDB (top) and
0.20% w/w BCMB (bottom) blend films stretched to 500%, and (c and d) PL
emission spectra of blend films of LLDPE with constant dye concentrations
of BCMDB and BCMB as functions of stretching ratio. Reprinted from
Crenshaw et al., American Chemical Society.®
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investigate the influence of the deformation on the emission
characteristics of the blend films. The mechanical deformation of
the materials produced in this way leads to a significant change in
the emission colour from green to blue (Fig. 6b). For LLDPE/
BCMDB and LLDPE/BCMB blend films, the monomer to excimer
emission rate (I/Ig) of the unstretched and stretched (500%)
samples was compared. This ratio increases approximately
10 times depending on the extend of applied strain. When
uniaxial tension was applied to the material, the PL intensity
decreased, and a blue shift occurred, probably due to the increase
in the I /Iy ratio (Fig. 6c and d).**

Brent R. Crenshaw and co-workers produced polyethylene
blends to investigate deformation-induced colour change
in terms of structure-property relationships.®> The blends of
various crystalline ratios of PE and mixtures of two different
photoluminescent oligo(phenylene ethylene) dyes were obtained,
and colour changes were observed upon mechanical deformation.
The cyano-OPVs used in this study were 1,4-bis(a-cyano-4-
methoxystyryl)-2,5-dimethoxybenzene (C1-RG) and 1,4-bis(a-cyano-
4-octadecyloxystyryl)-2,5-dimethoxybenzene (C18-RG) (Fig. 7a).
First, they examined the characteristics of binary mixtures
containing C1-RG (previously studied) or C18-RG (0.4% w/w).
Both films changed their emission colour from orange to green
upon deformation to a strain of 500%. The emission of mono-
mers was observed intensively in the stretched samples and
Iw/Ig ratio increased in order of their magnitude. Then, PE94/
C18-RG blend films involving between 0.1 and 0.8 percent w/w
dye were examined. All films displayed an increase in green
monomer fluorescence when stretched (Fig. 7b). The stress-
strain profiles for all samples were qualitatively similar, indi-
cating the characteristics of the PE grade.''” Curiously, the
shapes of the Ii/Ig-strain traces, while varying in magnitude
between samples, show all similarities to stress—strain profiles
that have not been observed to date (Fig. 7c). In addition, the
authors also obtained AFM images of a 0.19 w/w PE90/C1-RG
blend film before and after deformation (200% strain) (Fig. 7d).
According to these AFM phase images, the deformation of the
blend films causes the formation of dye crystals. The authors

Strain (%)

Fig. 7 (a) Chemical structures of cyano-OPVs, (b) photographs of films
with approximately 300% strain applied, (c) tensile stress as a function of
strain for blends, and (d) AFM images of the free surface of the quenched
film before and after deformation. Reprinted from Crenshaw et al,
American Chemical Society.®?
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also observed that a large part of the crystalline dye remained
as the phase separated from the PE host.

In addition, polyamide structures were shown to exhibit
mechanochromic properties when used with excimer forming
fluorescent dyes. As another example, low concentrations of
(0.15-1 wt%) excimer-forming fluorescent dye, ie. 1,4-bis(a-
cyano-4-octadecyloxy styryl)-2,5-dimethoxybenzene (C18-RG), in
polyamide 12 were reported as mechanochromic composites.®*
The green fluorescence emission of the monomer gradually
shifts to orange excimer fluorescence as the dye concentration
increases. This colorimetric change may be due to the fact that
well distributed chromophores at low dye concentrations and
aggregations produced at high dye concentrations alter the
emission properties of the polyamide 12 blends. The structures
of polyamide 12 and C18-RG are shown in Fig. 8a. Lavrenova et al.
also observed a mechanochromic effect at a selected dye concen-
tration (0.25% wt). Depending on the applied force, the materials
showed rich monomer emission from excimer dominant fluores-
cence. Polyamide12/C18-RG materials generated at different
concentrations of C18-RG were used at 80% deformation to
examine the mechanochromic effect. According to the PL spectra
in Fig. 8b, the emission of the monomers is observed at low dye
concentrations at approximately 600 nm, while the emission of
the excimers is demonstrated at high concentrations. Upon
applied deformation, polymer blends containing 0.15% and
0.25% C18-RG displayed a green monomer emission. On the
other hand, it was claimed that polymer blends with 0.5% and
1% C18-RG showed orange emission due to the excimer lumines-
cence (Fig. 8c).

Zeng et al.®* were inspired by muscle-controlled surface
structures and examined the colour properties of four mechano-
chromic devices through cracks and folds formed by application
of strain. The first device has a reversible transparency change
mechanochromic (TCM) effect. The device can display a notice-
able visual change between transparent and opaque states when
stretched and released within 40% of the strain (Fig. 9a). The
authors attributed the opacity of the stretched state to powerful
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Fig. 8 (a) Chemical structures of excimer-forming dye C18-RG and
polyamide 12 included in this study, (b) fluorescence spectra of uniaxially
deformed blend films upon stretching 80% with various dye concentra-
tions and (c) photographs. Reprinted from Lavrenova et al., Wiley.®*

J. Mater. Chem. C, 2020, 8,12036-12053 | 12043


https://doi.org/10.1039/d0tc02600j

Published on 29 July 2020. Downloaded by Izmir Y uksek Teknoloji on 8/23/2022 2:35:04 PM.

Journal of Materials Chemistry C

View Article Online

Review

804

604 ———

Transmittance (%)

0% Strain 40% Strain 404

I

—0% —20%—40%
—10%——30% — 50%

20
400 500

Fig. 9

Wavelength (nm)

€)
Stretched
Released
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images showing the distribution and size of the longitudinal cracks upon stretching in the LM (inset: digital photos of such a device with the
corresponding strains under UV light), (d) digital photos of CAM at various strains (0—20%) under UV light, and optical microscope images involve crack
size and distribution at the corresponding strain rates, and (e) photograph of the UCONN logo generated in the stretching and releasing cycle by using
responsive mechanochromic EM. Reprinted from Zeng et al., Springer Nature.®*

trapping and light scattering caused by strain-dependent cracks
and folds. The optical transmittance versus applied strain graphs
for the TCM are shown in Fig. 9b. This behaviour was found to be
reversible after 450000 cycles and encourages smart window
applications and dynamic optical switches. In the second case, a
TiO,/PVA composite was selected for the luminescent mechano-
chromic device due to the high refractive index of TiO,."'®* When
5% stretching was applied, the film did not present visible
fluorescence initially, and luminescence was only observed in
the presence of cracks. On the other hand, once the film was
stretched to 40% of the strain, the system displayed a powerful
luminescence (Fig. 9c). Colour alteration mechanochromism
(CAM) was explored throughout the third device. The CAM device
involved both a green (aponite/fluorescein) thin film of TiO,/PVA
and an orange fluorescent additive (Y,05:Eu;’) connected to a
PDMS layer. The authors demonstrated that the CAM device could
turn the fluorescence from green to orange as it stretched within
20% of the strain (Fig. 9d). As another example, a patterned TiO,
coating with a ‘UCONN’ logo was placed on top of the PDMS/
carbon black layer to observe the strain responsive sensitivity
of encryption mechanochromism (EM). Upon stretching and
releasing the sample (0-17% strain) under ultraviolet light, the
invisible “UCONN” logo could be reversibly exposed and removed
(Fig. 9e).

4. Scattering

In nature, many creatures have stunning structural colours,
and some may change their colour in response to environ-
mental stimuli.'® The mechanism is supposed to change their
colour rapidly using their muscles to stretch and tuning their
periodic nanostructures.”'**'?! These adaptive colorations
usually play a significant role in camouflage, signal communi-
cation, or reproductive behaviour."”>*** Structural colours
arise from the interference, diffraction, and dispersion of light
from micro- or nanostructures with distinct sizes in the order of
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visible light wavelengths. This colouring mechanism provides a
promising alternative to dynamically change the material’s
optical properties in response to external stimuli without altering
the chemical or electronic structure of the materials.">>"*

Colloidal particles have been used in nature to alter the
appearance of various species in a variety of ways, mainly based
on scattering.'®” In general, the term scattering indicates the
interference of light with different wavelengths reflected from
scattering objects, either constructively or destructively."*®'?°
The colour of an iridescent blue leaf originates from the
physical effect, the constructive interference of the reflected
blue light.**®**! Colloidal structures, due to their easy produc-
tion and versatility, are commonly used to build synthetic
photonic materials. Typically, spherical colloidal particles
ranging from 100 nm to several pm are made of PS, PMMA,
and SiO, to produce a photonic impact.*** Using emulsion
polymerization,"**'** dispersion polymerization,"*> and Stéber*®
processes, these colloids can be synthesized with high accuracy
and uniformity, whereas photonic crystals in a colloidal state can
be manufactured in much lower costs and with greater efficien-
cies by using a self-assembly approach. Theoretically, control over
coloration may be any means that essentially causes a change in
the refractive indices of the building blocks or the surrounding
matrix and changes the constants of the lattice or the spatial
symmetry of crystalline arrays.*’

In general, constructive interference due to the periodicity
of the framework results in an intense reflection within the
stop-band. The thickness of each optical sequence containing
high and low refractive indices is expressed as mAi/2n. The
difference in refractive index and the number of periods lead
to control over the intensity of the reflected light."*®* More
specifically, mechanisms of structural colours can be classified
into two categories according to the regularity of their structures,
i.e. iridescent and non-iridescent. These mechanisms completely
rely on the geometry and refractivity of the material."*® Photonic
crystals can be defined as ordered composite structures of materials
with different dielectric constants. The relationship between the
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wavelength of diffracted light and periodicity is explained by the
combination of Bragg’s and Snell’s laws:
Jmax = 2d(111)y/ (ne? — sin?0) @

It suggests that the diffracted light's wavelength (1ax) is
correlated with the incident angle (0), interplanar distance
(d111), and effective refractive index (n.g) of the material
(Fig. 10)."*° The interaction of light with a long-range array of
colloidal particles contributes to coloration, which normally
varies based on the angle of observation (iridescence). Never-
theless, application-based materials require a constant colour
that is independent of the viewing angle (non-iridescence), in
order to eliminate at least one variable (§)."*"'** In our previous
work, we reported that relatively irregular structures of colloidal
SiO, particles (quasi-arrays) present non-iridescent structural
colours still governed by Bragg-Snell law."*"

The arrays can retain their optical properties when incorpo-
rated into elastic polymer matrices. Therefore, they allow
responding to various external stimuli to these materials.
Inspired by non-iridescent (angle-independent) natural struc-
tural colours, Ge et al. fabricated a composite film called a
smart optical window embedded in bulk elastomeric PDMS,
consisting of a thin layer of a quasi-amorphous SiO, nanopar-
ticle array.® It was observed that the smart solid window
produced was reversibly changed from a highly transparent
state (90% permeability in the visible area) to opaqueness (30%
transmittance) and reflective colours independent of the
screen. The fabrication process of the smart window by a spray
method is shown in Fig. 11a. The resulting arrays of bare
particles show various colours depending on their particle size
(Fig. 11b). According to the SEM image in Fig. 11c, the particle
arrays on the PS substrate exhibit quasi-amorphous and short-
range ordering. Importantly, since the PDMS refractive index
(1.425 at 632.8 nm) is very similar to that of SiO, (1.457 at
632.8 nm), the composite film is extremely transparent in the
visible and near infrared ranges (Fig. 11d). The colours
collected during stretching are blue, green and yellow, based
on the various sizes of the SiO, particles (Fig. 11f). The shift in
optical responses was due to an increase in diffuse light
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Fig. 11 (a) Fabrication process of smart robust windows, (b) produced
structural coloured nano-particle films with various sizes, (c) SEM image of
the film displaying quasi-amorphous ordering, (d) digital photograph and
(e) SEM image of transparent SiO,/PDMS composite films, and (f) digital
photographs of stretched SiO,/PDMS films with various sizes of SiO,
particles. Reprinted from Ge et al., Wiley.®®

scattering and absorption originating from the creation of
micro wrinkles and voids during stretching.

Fudouzi et al. described an elastic silicone sheet which has a
reversible structural colour.®® Monodispersed PS particles were
used as colloidal particles that embedded in an elastomeric
PDMS matrix. When uniaxial stretching was applied to silicone
rubber, the lattice parameter decreased in the vertical direction
and the reflection signal of the light shifted to a lower wave-
length. The colours created due to the mechanical strain
applied to the rubber sheet were red and green. Elastic defor-
mation was determined on the basis of the relationship
between the initial length and final length of the composite
film (Fig. 12a). Fig. 12b shows the reflectance spectra of Bragg’s
diffraction from the fcc (111) plane of the PDMS rubber sheet.
The peak position shows clear shift from higher to lower
wavelengths. As a function of mechanical tension, the peak
position appears to decrease linearly up to a certain amount of
strain (20%) (Fig. 12c). When the mechanical strain on the
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Fig. 12 (a) Elastic deformation until the rubber sheet is stretched from L
to L + AL by enforcing mechanical strain and digital images of the rubber
sheet before and after deformation, (b) reflectance of the film as a function
of wavelength, and (c) peak position as a function of AL/L. Reprinted from
Fudouzi et al, American Chemical Society.®®
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PDMS sheet was released, the peak returned to its original
position. The existing material would be expected to have a
wide range of potential applications due to its reversible
structural colour properties.

In various applications colloidal crystals have been used to
offer strain-induced colour change, or mechanochromism.
Lee et al.*® produced chameleon-inspired mechanochromic
photonic films composed of non-close packed colloidal arrays.
Mechanochromic elastomers contain a non-closed array of
SiO, particles by mimicking the iridophore structure of
chameleons.” SiO, particles above the threshold volume fraction
in the selected rubber precursor were exposed to UV to create a
liquid free rubber matrix when they had a regular array. A non-
closed colloidal arrangement was thought to cause a large deforma-
tion of the elastic matrix, and therefore a complete colour change
could be allowed in the absence of colloidal rearrangement. The
ordered array produced a colour, and the low difference in refrac-
tive index between SiO, (1, = 1.45) and pPEGPEA (n;, = 1.502)
enabled the translucency of the films (Fig. 13a). The film cross-
section containing a non-close-packed array of SiO, particles is
shown in the SEM image in Fig. 13b. When 0.20 and 0.47 strains
were applied to the film, which had a red colour, it was observed
that the film’s colour turned green and blue, respectively (Fig. 13c).
The films displayed complementary colours with a backlight, as the
light was blocked in the stop band, while the light was transmitted
from the stop band (Fig. 13d). The authors demonstrated that
mechanochromic materials could enable visualization of strain
with colours.

Ito and co-workers*' produced a colloidal crystal film that
constitutes monodisperse colloidal particles of a cross-linked
random copolymer of MMA and ethyl acrylate prepared by
using soap-free emulsion polymerization. The stretched elastomer
was found to have a proportional relationship between the peak
wavelength and the film thickness. In Fig. 14a, photoimages of the
stretched colloid crystal elastomer with various draw ratios are
shown. The unstretched film displayed a red colour, and the colour
changed to green and blue upon stretching, i.e. the colours with
shorter wavelengths (Fig. 14b). When the applied strain was

b)r

Fig. 13 (a) Schematic of mechanochromic photonic films composed of a
non- close packed array of SiO, particles embedded in an elastomeric
matrix. (b) SEM image showing the film cross-section containing a non-
close-packed array of SiO, particles (inset: FFT image). (c and d) Collection
of photographs captured in the reflection and transmission of a photonic
film with three distinct strains. Reprinted from Lee et al, American
Chemical Society.*®
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Fig. 14 (a) Digital images of strain-responsive and reversible colloidal
crystal elastomers and, (b) their UV-vis absorption spectra. Reprinted from
lto et al., American Chemical Society.**

removed, the colour changed to red again. The resulting film
was thus proven to be recyclable.

inci et al. produced trilayer colloidal SiO, films in elasto-
meric polyacrylates by using both the Langmuir-Blodgett (LB)
deposition technique and photopolymerization process.*® The
self-assembly of colloidal films was prepared by deposition
from LB. This technique provided controlled thickness for the
colloidal film that had been deposited. After photopolymerization,
the generated film has an elastic nature. Thin layer SiO, colloidal
films displayed iridescent structural colouration. Fig. 15 shows the
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Fig. 15 Colorimetric strain responsive films: (a) normalized reflection
spectra of trilayer films consisting of different-sized particles, (b) photo-
graphs of their changing iridescent colours by particle size and incident
angle, (c) schematic representation of the strain-induced structure change
of particle assembly in the elastomer, (d) photographs of an elastomer
P(PEGPEA)/SiO, composite film with a particle size of 230 nm at various
angles, (e) reflection spectra of the composite film having a particle size of
230 nm upon exposure to lateral strain, and (f) change in reflection upon
gradual stretching—releasing for reversible optical films. Reprinted from
Inci et al., Elsevier.*®
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reflection spectra of trilayer colloidal SiO, films with various sizes.
The maximum reflection wavelength decreases as the incident
angle increases for all spectra. This phenomenon can be explained
by the Bragg-Snell law. When viewing the photographs of the
structural colour film, bluish, green and yellow colours were
observed, respectively, due to the change in the diameter of the
particles. Also, iridescence from violet to green (d: 230 nm) can also
be examined by altering the incident angle (Fig. 15b). Similarly,
iridescent green and blue colours were obtained from the
composite films prepared by photopolymerization of PEGPEA.
The spectrum was recorded such that the maximum of the
reflection wavelength shifts to the blue region probably due to
the increasing angle (Fig. 15d). The colorimetric response of the
material upon stretching depends on both the size of the SiO,
colloids (due to the changing Bragg diffraction and interplanar
distance) and the refractive index difference between the elas-
tomer matrix and the colloids. Not surprisingly, stretching
reduces the thickness of the film, resulting in a decrease in
the interplanar distance (Fig. 15¢). According to Bragg—Snell’s
law, a decrease in interplanar distance shortens the wavelength
of the diffracted light, i.e. the colour of the material. A blue shift
takes place. Residual strain was completely recovered during
stretching and releasing cycles depending on the fixed position
of the colloidal particles in the polymer matrix.

5. Plasmonics

Plasmonics deals with interaction of light and matter by
governed surface plasmons. Surface plasmon resonance (SPR)
refers to electromagnetic beam-induced collective oscillations
of the conduction electrons in metallic structures particularly
Au and Ag. The oscillations are confined to bulk surfaces or in
subwavelength structures, which enables distinct absorption
of energy levels, named surface plasmon polaritons (SPPs)
and localized SPR (LSPR), respectively. Based on synthesis
approaches, both the intensity and the position of the LSPR
strongly depend on the geometry and spatial arrangement of
metallic nanostructures, as well as the dielectric properties of
the surrounding environment."**"**° Hence, their variable opti-
cal properties suggest an alternative remedy for the fabrication
of such a mechanical sensor by combining polymeric and
plasmonic materials.

The modulation mechanisms of active plasmonic structures
are related to controlling the plasmonic materials themselves
or their surrounding media. The abundance and diversity of
materials employed to design and create functional plasmonic
structures and the surrounding media provide great versatility
for such plasmonic structures."*°

The switching of SPR is a direct route toward control of
absorbed light. The oscillating electric field from the incident
light can couple with the SPR if its momentum matches that of
the plasmon. The LSPR can be initiated without requiring
complex techniques. The flat dispersion along the wavevector
of the incident light (k) allows for excitation of LSPR by incident
light over a wide range of angles (Fig. 16a). On the other hand,
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Fig. 16 (a) Dispersion relations of SPP, LSPR, free-space light, and light
coupled into a prism, respectively. w, ¢, k, and n represent the angular
frequency of light, the velocity of light in a vacuum, the propagation
constant of light, and the refractive index of the prism, respectively.
Reprinted from Maier et al., Springer.*>°**! (b) Schematic picture illustrat-
ing the plasmon hybridization in a nanoparticle dimer. Reprinted from
Norlander et al., American Chemical Society.*>?

the propagation constant of free-space light is less than that
of the SPP. To achieve the desired excitation of the SPP,
a momentum transfer may be substantiated by generating
attenuated total reflection or diffraction that increases the
propagation constant.

To tune the optical transformation of stimuli-responsive
plasmonic composites, one can control the interparticle distance.
Note that LSPR is particularly sensitive to other adjacent metal
nanoparticles. In the case of the proximity of two nanoparticles,
their LSPR modes can couple through a near-field interaction,
i.e. allowing for new modes of plasmon resonance with large
enhancements in the electromagnetic field."**'** The gap-
dependent behaviours of the dipolar coupling in plasmonic
dimers, the most basic coupled plasmonic system, can be
theoretically described in the scope of the plasmon hybridiza-
tion model. More specifically, the dipolar plasmon configu-
ration (! = 1) of each individual nanoparticle is split into two
characteristic/collective modes, categorized as “bonding” and
“antibonding” modes with low and high energy levels, respec-
tively (Fig. 16b). For dimer structures, plasmonic nanospheres
with a specified angular momentum interfere with plasmons
having a different angular momentum on the other particle
at narrow interparticle distances. Several studies in the litera-
ture focusing on the gap-dependency have indicated that the
fractional plasmon shift (AA/4,) exponentially decays as
the interparticle distance increases. Therefore, the proposed
equation is given below:

AL —d
)O = Aelst) (2)

where s is the particle size (i.e., diameter of a nanosphere), t is
defined as the decay length of the electric field from the edge,
d is the interparticle gap, and A is the maximal fractional
plasmonic shift.’>'** As a result, the successful regulation of
a coupled LSPR compared to an uncoupled one provides the
possibilities of extending the tuneable spectrum and benefiting
plasmonic responses. With tuneable gap distances of plasmo-
nic metal nanoparticles in liquid or solid media, an external
stimulus may undergo reversible interactions,>*">>™7 so that
the intensity/duration of the stimulus can be predicted.
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“Plasmonic sensors” is a term that refers to systems using
spectral changes in the plasmonic connecting system to act as
signal transducers."*® Plasmonic sensors are designed either
with nanoparticles supporting LSPR or with 2D chips supporting
the SPP mode. Since this text reviews polymeric composite sensor
systems, we focus on the discussion of LSPR-based sensors that
are typically used. Nanoparticles including Au, Ag, and Cu exhibit
size- and dimension-dependent LSPR absorption that make them
regular candidates for fabricating plasmonic sensors. A shift in
the LSPR’s signal can be achieved by the application of an external
stimulus that triggers the dis/assembly of the particles resulting in
a gap/localization and change in the colour."®™** Au NPs differ
from other plasmonic additives due to their chemical stability and
strong visual changes between blue and red colours readily
recognized by the naked eye.

In a flexible matrix, plasmonic nanoparticles can transduce
a change in strain/stress within plasmonic spectral signals. The
applied strain in a flexible two- or three-dimensional matrix will
generate polarized plasmonic spectral signals (Fig. 17). The
difference in the strain can be detected visually by shift in
absorption characteristics, and therefore in the colour of the
polymer composite. Han et al. recently developed a colorimetric
stress memory sensor, using the disassembly of Au NP aggre-
gates in a mixed PEG and PVP matrix.®” The change in the
plasmonic coupling signal in the absorption spectra of the Au
NPs represents the magnitude of the change in the interparticle
distance, which indicates the degree of deformation of the film.

1) Nacl - 3)pvp Pressure,
2) EtOH ' 7) Casting

Film

Fig. 17 (a) Preparation of an Au NP based polymeric pressure sensor with
colours of different states and the corresponding absorption spectra.
Reprinted from Han et al., American Chemical Society.®” (b) Au NP coated
PDMS strain sensor and its reverse colour change due to its dimensional
factors. Reprinted from Cataldi et al, Royal Society of Chemistry.>®
(c) Disassembly of Au NPs under pressure in a polymer matrix as a function
of time and temperature. Reprinted from Topcu et al., Elsevier.>®
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The distortion of the film depends on stress and length. The
colorimetric change and plasmonic shift in response to a
variety of stresses are observed by plasticizing the polymer
matrix. For instance, our group reported that the embedding
of Au NPs into biocompatible and viscoelastic PAAm matrices is
a facile route to measure and visualize the applied pressure.
The particles in the aqueous state were stabilized by PVP and
coagulated until reaching a blue colour in a controlled manner
by the addition of PAAm. The blue colour of the film at the
initial stage gradually transformed into dark red upon applica-
tion of pressure. The resulting disc-shaped composite showed
distinct sensitivity in the range of 40-160 MPa upon varying the
duration of applied pressure.’® Pressure-sensitive colorimetric
PAAm/Au NP composites containing various degrees of cross-
linking have also been developed and their sensor properties
have been investigated at different relative humidity levels.'®®
The change under certain stress depends not only on the degree
of force applied but also on internal and external conditions
such as the quantity of crosslinking agent and environmental
conditions such as temperature and humidity. The change in
the topology of polymer chains from linear to crosslinked
enables controlling the colour shift due to the fact that
dis/integration of the particles in polymer matrices is based
on diffusion. The characteristic optical response may allow the
use of each crosslinked film as a pressure sensor on different
pressure scales. The effect of environmental conditions on
sensor properties is not desirable, especially for practical use.
Nevertheless, the exposure of the deformed films to intense
humidity facilitates the transition back to the initial conditions
in both shape and colour. Therefore, this reversible method seems
to be a successful route for long-term use of PAAm/Au films.

The mechanical behaviour of composites containing plas-
monic particles and polymer matrices is an important para-
meter that determines the application area of sensor films. The
aforementioned polymers including PAAm and PVP are usually
known as viscoelastic polymers that continuously undergo
deformation under constant force. Therefore, they are useful
to determine pressure and its duration, instead of strain
measurements due to their irreversible shape recovery without
any process. Hence, the mechanical nature of elastomeric
matrices such as reversible elasticity is taken as an advantage
for the development of plasmonic sensors. For instance, it is
reported that interparticle distance is controlled by growth of
Au NPs on the PDMS surface and their uniaxial stretching,
resulting in a reversible change in sample colour.’® For a
similar purpose, Correa-Duarte et al. presented a different
method to obtain a polymeric composite of PDMS/Au NPs as
a plasmonic transducer based on the deposition of the particles
onto the elastomer during stretching.'®* The degree of align-
ment of plasmonic particles also plays a vital role in also the
sensitivity of the plasmonic sensors. In this context, sensors
based on a 1D array of Au NPs deposited on PDMS were
produced by a combination of water-oil self-assembling and
microprinting techniques.'®® The sensitivity of the produced
plasmonic grating sensor is around 5.2 £ 0.1 nm/strain% and
exhibits a linear behaviour by extending the grating up to 18%
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of its original length. Therefore, these abilities make them
more sensitive plasmonic strain sensors than those reported
in the literature. In the reported plasmonic strain sensors, the
colour tends to shift to red. Even though the particles are
able to get close/away in 2D, optical characteristics hint that
the majority of the particles individualize in the direction of
deformation.

The use of nanostructured conductive materials and archi-
tectures in combination with polymers can be adapted to both
LSPR and SPP, providing excellent potential and versatility for
plasmon-enhanced sensor designs. The performance of future
plasmon-enhanced sensors relies directly on the successful
design of plasmonic architectures and the development of
new manufacturing methods. Plasmonics will continue to grow
in the future both in developing colorimetric sensors and in
building new measurement strategies based on fluorescence
and surface-enhanced Raman scattering devices.'®*™%°

6. Industrial colorimetric coatings and
cost analysis

The coating industry has employed pearl pigments for decora-
tive purposes. The motivation is to bring the illusion of optical
depth, angle-dependent eye catching colour effects, and
imitation of the effect of natural pearls on various objects.'”°
Contrasting from the aforementioned scattering process in
structural colours, reflection, multiple reflection, and inter-
ference are the main light interaction mechanisms in such
pigments. Multilayer films of different refractive indices have
been used in most cases. A substrate such as glass or polymer is
coated with a high refractive index coating material such as
TiO, or ZrO, to achieve reflection and interference phenomena.
Thickness variation is problematic on an industrial scale.
This structural variation results in different colour patches.
The morphology of pigments is important in light-matter
interaction. Particularly, flakes exhibit distinct reflection and
cause a sparkling texture in appearance. The colour is found to
change with the viewing angle. The origin of this effect lies in
the morphology of the pigments. Flakes are two dimensional
materials that show an intrinsic anisotropic nature. Thus,
the appearance (colour and gloss) varies with the angle. The
orientation of the flakes in resulting technology appears to be
one of the important structural parameters.'”"

Such a functional polymeric coating system consists of
ingredients such as pigments, catalysts, and hardeners. The cost
of components depends on application and desired properties.
The prominent component in the value chain of a colorimetric
product is a mechanochromic additive that is expected to be more
advanced than polymeric material. This optically active material
may be postulated under the term “pigments” to compare in
cost-analysis. Therefore, one can assume that “pigments” in this
section is not only used for aesthetic appearance but also
considering their functional properties such as thermochromism,
photochromism, and especially mechanochromism for stimuli-
responsive coating systems.'’>'”® Smart coatings prepared using

This journal is © The Royal Society of Chemistry 2020
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such special pigments may be a promising route for the detection
of mechanical deformation in transportation or buildings. Parti-
cularly, the detection of cracks and delamination is significant
because these structural failures in coatings may have conse-
quences regarding passenger safety.

According to Global Market Insights, the global market price
of all pigment species in the coating and painting industry
is expected to exceed $$34 billion by 2020."”* The Report of
Ceresena'”® indicates that the majority of demand in the
pigment market is for TiO, by almost 60%. The second highest
demand is for Fe;O,4, which is used for colourful pigments. The
third is carbon-black mainly used as a filler to increase the
mechanical properties of tires. Regarding the mechanochromic
additives mentioned in this study, the estimation of their exact
price is unambiguous since they are not commercial products.
However, the analysis predicts that the prices are not extra-
ordinary for the preliminary industrial trials.

7. Summary and perspectives

In this review, recent advances in the field of colorimetric
mechanical sensors based on polymers and mechanochromic
additives have been described. Combining polymers and optical
recognition units as additives offers a diverse and highly func-
tional approach to the design of flexible colorimetric mechanical
sensors, where detection can be done by the naked eye. Compared
to commercial mechanochromic sensors usually based on elec-
trical properties (piezoresistivity, capacitance, conductance, etc.),
colorimetric sensors are advantageous due to the simplicity of
component materials without the need for additional equipment
for detection. An external mechanical force on the sensor
leads to a drastic colour change or sudden luminescence that
provides rapid detection. Triboluminescence, photolumines-
cence, coherent scattering, and LSPR are the underlying
mechanisms of this optical alteration in the polymeric matrix.
Not surprisingly, the optical mechanism determines the applica-
tion field of mechanical sensors. For instance, materials showing
TL as optical response makes them promising candidates for
impact sensors. On the other hand, materials showing photo-
luminescence and coherent scattering (i.e. structural colour)
have been widely considered for strain sensor applications.
The examples of composites based on plasmonic nanoparticle
polymeric matrices as mechanical sensors can be applied to both
pressure and strain sensors. The sensor systems inform not only
the magnitude but also the distribution of applied external
mechanical forces. This feature may be useful for the areas that
need rapid detection of mechanical alteration, including con-
struction and transportation. The capability of early recognition
by the naked eye makes colorimetric sensors valuable for early
detection of failure of various material systems even in construc-
tion. The implementation of these colorimetric films still needs
to be improved to have saturated colour contrast. Moreover,
further efforts on colorimetric polymer composites focused on
force-range and stability may improve the reusability of these
sensors in daily life.
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The encouraging mechanochromic mechanisms reported
in this review may contribute to increasing the awareness
of colorimetric mechanical sensors. The composites fabricated
using polymers and mechanochromic materials exemplified in
this review show either reversible or irreversible responses
under various intensities and types of mechanical force. Future
studies may focus on the development of tailor-made mechano-
chromic sensors designed for applications requiring more
intense optical signals and longer emission lifetimes.

List of abbreviations

Abbreviation  Definition

or symbol

A Diffraction wavelength

1D One-dimensional

2D Two-dimensional

Au Gold

Au NPs Gold nanoparticles

BCEDB 1,4-Bis(R-cyano-4-(2-ethylhexyloxystyryl))-
2,5dimethoxybenzene

BCMB 1,4-Bis(R-cyano-4-methoxystyryl)benzene

BCMDB 1,4-Bis(R-cyano-4-methoxystyryl)-2,5-
dimethoxybenzene

CAM Colour alteration mechanochromism

Cu Copper

Cyano-OPV Cyano-functionalized oligo(phenylenevinylene)

daiy Interplanar distance

EM Encryption mechanochromism

EuD,TEA Europium tetrakis(dibenzoylmethide)
triethylammonium

LB Langmuir-Blodgett

LLDPE Linear low-density polyethylene

LM Longitudinal mechanochromism

Li Lithium

Li,NbO;:Pr**  Lithium niobite

LSPR Localized surface plasmon resonance

m Order of diffraction

Mn Manganese

n Refractive index

Im Intensity of monomer

I. Intensity of excimer

PA12 Polyamide 12

PAAmM Poly(acrylamide)

PDMS Poly(dimethylsiloxane)

PMMA Poly(methyl methacrylate)

PE Poly(ethylene)

PEGPEA Poly(ethylene glycol)phenyl ether acrylate

PEG Poly(ethylene glycol)

PL Photoluminescence

PS Polystyrene

PU Polyurethane

PVDF Poly(vinylidene fluoride)

PVP Poly(vinylpyrrolidone)

SEM Scanning electron microscope
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SERS Surface-enhanced Raman scattering
Sio, Silicon dioxide
SPP Surface plasmon polariton
SPR Surface plasmon resonance
TCM Transparency change mechanochromism
TL Triboluminescence
TiO, Titanium dioxide
uv Ultraviolet
UV-vis Ultraviolet-visible
Y,0;:Eu,* Yttrium oxide, europium-doped
ZnS Zinc sulfide
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