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ABSTRACT: Stimuli-responsive photonic crystals (PCs) repre-
sent an intriguing class of smart materials very promising for
sensing applications. Here, selective ionic strength responsive poly-
meric PCs are reported. They are easily fabricated by partial

sulfonation of polystyrene opals, without using toxic or expensive _ ‘ I::>

monomers and etching steps. The color of the resulting hydrogel- . G

like ordered structures can be continuously shifted over the entire PS PSS Strength PSS
visible range (405—760 nm) by changing the content of ions over Particles  Hydrogel Deswelling

an extremely wide range of concentration (from about 70 uM to
4 M). The optical response is completely independent from pH
and temperature, and the initial color can be fully recovered by washing the sulfonated opals with pure water. These new smart
photonic materials could find important applications as ionic strength sensors for environmental monitoring as well as for
healthcare screening.

KEYWORDS: ionic strength sensors, polyelectrolytes, colloids, stimuli-responsive opals, core—shell particles

B INTRODUCTION They can be processed to obtain opals and inverted opals and
modified with functional groups which are sensible to different
analytes, like heavy metals,”*~** pH,**** and amino acids.’
Sensing ionic strength (IS) of solutions can be useful in
several applications, such as in monitoring of the salinity of sea
and fresh water, in fish agriculture, during blood dialysis, and in
the chemical industry.”® Although a large variety of chemically
responsive PCs have been described in recent literature, very
few examples focused on PCs which are selectively respon-
sive to IS. In particular, Asher et al. presented a polyacrylamide
infiltrated polystyrene colloidal crystal, which after partial
hydrolysis of the amide groups exhibited an interesting IS
response.”” The peak reflection wavelength was shifted by

application of a stimulus can modify the PC’s lattice constant about 250 nm by increasing the IS from 0 to 10 mM. More
and/or induce a variation of the materials’ refractive indices. recently, by using similar materials and processes, Fenzl et al.
These effects result in a shift of the reflection band(s) and, realized a PC that can be tuned over a broader range of IS
as a consequence, in a variation of the perceived color. Stimuli- than thezgrevious example, although the spectral variation was
responsive PCs constitute an intriguing class of smart materials reduced.” Indeed, by increasing the IS of the surrounding

Photonic crystals (PCs) represent an important class of colored
structured materials with a spatial modulation of the refractive
index on a length scale comparable to the wavelength of visible
light. The periodic spatial arrangement enables control of
the propagation of the electromagnetic waves by creating a
so-called partial or full band gap or stop band, ie, energy
intervals for which propagation is forbidden along certain or all
directions." The use of so-called “smart materials” in the fabri-
cation of PCs results in stimuli-responsive photonic structures,
whose optical properties can be modulated by using external
triggers, such as chemical,”™® thermal,”™ electrical,'’ mag-
netic,"'* mechanical'*"* stimuli, or light.ls_17 In general, the

that can be applied in several technologies for sensing devices solution from 107 to 10 M the reflected wavelength was
or actuation systems, among others."® shifted by ~100 nm. Despite the fast response, this system is

In particular, photonic structures made up of chemically adequate for sensing the IS only at pH > §, as the PC shift
responsive materials can be applied as PCs-based sensors (e.g., is strongly influenced by the pH under more acidic conditions.

pH, solvents, water content, ionic strength) whose readout is
an optical response, in principle detectable by the naked eye.”"”
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Figure 1. (a) Working mechanism of the IS responsive sulfonated PS opals. (b) Fabrication process of the sulfonated polystyrene opals. The PS
particles are assembled in a photonic structure by horizontal deposition and sulfonated with concentrated sulfuric acid. Optical (c) and SEM
(d) images of nonmodified PS opals. Scale bar: 200 ym for (c).

An additional example was reported by Chen et al., who fabri-
cated microgel PCs of poly((N-isopropylacrylamide)acrylic acid)
P(NIPAM-AAc) which were able to respond to IS and temper-
ature.” The color could be shifted very quickly by about 360 nm
by increasing the IS from 10 to 667 mM, although the small
size of the crystals (few micrometers) prevents the application
of this material as a sensor. The cited PCs examples exhibited
an IS response over a very narrow range of salt concentrations,
as well as a concomitant dependence on pH and temperature,
which considerably limit their suitability in applications as real
sensors. Another drawback is related to the time-consuming
fabrication process, based on the use of hazardous substances
(e.g, acrylamide) or expensive reactants.

Here, we report a PC based on a sulfonated polystyrene opal
which is responsive to IS (Figure 1a). This is obtained by self-
assembling of polystyrene (PS) particles followed by partial
sulfonation with sulfuric acid, thereby demonstrating the possi-
bility to produce smart photonic structures without using diffi-
cult synthetic strategies, toxic or expensive monomers, and/or
etching steps. The simple fabrication method produces a
hydrogel-like ordered structure, whose color can be reversibly
shifted within the entire visible region (405—760 nm) by
changing the content of water or ions over an extremely wide
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range of concentration (from 68 uM to 4 M). In addition, the
optical response to IS is fast (less than 1 s) and selective, being
mostly independent of pH and temperature, which makes this
material very promising for sensing applications.

B EXPERIMENTAL SECTION

Synthesis of Polystyrene Particles. Polystyrene particles were
prepared by emulsification method starting from styrene (Sigma). In a
two-necked round-bottom flask, 30 mL of an aqueous solution of SDS
(Across) (1 g/L) and 10 mL of ethanol (Sigma) were introduced. The
mixture was degassed and heated at 70 °C, and 3 mL of styrene
(Sigma) was added. After vigorous stirring, 150 mg of potassium
persulfate (Across) dissolved in 10 mL of water was added to the
mixture, and the reaction was maintained under a nitrogen atmosphere
for 6 h. The resulting white suspension of 163 + 3 nm PS particles was
then passed through a filter paper and dialyzed for several days by
using a cellulose membrane (Spectra/Por 7, MCO = 8000 Da). Solid
content was about 3 wt %.

Preparation of Sulfonated PS Opals. Opal structures were
prepared by drying 7 mL of PS particles dispersion 3 wt % at 40 °C in
a Petri dish (¢) = 60 mm). In particular, 45 mg of the resulting opal
fragments was mixed in a vial with 7 mL of concentrated sulfuric acid
(98%, Fisher) and heated at 50 °C with an oil bath for a variable time
(1=S h). At the end of the reaction, the liquid phase was removed,
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and the opal fragments were abundantly washed with water, observing
a progressive red-shift of the reflected opal color.

TEM Analysis. Dry-crushed (pure PS opals) and wet-crushed
(sulfonated opals) particles blocks were deposited on 300 mesh carbon
coated copper grids for TEM analysis. Transmission electron micros-
copy and EDS (energy-dispersive X-ray spectroscopy) characterization
were performed on a Zeiss Libra 120 operating at 120 kV equipped
with a Bruker XFlash 6T160 SDD detector for EDS analysis and with a
in-column omega filter for energy filtered imaging.

Particle Size Determination. Transmission electron microscopy
images were used for the evaluation of the particles size. Quantitation
was performed with the software Fiji, and the statistical analysis was
carried out with the software GraphPad-Prism S.

Measurements of the Reflected Light of Sulfonated PS
Opals. Fragments of sulfonated PS opal were placed on a small coated
glass-bottom dish (WillCo dish) and treated with 1.5 mL of solutions
of varying salt concentration and composition. For each measurement
of the optical response at different ionic strength, opals were exten-
sively washed with pure water and then immersed in the salt solution,
in order to ensure the exposition of the opals to right ionic strength
every time. Dishes were placed on the sample holder of an inverted
microscope (Zeiss AxioObserver Z1).

In order to measure the small-angle reflectivity of the opals, the
microscope condenser was modified by inserting a pellicle beam
splitter in the illumination path. This allowed exposing the sample to
the light generated by the halogen condenser lamp and diverting
a fraction of the reflected light to a lens coupled to a spectrometer
(Jobin Yvon iHRSS0 with a Synapse CCD) through an optical fiber.
To acquire the reflected-light spectrum, the condenser aperture
diaphragm was closed to its minimum size in order to achieve almost-
collimated sample illumination (to within 1°) and a small illumination
spot (approximately 100 ym). A calibration spectrum from the light
reflected by the WillCo dish glass plate was collected before each
measurement session and used to normalize the spectra collected from
the opals.

Angle-Resolved Reflectance Measurements. The experimental
setup consisted of a collimated fiber-coupled tungsten—halogen white
light source (360—2000 nm, Ocean Optics HL-2000) and a fiber-
coupled spectrometer (Andor Shamrock163i) connected to a CCD
camera (Andor Newton CCD, cooled at —S0 °C). The samples
were placed on two rotation stages (M-060.DG, Physik Instrumente,
resolution <0.1° and Thorlabs, RP01) to allow the rotation of both the
sample and the collection, and we ensured that the incident light hit
the crystal on the rotation axis. The reflectance spectra were collected
every 5°, from 0° up to 45°. All the measurements were carried out
with the opal fragments totally wet in order to prevent any change in
the color induced by the shrinking/swelling of the microsphere.

B RESULTS AND DISCUSSION

Fabrication of Sulfonated Polystyrene Opals. The
sulfonation of polystyrene opals was carried out by treating dry
colloidal crystals with concentrated sulfuric acid, as previously
reported by Yang et al.””** PS opal was obtained by evaporative
deposition method on a horizontal substrate from an aqueous
PS particle dispersion (d ~ 160 nm, see also Figure S1 of the
Supporting Information), resulting in a close-packed structure
with the (111) plane parallel to the substrate to minimize the
total repulsive energy (Figure 1b—d). The sulfonation reaction
carried out on self-assembled PS opals involved the external
shell of each sphere, providing a well-ordered lattice of core—
shell particles. Indeed, as a result of this reaction, each particle
consisted of a core of highly hydrophobic polystyrene and a
shell of polystyrenesulfonate (PSS), which is highly hydrophilic.
As a consequence, while pristine PS opals float at the water/air
interface and show poor wettability by water, the sulfonated
opals are wettable and can absorb a large amount of water,
thus producing a relevant volume swelling of the PC structure.
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The shell thickness of PSS, which is related to the sulfonation
degree, depends on several factors, such as reaction time, tem-
perature, and particles size, as reported in the literature for
nonassembled PS particles.””*’

As the volume swelling of the PC is directly related to the
PSS shell thickness, we investigated the effect of different
sulfonation degrees (by using different reaction times) on the
modification of the photonic architecture, with the final aim to
precisely tune the IS responsive behavior. Sulfonation reactions
were carried out at 50 °C. However, in contrast to previous
reports on PS opals sulfonation, we used much shorter reaction
times (1—5 h vs 1—10 days”” or 24 h*®). This choice ensured
an optimum trade-off between the needs to attain a good sulfo-
nation degree and to maintain the initial ordered arrangement
of the spheres and thus the photonic effects. Interestingly, we
found that such short reaction times were sufficient for altering
the chemical composition of the assembled PS particles, as
confirmed by infrared (IR) analysis carried out at different
reaction times (see Figure S2). As the reaction time increased,
we observed an enhancement of the absorbance peaks at
3460 and 1130 cm™, characteristic of the —SO,H group.*’
A simultaneous decrease of the intensity of the peaks related to
the styrene rings at 756 and 700 cm ™' was observed, indicating
the progressive introduction of the sulfonate group in the poly-
meric chains.

Morphological Characterization and Swelling Proper-
ties. As long as the sulfonation reaction proceeded, a modifi-
cation of the particles surfaces was observed, not only as
regards their chemical composition but also creating important
changes in the opal appearance (see Figure 2a—c) and micro-
scopic morphology. Indeed, scanning electron microscopy
(SEM) analysis of the PS opal before (Figure 1d) and after
sulfonation (Figure 2d,e) showed different interconnections
among individual spheres. While in the pristine opal the parti-
cles boundaries were well-defined, in the sulfonated opal the
particle borders were progressively less defined as long as the
reaction time increased. In particular, partial interpenetration of
the neighbor spheres is observed albeit the ordered PC struc-
ture is preserved, which is crucial for retaining the desired opti-
cal properties. Notably, transmission electron microscopy
(TEM) analysis of the modified particles revealed that the poly-
styrene core dimension slightly decreased with the reaction
time; a variation of about 10 nm in particles diameter was
observed, for a pristine opal, after 3 h of sulfonation, (Figure 2g—i,
see also Figure S1).

Although the layer of sulfonated polystyrene was very thin
(10 nm or less, as mentioned above), the modified opal exhib-
ited huge swelling in water. Indeed, the introduction of sulfonic
groups in the polymeric chain results in the formation of a
polyelectrolytes network, in which the ionizable groups are
capable of dissociation in polar media (e.g, water) with the
formation of charged groups (—SO;~) and low molecular mass
counterions (H* or any metal cation). The presence of ionic
groups along the polymer chains increases considerably the
water affinity of the polymeric gel, which is able to absorb a
large amount of water. As a consequence, the polyelectrolytes
network undergoes a very large swelling, with a volume
change that is typically 100—1000 times larger than that of an
uncharged gel.”" Final swollen volume of the network is deter-
mined by the balance among different energetic contributions.
Indeed, the electrostatic repulsion among the fixed charges of
the polymer and the osmotic pressure of their counterions are
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Figure 2. Optical, SEM, and TEM images of PS opals after 1 h (3, d, g), 2h (b, ¢, h), and 3 h (¢, f, i) of sulfonation. Scale bar: 200 ym (a—c), 1 mm
(inset); 200 nm (d—f); SO nm (g—i). For each sulfonated opal, the reflectance spectrum is reported. Water uptake (j) and reflected peak position
(k) of the sulfonated PS opals as a function of the sulfonation time. The error bars are referred to variations of the reflected wavelength among
several opal fragments of the same batch. These variations are produced by little differences in the sulfonation degree of opals, which are inevitable
considering the heterogeneous phase reaction between the assembled PS particles and sulfuric acid.
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counterbalanced bzr the energy associated with the polymer
matrix elasticity.”

As in the case of a macroscopic gel, PS particles containing
a shell of polyelectrolyte network can absorb a large amount
of water and significantly increase their volume, with respect
to the pristine PS one. In the sulfonated polystyrene opal,
this behavior results into an important swelling of the overall
photonic structure that is almost proportional to the reaction
time, allowing the tuning of this property during fabrication.
We measured the water uptake as a function of the reaction
time (Figure 2j) as the weight ratio of absorbed water to dried
opal hydrogel. As expected, the water content of the sulfonated
PS opal increased with the reaction time, indicating a pro-
gressive increase of water affinity of the modified opal. Such
results, in agreement with previous reports,”” showed the excel-
lent water absorbing ability of these materials. As an example,
1 g of 4 h sulfonated PS opal was able to absorb about 10 g of
water.

Because of the huge swelling degree of the sulfonated PS
layer in water, one can assume that the shells of the particles
are fused together, thus forming a continuous PSS gel net-
work around the ordered structure of PS cores, as depicted in
Figure 3a. Interpenetration of shells and formation of such a
continuous gel matrix increased with the PSS thickness
(sulfonation time).

Water absorption strongly influenced the mechanical proper-
ties of sulfonated opals: as expected for any hydrogel material,
the opal hardness decreased with water content. In the case of a
structured and discontinuous hydrogel matrix, the mechanical
stability is an important aspect to take into account for easy and
fast handling as well as for its deployment in sensing applica-
tions. We observed a good mechanical stability for opals with
sulfonation time up to 3 h, obtaining free-standing structures
with good reflectivity which could be manipulated and could
withstand repeated swelling and deswelling without com-
promising their structural integrity. On the other hand, by
extending the reaction time to over 3 h, very soft and fragile
materials were obtained, which were could barely be handled
and processed. For these reasons, we restricted the following
optical characterizations to sulfonated PS opals obtained with
reaction times of 1—3 h (see Figure S3 for 2.5 h sulfonated PS
opals).

A direct consequence of the swelling in water of the
sulfonated opal is a red-shift of the diffracted light with respect
to the pristine material. In particular, as reported in Figure 2k,
the reflected wavelength gradually shifted from 405 nm (near-
UV) in a pristine opal, to 470 and 550 nm (visible region),
in the case of 1 and 2 h sulfonation, respectively, up to 760 nm
(near-infrared) with 3 h, demonstrating the ability of this
method to finely tune the photonic band gap over a broad
region of the electromagnetic spectrum.

Angle-Resolved Reflection Measurements. In order to
investigate the optical properties of sulfonated opals, we
measured the angle-resolved reflection spectra. Because the sur-
face normal of the sample is aligned along the (111) opal plane,
the maximum diffraction intensity can be obtained for wave-
length 4, obeying the Bragg—Snell equation (Figure 3b,c):**

2 2 2
ap e’ — sin® 0 = ;\/;d\/neffz — sin’ @
(1)

where ajyyy) is the interplanar spacing, m is the order of Bragg
diffraction, d is the interparticle distance in the equilibrium state

A

max
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at a certain swelling condition (corresponding to dy, diameter
of pristine PS particles, in the case of FCC packed PS opals
before sulfonation), n. is the effective refractive index of the
crystal, and 6 is the angle of incidence of light with respect to
the plane of the opal surface. We can also define the opal
swelling degree (Sw) as Sw = d/d,. The effective refractive
index ng (g = &.p effective dielectric function) is instead
expressed by the Lorentz—Lorenz formula for the effective
medium:*®

8—1
€+2

=2

where ¢; and f; are the dielectric constant and the volume
fraction of each i portion (particles and medium), respectively.

Results of angle-resolved spectral measurements are reported
in Figure 3d—f. By plotting the dispersion of the reflectance
peak as a function of the incidence angle, we obtained an excel-
lent agreement between experimental and theoretical results,
confirming that these structures behave according to the Bragg
model (Figure 3f). As expected, we observed a gradual blue-
shift of the reflected wavelength by increasing the incidence
angle with respect to normal incidence. By using the Bragg—
Snell equation (eq 1) for fitting the data, we determined
the swelling degree Sw and the effective refractive index n.g for
the opals with different sulfonation degrees. In particular, we
observed a progressive decrease of n. with the sulfonation
degree, passing from 1.53 + 0.03 for 1 h sulfonation to 1.47 +
0.03 and 1.44 + 0.07 for 2 and 3 h, respectively. This trend
indicates a decreasing contribution of the high refractive index
material (PS) and a concomitant increase of the low refractive
index material (hydrated PSS). On the contrary, the swelling
degree increased with the sulfonation time. In fact, the d/d,
ratio changed from 1.14 + 0.03 (1 h) up to 1.39 + 0.03 (2 h)
and 1.9 = 0.1 (3 h), confirming a direct relationship between
particle swelling and sulfonation degree. These results are
consistent with the proposed model of a continuous hydrated
PSS gel network embedding the ordered structure of PS cores,
as it is possible verify by applying Lorentz—Lorenz formula (see
eq 2) for effective refractive index. In particular, considering the
obtained effective refractive indexes, given the refractive index
of PS npg = 1.59 and considering the PS volumetric fractions
(calculated from d/d,), we obtain for the hydrated PSS gel
network containing the PS particles a refractive index of
1.50, 1.44, and 1.43 (respectively for 1, 2, and 3 h sulfonation).
These values are fully consistent also considering that the
hydrated PSS should have a refractive index in between PS and
water (water refractive index ny, = 1.33).

Optical Response Characterization. The presence of a
polyelectrolyte network in these PCs introduces the possibility
to modulate their optical properties by applying specific exter-
nal stimuli. In particular, as in the case of hydrogel-infiltrated
opals, it is possible to dynamically control the lattice constant
and thus its reflected color by varying the gel volume. We trig-
gered this type of actuation by changing the water content
inside the polymeric matrix or the ionic strength of the sur-
rounding solution, obtaining large and reversible shifts of the
reflected wavelength. This response was observed for all of the
sulfonated opals. However, as predictable, the maximum shift of
reflected wavelengths that can be obtained depends on the
sulfonation degree.

The temporal evolution of the reflection spectra of a 3 h sul-
fonated PS opal during the drying process at room temperature

Eg + 2 (2)
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Figure 3. (a) Schematic representation of the gradual PSS shell fusion after sulfonation and hydration of PS opals. Representation of face-centered
cubic packing (b) and Bragg diffraction (c). Angle-resolved reflection spectra of close-packed PS opals sulfonated for 1 h (d), 2 h (e), and 3 h (f).
(g) Plot of squared wavelength (reflection maxima) vs sin? @ (6 incidence angle with respect to the normal) of PS opals sulfonated for 1 h (@),
2 h (O), and 3 h (@®). (h) Reflected peak wavelength of 3 h sulfonated PS opal during a dehydration process at room temperature.

is reported in Figure 3h. The reflected wavelength range shifted
from red to blue (peak shifting from 78S to 476 nm), thus
covering the entire visible spectrum. Evaporation of the water
contained in the opal structure induced a gradual shrinking of
each particle that resulted into an “ordered collapse” of the
overall structure while maintaining the photonic structure. The
diffracted wavelength shift was rather slow at the beginning of

4823

the drying process, when water in excess was still stored on the
surface of the structure. As the PC dried up, the evaporation
started to extract the solvation water contained in the hydrated
shell of the sulfonated particles, thereby producing a faster color
change.

Rehydration of a partially dried sulfonated PS opal was
possible by simply immersing the material in water, with full
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200 pum (high magnification). IS response of the 3 h sulfonated PS opal in solution of (b) NaCl, (c) Na,SO,, and (d) KNO; and (e) their
corresponding reflected peak positions vs IS in logarithmic scale (linear scale in the inset). The reported concentration values represent the final
ionic strength of the solution where the opals were immersed in. Optical stability (f) of 3 h sulfonated opal over a series of 21 cycles of pure water
and a solution with a IS of 300 mM. pH (g) and temperature (h) effect on the reflected peaks at constant IS by using Na,SO,.

recovery of the initial color within few seconds. On the other
hand, in the case of completely dried sulfonated opal, the addi-
tion of water disrupted the integrity of the particles assembly,
with a concomitant loss of the optical properties. This behavior
can be explained by considering the different swelling degrees
of particles located in different parts of the crystals due to the
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diffusion of the solvent from the external surface to the crystal
bulk. Indeed, due to the direct contact with the solvent, the
outer particles are initially subjected to a higher swelling degree
than the internal ones. Since the hydration from dry state is a
much faster and abrupt process respect to the rehydration from
partially wet state, the expansion mismatch between wet and
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dry domains determined by the diffusion process produces a
strain inside the material, which results in a fragmentation of
the opal structure. On the contrary, if the opal structure is
not completely dry, the rehydration can be easily carried out.
In this case, in fact, the external water can freely diffuse inside
the material, without causing any breakage of the assembly.
As expected for a polyelectrolyte gel, the swelling degree could
be reduced by the presence of salts in the surrounding solution
for the creation of the Donnan equilibrium, which provides the
relationship between the equilibrium concentrations of salt ions
within the gel and in the surrounding solution. In particular,
by increasing the salt content of the solution, the osmotic pres-
sure in the network decreases and the hydrogel matrix tends to
collapse.*

On the basis of this behavior, we investigated how the optical
properties of the sulfonated PS opals can be affected by the IS
of the surrounding solution. We observed a striking change of
the reflected color associated with changing IS (Figure 4a).
In order to quantify the IS response, we measured the reflec-
tance by immersing the sulfonated PS opal fragments in solu-
tions with different salt concentrations at constant pH value.
For this purpose, NaCl, KNO;, and Na,SO, were used as ionic
species to vary the IS. The reflected peak wavelength could be
shifted over the entire visible spectrum, from the near-infrared
in pure water up to blue in highly concentrated saline solutions
(Figure 4b—d). At very low IS (about 70 uM) the reflected
wavelength was almost insensitive with respect to the presence
of ionic species, and only a shift of few nanometers was
obtained. However, by increasing the IS up to 6 mM, a color
change (reflected wavelength shift of about 30 nm) was
observed. From this point on, small variations of the IS (below
about 500 mM) caused large color changes (wavelength shift
up to 200 nm). Additional increase of the IS up to 4 M pro-
duced a smoother color shift toward the blue region. This trend
was observed with all of the salts used for the IS responsive
optical characterization.

By plotting the reflected peak wavelength against the IS of
the surrounding solution, we observed a logarithmic relation
(Figure 4e). A semilogarithmic representation enables a better
appreciation that the color shift was almost independent of the
salt nature and that the PC had a logarithmic IS response over
an extremely broad salt concentration range. To the best of our
knowledge, this is the first example of responsive PC able to
change its color as a function of the IS over such a wide range
of IS, thereby makin§ these materials particularly appealing for
sensing applications.” /

The color change upon variation of the IS was very fast
(within 1 s) and fully reversible (see Figure SS and related
Video S1). Contrary to responsive PCs that can triggered by
chemical stimuli, in which the response is often very slow due
to the diffusion processes of the chemical species, sulfonated PS
opals showed a fast response even at low IS. This resulted from
the reduced dimensions of the particle assembly that ensures a
rapid diftusion of the water solvent from/to the opal structure.

We tested the optical stability and absence of hysteresis by
immersing an opal fragment in a solution with a IS of 300 mM
and subsequently in pure water over several cycles (Figure 4f).
The initial color could be completely recovered by washing the
sulfonated opal with pure water, in order to lower the IS and
regain the initial swelling degree of the sulfonated PS particles.
The slight variation of each cycle around a mean value is due to
the moderate spatial uniformity of the sample.
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In order to evaluate the influence of the pH on the IS-responsive
behavior of the PCs, the reflectance measurements were performed
by using different buffer solutions with a pH value in the range
1—11 at constant IS of 300 mM. Other examples of IS respon-
sive PCs, based on partially hydrolyzed polyacrylamide
hydrogel,”*® resulted strongly affected at pH < 5 due to the
weak acidity of the carboxylic functionalities, which can act as
charged groups only at pH > 5. Below this pH value the car-
boxylate groups of the polymer network are protonated and
transformed into the corresponding neutral carboxylic groups,
causing the loss of the IS responsiveness. On the contrary,
the reflected wavelength of sulfonated PS opal resulted almost
independent of the pH of the surrounding solution over the
whole range of pH tested, with a shift of just about 25 nm
(Figure 4g). This independence can be ascribed to the presence
of sulfonic moieties as charged groups in the polyelectrolyte
matrix. In fact, thanks to their very strong acidity, sulfonic
functionalities are totally dissociated even at very low pH values
(pH < 5). In this way the concentration of charged units within
the polymer network remains almost unvaried, assuring at any
time a constant osmotic pressure and then a constant swelling
degree. As a result, because the effect of pH on the color change
can be neglected, a shift of the reflected color in sulfonated
opals could be associated simply to the total concentration of
the ions dissolved in the surrounding solution.

Similarly, the effect of changes in temperature on the optical
response of these sulfonated PS opals was tested in the range
of 21-34 °C, by maintaining the IS at a constant value of
300 mM. Other ionic strength conditions were also tested
obtaining similar results (data not shown). The opal color
resulted to be totally independent of the temperature over the
full course of heating and cooling cycles on the considered
temperature range (Figure 4h).

B CONCLUSIONS

In conclusion, we have developed a new type of IS respon-
sive photonic crystals characterized by high selectivity, whose
reflected color can be shifted over the entire near-IR—visible
spectrum by changing the IS of the surrounding solution. The
optical response is totally pH and temperature independent,
and the initial color can be fully recovered by washing the opals
with pure water. As a practical result of our investigation on
how the sulfonation degree affects the swelling behavior of the
self-assembled opal architecture, fine-tuning of IS responsivity
and optical properties is achieved through a facile, inexpensive,
and environment friendly process. These new smart photonic
materials could find important technological application as all
polymer sensors, with short response time, full reversibility, and
easy readout. In fact, this study permits to envision application
of sulfonated PS opals as inexpensive, reusable, and not photo-
bleachable chromogenic IS sensors for environmental monitor-
ing as well as for healthcare screening with optical readout by
naked eye or by interfacing with automated optoelectronic
systems.
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