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crystal detection reagent for
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A traditional hydrogel photonic crystal sensor is prepared by multiple steps, including colloidal assembly,

polymerization, and recognition group modification, and its measurement repeatability is a challenge

due to the inevitable deviations in sensor fabrication and application. In this work, a salicylic acid-

containing “SiO2/propylene carbonate” liquid photonic crystal (Sal-LPC), as a new photonic sensing

material, was developed to demonstrate reliable measurement of Cu2+ in water. When the Sal-LPC

reagent was mixed with the test sample, the Cu2+ promoted the release of H+ from Sal and shrank the

photonic crystal lattice, so that the Cu2+ concentration could be determined by the reflection blueshift

of liquid PC. The Sal-LPC reagent showed a stronger response to Cu2+ than to other cations, and its

sensitivity and measurement range could be optimized by the particle fraction and Sal dosage.

Compared to traditional PC hydrogel sensors, the liquid PC reagent was composed of colloidal particles

and responsive species, which required no strict control in synthesis. More importantly, the optical

response of the liquid PC reagent was scarcely affected by changes in synthesis, storage, or application,

and it could interact with the analyte quickly and quantitatively, which ensured accurate and repeatable

measurement in either chemical analysis or environmental monitoring.
Introduction

Photonic crystals (PCs) are periodic dielectric structures which
forbid the propagation of electromagnetic waves of certain
frequency ranges. Once an external light source is projected
onto the PC, it shows characteristic reection, transmission,
and structural colors due to the modulation of light by the
photonic bandgap. A responsive photonic crystal (RPC) is one
kind of smart PC material, which changes periodic dielectric
structures and thereby optical properties along with a change in
external stimuli.1–5 Due to the intrinsic relationship between
external stimuli, PC structure, and optical signals, which form
a basic framework for a sensing mechanism, these responsive
photonic crystals have been broadly investigated as PC sensors.
Many chemical or physical parameters in which people are
interested have been measured, either qualitatively through
color changes or quantitatively by shis in reection peaks. In
the past decade, researchers have developed various PC sensors
to detect temperature,6–8 mechanical force,9–11 viscosity,12
ring, Shanghai Key Laboratory of Green

t China Normal University, Shanghai

u.cn; Tel: +86-21-62224356

ESI) available: OM and SEM images of
reection signals, reection blueshi
volume fraction, reproducibility in
composition of all liquid PCs in this

tal–salicylic acid complex, and the
ation. See DOI: 10.1039/d0ra01014f

0979
porosity,13 magnetic elds,14–16 humidity,17–20 pH value,21,22

ions,23–26 vapor,27–29 microbes,30 and biomolecules.31–34 Such
enthusiasm should continue in the coming years, considering
the practical applications of these materials.

Among all PC sensors, a chemical sensor for the detection of
ions and molecules has gained a lot of attention, not only
because it was developed very early35–37 and studied extensively
in history, but also because it was considered to be a prototype
for other PC sensors. Generally, a PC-based ion sensor was
composed of colloidal crystals embedded in hydrogels or
inverse opaline hydrogels, whose polymer networks were cova-
lently anchored with the recognition groups. Once the target
ions entered the PC gels, they would react with the recognition
group, shrink/expand the gel, and eventually lead to a change in
reection signals. For example, Asher et al. developed an 8-
hydroxyquinoline modied PC hydrogel for the detection of
Cu2+ in drinking water.38 As the Cu2+ concentration increased,
the binary coordination complex between Cu2+ and 8-hydrox-
yquinoline changed to a univalent complex and the hydrogel
swelled so that the Cu2+ concentration could be measured by
the redshi of the reection peak. In another instance, a crown
ether graed PC hydrogel was reported to detect the smallest
metal ion Be2+ based on the selective chelation of crown ether
and cations.39 The Be2+ concentration could be measured
according to the reection redshi of the PC hydrogel, as the
chelation would promote the swelling of the hydrogel and
thereby the expansion of the PC lattice. Although polymeric PC
based chemical sensors had already been demonstrated
This journal is © The Royal Society of Chemistry 2020
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through the detection of different ions and molecules, there
were still disadvantages for the traditional PC sensor. The
fabrication of PC hydrogel sensors usually required multiple
steps, including colloidal assembly, hydrogel polymerization,
and recognition group modication. The change in optical
signals was affected by the loading amount of recognition
group, the xation of PC lm on the substrate, and even the
testing position. Therefore, precise and repeatable measure-
ment results could be a challenge for the commercialization of
these traditional sensors. In previous work, most studies
focused on the sensitivity and measurement range, but very
little attention was paid to repeatability among individual
sensors.

In this work, we would like to demonstrate a new kind of
liquid PC based chemical sensor through its detection of Cu2+

in water. A liquid PC was prepared by the thermal evaporation
induced supersaturation of colloidal particles followed by their
self-assembly in solution.40 Compared to traditional methods,
this was an efficient way to obtain highly crystalline colloidal
PCs at a large scale, which guarantees their application in
related devices. Liquid PCs have a vast potential to serve as
detection reagents since their optical signals are sensitive to
many physicochemical parameters in solution, including
particle volume fraction, pH value, ionic strength, solvent
polarity, and viscosity. Here, a salicylic acid-containing “SiO2/
propylene carbonate” liquid photonic crystal (Sal-LPC) is an
accurately sensitive reagent to Cu2+ concentration, because the
Cu2+ promotes the release of H+ from Sal and shrinks the
photonic crystal lattice so that the Cu2+ concentration can be
determined by the reection blueshi of the liquid PC. The Sal-
LPC reagent had a stronger response to Cu2+ than to other
cations, and its measurement range could be optimized by the
Sal dosage. Compared to traditional PC hydrogel sensors, the
liquid PC reagent was composed of a mixed solution of colloidal
particles and responsive species, which required no strict
control over synthesis and modication of photonic crystals.
More importantly, the optical response of the liquid PC reagent
was scarcely affected by changes in synthesis, storage, or
application, and it could interact with the analyte quickly and
quantitatively, all of which ensured an accurate and repeatable
response for this new sensing material.

Experimental
Materials

Tetraethylorthosilicate (TEOS, 98%), aqueous ammonia
(NH3$H2O, 28%), salicylic acid (Sal), and zinc nitrate hexahy-
drate (Zn(NO3)2$6H2O) were purchased from Sinopharm
Chemical Reagent Co. Ltd. Ethanol (EtOH, 99.9%) and copper
nitrate trihydrate (Cu(NO3)2$3H2O) were purchased from J&K
Co. Ltd. Propylene carbonate (PC, 99%), aluminum nitrate
nonahydrate (Al(NO3)3$9H2O), cadmium nitrate tetrahydrate
(Cd(NO3)2$4H2O), cobalt nitrate hexahydrate (Co(NO3)2$6H2O),
magnesium nitrate hexahydrate (Mg(NO3)2$6H2O), lead nitrate
(Pb(NO3)2) and nickel nitrate hexahydrate (Ni(NO3)2$6H2O)
were all purchased from Aladdin Co. Ltd. Chromic nitrate
nonahydrate (Cr(NO3)3$9H2O) and iron nitrate nonahydrate
This journal is © The Royal Society of Chemistry 2020
(Fe(NO3)3$9H2O) were all purchased from Sigma-Aldrich Co.
Ltd. All chemicals were used as received without further
treatment.

Preparation of Sal-LPC detection reagent

Firstly, monodispersed SiO2 colloidal particles were prepared by
a modied Stöber method. Aer washing with ethanol three
times, SiO2 colloidal particles (0.025 cm3) were dispersed in
ethanol (1 mL) to form a stable colloidal dispersion. Propylene
carbonate (75 mL) and the ethanol solution of salicylic acid
(0.5 mM, 10 mL) were then added to the above solution and
mixed with it by a vortex mixer. Subsequently, the mixture was
transferred to an oven at 90 �C for 2 h, where ethanol was
evaporated to produce a salicylic acid-containing SiO2/PC liquid
photonic crystal (Sal-LPC) detection reagent with a total volume
of 100 mL. The preparations of Sal-LPC reagents with different
Sal concentrations, particle volume fractions, and particle
diameters were the same as in the above procedures, except for
the indicated changes made in preparation.

Working curves for measurement of Cu2+ concentration

The working curve for the measurement of Cu2+ concentration
(CCu2+) was established by measuring the reection wavelength
change of the liquid PC reagent when it was mixed with an
aqueous solution of Cu2+ at different concentrations. In
a typical test, the Sal-LPC reagent (100 mL) was mixed with
deionized water (10 mL) to form a homogenous suspension. The
Sal-LPC reagent with deionized water was kept for 5 min to
ensure complete interaction. Some of the above mixed solution
(5 mL) was taken out and sandwiched between two glass slides to
form a liquid lm with a thickness of 100 mm. Aer being kept
for 5 min, liquid colloidal PC spontaneously precipitated from
the liquid lm and its reection wavelength was measured and
recorded as l0. On the other hand, the Sal-LPC reagent (100 mL)
was mixed with an aqueous solution of Cu2+ (10 mL) to form
another homogenous suspension and a new liquid PC, whose
reection wavelength was measured to be l0. Then, the reec-
tion wavelength change (Dl ¼ l0 � l0) caused by the introduc-
tion of Cu2+ could be determined according to the two
experiments. Along with the change in CCu2+ in standard solu-
tion, Dl was measured accordingly, which were used to plot
a working curve (Dl–c) for the measurement of Cu2+

concentration.

Detection of Cu2+ concentration in aqueous solution

The Sal-LPC reagents (100 mL) were mixed with deionized water
(10 mL) or an aqueous solution of Cu2+ (10 mL) to form two liquid
PCs, respectively. The reection wavelength change (Dl) could
be obtained by the same procedures mentioned above. Finally,
the Cu2+ concentration could be determined from the working
curve and Dl.

Characterizations

Digital photos of liquid PCs were taken with a Sony NEX-3N
digital camera. The optical microscope images of liquid PC
RSC Adv., 2020, 10, 10972–10979 | 10973
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were taken with an Olympus BXFM reection-type microscope
operated in dark-eld mode. The reection spectra were
measured with an Ocean Optics Maya 2000 Pro spectrometer
with incident angle and detection angle xed at 0�. The
arrangement of particles in liquid photonic crystals (aer
drying) was observed with a Phenom G2 Pro scanning electron
microscope. The pH was measured with a Mettler Toledo
FiveEasy pH meter.
Results and discussion

A liquid-form colloidal photonic crystal (PC), as the major
sensing material, was rst prepared by thermal evaporation
induced supersaturation of colloidal particles followed by their
self-assembly in solution.40 In a typical synthesis, ethanol was
removed from the ethanol/propylene carbonate solution of the
particles by heating, which drove the supersaturation of SiO2

particles in propylene carbonate and thereby the simultaneous
precipitation of liquid PCs in a fewminutes (Fig. 1a and b). With
a change in particle size and the kind of high boiling point
solvent, SiO2 based liquid photonic crystals with blue, green, or
red structural colors could be successfully prepared (Fig. S1†).
In this colloidal system, some of the particles were assembled
into solvent-wrapped photonic crystals, and the rest of them
underwent Brownian motion in solution, forming a microscale
separation of crystal phase and amorphous phase, as indicated
by the green and black domains in the optical microscope
image (Fig. 1c). When the dried liquid PCs were observed by
SEM, one could also nd the ordered and disordered particle
Fig. 1 (a) Digital photos and (b) reflection spectra of liquid PCs with
blue, green, and red colors. (c) Optical microscope image and (d and e)
SEM images showing the ordered and disordered structures in SiO2

liquid PCs. Evolution of reflection intensities during (f) assembly, (g)
disassembly, and (h) periodic assembly–disassembly process.

10974 | RSC Adv., 2020, 10, 10972–10979
arrangements corresponding to these two phases (Fig. 1d and
e). The coexistence of crystal and amorphous phases, as well as
the metastable structure, gave the liquid PCs reversible
assembly and disassembly characteristics, which could be
proved by the periodic change in reection intensities (Fig. 1f–
h). Under weak external interference, the liquid PCs would
disassemble in 3 seconds along with the disappearance of the
reection signal, because the SiO2 particles in the colloidal
crystals were wrapped in solvent but not xed as the solid PC.
However, once the supersaturated colloidal solution was le
undisturbed for a few minutes, the liquid PCs would assemble
again and recover the reection signal to the maximum value.

The liquid PC was suitable to serve as a detection reagent due
to its sensitive response to multiple physicochemical parame-
ters, exible introduction of various detection functions, and
integration of sensing and expression. First of all, the liquid PCs
were sensitive to the physical properties and the chemical
environment of their precursor solution. Any change in particle
concentration, pH value, ionic strength, solvent polarity, and
viscosity etc. would change the structure of colloidal crystals
and the reection signals, which meant the liquid PCs were
potentially usable as a liquid-form sensing material. Secondly,
various detection functions could be introduced to the liquid
PC system via the addition of responsive components, which
would be more convenient and controllable than the chemical
graing of recognition groups in traditional hydrogel PC
sensors. Thirdly, the reversible assembly and disassembly of the
liquid PC system realized an excellent integration of efficient
sensing and accurate expression. In the state of the supersatu-
rated colloid solution, the detection reagent could fully interact
with the analyte, which guaranteed a quick arrival at the equi-
librium state and repeatable results from parallel tests. While,
in the state of colloidal crystals, the detection reagent showed
the characteristic reection signals for the physical/chemical
stimuli, so that one could acquire the related information of
reection wavelength shi or intensity changes. In this work,
a salicylic acid-containing “SiO2/propylene carbonate” liquid
photonic crystal (Sal-LPC) for the detection of Cu2+ cations was
developed to demonstrate the feasibility of this new sensing
material. Although the detection of various ions and molecules
by PC sensors had been reported in the literature, this was
indeed the rst time it was proved in a liquid PC system.

Through experimental investigations, the sensing of Cu2+ by
a Sal-LPC detection reagent was found to be realized based on
the response delivery among the Cu2+ concentration, pH value,
particle surface charge, lattice constant, and reection signals
(Fig. 2a). It should be mentioned that the introduction of Sal to
liquid PC would not destroy the photonic structure, whichmade
it usable for Cu2+ sensing (Fig. S2†). When the aqueous solution
of Cu2+ was mixed with the Sal-LPC reagent, a Cu(Sal)2 complex
formed along with the release of H+ into the solution. This could
be veried by the decrease in pH value in parallel experiments
where an aqueous solution of Cu2+ was added to the ethanol
solution of Sal (Fig. 2b). The released H+ then inhibited the
deprotonation of the silanol group (Si–OH) on the surface of
SiO2 particles and weakened its surface charge. Along with the
decrease in pH value from 6.5 to 4.5, the zeta potential of the
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Schematic illustration to the working mechanism of Cu2+

sensing by Sal-containing liquid PCs. (b) Change in pH value due to the
addition of Cu2+ and (c) change in particles' zeta potential due to the
change in pH value. (d) The reflection of Sal-LPC blueshifts with the
increase of Cu2+ concentration.

Fig. 3 Measuring the Cu2+ concentration according to a calibrated
“Dl–c” working curve and the measurement of “Dl” between tested
and blank samples.

Fig. 4 Optical response of liquid PCs containing (a) 0.05 mM, (b)
0.1 mM, (c) 0.25 mM, and (d) 0.5 mM Sal to the change in Cu2+
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SiO2 particles changed from �41 to �37 mV (Fig. 2c). Since the
colloidal assembly was closely related to the electrostatic
repulsion between SiO2 particles, the decrease in surface charge
would eventually lead to a shrinkage in the photonic crystal
lattice and a blueshi of the reection peak. Therefore, as the
Cu2+ concentration increased from 0 to 0.5 mM, the reection
peak of Sal-LPC did blueshi as expected (Fig. 2d). It should be
noted that detailed information about the Sal-LPC reagents and
the Cu2+ solution for every test in this manuscript was
summarized in Table S1.† The increase in Cu2+ concentration
would increase the ionic strength of the solution, which might
also cause a decrease in particle surface charge and reection
blueshi. However, for relatively low concentrations of Cu2+, the
blueshi of the liquid PC (without Sal) caused by the addition of
Cu2+ (Fig. S3†) was much smaller than the blueshi in the above
working mechanism, which excluded the interference of Cu2+

itself and proved that the reection blueshi was caused by the
reaction between Sal and Cu2+.

For a typical detection, the concentration of Cu2+ was
determined by the measurement of reection blueshi of the
liquid PC, followed by a transformation according to the “c–Dl”
working curve (Fig. 3). In order to avoid the dilution-induced
reection wavelength change, deionized water with the same
volume as the Cu2+ solution was rst mixed with the Sal-LPC
reagent, whose reection wavelength was measured and recor-
ded as l0. Similarly, a Cu2+ solution of unknown concentration
was mixed with the Sal-LPC reagent, which gave a new reection
wavelength (l0). According to the reection blueshi, the Cu2+
This journal is © The Royal Society of Chemistry 2020
concentration could nally be determined from a pre-plotted
“c–Dl” curve. The working curve for the LPC reagent could be
achieved by the same experiments as above except for the use of
standard Cu2+ solutions of known concentrations. Since the
working curve could indicate the sensitivity and the measure-
ment range of the LPC reagent, our investigation started from
these curves in order to optimize the optical response to Cu2+.

The inuence of Sal dosage was studied rst as Sal molecules
were the responsive component in the detection reagent. In the
practical experiments, we had prepared Sal-LPC reagents with
Sal concentrations of 0.05, 0.1, 0.25, and 0.5 mmol L�1 and
studied their response to Cu2+ ions with concentrations from
0 to 0.5 mM (Fig. 4). The detection range was selected as 0–
0.5 mM because industrial wastewater usually contains Cu2+

with concentrations of 15–30mgmL�1 (0.24–0.47 mM), and it is
not allowed to be poured into rivers and lakes unless the
concentration had been decreased to 2 mg mL�1 (0.03 mM). All
experiments showed the same result that the reection peak
blueshied along with an increase in Cu2+ concentration.
Taking the Sal-LPC reagent containing 0.25 mmol L�1 Sal as
a typical example, its reection peak changed from 652 nm to
concentration.

RSC Adv., 2020, 10, 10972–10979 | 10975
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632 nm as the Cu2+ concentration increased from 0 to 0.5 mmol
L�1. Aer organizing all the data into “Dl–c” curves, one could
see that the reection blueshi (�Dl) was always fast at the
beginning and became slower aerward (Fig. 5). The inection
points were all around the stoichiometry point where the molar
ratio of Cu2+ and Sal was 1 : 1 except for the last case. Before the
inection point, H+ cations were stoichiometrically produced
along with the addition of Cu2+ and the gradual formation of
Cu(Sal)2

2� and CuSal, so that the reection blueshi was
sensitive to concentration of Cu2+. Aer the inection point, H+

cations were produced due to the addition of excessive Cu2+ and
the movement of chemical equilibrium towards the formation
of Cu–Sal, so that the reection blueshi became slower.
According to our experiments, the reection blueshi could
respond monotonously to Cu2+ concentration until the Cu2+/Sal
ratio reached 2 : 1 to 3 : 1.

Through the control of Sal concentration, the Sal-LPC
reagent was able to measure the concentration of Cu2+

aqueous solution in different ranges. Four groups of parallel
experiments showed that the measurement ranges of Cu2+

concentration were 0–0.1 mM, 0–0.3 mM, 0–0.5 mM, and 0–
0.75 mM for Sal-LPC reagents with Sal dosages of 0.05 mM,
0.1 mM, 0.25 mM, and 0.5 mM. The maximum reection
blueshis were measured to be 16 nm, 18.4 nm, 20.2 nm, and
16.6 nm, respectively (Fig. 5). Higher Sal dosage favored the
detection of Cu2+ of higher concentrations because the Cu2+-
induced release of H+ and reection blueshi required
a matched supply of Sal. However, a very high dosage of Sal
might lead to a threshold of maximum sensible Cu2+ concen-
tration, as the large amount of released H+ would weaken the
response of Sal-LPC to a further supply of H+.

In addition to the Sal dosage, the volume fraction of SiO2

particles, which determined the initial lattice constant of the
Fig. 5 The relationship between the Cu2+ concentration and the
reflection blueshift of liquid PCs containing (a) 0.05mM, (b) 0.1 mM, (c)
0.25 mM, and (d) 0.5 mM Sal.

10976 | RSC Adv., 2020, 10, 10972–10979
photonic crystals, was found to be critical to the sensitivity of
the Sal-LPC reagent. Here, SiO2 particles with volume fractions
of 20%, 25%, 28%, and 30% and Sal with a concentration of
0.25 mM were mixed with propylene carbonate to form 4 kinds
of Sal-LPC reagents, which were used to detect Cu2+ with
concentrations ranging from 0mM to 0.5 mM (Fig. S4†). Similar
to the Sal control experiments, all the reection blueshis
increased monotonously with the increasing Cu2+ concentra-
tion, and the increase became slower when the Cu2+/Sal ratio
reached 1 : 1 (Fig. 6). However, the overall reection blueshi,
which determined the sensitivity, showed a volcano trend with
the particle volume fraction. The reection blueshis of Sal-LPC
reagents with particle volume fractions of 20%, 25%, 28%, and
30% in response to 0.5 mM Cu2+ solution were measured to be
14 nm, 20 nm, 13 nm, and 8 nm, respectively. Generally,
a relatively lower volume fraction of particles would provide
a larger particle interspacing in the liquid PCs at the beginning,
which le more space for lattice shrinkage and a larger reec-
tion blueshi in response to the same Cu2+ solution. However,
a very low particle fraction of Sal-LPC, such as 20%, would
decrease its response to Cu2+, possibly due to the short supply of
Si–OH in the system. Our experiments revealed that the Sal-LPC
reagent with a particle volume fraction of 25% showed the best
sensitivity in response to the Cu2+ solution.

The Sal-LPC reagent showed a sensitive response to Cu2+ due
to the great tendency to form a Cu–Sal complex in the liquid PC
environment. In a comparative experiment, the Sal-LPC reagent
with an SiO2 particle fraction of 25% and Sal concentration of
0.25 mM was used to detect aqueous solutions of Cu2+, Al3+,
Cd2+, Co2+, Cr3+, Fe3+, Mg2+, Ni2+, Pb2+, and Zn2+ with concen-
trations of 0.5 mM (Fig. 7a–c). The reection blueshi of the Sal-
LPC reagent was 20 nm in response to Cu2+, while those in
Fig. 6 The relationship between the Cu2+ concentration and the
reflection blueshift of liquid PCs with particle volume fractions of (a)
20%, (b) 25%, (c) 28%, and (d) 30%.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (a and b) Reflection spectra of the Sal-LPC reagent (blank) and
its mixture with solutions of different metal cations. Reflection blue-
shift due to the addition of (c) single and (d) multiple metal cations to
Sal-LPC.

Fig. 8 Deviation of “�Dl” measured by (a) Sal-LPC prepared in
different batches, (b) Sal-LPC prepared by different-sized particles,
and the same Sal-LPC (c) in 5 days or (d) at different humidities.
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response to the other metal cations were all below 4.5 nm except
for the response to Fe3+ at 7.6 nm. The stronger response of the
Sal-LPC reagent to Cu2+ could be explained by the large
formation constant of the Cu–Sal complex (Table S2†), which
promoted the disassociation of protons from Sal and the lattice
shrinkage of PC structures, and thereby the blueshi of the
reection signals. It was unusual that the reection blueshi of
Sal-LPC in response to Fe3+ and Al3+ were not large, considering
that the 1st formation constants of Fe–Sal and Al–Sal complexes
are even larger than that of Cu2+. Further studies indicated that
the introduction of Fe3+ and Al3+ in a water-containing solution
did lead to the generation of more H+ ions. However, in a less
aqueous solution, Cu2+ promoted the release of more H+ (Table
S3†). Thanks to the strong response to Cu2+, the Sal-LPC reagent
was able to detect Cu2+ with disturbance from other metal ions
(Fig. 7d). In the presence of 0.5 mM Zn2+, the reection blue-
shi of Sal-LPC in response to 0.5 mM Cu2+ was 22 nm, which
showed a 4.7% deviation from the response to pure Cu2+ solu-
tion. While, with the coexistence of 0.5 mM Zn2+ and 0.5 mM
Ni2+, the reection blueshi was measured to be 25 nm, and the
deviation reached 19%.

The liquid PC based detection reagent showed a highly
repeatable response and good reliability in the practical tests.
Traditional PC sensors for ions and molecules are usually
fabricated through the modication of photonic crystal hydro-
gels with functional groups, which is effective in changing the
photonic structures under different chemical stimuli. However,
This journal is © The Royal Society of Chemistry 2020
a repeatable response could be a challenge, considering the
difficulty in controlling the loading amount of responsive
groups, and the inevitable differences due to storage, xation of
hydrogel on the substrate, and the spectra recording positions.
Unlike traditional PC sensors, the liquid PC detection reagent
has intrinsic advantages in producing repeatable responses,
because the analyte and the recognition species are mixed
thoroughly and interact quantitatively, bypassing the compli-
cated synthesis procedures and directly reporting precise
results.

Here, the highly repeatable response was demonstrated by
four groups of comparative measurements, which utilized the
Sal-LPC reagents from different synthetic batches or composed
of SiO2 particles with different sizes, as well as the same reagent
aer storage for several days or at different humidities (Fig. S5–
S8†). In these experiments, all the Sal-LPC reagents contained
25% of SiO2 particles and 0.25 mM of Sal, and their responses to
0–0.5 mM of Cu2+ aqueous solution were compared to study the
repeatability (Table S1†). Similar to the investigation of the
inuence of Sal, the original reection spectra were rst con-
verted to reection wavelength blueshis, whose deviations
from the average results of all the tests were then plotted as
a function of Cu2+ concentration (Fig. 8). The scatter plots
indicated that the errors were well controlled below 5% over
most measurement ranges, except for the case of low Cu2+

concentration. For a specic Sal-LPC reagent with a Sal
concentration of c, its measurement ranges of Cu2+ concentra-
tion usually started from 0 mM to 2c mM, where the reection
blueshi accordingly changed from 0 nm to about 20 nm.When
the Cu2+ concentration to be analysed was low, the absolute
value of Dl was very small and close to the resolution of the
spectrometer, so that the measurement error reached 10% to
RSC Adv., 2020, 10, 10972–10979 | 10977
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20%. Although such inaccuracy was an intrinsic characteristic
of the LPC reagent, the detection of low Cu2+ concentration
could be realized by using a Sal-LPC reagent with a lower Sal
dosage, which improved the accuracy in an alternative way. The
comparative experiments showed that the Sal-LPC reagents
prepared in different batches from the same source materials
gave very close results. Replacing the SiO2 particles with larger/
smaller particles changed the original reection peak of Sal-
LPC, but it did not inuence the optical response determined
by the reection blueshi. Furthermore, such LPC reagents
were less affected by a change in humidity, and the measure-
ments on different days aer storage were also identical.
Therefore, the Sal-LPC reagent had a long shelf life and good
stability, which ensured the precise measurements.

Conclusion

In summary, a salicylic acid-containing “SiO2/propylene
carbonate” liquid photonic crystal (Sal-LPC) reagent for the
detection of Cu2+ was developed to demonstrate a new PC based
sensing material. When the Sal-LPC reagent was mixed with the
Cu2+ solution, the Cu2+ would promote the release of H+ from
Sal and shrink the lattice constant of liquid PC, so that the Cu2+

concentration could be determined by the reection blueshi of
liquid PC. Themeasurement range and the sensitivity of the Sal-
LPC reagent could be adjusted through control of the Sal dosage
and SiO2 particle volume fraction. The Sal-LPC reagent showed
a stronger response to Cu2+ rather than other cations due to the
formation of a more stable Cu–Sal complex in the liquid PC
environment. More importantly, the Sal-LPC reagents
possessed a highly repeatable response, no matter whether the
reagent was prepared in different batches with different-sized
particles or used under moist conditions aer storage.
Compared to the traditional PC hydrogel sensors, the liquid PC
system studied in this work proposes a new strategy to design
a photonic crystal based sensing material. It could be prepared
without complicated procedures for PC assembly or modica-
tion of functional groups, and it was able to interact thoroughly
with the analyte through mixing to produce reproducible and
reliable results, both of which proved its potential in chemical
analysis and environmental monitoring.
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