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the sensing of humidity
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Tiantian Jia and Tengsheng Xiea

Traditional artificial opals are assembled from silica or polystylene colloidals which have poor swellability

and a lower response to stimuli. A novel three-dimensional photonic crystal array sensor which has

a high stability and desired structural colour was fabricated from the self assembly of nano hydrogel

colloids. The nano hydrogel colloids were prepared by co-polymerisation of N-isopropylacrylamide,

functional monomer acrylic acid and N-tert-butylacrylamide. The relative humidity from 20% to 100%

could be detected rapidly via the reflection spectrum of the nano hydrogel colloidal array with

a maximum amount of red shift of 24 nm. The response kinetics for humidity of the nano hydrogel

colloidal array were investigated, and correspondingly, a rational response mechanism of the

compactness of the close-packed structure caused by the swelling of the nano hydrogel colloidal array

was discussed. The nano hydrogel colloidal array sensor presented good reversibility and can be reused

for at least five rounds.
Introduction

Photonic crystals (PCs), articial dielectric array structures with
more than two different refractive index materials, can prohibit
the transmission of light with certain wavelengths due to its
band gap developed by a certain period of ordered form in
space. The existence (distance change) of an optical band gap
induces the sensitivity of the PC structure to the environmental
changes, such as temperature,1,2 pH,3 ionic strength,4,5 light,6

electric eld,7 strain,8 organics9,10 and biomolecules.11–13 This
optical band gap can be modulated in the visible wavelength
range while colloidal crystals were used as the matrix for self-
assembly, i.e., structural units, located at the submicron scale.
Nano colloidal particles prepared from SiO2,14,15 PMMA,16,17 PS18

and other composite material19–21 were more oen used to
produce the close-packed PC with periodically arranged three-
dimensional structures which makes the PC suitable for
naked-eye detection application.

Compared to traditional detecting sensors,22,23 which require
expensive sensing elements associated with energy consump-
tion and complex signal demodulation process, sensors that
fabricated from photonic crystal material have attracted
continuing interest24–27 because of their visual diffraction
signals and remarkable response to external stimuli. Self-
assembly is a simple, economical and effective method to
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hemistry 2018
construct PC from mono-dispersed latex spheres.28,29 However,
photonic crystal arrays fabricated by the self-assembly of solid
spheres, are difficult to respond to external stimuli by defor-
mation for their small swelling ability and low mass transfer.
The common practice of realizing lattice spacing variations in
photonic crystal arrays is incorporating responsive gel into
photonic crystal arrays to fabricate the opal structure. Smith
et al. developed an air-stable two-dimension opal PC sensor
which was immersed into ethylguanidine perchlorate ionic
liquid for visual detection of vapour and ammonia because of
the negligible ionic liquid vapour pressure.30 Barry et al. devel-
oped a polyacrylamide inverse opal hydrogel to detect ambient
humidity variations through an optical change.31 However, the
photonic crystal bandgap aer embedding will change due to
the lling of the gel medium. Moreover, the lling process oen
results in damage to the array structure, which requires the
operator to be extremely careful.

So materials can also be used for the preparation of
photonic crystal arrays. Compared to the solid spheres, so
materials32 with a larger swelling ratio and exposed functional
groups on the surface of the particles are easier to respond to
external stimuli. Recently, a kind of novel nano hydrogel
colloidal (NHC) material with sensing, processing and executive
function that hold great promise in nanotechnology for diag-
nostics, drug delivery, protein separation and bioinspired
designing was synthesized as polymer hydrogel colloidal
nanoparticles.33 The NHC has the similar composition of
hydrogel nanoparticles that is called plastic antibody.34 It is
capable of combining with target biomolecules for its good
biocompatibility and affinity, and can be used as a substitute for
RSC Adv., 2018, 8, 9963–9969 | 9963
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antibody. It has been applied in toxins elimination successfully
in vivo and in vitro. The responsive NHCs are a class of polymers
which undergoing a volume phase transition in response to
minimal environmental stimulus. Besides, temperature-
responsive colloidal nanoparticles containing the spatial
network structure have a remarkable capacity to adsorb water.
There are also substantial hydrophilic groups and hydrophobic
groups at side chain, which makes the polymers sensitive to
water. In addition, the preparation process of the three-
dimensional NHCA is easier than that of the opal or inverse
opal PC hydrogel lm. However, PC colloidal arrays that was
assembled with NHC is rarely reported.

In this study, we focused on the PC array fabricated by
hydrogel nanoparticles for the response of humidity. We inno-
vatively constructed a PC sensor fabricated from so and bio-
friendly NHC, and investigated its response to humidity. To
a certain extent, this work expanded the materials that could be
used for the preparation of photonic crystal. Furthermore, the
nano hydrogels have been veried to be capable of binding to
specic targets including peptides and proteins,34,35 which
provides the possibility of recognizing biological macromole-
cules using the as-prepared NHCA in the follow-up study.
Experimental section
Materials

N-Isopropylacrylamide (NIPAM), acrylic acid (AAc), and N,N0-
methylenebisacrylamide (BIS) were purchased from J&K
Chemicals Co. Ltd.; N-tert-butylacrylamide (t-BAM) was from
Aladdin Chemicals Co. Ltd.; sodium dodecylsulfate (SDS) was
from Fuchen chemical reagent factory; ammonium persulfate
(APS) was from Beijing Chemical Reagent Co. Ltd. All chemicals
were used as received, except that NIPAM was recrystallized by
hexane before usage. Water used in the experiment was distilled
and puried by an Aquapro purication system. Glass slides
(50 � 24 mm and 24 � 24 mm) were purchased from Weiss
Experiment Products Co. Ltd. and treated with a H2SO4/H2O2

(7/3, v/v) solution for 24 h.
Synthesis and characterization of nano hydrogel colloids

The nano hydrogel colloids (NHC) were synthesized using
precipitation polymerization method.36 NiPAM (139.7 mg), AAc
(46.8 mg), t-BAM (165.3mg), BIS (10mg) and SDS were dissolved
in 50 mL water of a total volume. Then the initiator APS (30 mg)
was added aer the solution degassed by nitrogen for 30 min.
The polymerization reaction was carried out at 65 �C for 3 h. The
reacting solutions were cooled down to room temperature and
then puried by dialysis (14 000 MWCO) in excessive fresh
water changed several times per day to remove unreacted
monomers and impurities. The as-prepared NHC solution was
transferred into the cuvette, and then the hydrodynamic
diameters of NHCs were measured by dynamic light scattering
(DLS) instrument (Zetasizer Nano ZS, Malvern Instruments
Ltd.) at 25 �C. The lower critical solution temperature (LCST)
was obtained from a series of as-prepared NHC hydrodynamic
diameters measured at different temperatures. The
9964 | RSC Adv., 2018, 8, 9963–9969
concentration of hydrogel solution was calculated aer lyophi-
lisation of 5 mL polymer sample solution.
Fabrication and characterization of nano hydrogel colloidal
array

The nano hydrogel colloidal array (NHCA) was fabricated via
a vertical depositionmethod37 on a clean glass slide treated with
a H2SO4–H2O2 solution. The glass slide was vertically dipped
into a vial containing the NHC solutions (0.3 wt%) at 30 �C
under 50% relative humidity in an incubator for 3–4 days. Aer
complete evaporation of water, NHCA were obtained on the
glass slide.

Morphology images of the NHCA were obtained with a eld
emission scanning electron microscope (HITACHI S-4800,
Japan) aer sputter coating a layer of platinum on the surface
of NHCA. Photographs of the as-prepared lms on glass slide
were taken with a digital camera. Reection spectrum of the
NHCA was recorded using a ber optic UV-vis spectrometer
(Avaspec-2048TEC, Avantes) with an AvaLight-DH-S-BAL light
source and an AvaSpec-ULS-TEC ber optic reection probe.
Humidity sensor response

NHCA slides were placed in a hermetic container (45 cm �
45 cm � 45 cm). Humidity inside the container was controlled
using a desiccator containing a large dish of a warm water or
supersaturated salt solutions,30 and a fan to gently circulate the
air surrounding the measurement apparatus. Real-time relative
humidity (RH) and temperature values was monitored with
a digital temperature & humidity sensor (AS105, Guangzhou)
probe inside the container aer the equilibrium of RH.

To study the response to relative humidity, reection spec-
trum of the NHCA at an atmospheric condition or a controlled
humidity condition was recorded. The NHCA response time was
investigated when exposed to a certain relative humidity (RH)
from the atmosphere conditions of RH 20%. Here, the RH
considered in the experiment were 50% and 100% respectively.
Reversibility of the NHCA was tested by raising and dropping
humidity repeatedly.
Results and discussion
Characterization of the nano hydrogel colloidal

The monodispersed nano hydrogel colloidal (NHC) could be
obtained while the backbone monomer (NIPAM), hydrophobic
(t-BAM) and hydrophilic monomer (AAc) and the surfactant
(SDS) reacted in appropriate ratios. NIPAM as the conventional
thermosensitive monomer exhibits lower critical solution
temperature (LCST) at 32–34 �C. However, the LCST value of the
NHC can be tuned by adjusting the hydrophilic–hydrophobic
balance. The LCST value of the corresponding NHC with the
formula NIPAM/AAc/t-BAM/BIS (38/20/40/2, mol%) was
conrmed as 11–12 �C, which was proved by dynamic light
scattering (Fig. 1). The lower LCST of NHC indicates that NHC is
in a collapsed state above this temperature. That means the
temperature-sensitive property of NHC would not interfere with
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 The hydrodynamic diameters of the NHC with an optimised
monomer molar ratio.
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the swelling/shrinkage properties due to water absorption when
measuring humidity at room temperature.

The hydrodynamic diameters of NHCs could be controlled
by the concentration of surfactant SDS in pre-polymer solution.
A series of NHCs with different particle size from 60–600 nm
was obtained while the amount of SDS used in the polymeri-
zation process was adjusted from 0.02 to 0.1 mg mL�1, and the
distribution trend of the colloidal size with SDS concentration is
displayed in Fig. 2.

During the reaction, electrostatic repulsion force of colloids
was enhanced when SDS concentration increased, which results
in a shorter chain polymer, therefore, the smaller size of the
nanoparticles was obtained. All the NHCs are monodispersed
with uniform particle size while their PDI value was below 0.1
monitored by a Zetasizer Nano ZS DLS instrument in aqueous
solutions.

Characterization of the nanohydrogel colloidal array

A series of 3D NHCA were self-assembled via the vertical
deposition method37 with the nano hydrogel colloidal solution,
which concentration was conrmed as 6.0–8.1 mg mL�1 by
a Gravimetric analysis aer lyophilisation, and then was diluted
Fig. 2 DLS distributions of NHC with different sizes while the
concentration of SDS used is from 0.1 mg mL�1 (purple) to 0.02 mg
mL�1 (red).

This journal is © The Royal Society of Chemistry 2018
to 3.0 mg mL�1 to prepare the array with a certain thickness. It
is an easy, cost-effective and efficient approach for obtaining
NHCA from NHCs.28 The uniform size and ne spherical shape
of NHCs together with the regular microstructure of the as-
prepared NHCA were proved by the SEM image in Fig. 3(a). In
addition, the self-assembly process is strict with the uniformity
and sphericity of the colloidal crystals.38 The structured array
also implies high uniform quality of the NHCs. From the cross
view of the NHCA in Fig. 3(b), the thickness of typical as-
prepared NHCA is three micrometres with about 20 layers.
Such a thin array makes the interface between the NHCA and
the target larger, the response becomes faster.

Their transmission spectra was also proved by a ber optic
UV-vis spectrometer as presented in Fig. 4. The inserts depict
various structural colours of these as-prepared hydrogel
colloidal PC shows visible colour from purple, blue, green,
orange to red corresponding to the arrays with different parti-
cles in 169 nm, 186 nm, 214 nm, 230 nm and 285 nm. Therefore,
the PCs covering the full visible wavelength range (400–760 nm)
could be obtained with different sizes of the NPs.
Humidity response of the nano hydrogel colloidal array

Due to the intrinsic humidity sensitivity of Aac used as the
negative charged monomer in this study, the as-prepared NHCA
shows sensitive to humidity. The reection peak get red shi
when the relative humidity (RH) increased. From the colour
changes and the reection peak shis, the relative humidity
could be clearly indicated. Herein, we give a typical example of
the NHCA with a green structural colour prepared by nano-
particle of 230 nm responsing to the RH from 20% to 50% and
99.9%, respectively.

It is seen from Fig. 5, both reection peak wavelengths stay
the same aer a rapid red shi of reection peak wavelength
within equilibrium time of 10 min. Compared with the tradi-
tional commercial hygrometers that can achieve the balance
within 60 seconds, it takes time for sensors made from polymer
material to deform when humidity changes. This time depends
on the nature of the material itself. Three-dimensional ordered
porous poly(ethylene glycol) hydrogel could expand in 1 min
and reach stability aer 70 min,39 while transition time of
PAAm–P(St–MMA–AA) PC hydrogel between the dry and fully
wetted states was less than 3 min.19 The NHCA was thin enough
Fig. 3 SEM images of the NHCA with colloidal diameter of 214 nm. (a)
Top view. (b) Cross view.

RSC Adv., 2018, 8, 9963–9969 | 9965
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Fig. 4 UV-vis spectra of the NHCA with particle diameter of 169 nm,
186 nm, 214 nm, 230 nm and 285 nm. The inset shows the structure
color of the as-prepared NHCA. The photos and data were taken at
atmospheric conditions.

Fig. 5 Time dependence of the NHCA exposed to 50% RH (black) and
100% RH (red) from ambient RH of 20%.

Fig. 6 Sketch diagram of the detection mechanism for the target by
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to achieve a somewhat short equilibrium time. Red shi of
24 nm and 11 nm was monitored during humidity increase in
the black line with squares and red line with dots, corre-
spondingly. The swelling of NHC contribute to the red shi of
the reection peak, and the swell ratio can be calculated by the
reection peak change.

For the NHCA, the reection obeys Bragg and Snell's law
(1):10,40

mlpeak ¼ 2d111(neff
2 � sin2 q)1/2 (1)

where,m is the order of reection; lpeak is the wavelength of the
reected light; neff is the mean effective refractive index; q is the
angle between the incident light and the normal to the reec-
tion plane. d111 is the lattice spacing between array planes
which can be calculated by the diameter of NHC, dened as D
here, as shown in eqn (2).

d111 ¼
ffiffiffi
2

3

r
D (2)
9966 | RSC Adv., 2018, 8, 9963–9969
In this study, the incident angle q was xed and the average
value of effective refractive index neff was constant. As for the
rst order diffraction, the value of m is 1. Therefore, we can get
a linearity between the lattice spacing and the diameter D in
eqn (3).

lpeak ¼ aD (3)

Herein, the linear coefficient is dened as a. The swelling
ratio R of the NHC in response to humidity could be calculated
as eqn (4).

R ¼ (lpeak,1 � lpeak,0)/lpeak,0 (4)

where, lpeak,1 is the wavelength of the reected light aer
adsorption equilibrium, lpeak,0 is the initial wavelength of the
reected light.

Therefore, the swelling ratios of the NHC is 4.5% and 2.1%
respectively corresponding to eqn (4), indicating that NHC has
the swelling properties. Compared with the common PC fabri-
cated with solid colloids that need to be embedded with gel,
NHCA is easy prepared, which makes it easier for use in the
future.

Aer absorbing water, the structure of the network is
swollen, which leads to the increase of the particle size and the
shi of the reection peak. The scheme was shown in Fig. 6. If
more water is added, the particles will be dissolved. The PNI-
PAM exhibits an LCST of 32 �C, while the LCST drops to 11–
12 �C for NHC, which contains temperature-sensitive monomer
NIPAM and other functional monomers such as acrylic acid.
The NHC also has properties of hydrophilicity at low tempera-
ture and hydrophobicity at high temperature. Tanaka41 sug-
gested whether the polymer gel should absorb water depending
on the combination of van der Waals forces, hydrogen bonding,
electrostatic interaction and hydrophobic interaction. The
condition temperature is higher than the LCST of NHC, which
means the NHC is in a hydrophobic state. Therefore, we
the NHCA.

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 UV-vis spectra of the as-prepared hydrogel colloidal PCs with
humidity change. (a) Water absorption (b) water desorption. The NHCA
were assembled from NHC of 230 nm.
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proposed that water absorption at NHCA is mainly due to the
contribution of the acrylic acid component.

The shis and intensity changes of reection peak in
response to humidity were monitored, which discloses the
particle swelling behavior as shown in Fig. 7. A red shis and
intensity increase of reection peak when increasing humidity
and a blue shis and intensity decrease of reection peak when
decreasing humidity was observed.

As the ambient humidity increases, the carboxyl groups in
the polymer chains within the colloid formed a more stable
bond with the water molecules. The initially dry hydrogel
colloids swelled to a degree that the PC on the glass slide was
close-packed and the compactness of the close-packed structure
was strengthened until reaching equilibrium, and vice versa.
Fig. 8 Reversible wavelength changes of UV-vis reflection peak of the
nanohydrogel colloidal PC with relative humidity by alternately
exposing to increasing (the solid lines) and decreasing (the dashed
lines) relative humidity conditions (between 20% and approaching
100%).

This journal is © The Royal Society of Chemistry 2018
The NHCA showed a reversible reective wavelength shi
according to the swelling and shrinkage behaviour of the NHC
when the humidity changed, which makes it a potential tool to
detect the humidity sensitively and quickly.

Reversibility of the nano hydrogel colloidal array in response
to humidity

The NHCA fabricated from the so nano-hydrogel particles is
stable and reusable. The reversibility of the NHCA was evaluated
on the humidity response by cycle method of humidity (Fig. 8).
It was shown that the NHCA could retain its initial response to
humidity aer 5 rounds relative humidity recycles from 20% to
100%, which means the sensor presents good stability and
reversibility and can be used many times in humidity range.

Conclusions

Compared with the conventional photonic crystal, so and
uniform nano hydrogel colloids dispersed in water with bio-
friend, stable physical and chemical properties, were self-
assembled to get a 3D-array. This nano hydrogel colloidal
array with a bright structure color can be used as a humidity
sensor. The response mechanism of the sensor is based on the
changes in the compactness of close-packed structure and
refractive index of the array of the hydrogel colloids, which can
also be applied to biomolecules for response. Full wavelength
coverage will meet different requirements. Further work on
optimizing the performance to realize naked-eye detection as
well as diminishing the response time is under way.
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