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A wide range of sensors, for example in healthcare, electronics or environmental monitoring, have
become indispensable parts of our everyday life and smart sensing technologies, fueled by the Internet
of Things, are in high demand. However, most sensors rely on a complex readout as they depend on
additional electronics and hence the demand for sensors that can be read out optically with a camera or
the naked eye has been growing significantly. Photonic crystals (PCs) and related sensing principles are
promising candidates as they are responsive to different stimuli and their readout can be achieved
optically. In addition, the properties of PCs can be tailored on-demand so as to meet the users’
requirements. In this review, we present an overview of the state-of-the-art of stimuli-responsive PC
sensors and delineate how stimuli-responsiveness can be created for desired applications based on
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1 Introduction

In the past few decades, especially since the rise of the Internet
of Things (IoT), there has been an ever-growing demand for
sensors as they have become an integral part of everyday life,
and novel applications keep emerging." This is evident from
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optical design and nanoscale fabrication.

the increasing number of publications (over half a million)
found in an analysis of the Web of Science™ core database for
the term ‘“sensor” taking into account the years 2013-2021.
There are diverse applications for sensors such as in environ-
mental monitoring,>® food and water control," medical
devices,” wearables,®” smartphones,® or optoelectronics.’ In
particular, gas sensor technologies have attracted great interest
(45770 publications for “gas sensor” from 2013-2021 in the
Web of Science™ core database), and the development of new
applications leads to new technological challenges and eco-
nomical requirements. For example, the stability, cyclability,
selectivity and sensitivity, quick response, miniaturization, low
power consumption, low cost and possibility for wireless
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communication are factors that should be taken into account.®
Depending on the specific application, different readout and
detection principles are favored. The most widely used gas
sensing platforms are based on metal oxide semiconductor
(MOS)'! or electrochemical sensors,'> which make use of
changes in the resistance, capacitance or current within the
active material upon exposure to a stimulus. Other possibilities
include chromatography-based detection, or calorimetric elements,
such as catalytic beads, which measure temperature or resis-
tance shifts upon gas adsorption, and acoustic sensors that
measure the change in velocity. However, the latter methods
tend to be either costly, exhibit low sensitivity, or rely on a
complex readout.” In contrast, colorimetric sensors, especially
when combined with statistical data analysis techniques such as
principal component analysis (PCA), are a promising detection
platform as they can provide label-free readout without addi-
tional wiring due to color changes in response to an external
stimulus, which can be detected qualitatively with the naked
eye."*" This is evident from the analysis of the number of
publications (9796 from 2015-2021) and citations (161 540 from
2015-2021) found for the keyword ‘“‘colorimetric sensor” in the
Web of Science™ core database (see Fig. 1). The implementation
of a naked eye readout may play an important role in the
progressive miniaturization of sensors, especially for applica-
tions regarding the IoT.

Photonic crystals (PCs) are ideal candidates for the fabrica-
tion of such colorimetric sensors, as they can be used for gas
sensing and the detection of other external stimuli alike.'®2°
They are label-free, can exhibit quick response times, and their
fabrication as well as functionalization is facile.**

In general, PCs are comprised of two dielectric materials
(including air) with different refractive indices (RIs) and show
optical band structures characterized by photonic bandgaps.
In terms of architectures, PCs can be divided into 1-, 2- or 3D
periodic structures according to the dimensionality of their
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lattice.>* Especially one-dimensional photonic crystals (1DPCs),
also known as Bragg stacks (BSs), Bragg mirrors or distributed
Bragg reflectors (DBRs), which are comprised of two materials
with low and high RIs stacked alternatingly in one spatial
direction, are interesting candidates for colorimetric sensing
applications. This arises from the fact that the theory and
sensing mechanism underlying 1DPCs is particularly straight-
forward, which enables the prediction of their properties and
the rational design to meet the users’ requirements.”® For this
reason, our review focuses on 1DPCs. Furthermore, a large
library of materials, including nanoparticles, polymers, and
nanosheets, has been explored for the fabrication (see Fig. 2)
of stimuli-responsive 1DPCs, and their properties can be
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Fig.1 Number of publications per year (left y-axis) and number of
citations per year (right y-axis) for the keyword “colorimetric sensor” in
the Web of Science™ core database. Accessed 27.06.2022.
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Fig. 2 Different materials used for the fabrication of stimuli-responsive
1DPCs. (a) Inorganic TiO, and SiO, nanoparticles. (b) Polystyrene-b-
quaternized poly(2-vinyl pyridine) (PS-b-QP2VP) polymers; reprinted with
permission from ref. 24, Copyright 2007 Springer Nature. (c) HzSbzP,014
and Li>Sn,Ss nanosheets; adapted and reprinted with permission from
ref. 25, Copyright 2018 John Wiley and Sons. (d) Li>Sn,Ss nhanosheets and
TiO, nanoparticles; adapted and reprinted with permission from ref. 25,
Copyright 2018 John Wiley and Sons.
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rationally tuned by intercalation or inclusion of defects, which
makes them a uniquely versatile sensing platform.®

In this review, we highlight the research in the field of
stimuli-responsive 1DPCs on a conceptual level to showcase
the many possibilities regarding their design and application.
We do so by presenting basic information on the fabrication of
1DPCs and the materials that can be used, as well as the
theoretical concepts underlying their optical properties that
allow the design and fine-tuning of stimuli-responsive 1DPCs.
Furthermore, we give an overview of the state-of-the-art of
stimuli-responsive 1DPCs considering different sensing
mechanisms (RI vs. layer thickness change) as well as possible
stimuli (physical and chemical). Finally, we discuss selected
applications of stimuli-responsive 1DPCs with a focus on vapor
and gas sensing as we anticipate that this field has the highest
potential for future applications. Before a short outlook, we
address the challenges of the sensor performance and how they
may be overcome.

2 Fabrication of 1DPCs

In this section, we give an overview of the different fabrication
approaches that are typically used for creating 1DPCs and
compare their advantages and disadvantages.

In general, PCs can be fabricated by top-down as well as
bottom-up methods.>®*” Top-down methods mostly rely on
traditional microfabrication tools such as etching to produce
microstructures from bulk materials, and are often more con-
trollable than bottom-up techniques. For instance, a 1DPC
consisting of porous silicon was fabricated by means of electro-
chemical etching in acidic medium by controlling the electrical
pulse to achieve different levels of porosity in the layers.?®
Further, wet chemical etching was performed to obtain porous
GaN structures by removing a sacrificial layer.>® However,
many microfabrication processes require complex instrumen-
tation, which is why microfabricated crystals are not typically
used for the preparation of 1DPCs. Due to the experi-
mental ease of bottom-up techniques, we limit our discussion
to these approaches with the focus lying on wet deposition
methods.

The bottom-up technique is often favored as an efficient and
scalable approach that makes use of the assembly of preformed
building blocks into periodic photonic structures. Generally,
self-assembly is defined as the spontaneous organization of
matter, e.g. atoms, molecules, colloids or polymers, to a higher
level of structural order and complexity by means of non-
covalent interactions. This process can be driven by different
kinds of weak forces that operate over multiple length scales.
So far, the most widely used method for the fabrication of
1DPCs is evaporation-induced self-assembly (EISA).*" It has
been applied, e.g., for the assembly of anisotropic as well as
spherical nanocrystals on solid substrates. Particularly, the
assembly of the building blocks begins from a homogeneous
solution or suspension with a high degree of disorder. When
the suspension is spread on a flat and clean substrate (e.g.
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silicon or glass), evaporation of the solvent in a controlled
manner leads to a progressively increasing concentration of the
building blocks, which results in the assembly of the building
blocks in a preferred orientation at the air/solvent or substrate/
solvent interface, thereby forming highly ordered films. The
assembly is driven by the fact that the relatively weak attractive
forces (e.g. van der Waals forces or electrostatic interactions)
between the nanocrystals become apparent due to the fact that
they come closer to one another with decreasing volume of the
solvent.*?

The easiest form of EISA is the drop-casting method in
which a drop of the suspension is placed on a substrate and
the sample is left to dry, which induces an assembly of the
building blocks at the liquid/air interface during evaporation.
With this method, the formation of a film is fast and the
process is scalable, but the homogeneity and the control over
positioning and alignment of the building blocks is quite low
compared to other solvent mediated deposition methods.*?
Especially the edges of the drop-casted film are much thicker
than the rest of the sample due to the so-called “coffee ring
effect”, which also negatively influences the reproducibility
of drop-casted samples.>**® Thus, due to its drawbacks, this
method is not used frequently for the fabrication of 1DPCs, but
is rather applicable for the formation of thin films where
thickness control is no primary concern.

Another straightforward solution processing approach for
the fabrication of high-quality 1DPCs, which relies on EISA, is
the spin-coating method. It has been applied for various
systems such as NP suspensions,*®*”” nanosheet suspensions,”
or polymer solutions.*® For this process, stable colloidal suspen-
sions with known concentrations are used. It is favorable to
prepare the suspensions in a solvent that evaporates quickly, such
as alcohols, in order to fabricate homogeneous layers. After
deposition of the suspension on a substrate, it is rotated at
2000 to 4000 revolutions per minute (rpm), whereby the majority
of the excess material is removed during the acceleration step due
to centrifugal forces. The spinning leads to an evaporation of the
volatile solvent, which increases the viscosity of the remaining
suspension, and the thin film is formed (see Fig. 3). Subsequently
a heating step is applied to stabilize the thin film by removing
residual solvent. For the formation of multilayer structures, the
spin-coating and heating steps are repeated until the desired
number of layers is achieved. Since the film thickness can easily
be controlled and tuned by variation of the acceleration speed,
final rotation speed, concentration of the suspensions or the
number of applied deposition steps, the thickness and therefore
the properties of 1DPCs can easily be designed and predicted (see
Chapter 4). Note that the choice of solvents has to be made
carefully to avoid dissolution and penetration between the con-
stituent layers.*® Major advantages of this method include repro-
ducibility, low cost and a high degree of scalability, as they are
compatible with current microfabrication technology.*® However,
the drawbacks are that most of the suspension used for the film-
formation is wasted as it is spun off during rotation, and that
striating often occurs due to the spinning (see microscope image
in Fig. 3).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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H3SbsP,044 nanosheets in EtOH/H,0 (60:40); conc. 34 mmol

Spin-coating 2x deposition a 1.5 min Dip-coating  4x deposition a 7 min
Fig. 3 Comparison of H3SbsP,0O14 nanosheet-based thin films obtained
by spin- (left) and dip-coating (right) including microscope images, the
used parameters and schematic descriptions of both processes.

Similar to spin-coating, the dip-coating technique, which is
also used in the context of layer-by-layer (LBL) assembly, relies
on EISA from stable colloidal suspensions and quick evapora-
tion of the solvent is needed to ensure a homogeneous deposi-
tion. It has been applied for various systems such as NP-based
1DPCs,*' ™ or the fabrication of hybrid TiO,/polymer 1DPCs,**
to name a few. Generally, a substrate is dipped into the
suspension (often using an automated dipping system or
robot), retrieved with a certain speed and left to dry before
the next dip (see Fig. 3). During the drying process, the capillary
force-induced meniscus at the interface of the substrate and
the dispersion acts as the driving force for the crystallization of
the building blocks into a thin film.*> For the formation of
multilayer structures, the dip-coating and drying steps are
repeated until the desired number of layers is obtained. Com-
pared to spin-coating, the obtained structures are more homo-
genous (see microscope image in Fig. 3) and exhibit less
defects, especially at the corners of the sample. Also, striating,
which is often observed in spin-coated samples, occurs less
frequently. Moreover, dip-coated structures can be assembled
on curved surfaces or spheres, unlike spin-coated 1DPCs.*®
By controlling the concentration and viscosity of the suspen-
sion, the number of dips or the retrieval speed, the thickness of
the resulting 1DPCs can be judiciously designed. However,
a rather large amount of suspension in which the substrate
can be immersed is required. Moreover, a higher number of
dipping steps is often needed to obtain a similar sample thickness
compared to the spin-coating technique, and the drying time
between the dips is longer than for spin-coated samples. This in
turn is time consuming and sedimentation of the particles in the
suspension or evaporation of the solvent can occur, resulting in
an altered concentration of the suspension. Therefore, depending
on the number of fabricated samples, they may not be compar-
able. Furthermore, the humidity and temperature may also vary
over time, which might lead to changes in solvent evaporation or
drying times between the dipping steps and hence environmental
parameters (temperature, humidity) need to be kept constant
during the entire sample fabrication time.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Another bottom-up approach for the fabrication of 1DPCs is
the self-assembly of block copolymers, which is based on
microphase separation driven by the positive free energy of
mixing of the chemically different polymer blocks.'® Usually the
following steps are involved: initially the copolymer precursor
solution is spin-coated on a substrate, which is followed by a
solvent vapor annealing step. The annealing induces movement
of the polymer chains, which leads to the formation of ordered
layers.>® Optional steps are quaternizing and crosslinking of
the polymers. For instance, this approach was applied for the
fabrication of Polystyrene-b-quaternized poly(2-vinyl pyridine)
(PS-b-QP2VP) PCs.>* Since this fabrication method is based on
the self-assembly of block copolymers, the material choice is
obviously limited. Nevertheless, the 1DPCs obtained with this
method are highly ordered and can be fabricated in a facile
manner.

3 Optical properties of photonic
crystals

In order to predict and design stimuli-responsive PCs for
various sensing applications, it is important to understand
their optical properties and sensing mechanism. PCs are
nanostructures comprised of periodically arranged dielectric
materials with different RIs. In 1987, John and Yablonovitch
independently recognized and explored the conceptional ana-
logy between the electronic structure of periodic solids and
their dielectric counterparts, making photonic band gap (PBG)
materials or PCs the electromagnetic analogue to semiconduc-
tor crystals. PCs have the ability to influence the propagation of
electromagnetic waves due to the periodicity of their dielectric
function, similar to how the motion of electrons is affected by
the periodic lattice in semiconductor crystals.*”*® It was shown
that PCs exhibit optical band structures and possess photonic
bandgaps, whereby the latter are defined as the frequency
ranges in which the propagation of electromagnetic waves is
forbidden in certain directions within the structure. The pos-
sibility to control the flow of light within PBG materials renders
them suitable for various applications such as optical fibers,
filters, waveguides, or colorimetric sensors.*?™>"

As mentioned before, PCs can be periodic in 1-, 2- or 3
spatial dimensions (Fig. 4), which influences the resulting
dimensionality of their bandgap in reciprocal space.”?

Fig. 4 Schematic representation of 1D, 2D and 3D PCs. Different colors
indicate different dielectric constants, exhibiting periodicity in one- (1D),
two- (2D) or three-dimensions (3D).
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Inspired by photonic nanostructures known from nature
such as peacock feathers® or butterfly wings,>® much effort has
been directed to creating artificial PCs. The efforts regarding
the understanding of the physical theories behind PCs, along
with major advances in the fabrication and material develop-
ment, rapidly transformed this class of materials into a versa-
tile, multifunctional platform for optical sensing. Especially
1DPCs are interesting candidates for colorimetric sensing
applications as their fabrication is facile compared to 2D and
3DPCs.>* Moreover, the properties and sensing mechanism of
1DPCs are easy to predict and hence open up the opportunity to
rationally design and control the stimuli-responsiveness of the
PCs.”’

According to eqn (1), a strong interaction of the PC with
visible light occurs if the periodicity, e.g. the optical thickness t
of the material, is in the same range as the wavelength of the
light interacting with the PC. Hereby, 7 is given by the product
of the thickness of an individual layer, d; or dj, (for the low or
high RI material), and its RI n; or ny,, respectively:>*

T = I’ll'dl (1)

The reflection and diffraction of light impinging on the peri-
odic arrangement of dielectric films in the PC can be described
in a similar fashion as the phenomenon of X-ray diffraction:
upon propagation of the incident beam through the material, it
is partially diffracted and reflected at each interface of layers
with different RIs as a function of the optical thickness 7 of the
constituent layers contributing to the bilayer (see Fig. 5) and the
angle of incidence (see eqn (2)). Note that the stack of a high
and a low RI layer is referred to as a bilayer.

The reflected light beams interfere in a constructive or
destructive fashion, which leads to a strong reflectance in a
defined wavelength regime, while at the other wavelengths the
light is transmitted. The former phenomenon describes the
forbidden energy range in which no light waves propagate in
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regions exhibit a maximum in transmission. Thus, by periodic
stacking of inherently colorless materials, it is possible to
achieve a strong color, so called structural color, provided the
photonic bandgap lies in the visible region of the spectrum.
This phenomenon can be exploited for optical sensing or for
the application of PCs as wavelength-selective filters. The
central position of the photonic stopband can be derived from
the Bragg-Snell laws (eqn (2)):'®

mly = 2D\/ ney? — sin® 0 (2)

whereby m is the order of diffraction, 4, describes the position
of the stopband, D is the lattice parameter with D = d; + dy,
where d; and d), describe the layer thicknesses of the constitu-
ent layers of the bilayer, n; and ny, are the corresponding RIs of
the constituent layers, 6 the incidence angle, and n.gy is the
effective refractive index of a bilayer (eqn (3)), defined as:
md, + npdy
e = 1L 0k ®)

It is important to mention that real materials usually show both
a spectral dependence of the refractive index as well as a non-
negligible imaginary part. Although the latter is negligible in
dielectric materials, it becomes more noticeable in metals and
semiconductors. Furthermore, the effective refractive index of
porous layers is typically described by an effective medium
approximation, such as those according to Bruggeman®® or
Maxwell-Garnett,”” among others.

Additionally, the intensity of the reflectance R and the
bandwidth of the photonic stopband A/, can be expressed
mathematically according to eqn (4) and (5):

m aNT 2

no — ns( nh)

R=|—""F (4)
Mo + 11s (nl/nh>

the structure along the direction of periodicity.”® In this range, Al = 4—/10arcsin (nh - 111) 5)
a reflection maximum occurs, whereas the other spectral L Ny + 1y
(a)incident reflected (b)1.0 ; e c)1.0 —_—
begm beam (o) —y (o) — e
BR L —s3ot | PR | 1512 |
~ 08 | <08 913
o /\ 60L 10) 1812
% 0.61 /\ 1 % 0.61 4
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Fig. 5

wavelength / nm

(a) Schematic description of the interaction of light with a 1DPC. The incident beam is partially diffracted at the interfaces between different

materials. (b) Calculated model of the influence of the number of bilayers comprising the 1DPC on the optical properties. The Rl of the low RI material
was n = 1.2 for the low and n,, = 1.8 for the high Rl material. The number of bilayers was varied from 1 to 6. (c) Calculated model of the influence of
the refractive indices of the materials comprising the 1DPC on the optical properties. The low Rl was fixed to n; = 1.2 while the high RI was varied from
nn = 1.3 to n, = 1.8 in steps of 0.1. The number of bilayers was fixed at 6. Note that (b) and (c) were calculated for a glass substrate with n = 1.51 and

a thickness of 1 mm.
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whereby 1, and ng describe the RI of the surrounding medium
and the substrate, N is the number of bilayers in the multilayer
structure, and n; and ny, correspond to the RIs of the low and
high refractive index material.®

Fig. 5 gives an overview of the effect of eqn (2), (4) and (5) on
the stopband position and width. An increasing number of
bilayers leads to a higher reflectance and a narrowed stopband,
while an increase of the RI contrast leads to a higher reflectance
as well, but a significant broadening of the bandwidth is
observed. Furthermore, by changing the layer thickness, a shift
of the stopband position is induced, which is represented in
Fig. 6.

Considering the above relations, it is evident that the
photonic bandgap properties are dependent on the properties
of the constituent materials as well as the architecture of the
Bragg stack and the properties of the surrounding medium.

4 Sensing mechanisms in stimuli-
responsive photonic crystals

Based on the photonic architectures and physical principles
described above, it is possible to create stimuli-responsiveness
in PCs. This opens up the opportunity of using PCs for colori-
metric sensing if exposure towards a stimulus leads to an
altered diffraction wavelength or intensity. Regarding eqn (1),
changes in the structural color of the 1DPC occur if a stimulus
leads to changes in the RI or the thickness of the constituent
layers (Fig. 6), or both. In most cases, a combination of both
possibilities occurs, whereby one of them is predominant for
the sensing mechanism. However, the relative change in layer
thickness is often more significant than the change in RI,
because the RI of a material can only be varied by a small
margin in response to external stimuli, while layer thickness
changes are less restricted.

Generally, several sensing mechanisms have been observed
in stimuli-responsive 1DPCs. The first two options are based on
the response to a stimulus either through pore filling or
through swelling of the active material. Typically, these two

(a) Change in refractive index

|

reflectance / %

\\/

o]
N

(b) Change in layer thickness A
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sensing mechanisms rely on the use of inherently responsive
building blocks. Another possible sensing mechanism is based
on the inclusion of a responsive “defect layer” in the 1DPC.
In the following, we focus on the conceptual overview of the
different types of sensing mechanisms in 1DPCs, along with
examples of applicable materials.

4.1 Sensing through pore filling

In the case of sensing through pore filling, the porosity of the
applied 1DPCs can be due to inherent structural porosity of the
constituent material, template-induced porosity, or textural
porosity. In sensing devices built from porous 1DPCs, the RI
is altered upon pore filling through the analyte while the
thickness is kept constant, which in turn leads to an optical
response of the sensor (Fig. 6a). The first porous BS to be
reported in this field was the “smart dust” discovered by Sailor
et al. in 2003.°® In this work, two discrete porous multilayered
dielectric mirrors were fabricated into silicon through electro-
chemical etching. One of the mirrors was chemically modified
through silane chemistry to exhibit hydrophobic properties,
while the other one had hydrophilic properties and both
mirrors were designed to have a different optical reflectance.
Upon exposure to an analyte, these BSs aligned themselves
based on the hydrophilic/hydrophobic properties of the ana-
Iyte. The subsequent infiltration of the responsive side of the
1DPC leads to a change of the RI and therefore predictable
shifts of the optical reflectance are induced.

In 2006 Ozin and co-workers transferred the concept of
porous layers for RI sensing to 1DPCs based on mesoporous,
sol-gel-derived TiO, and SiO, layers. The authors demonstrated
the optical response of this BS upon infiltration with organic
solvents having different Rls such as alcohols and alkanes.”
The next generation of 1DPCs used for RI sensing was based on
TiO, and SiO, nanoparticles, leading to textural mesoporosity.
These 1DPCs exhibited a response towards volatile organic
solvents (VOCs) instead of liquid analytes.®® Furthermore,
porous TiO, and SiO, 1DPCs were attached to a flat gold film
to induce a sharp Tamm mode within the stopband of the PC.**

80 T T T T
— pristine
40t RI change |
— d change
40

20

O s L L s
400 500 600 700 800 900
wavelength / nm

Fig. 6 Schematic illustration of the possible sensing mechanisms in a IDPC. Upon exposure towards an analyte either the refractive index change (top)
or the layer thickness change (bottom) is predominant. (a) Calculated red-shift of the Bragg peak (orange graph) induced by a change in the Rl upon
exposure towards a stimulus. The low Rl was fixed to n, = 1.6 while the high Rl was changed from ny, = 1.8 to n,, = 2.0. The thickness of each layer was
70 nm. (b) Calculated red-shift of the Bragg peak (green graph) induced by a change in the layer thickness upon exposure towards a stimulus. The low RI
was fixed to n; = 1.6 and the high Rl was fixed to n,, = 1.8 while the layer thickness of the high Rl material was changed from 70 to 140 nm. Note that the
reflectance spectra in (a) and (b) were calculated for a glass substrate with n = 1.51 and a thickness of 1 mm.
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Tamm plasmons are electromagnetic modes confined at the
interface between a noble metal layer and the 1DPC, which lead
to a dip in the photonic bandgap. Therefore, changes in the
refractive index inside the porous structure induced by the
exposure to solvents can be probed as the spectral position of
the Tamm mode changes in a precise manner.

Apart from NPs other porous, responsive building blocks
such as metal-organic frameworks (MOFs)®*®* or zeolites®*
have been used for creating stimuli-responsive 1DPCs based
on a change of the RI. Since the discovery of the stimuli-
responsiveness of porous 1DPCs, many efforts in this research
field have been conducted, and nowadays these PCs are used in
diverse applications ranging from vapor/solvent sensing,®>°® to
sensing of biologically relevant analytes®”®® to environmental
sensing® or water and food quality®®® control.

Even though a large number of functional NPs and other
porous materials is available for creating responsive 1DPCs,
and these sensing devices possess a high molecular selectivity,
it is important to note that the sensitivity is often low. This
drawback is due to the intrinsically limited RI changes upon
analyte infiltration, which translate to a rather small stopband
shift according to eqn (2). Therefore, materials that rely on a
layer thickness change (shrinking or swelling) as sensing
mechanism, such as swellable polymers, are beneficial for
higher sensitivity and an increased resolution (see Fig. 6).

4.2 Sensing through swelling

Swelling in a 1DPC (Fig. 6b) was first reported in 2007 by Kang
et al. using a PC comprised of polymer layers as stimuli-
responsive component and infiltration with a liquid analyte
lead to a full-spectral stopband shift (from 364 to 1627 nm).>*
Additionally, a broad solvent and solvent mixture response’®
as well as humidity”* and chloroform vapor sensitivity”*> has
been demonstrated in polymer-based organic-inorganic hybrid
1DPCs, highlighting their wide range of applications. As the
polymers possess various functional groups, their responsive-
ness can be tuned to different external stimuli, making them a
versatile sensing platform. Even though the fabrication of
polymer based 1DPCs (Fig. 2b) is facile and the library of
possible materials**”*7*7* is large, the main disadvantages

\\\\\Z analyte "
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for polymer based 1DPC sensors are their low RI contrast, slow
response and recovery times towards stimuli, and low chemical
and long-term stability.

To overcome these drawbacks, the use of 2D inorganic
materials (nanosheets) as building blocks for stimuli-
responsive 1DPCs has been explored as they exhibit short
response and recovery times to external stimuli by taking
up analytes between their layers, leading to layer swelling.
Compared to polymers, they are more stable, and there is a
large diversity in composition and structure. Like for polymers,
it is possible to tailor their properties in order to design their
responsiveness. The nanosheets that have been applied in
stimuli-responsive 1DPCs include antimony phosphates,”>”’
lithium tin sulfide (Fig. 2c),>® graphene oxide,”®”® layered
double hydroxides,®® and clays,*"®> which cover different
RIs and therefore allow the fabrication of 1DPCs with a large
optical contrast to the other constituent material. Considering
that a large RI contrast is beneficial for stimuli-responsiveness,
it is desirable to fabricate hybrid (in terms of types of materials,
e.g. nanosheet/nanoparticle or nanoparticle/polymer) 1DPCs
(Fig. 2d), based on either the sensing mechanism (RI vs.
swelling materials) or the inorganic/organic nature of the
materials.

A further approach to prepare swellable 1DPCs has com-
bined the breathing capability of porous MOF nanoparticles
(MIL-88B) with their high chemical selectivity for different
VOCs, resulting in large stopband shifts as a function of the
analyte (see Chapter 7).

4.3 Sensing based on the inclusion of a stimuli-responsive
defect layer

Another option to exploit the sensing capability of responsive
1DPCs is the inclusion of a ‘“defect layer” with a different
optical thickness and responsive properties into the otherwise
periodic bilayer structure of 1DPCs in order to induce the
tuneability of the photonic bandgap. In this case, the defect
layer breaks the periodicity and shifts the position of the
allowed state into the original forbidden bandgap.>* Therefore,
a well-defined dip (pass-band) of the reflectance (Fig. 7 blue
graph) occurs in the photonic stopband, whereby the position
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Fig. 7 Left: Schematic illustration of a defect layer embedded in a 1DPC. Right: Calculated resulting drop in the reflectance caused by the defect in a
1DPC. The RI of the low RI material was n, = 1.5 and n,, = 2.0 for the high Rl material and the defect was embedded in the middle (n = 1.5, d = 160 nm) of
the 6 bilayers comprising the 1DPC. After analyte exposure the thickness of the defect layer was 240 nm. Note that the reflectance was calculated for a
glass substrate with n = 1.51 and a thickness of 1mm. The thickness of each layer in the 1DPC was 80 nm.
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and intensity of this transmission maximum is dependent on
the optical thickness of the defect layer. Exposure towards a
stimulus alters the thickness or RI of the 1DPC, which leads to
a shift of the defect state within the bandgap (Fig. 7 orange
graph). Since the pass-band is sharp compared to the broad
stopband, the analyte resolution of the sensor is very high, and
hence even subtle changes in the environment can be detected
reliably.®*

As many different responsive materials are available as
defect layers, such as dyes,®> metallic particles,®® MOFs®” or
nanophosphors,®® the possibilities for manipulating the pro-
perties of the PC are vast. Additionally, defect layers in 1DPCs
can also be achieved by the inclusion of a thicker layer of one of
the constituent stimuli-responsive materials, which has been
demonstrated for TiO,/SiO,, graphene oxide hydrogel and
TiO,% as well as clay and TiO,/Si0,** PCs, among others.
Please note that more detailed examples of defect layers in
1DPCs and their application for vapor sensing are given in
Chapter 7 and Fig. 11.

5 Types of stimuli

In the past few years, the research interest in exploiting
structural color for sensing applications has increased, and
many stimuli-responsive 1DPCs have been applied as label-free
sensing platforms. Generally, 1DPCs can be responsive to
various stimuli of physical, chemical or biological nature,
which induce a RI or thickness change of the responsive
building block and lead to a shift of the photonic stopband.
In contrast to the previous chapter, which was mainly focused on
the different sensing mechanisms, the following subsections
intend to give conceptual insights into the broad variety of
different stimuli that 1DPCs can be responsive to. These will be
briefly discussed along with a small selection of examples. For a
broader overview of literature examples for each stimulus, the
reader is referred to other reviews.'®3%%°

5.1 Response to physical stimuli

One of the application fields of stimuli-responsive 1DPCs lies in
the detection of physical stimuli, such as mechanical, thermal
or electrical stimuli. In the following subsections, we will
discuss the different physical stimuli along with some examples
to explain the underlying sensing principle.

5.1.1 Mechanical stimuli. Mechanical stress, such as com-
pression or stretching, is the simplest type of stimulus 1DPCs
are responsive to. In 2006 the group of Ozin was the first to
discover that elastomeric inverse opals (3DPCs) can be applied
as mechanochromic sensors.” Because of the highly porous
nature of the elastic inverse opal, it can easily be compressed
changing the layer spacing between the air voids. This results in
a gradual shift of the photonic stopband across the entire
visible spectrum with increasing pressure. This work sparked
the interest in using elastic polymers as building blocks for
creating mechanically responsive 1DPCs. Generally, mechan-
ical deformation is accompanied with a biaxial contraction/

© 2022 The Author(s). Published by the Royal Society of Chemistry
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expansion of the polymer matrix along perpendicular direc-
tions in order to maintain a constant volume.”” This causes
changes in the RI or the lattice dimensions and therefore a shift
of the photonic stopband is induced. For example, Steiner et al.
demonstrated that a PC comprised of polymethylsiloxane
(PDMS) and PSPI (tri-block copolymer which consists of poly-
isoprene containing a 22 wt% minority polystyrene phase)
exhibits a reduction in layer thickness upon stretching, and
therefore the photonic stopband is blue-shifted and can be
tuned across the entire visible spectrum (from ca. 550 to
670 nm) as a function of the amount of strain (Fig. 8a).”!
Another mechanochromic sensor, based on a polystyrene-b-
poly-2-vinylpyridine (PS-b-P2VP) di-block copolymer, was
reported by Stafford and co-workers and exhibited a stopband
shift from 760 to 520 nm under compressive strain from 10
to 30%.°°® Additionally, the sensor was cast into conformal
coatings on nonplanar or patterned surfaces while maintaining
its sensing functionality, making the application possibilities
versatile. Even though the deformation and accompanied shift
of the photonic stopband in mechanochromic 1DPCs is usually
reversible, the long-term stability is poor and the recovery time
can be comparatively long. Furthermore, the wavelength tuning
range of mechanically responsive 1DPCs is dependent on the
volume fraction of the polymer content and the stretching ratio
(L/Ly). Therefore, it is necessary to fabricate “soft” photonic
crystals (with high polymer content) as they exhibit a large stop-
band shift (ie. large response) under mechanical deformation.'®

5.1.2 Thermal stimuli. A change in the environmental
conditions, such as a temperature change, can lead to swelling
or de-swelling of 1DPCs. Therefore, the use of hydrogels, which
can undergo a volume phase transition in an aqueous environ-
ment, is highly beneficial for colorimetric 1DPC temperature
sensors. One of the most popular examples is the “smart”
polymer poly(N-isopropylacrylamide) (PNIPAM), which exhibits
a sharp volume phase transition around the lower critical
solution temperature (LCST; ca. 32 °C). This means that the
PNIPAM gel swells when the temperature is below the LCST and
undergoes a dramatic collapse when the temperature is above
the LCST.®” The collapse is due to the fact that for temperatures
above the LCST a transition from the hydrated (swelled) to the
dehydrated (deswelled) state occurs, and thereby the hydrogel
properties change from hydrophilic to hydrophobic.”® For
instance, this principle has been exploited for the fabrication
of 1DPCs based on the photo-crosslinkable copolymers PNI-
PAM and poly(para-methyl styrene) (PpMS), which exhibit a
color change that covers nearly the full visible spectrum when
changing the temperature from 20 to 50 °C.%° This was achieved
by immersion of the sensors in water at room temperature,
which leads to swelling of the PNIPAM layers and therefore
a red-shift of the reflectance. Subsequent heating induced a
de-swelling of the layers due to a dramatic collapse as the
temperature is increased towards the lower critical solution
temperature (LCST), causing a progressive blue-shift of the
stopband.

Guan et al. also made use of the volume phase transition
of PNIPAM with respect to the surrounding temperature.
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Fig. 8 Response of 1DPCs to different physical stimuli: (a) reversible color change induced by stretching of a 1DPC; reprinted with permission from
ref. 91, Copyright 2010 Optical Society of America. (b) Reflectance spectra and photographs of electrical tuning of a 1DPC; reprinted with permission
from ref. 92, Copyright 2009 Royal Society of Chemistry. (c) Reflectance spectra and photographs of a 1DPC with varying temperature; reprinted with

permission from ref. 93, Copyright 2015 Royal Society of Chemistry.

They applied this approach for a 1DPC comprised of super-
paramagnetic polyvinylpyrrolidone-coated Fe;O, colloidal
nanocrystalline particles (Fe;0,@PVP CNC), which order into
1D chains when applying an external magnetic field and can be
fixed and solidified in a PNIPAM gel matrix (Fig. 8¢c).>> Due to
the high RI contrast of the constituent materials, the 1DPC
exhibits a bright iridescent color. During a decrease in tem-
perature from 35 to 10 °C, the volume of the gel expands
gradually and the color changes from green over yellow and
orange to red. This is due to the fact that the gel matrix
transforms from hydrophobic to hydrophilic with decreasing
temperature, which leads to significantly increased water
absorption capabilities. Therefore, a swelling of the matrix is
induced, accompanied by a change in the RI and a shift of the
stopband from 660 nm to 520 nm.

5.1.3 Electrical stimuli. Another type of physical stimulus,
which 1DPCs are responsive to, is an electric field. In general,
electrically responsive 1DPCs can either be stimulated by an

7414 | Mater. Adv., 2022, 3, 7406-7424

electrical signal or respond to an electrochemical signal. So far,
most of the research in this field has been conducted with 3D
photonic crystals while the number of examples for electrically
tunable 1DPCs is relatively small. This may be a consequence of
the lack of connectivity within the stimuli-responsive material
and hence the lack of electric addressability due to the 1D
architecture. Nevertheless, we highlight two examples here.
One possibility for electrically responsive 1DPCs is achieved
when including nematic liquid crystals as a defect layer in an
SiO, and TiO,-based photonic structure.’®® When an electric
field is applied, the pass-band, which is caused by the defect
layer, is shifted as the RI is changed due to the realignment of
the liquid crystals in response to external electric fields.
Another possibility for electrically responsive 1DPCs is the
response towards electrochemical signals. Examples of electro-
chemically responsive 1DPCs are based on the block copolymer
polystyrene-b-poly(2-vinyl pyridine) (PS-b-P2VP), which exhibits
swelling when an applied electric field changes the chemical

© 2022 The Author(s). Published by the Royal Society of Chemistry
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environment, and therefore a full color shift of the photonic
stopband is induced (Fig. 8b).”>"'%" Precisely, the pyridine group
in the P2VP block can be protonated in solution by applying an
anodic bias voltage. The resulting pyridinium groups pair with
the anions of the electrolyte, which in turn are attracted to the
positively charged electrode. Likewise, the reverse process
occurs when applying a cathodic bias voltage. These processes
enable electrical tuning of the thickness of the PV2P layers or
the periodicity of the film as the application of a small voltage
leads to an expansion or contraction of the layers as a function
of the direction and strength of the electrical potential.

5.2 Response to chemical stimuli

Another multifaceted application of stimuli-responsive 1DPCs
is the detection of chemical stimuli. These can be liquids,
vapors, humidity, pH (H" ions) of the surrounding medium,
or biomolecules. In the following subsections, we give an
overview of different chemical stimuli by discussing some
examples to explain the underlying sensing principle and to
highlight the vast variety of possible stimuli.

5.2.1 Solvents, liquids and vapors. So far, much effort has
been devoted to solvent, liquid and vapor sensing due to the
quick and large response as well as facile readout of the 1DPCs.
A large library of active components, such as porous
nanoparticles,’”®® nanosheets,>”> polymers,>*'** clays,®"'®
MOFs® or zeolites'®” has been explored and diverse liquids,
organic solvents, VOCs or humidity (Fig. 9a) have been applied
as analytes. Depending on the active component used, the
sensing principle predominantly relies on RI or thickness
changes, which translates into a shift of the photonic stopband.
Furthermore, the 1DPCs can function as a “photonic nose” by
creating an array of PCs, in which each component is function-
alized to respond to a different analyte.®” The applications for
this class of responsive 1DPCs are widespread and range from
environmental monitoring,'> via water and food quality
control* to medical diagnostics.®” To our mind the field of
vapor sensing is highly promising for future applications and
should further be investigated. Therefore, a more detailed
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discussion of selected examples of 1DPCs used for vapor
sensing is given in Chapter 7, which is why we keep the
discussion short at this point.

5.2.2 Ions. Another possibility for chemical responsiveness
of 1DPCs is the response towards pH or ions. Ion responsive-
ness in 1DPCs is commonly based on the interaction of analyte
ions with a certain recognition group of a hydrogel polymer
leading to an altered Donnan osmotic pressure.'® Therefore, a
volume change of the hydrogel takes place, which is driven by
solvent influx in order to compensate the osmotic pressure.'®
Since this process leads to a swelling or shrinking of the
polymer component, a shift of the photonic stopband is
induced. For example, Ge and co-workers demonstrated
pH-responsiveness in the range from 8 to 2 at a temperature
of 35 °C (Fig. 9b) by incorporating a proton-sensitive co-polymer
such as poly(acrylic acid-N,N’-methylene-bis-acrylamide-N-
isopropylacrylamide) P(AA-bis-NIPAAm) as active material in a
1DPC."” Upon solvent influx, the uptake of H' results in
electrostatic repulsion in the polymer. The more water infil-
trates the 1DPC, the lower the RI of the swollen polymer,
leading to a shift in PBG from 575 nm to 510 nm. From the
reflectance spectra, it seems that all tested pH values can be
distinguished in a proper manner except for pH 6 and 7, which
show similar stopband positions.

Another example of ion detection with polymer-based 1DPCs
is the use of a polydimethylaminoethyl methacrylate-co-ethylene
glycol dimethacrylate (PDMAEMA-co-PEGDMA) and TiO,-based
BS, which is responsive to thiocyanate anions (SCN ™). Immersion
in citric acid leads to a red-shift of the stopband due to swelling
of the quaternized polymer and the decrease of its RI. Upon
exposure towards SCN~ (concentrations from 10 ° mol 1" to
10" mol 1™") a blue-shift of the PBG is observed (750 nm to
490 nm) caused by a volume collapse due to weakened electro-
static repulsion in the polymer layers.**'°® Further, the sensor
exhibits a high selectivity towards the detection of SCN™~ as the
assay is barely influenced by the presence of other, interfering
anions (F~, CI-, Br, I, HPO,>", Ac” and HCO;"). Despite the
fact that there are various other possibilities for sensing ions or
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Fig. 9 Response of 1DPCs to different chemical stimuli: (a) relative humidity; adapted and reprinted with permission from ref. 102, Copyright 2011
American Chemical Society. (b) H* ions; adapted and reprinted with permission from ref. 103, Copyright 2015 Elsevier. (c) Glucose oxidase (GO,); adapted
and reprinted with permission from ref. 104, Copyright 2012 Royal Society of Chemistry.
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pH, stimuli-responsive 1DPCs may offer a platform for minia-
turized sensors for specific applications.

5.2.3 Biomolecules. Even though most biomolecules are
too large to be reasonably detected by 1DPCs, we discuss a few
examples in this subsection that show that chemically respon-
sive 1DPCs can also be designed to detect biologically relevant
molecules. This is achieved either directly by including an
appropriate recognition group into the structure, or indirectly
via changes in the environment such as the pH, triggered by the
interaction of the analyte with the photonic structure. For
example, the catalytic oxidation of glucose in the presence of
glucose oxidase (GO,) can be monitored as pH changes occur
due to the gluconic acid, which is generated during the reac-
tion. 1DPCs based on poly(N,N'-dimethylaminoethyl methacry-
late) (PDMAEMA) and TiO, are able to detect the concentration
of GO,, since the polymer is pH-sensitive and shrinks or swells
in response to the produced gluconic acid, and hence leads to a
shift of the photonic bandgap (Fig. 9¢).'®* Furthermore, surface
functionalization of mesoporous 1DPCs based on TiO,- and
SiO,-nanoparticles with biotin allows for the optical detection
of probe-target interactions with streptavidin, whereby the
response relies on the change in the dielectric constant due
to the bio-recognition event. Interestingly, confocal fluores-
cence microscopy has shown that the streptavidin diffused to
deeper layers of the mesoporous 1DPC instead of staying on the
surface. Therefore, future research should focus on the diffu-
sion of molecules within 1DPCs in order to gain a deeper
knowledge on how to exploit stimuli-responsive 1DPCs for an
even wider range of applications.

6 Selected vapor sensing applications

In the previous chapters, the various types of stimuli that can
be detected with 1DPCs have been discussed on a conceptual
level. Since vapor sensing is one of the largest application fields
of stimuli-responsive 1DPCs and has received increasing atten-
tion in the past few years, the next section focuses on this
stimulus in more detail by reviewing selected examples.
To structure this discussion, the examples of vapor-responsive
1DPCs are grouped by their architecture being either
nanoparticle-based PCs, defect structures, or hybrid photonic
structures.
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6.1 NP-based 1DPCs

For porous nanoparticle-based 1DPCs, which are often com-
prised of SiO, and TiO, particles, the vapor sensing capabilities
regarding humidity,®®'%>'% toluene®”'* and isopropanol®®***'!*
have been studied. The main reasons for the popularity of this
system is its inexpensive and easy fabrication as well as the broad
tunability of the optical properties deriving from properties on the
macroscopic, mesoscopic and atomic scale.'® Therefore, the
optical response towards environmental changes can be precisely
tailored to meet the desired application. These types of 1DPCs are
not only sensitive to a certain vapor, but they can also distinguish
specific relative vapor pressures of the analyte.®>°*'"! For exam-
ple, this was studied by Kobler et al for 1DPCs based on
mesoporous SiO, and TiO, nanoparticles that exhibit a response
towards different vapor pressures of toluene due to changes in the
RI, which gives rise to optical adsorption isotherms.®

Some 1DPCs are not only stimuli-responsive, but their
responsiveness can be changed and fine-tuned by post-
synthetic functionalization or intercalation. For example, it
has been shown that porous 1DPCs based on alternating layers
of SiO, and TiO, NPs can be employed as “‘artificial nose” for
the detection of bacteria, which are commonly involved in cases
of opportunistic hospital infections.®” Bonifacio et al. demon-
strated that surface functionalized 1DPC sensor arrays, com-
bined with color image analysis, could be used to identify
different bacterial strains (Pseudomonas aeruginosa, Escher-
ichia coli, Staphylococcus aureus, and Staphylococcus epider-
midis) by analyzing the headspace created by them (Fig. 10).
When cultivated in 5% sheep blood agar for 24 h, each bacteria
strain produces a unique composition of volatile species. Even
though the amount of volatiles produced by the bacteria is
small, the culture headspace shows a distinct atmosphere
composition, which is made up of agar volatiles along with
the bacteria culture by-products, and therefore enables the
unambiguous distinction of the different bacteria strains. The
volatile metabolites of bacteria strains can contain alcohols,
sulfides, amines, and aldehydes, among others. A detailed
study on the composition of the headspace of some bacteria
strains can be found elsewhere.'"> Due to the differently
functionalized sensors in the array, the headspace of the
studied bacteria strains can be distinguished by PCA analysis.
Even though there are many examples of nanoparticle-based
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Fig. 10 Principal component analysis of color changes resulting from the exposure of a 1IDPC-based photonic-nose array to different analyte-saturated
atmospheres (middle) as well as color changes caused by the volatiles produced by bacteria strains (right); adapted and reprinted with permission from

ref. 67, Copyright 2010 John Wiley and Sons.
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1DPCs used for vapor sensing, the relative optical shift of the 1DPC in order to break its symmetry. This approach was
stopband of these 1DPCs is intrinsically limited as the optical utilized by the group of Miguez for the fabrication of a
response relies mainly on the change of RI upon analyte mesoporous TiO,- and SiO,-based 1DPC in which a five times
infiltration. It is thus key to implement suitable image or thicker SiO, layer was embedded in the middle of the otherwise
multivariate analysis to discriminate chemically similar ana- periodic photonic structure (Fig. 11a).°® In their work they gave
lytes in a sufficient manner. a detailed analysis of the response of such a defect 1DPC
towards isopropanol (Fig. 11a left) and water (Fig. 11a right)
vapors with partial pressures from 0 to 1 along with the
In order to overcome the drawbacks of nanoparticle-based comparison of the response of the 1DPC without the defect
1DPCs, the inclusion of a defect layer or the fabrication of layer. In accordance with the theoretical details discussed in
hybrid 1DPCs to increase the resolution has received attention Section 5.3, it is evident that the resolution of the defect-
in the past few years. Exemplarily, analytes reported for defect containing PC is higher due to the thin reflectance dip com-
1DPCs range from protic (e.g. humidity,® ethanol (Fig. 11a),*” pared to the broad stopband of the normal 1DPC.

isopropanol®®®®) to aprotic solvent vapors such as toluene.®® Another option for creating defect 1DPCs is the inclusion of
The underlying sensing mechanism of defect 1DPCs was dis- other responsive materials such as nanosheets, dyes or nano-
cussed in more detail in Section 5.3. As mentioned previously, phosphors (Fig. 11b and c).>>*® For example, responsiveness
one possibility for defect layers is the fabrication of a thicker towards isopropanol and toluene vapors has been demon-
layer of one of the constituent materials in the middle of the strated for a TiO,- and SiO,-based BS with rhombic-shaped

6.2 Defect 1DPCs
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Fig. 11 (a) Optical response and cross-section FE-SEM image of a 1DPC with a planar defect towards different partial pressures of isopropanol (left) and
water (right) vapors, respectively. The arrows indicate the increase in the vapor partial pressure from 0 to 1; adapted and reprinted with permission from
ref. 66, Copyright 2008 American Chemical Society. (b) 1DPC containing a nanophosphor layer as a defect and its response (luminescence (red) and
reflectance (gray)) towards different partial pressures of isopropanol vapor: (i) before exposure (ii-v) at increasing partial pressure; adapted and reprinted
with permission from ref. 88, Copyright 2010 Royal Society of Chemistry. (c) 1DPC with a defect layer comprised of dyed nanospheres embedded in a
nanosheet layer shows increased response towards relative humidity when the dye is in the “turn-on” state (orange); adapted and reprinted with
permission from ref. 85, Copyright 2017 John Wiley and Sons.
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Eu-doped nanophosphors embedded in the middle of the
structure (Fig. 11b).%® In this case, the infiltration of the BS’
voids with the analyte, and hence the optical response of the
photonic structure towards a vapor, causes a strong modifica-
tion of the luminescence spectrum of the nanophosphors. Note
that the nanophosphors were embedded in a protective matrix
to avoid interaction with the vapors. Upon increasing the
partial vapor pressure, the average RI of the BS is increased
due to adsorption and/or condensation of the high RI vapor in
the pore walls, which results in a gradual red-shift of the
resonant mode (Fig. 11b gray). Therefore, the intensity of the
emission peak of the nanophosphor (Fig. 11b red) is slowly
decreased because the match with the resonant mode is
diminished. The higher the refractive index of the absorbed
vapor, the larger the shift of the position of the resonant mode,
which leads to a more abrupt drop of the emission peak
intensity of the nanophosphor. Hence, this study showed that
the luminescence spectra of the embedded nanophosphors are
sensitive to the degree of matching with the resonant mode,
and that the variations depend on the RI of the analyte, which
implies selectivity of the response.

Additionally, the inclusion of a defect layer in a stimuli-
responsive 1DPC opens up new possibilities in terms of
readout scheme. For example, the integration of a light-
emitting dye (polystyrene nanospheres dyed with Firefli Fluor-
escent Red) in the defect layer of a humidity-responsive PC
(Fig. 11c) allows the creation of a tailored photoluminescence
response to changes in ambient humidity.®® Specifically,

110
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antimony phosphate nanosheets were used as a stimuli-
responsive defect layer in a TiO, and SiO,-based 1DPC, as they
exhibit pronounced swelling upon exposure to humidity. When
the nanosheet layer shows gradual swelling in response to
increased humidity, the spatial and spectral positions of the
reflectance dip are changed with respect to those of the emis-
sion band of the dye molecules. In this case two different
scenarios can be realized, namely the turn-on or turn-off
response of the luminescence of the dyes with increasing
humidity. However, in the present state, the range of solvent
vapors that has been detected with defect 1DPCs is still
quite small.

6.3 Hybrid 1DPCs

A much wider range of applicable solvent vapors has been
reported for hybrid 1DPCs, which combine the advantages of
metal oxide NPs as RI contrast material, such as TiO, and SiO,,
with materials that show response towards various analytes. As
the library of responsive materials is vast, this opens up the
opportunity to judiciously fine-tune the 1DPC to meet specific
requirements, and the possibility to distinguish between dif-
ferent vapors. For example, 1DPCs comprised of TiO, NPs and
MOFs are promising candidates for selective vapor sensing due
to their modular tunability, strong host-guest interactions,
and tailorable sorption behavior at the molecular level.®” The
first MOF-based 1DPC was reported by Hinterholzinger et al
and made use of ZIF-8 as active component.®” The studied
vapors included MeOH, EtOH, iso-butanol and ter¢t-pentanol.

Reflectance(%)

(b) —— EtoH (c) sol@ B CAUA
1004 —— Acetone B CAU-1-SBU :
704 B CAU-1-Hex i

Spectral shift AL/ nm
F
o

= |
2] |
° 10 ,
o [
50 550 600 650 700 750 H,0 MeOH EtOH iPrOH Heptane
Eney [o¥ Wavelength(nm) Solvent
(d) 5 15 15 Methanol 4 3| Ethiwater = array
10 10 1-Hexanol 10
- EhMe:hanou - M " 5 Bropandi = Ethanol 2
X 05 thanol % X 05 2 X 05 . X1
- Water| Water Water Eth/meth
8 oof AP’ —a] 2 00 5 8 0.0{+—= 8 o *
< D o
< 05 S 05 Ethanol S 05 2:pro g 1 Eth/2-pro
N panol ® Eth/1-hex
& 10 1-Hexanol & 10 & 1.0 1He:an°| . N2 .
15 . TiO/ZIF-8 15 Methanol | 1io HKUST-1 A5 TiO,/CAU-1-NH, 3
3 -2 14 0 1 2 3 3 -2 1 0 1 2 3 3 2 -1 0 1 2 3 3 -2 1 0 1 2
F1(79.32 %) F1(75.76 %) F1(70.92 %) F1 (51.06 %)

Fig. 12 (a) Stimuli-responsive MOF defect layer incorporated in a 1DPC for enhanced sensitivity towards EtOH vapor; adapted and reprinted with
permission from ref. 87, Copyright 2015 Elsevier. (b) Selective vapor sensing through a “breathing” MOF in the 1DPC; adapted and reprinted with
permission from ref. 83, Copyright 2014 Royal Society of Chemistry. (c) Different spectral shifts upon analyte exposure for modified MOF building units in
1DPCs; adapted and reprinted with permission from ref. 113, Copyright 2018 Royal Society of Chemistry. (d) Principal component analysis (PCA) of 1DPCs
for differently responsive MOF species (TiO,/ZIF-8, TiO,/HKUST-1, and TiO,/CAU-1-NH,) as active components and an array assembled from these
three MOF-based BSs illustrating the combinatorial capability for discriminating between solvent vapor mixtures; adapted and reprinted with permission
from ref. 63, Copyright 2015 American Chemical Society.
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Later, the analyte-specific optical detection was enhanced by
Ranft et al by integrating multiple responsive MOF species
(Z1F-8, CAU-1-NH,, HKUST-1) into a single 1DPC, whereby the
response towards MeOH, EtOH, water, 2-propanol, 1-hexanol
and mixtures was examined (Fig. 12d).®®> The analyte discrimi-
nation capability in CAU-1 based 1DPCs was enhanced by post-
assembly modification of the coordination environment of the
metal-oxo secondary building unit or by amide-formation at the
organic linker, which translates into significant changes in
the optical response of the photonic crystal sensor towards
the analytes (Fig. 12¢).""? In this case, the used vapors were
MeOH, EtOH, water, iso-propanol and heptane. As discussed in
Section 5, a change in layer thickness upon exposure towards
a stimulus leads to much larger optical shifts than a response
based on RI changes. Therefore, the use of flexible MOFs
such as NH,-MIL-88B, which show a pronounced ‘‘breathing
effect” upon exposure to environmental vapors (MeOH, EtOH,
water, iso-propanol, DMF, acetone and EtOH/water mixture),
is beneficial for obtaining large optical shifts up to 200 nm
(Fig. 12b).%

Even larger optical shifts in response to vapors have been
obtained in hybrid 1DPCs built from metal-oxide NPs and
nanosheets such as HSbP,Og, H3Sb;P,0,4 or Li,Sn,Ss; due to
their pronounced swelling capability upon analyte exposure.
Preceding work on the influence of relative humidity on the
stacking distance of the layered bulk antimonyphosphates
revealed that the phosphatoantimonic acids can intercalate a
larger amount of water at ambient RH than their potassium
counterparts.’'* Specifically, in the HSbP,Og bulk material
proton diffusion behaves like a particle hydrate, while in the
H;Sb;P,044-x H,0 bulk it behaves like a true lattice hydrate.'**
Inspired by this work, ellipsometric studies of the RH depen-
dent swelling of these materials in nanosheet-based thin films
were carried out.”® These studies showed that in the thin film
case the materials exhibit a smoother, less stepwise swelling
upon exposure to RH compared to the bulk material, which is
highly beneficial for application of this material in sensing.
This effect can be attributed to a lower layer registry and less
interlayer interactions in the restacked nanosheet material
compared to the crystalline bulk material, and to increased
grain boundary adsorption. Taking into account the turbostra-
tic disorder of the nanosheets, the water adsorption sites
between the nanosheets are less well-defined compared to
the bulk, leading to a smoother, continuous water uptake
rather than the formation of defined hydrates.”® Inspired by
the unprecedentedly large swelling capabilities of antimony-
phosphate nanosheet thin films, paired with the fast
sub-second to few seconds response times, 1DPCs with
H;Sb;P,0,, and either TiO, or SiO, were fabricated. In this
case, the H;Sb;P,04,4 acts as the moisture-sensitive compo-
nent while the nanoparticle layers are a “‘gate”’, due to their
textural porosity, providing access of the water molecules to
the sensing component throughout the whole photonic
structure.®>”°

Even though HSbP,O;g also exhibits extraordinary swelling
capabilities, the main difference to H;Sb;P,0,, is that it loses

© 2022 The Author(s). Published by the Royal Society of Chemistry
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water completely at zero humidity and therefore shows better
contrast and thus superior sensitivity in the low humidity
regime.”® This behavior originates from the differences in the
crystal structure of these materials. While H;Sb;P,0,,4 exhibits
structural pores that can host water molecules within the
layers, the HSbP,Og layers are dense. A photonic nose based
on HSbP,Og nanosheets and TiO, was developed (Fig. 13b),
which allows trace water sensing and vapor recognition of
alcohol/water mixtures, MeOH, EtOH, water, propanol, iso-
propanol, butanol, 2-butanol, acetonitrile, toluene and
heptane.”® Hereby, the sensor can distinguish between water
vapor, nonprotic (nonpolar and polar) and protic solvent vapors
(alcohols) by exploiting the saturation time and optical shift as
two independent descriptors. Even chemically similar solvent
vapors such as homologous alcohols or isomers, which interact
with the nanoparticle layers as well as the nanosheet layers of
the 1DPC, can be distinguished based on their sorption and
diffusion properties.””

Another interesting application is the exploitation of the
giant moisture responsiveness of H;Sb;P,0,, and TiO, or SiO,
1DPCs for touchless optical finger motion tracking (Fig. 13a)
due to the fast intercalation of the humidity close to the finger
into the nanosheet layers and the resulting optical shift.”® In a
recent publication, we demonstrated that this specific 1DPC
could be transferred to arbitrary substrates (Fig. 13c) with the
aid of a sacrificial layer without impairing the vapor sensing
capability. In addition, it was shown that the sensing properties
can be flexibly changed and fine-tuned through modification
with various primary alkylamines.""® Particularly, this allows
to flexibly fine-tune the hydrophobicity of the sample and
therefore the response towards VOCs.''” Even though the
fine-tuning of the sensing properties of 1DPCs has not received
extensive attention so far, we believe that there is high potential
for future research. As there is a wide variety of literature
concerning intercalation in layered (nano)materials, this may
open up the opportunity of judiciously creating stimuli-
responsiveness and tunability in inherently non-responsive
building blocks.

To the best of our knowledge, the highest reported RI
contrast in 1DPCs was achieved in a hybrid BS which combined
Li,Sn,S; nanosheets with SiO, nanoparticles.?® In combination
with the excellent swelling capability of the nanosheets upon
exposure to humidity, this device bodes well for a new genera-
tion of humidity sensors with extremely high sensitivity.

In this chapter, we highlighted some vapor sensing applica-
tions of stimuli-responsive 1DPCs taking into account the
different analytes that have been studied as well as the various
materials that are suitable and different 1DPC architectures
that are applicable. In terms of sensitivity, we anticipate that
future research (not only in the field of vapor sensing) will focus
on hybrid 1DPCs due to their often superior swellability or
combination of sensing mechanisms, and thus larger optical
shifts. In addition, unleashing new stimuli-responsive materi-
als for sensor integration holds great potential due to the
vast variety of building blocks, chemical properties and
responsiveness.
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(a) 1IDPC with giant moisture responsiveness used as a touchless positioning interface by responding to the moisture of a finger; adapted and

reprinted with permission from ref. 76, Copyright 2015 John Wiley and Sons. (b) 1DPC acting as a photonic nose: analyte identification of different solvent
vapors by different sensing mechanisms; adapted and reprinted with permission from ref. 75, Copyright 2016 John Wiley and Sons. (c) Left: Schematic
description of the transfer of a vapor sensitive 1DPC to another substrate by hydrophobization of the sample (amine intercalation) and the use of a
sacrificial layer. Right: Reflectance of the pristine (blue), hydrophobized (purple) and transferred (pink) sample along with the calculated reflectance
(dashed lines) and microscope images of the sample before and after transfer; adapted and reprinted with permission from ref. 115, Copyright 2021

The Authors.

7 Current challenges of 1DPC sensors

Although many groups have focused on the architectures,
techniques and materials in the field of 1DPC sensing, there
are still several challenges limiting the performance of 1DPC-
based sensors at the current state. These challenges emerge
partly from the sensing field in general and are partly related
specifically to 1DPCs.

For example, the miniaturization, which is highly desired for
emerging application fields such as IoT, point of care testing, or

7420 | Mater. Adv, 2022, 3, 7406-7424

wearables, is an important aspect for both 1DPCs and the
corresponding readout systems. While 1DPCs can easily be
fabricated in small size, the miniaturization of the readout
system remains challenging because quantitative measurements
often rely on microscopic or spectroscopic techniques that require
large and non-portable setups. A promising option to overcome
this drawback is either the qualitative detection based on color
changes induced through the sensing event, or building a readout
platform that is based on handheld devices such as smartphones.
By integrating the zoom function of the camera and systems for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(d) Response (blue square) and recovery (green square) times. Figure
adapted and reproduced from ref. 119.

optical analysis, colorimetric as well as fluorescence detection may
be achieved thus rendering PCs a versatile sensing platform."'®
Regarding the challenges specifically related to 1DPCs,
the key issues that need to be addressed to make them
competitive with other sensor types are summarized schemati-
cally in Fig. 14. These parameters, also referred to as the ““4S“,

include the sensitivity (Fig. 14a), selectivity (Fig. 14b), stability
118

90,117

(Fig. 14c) and speed (response-recovery rate; Fig. 14d).

7.1 Sensitivity

In Fig. 14a the sensitivity - i.e. the measurement signal change
per concentration unit of the analyte (slope definition) - is
schematically depicted in accordance with the slope definition
of the maximum sensitivity for a sensor with high (yellow) and
low (green) sensitivity. Colorimetric 1DPC-based sensors that
make use of RI changes as the main sensing mechanism often
exhibit a stopband-shift of a few nanometers upon analyte
infiltration at best, which makes a naked-eye-readout difficult.
This can be improved with larger changes in the photonic
stopband, e.g. by applying materials that show a large change
in layer thickness, along with RI changes, in response to a
stimulus. In these sensors, the sensitivity is enhanced and
therefore future research should be directed in finding materials
with pronounced swelling capability.

7.2 Selectivity

An example of the differentiating capability, and therefore the
selectivity of a sensor towards different analytes, is given in
Fig. 14b. A general issue in the field of sensing is the selectivity
and cross sensitivity towards chemically similar analytes as the
sensors are not labelled with recognition groups and often solely

© 2022 The Author(s). Published by the Royal Society of Chemistry
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distinguish different analytes by RI and polarity. This short-
coming can be alleviated by means of statistical data analysis,
e.g. principal component analysis (PCA) of sensor arrays,”*¢” or
hierarchical sensor structures.’*® The functionalization of the
sensor with chemically selective recognition groups as well as
the application of building blocks with inherent chemical selec-
tivity might also help overcome this issue.

7.3 Stability

The sensor stability defines how long and throughout how
many cycles the sensor maintains its performance, which is
depicted schematically in Fig. 14c. Issues regarding the sensor
stability include chemical stability, long-term stability and
cyclability. For example, the sensor can undergo irreversible
changes during the sensing event, or storage may affect the
sensing performance, both of which is impracticable for long-
term applications. Enhanced stability could be controlled,
for example, by a careful choice of the building blocks (i.e.
inorganic vs. organic materials) or morphology (e.g. active
material with textural or structural porosity) of the sensor.
Quite generally, the use of robust inorganic materials may lead
to an improved chemical and long-term stability as compared
to polymers.

7.4 Speed

Per definition, the speed of a sensor, ie. the response and
recovery times, is characterized by the times needed to achieve
90% of the signal change. This is illustrated in Fig. 14d,
whereby the dotted line marks 90% of the signal change and
the blue and green squares show the response and recovery
times, respectively. As required by the desired application,
swellable nanosheets with response times in the second to
sub-second regime may be favored as functional building
blocks for 1DPCs as compared to swellable polymers that
typically exhibit response times in the range of up to several
tens of minutes.

Lastly, the optimization of existing materials regarding the
homogeneity of the particles (in terms of e.g. size, morphology,
and phase purity), and the layer thicknesses as well as their
surface roughness should be improved as these factors give rise
to color purity and hence an improved color resolution of the
sensor. This in turn facilitates the discrimination of analytes
that only induce small shifts of the photonic stopband and may
pave the way for continuous monitoring of physical, chemical
or biochemical stimuli.

8 Summary and outlook

In this review, we have summarized the materials and princi-
ples for the design and fabrication of 1DPCs. The main fabrica-
tion methods rely on liquid processing and evaporation-
induced self-assembly of the constituent materials without
the need for expensive instrumentation or delicate processing
conditions. Moreover, a large library of materials is available for
the fabrication of 1DPCs including nanoparticles, polymers,
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nanosheets, MOFs and zeolites. However, in order to transfer
the materials and fabrication methods from research to industry,
large-scale manufacturing needs to be improved tremendously.
At the same time, the optical properties of PCs can be judiciously
tuned based on theory-guided optical design. Hence, stimuli-
responsiveness can be introduced rationally and translated into
a visibly perceptible color change of the PC. Hereby, two different
sensing mechanisms are possible based on the active component:
change of RI or change of layer thickness. Since the RI changes are
intrinsically limited, the use of 1DPC sensors that are based on
layer thickness changes are favorable as the relative shift of the
photonic stopband is more pronounced in this case. The main
advantages of 1DPC sensors is their low cost and ease of readout.
The response types can be divided into response towards physical
or chemical stimuli, whereby we highlighted various examples of
1DPCs for each case. Furthermore, we introduced selected appli-
cations for 1DPCs in the field of vapor sensors, as we believe that
this is a field with a bright future owing to the rapidly increased
need for cheap and label-free sensor systems. In particular,
different 1DPCs have been applied as ‘“artificial noses” to detect
humidity, explosives, toxic volatiles, or metabolic products.
Finally, we provided an overview of several challenges that remain
in 1DPC sensors, some of which stem from the sensing field in
general and some of which are specific to 1DPCs.

Given the importance of sensors in our everyday life, photo-
nic crystal based sensors represent a highly promising, low-cost
technology for smart next-generation sensors, particularly
regarding their subtle response to the environment for ambient
monitoring and point-of-care applications. To achieve real-
world applications in the near future it is of utmost importance
to foster collaborative innovation from different research
communities.
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