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ABSTRACT: Dynamic color-changing nanomaterials have been
widely investigated for applications in fields like optical sensors,
wearable activity monitors, smart electronic devices, and
anticounterfeiting materials due to the excellent ability to change
their optical properties with external variation. Here, a simple
metal—insulator—metal (MIM) trilayer Fabry—Perot resonance
cavity with a poly(N-isopropylacrylamide) (PNIPAm) brush
layer as a responsive element is reported as a thermal-induced
colorimetric response platform. The dynamic changes of
conformation and physical properties of PNIPAm brush layer
in response to external signals give rise to a significant color
change of the MIM Fabry—Perot resonance cavity. This MIM
Fabry—Perot resonance cavity shows the advantages of dynamic
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color change, rapid response, good repeatability, and simple construction. Additionally, the as-prepared MIM cavity shows great

potential in various applications such as color printing, multicolor indicator, and information anticounterfeiting.
KEYWORDS: dynamic color, PNIPAm brush, patterns, MIM resonator, nanomaterials

B INTRODUCTION

Structural colors originated from nanostructured materials that
interfere with a certain wavelength of light have drawn
increasing attention for the advantages of durability, striking
brilliance, and high purity.' ™ To achieve advanced function-
alities such as optical sensing, activity monitoring, camouflage
and highly secure encryption, scientists have focused on the
research of dynamic structural colors.'”'" It is found that
certain animals or insects in nature can produce adaptive colors
resulting from special dynamic color-changing nanostructures
on their bodies. For instances, chameleons change the lattice
spacing of iridophores to adapt to their surroundings; the blue
morpho butterfly shows iridescence on the wings due to the
swelling of the hierarchical nanostructure in humidity.'>"?
With the inspiration of these special nanostructures, artificial
dynamic color-changing nanostructures were developed to
mimic complex performance in nature. As the most commonly
studied dynamic color-changing nanostructures, photonic
crystals show optical responses to external stimulus by
introducing stimuli-responsive materials to constitute struc-
tures or infiltrate into the interstice of the lattice.'*™'°
However, the fabrication of photonic crystals is complicated
and time-consuming, which greatly limits the practicalities for
real implementation. Plasmonic nanostructures have recently
emerged as another type of dynamic color-changing nano-
structures with the excellent ability to control optical
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resonance by adjusting its geometrical parameters and
chemical surroundings.”_19 Especially, utilizing the dynamic
response of stimuli-responsive polymer to an external stimulus,
many studies have successfully realized the dynamic manipu-
lation of the optical property of plasmonic nanostructures by
exploiting stimuli-responsive polymer as responsive compo-
In addition, the miniaturization of plasmonic
nanostructures enables the generation of extremely high-
resolution color images.”> So far, unfortunately, only a few
methods have been explored to tune the dynamic color of
plasmonic nanostructures, which is limited by their structural
complexity.”® Hence, it is highly desired to develop new
dynamic color-changing nanomaterials with simple construc-
tion and dynamic adjustable color-changing property to meet
the requirements of advanced commercial applications.
Fabry—Perot resonance cavities have been commonly
investigated for the great potential application in various
optical devices. Particularly, by simply controlling the thickness
of the insulator layer, metal—insulator—metal (MIM) triple
layer based Fabry—Perot resonance cavities are capable of
manipulating the incident light in a wide region, which makes
them an outstanding candidate in structural coloration.
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Figure 1. (a) Basic configuration of the MIM Fabry—Perot resonance cavity. (b) Cross-sectional SEM image of the MIM Fabry—Perot resonance
cavity. (c) Complete transmission spectra of samples with different thicknesses of PNIPAm brush layer. (d) Plot of the wavelength of the
transmission peaks as a function of the PNIPAm layer thickness and corresponding transmission photographs (inset).

Additionally, the manufacturing process is simple, cost-
effective, and time-saving.”’ If a kind of stimuli-responsive
material is employed as the insulator layer, it is feasible to
endow the Fabry—Perot resonance cavity with the dynamic
adjustable color-changing property. In previous research, the
structural color of a novel Fabry—Perot resonator containing
an insulator layer of silk protein changed when it was
immersed in water.”® However, as the swelling of the silk
layer is limited by crosslinked networks, the Fabry—Perot
resonator shows a slow response rate and the structural color
lacks dynamic adjustability. Compared with bulk crosslinked
stimuli-responsive polymer, the movement of stimuli-respon-
sive polymer brush chains is more flexible and the
conformation change is much easier without limitation of
crosslinked networks. More importantly, stimuli-responsive
polymer brushes show dramatic changes of conformation and
physical property in response to small external stimulus, thus,
introducing a stimuli-responsive polymer brush as the insulator
layer of the Fabry—Perot resonance cavity may be an
alternative approach to achieve dynamic adjustable colors.”
In addition, stimuli-responsive polymer brushes occupy
tremendous advantage in reversible conformational changes
and stability, which is beneficial to improve the response
performance and repeatability of the resulting Fabry—Perot
resonance cavity.

Herein, we report a new dynamic color-changing material
based on a Fabry—Perot resonance cavity, which exploits a
poly(N-isopropylacrylamide) (PNIPAm) polymer brush in-
sulating layer as a responsive element. The PNIPAm brush
layer swells rapidly in response to external temperature
variations, which gives rise to a visual transmission color
change of the Fabry—Perot resonance cavity in an instant.
Benefit from the unique property of the PNIPAm brush layer,
the as-prepared Fabry—Perot resonance cavity can be used as
an optical temperature indicator with the advantages of rapid
response rate and good repeatability. What is more,
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incorporating the facile microcontact printing technology,
various patterns of the Fabry—Perot resonance cavity can be
realized in different dimensions. Meanwhile, because the color
of the formed patterns is dynamically adjustable with the
temperature variations, the as-prepared patterned Fabry—Perot
resonance cavity is used in applications such as multicolor
indicators and information encryption devices. By exploiting
diverse stimuli-responsive polymer brushes, this design strategy
would be generally accessible to various functionalities and
offers a novel idea for the development of dynamic color-
changing materials.

B EXPERIMENTAL SECTION

Materials. Glass substrates were immersed in piranha solution v/
V = 3:1 concentrated H,S0,/30% H,0,) for 4 h at 80 °C to clean
and hydroxylate the surface, and then washed several times with
deionized water to remove residue reagent. The glass substrate was
rinsed with ethanol and dried with a stream of pure nitrogen gas
before use. Silver powder (99.9%) and methanol were purchased from
Sinopharm Chemical Reagent Co., Ltd. Copper (I) bromide (99%)
was obtained from Energy Chemical. N-isopropylacrylamide
(NIPAAm) was bought from Tokyo Chemical Industry. Pentam-
ethyldiethylenetriamine and 1-dodecanethiol (98%) were purchased
from Aldrich. All chemicals were used as received except CuBr. The
CuBr was recrystallized before use. The sulfide initiator, w-
mercaptoundecyl bromoisobutyrate (MUBiB), was synthesized
according to a literature procedure.”'

Preparation. First, a 3 nm thick layer of chromium (Cr) was
deposited vertically onto the top of a glass substrate by a thermal
evaporator at a rate of 0.5 A-s™!, which was used as an adhesion layer.
Then, a 30 nm thick layer of silver (Ag) was deposited onto the
developed samples with a deposition rate of 1 A-s™'. A layer of
PNIPAm brush was polymerized onto the Ag film substrate through a
surface-initiated atom transfer radical polymerization (SI-ATRP)
technique as reported before.*> Different thicknesses of polymer
brushes could be obtained by changing the concentration of NIPAm.
Finally, a 30 nm thick layer of Ag was deposited vertically as a top
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Figure 2. (a) Dynamic color-changing mechanism of the MIM Fabry—Perot resonance cavity. (b—e) Transmission spectra of the as-prepared
temperature-responsive MIM Fabry—Perot resonance cavity measured in 36 °C water (blue line) and room temperature water (T & 24 °C, red
line). The thicknesses of the PNIPAm brush middle layer in the MIM Fabry—Perot resonance cavity are (a) 60 nm, (b) 80 nm, (c) 90 nm, and (d)

105 nm, respectively.

layer, forming a MIM Fabry—Perot resonance cavity with the
PNIPAm brush layer as the insulator layer.

The multicolor Fabry—Perot resonance cavity was fabricated using
a patterned PNIPAm brush layer as the insulator layer. The patterned
PNIPAm brush layer was prepared via the combination of a
microcontact printing technique and an SI-ATRP process. First, a
patterned poly(dimethylsiloxane) (PDMS) stamp was fabricated as
reported before.”’ The PDMS stamp was utilized to print patterned
MUBIB SAMs on the Ag film substrate, and then the stamped Ag film
substrate was placed into a 3:1 mixture of MUBIB and alkanethiols
(v/v) in ethanol to form a lower grafting density of MUBIB on the
nonpatterned region. Finally, the ATRP initiators with different
grafting density were grafted onto the image area and background area
of the Ag film substrate and patterned PNIPAm brush layer with
different thicknesses can be realized on the Ag substrate following the
ATRP process as above.”?

Characterization. Scanning electron microscopy (SEM) images
were characterized by field emission scanning electron microscopy
(Hitachi SU8010). Before imaging, samples were sputter-coated with
a 10 nm Pt layer. Atomic force microscopy (AFM) images were
recorded using the scanasyst in the air mode and liquid phase mode
(AFM, Bruker Dimension Icon). The transmission spectra from 400
to 800 nm were measured with an optics spectrometer (Ocean
Optics, Maya 2000PRO). The responsive performance was evaluated
by measuring the transmission spectra of samples in deionized water
with different temperatures. A metal heating stage was placed under
the sample to control the temperature of the whole system. When the
response rate of a sample was measured, the integral time of the Maya
spectrometer was set to be 8 ms and the spectra recorded during the
measurement were saved automatically in turn. The optical
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photographs were taken by a fluorescence microscope (Olympus,
BX53M).

B RESULTS AND DISCUSSION

The MIM Fabry—Perot resonance cavity was prepared through
SI-ATRP and thermal evaporation. As illustrated in Figure 1a,
the basic configuration of the MIM Fabry—Perot resonance
cavity consists of a top silver layer, a middle PNIPAm brush
layer, and a bottom silver layer. The cross-sectional SEM image
of the as-prepared MIM Fabry—Perot resonance cavity is
shown in Figure 1b, which depicts a clear three-layered stacked
structure with an insulator layer of subwavelength thickness. A
series of samples with different thicknesses of the middle
PNIPAm brush layer were fabricated to investigate the color-
tunable capability of the MIM Fabry—Perot resonance cavity.
As shown in Figure lc, a transmission spectrum covering the
entire visible region is realized by tuning the thickness of
PNIPAm brush layer. The thickness of PNIPAm brush layer
can be controlled by varying the polymerization condition
(Figure S1). Different thicknesses of PNIPAm brush layer were
characterized by AFM (Figure S2). Figure 1d shows the plot of
the wavelength of the transmission peaks as a function of the
PNIPAm layer thickness and corresponding transmission
photographs (inset). With the gradual increase of the PNIPAm
brush layer from 90 to 190 nm, the first-order transmission
peak redshifts, which leads to a vivid, full-color gamut. The
linear fitting calculation was performed to analyze the
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Figure 3. Dynamic color-changing behavior of the MIM Fabry—Perot resonance cavity with an 80 nm PNIPAm brush layer at different
temperatures. (a) Transmission spectra of the MIM Fabry—Perot resonance cavity in different temperature of water. (b) Plot of the wavelength of
the transmission peaks as a function of the temperature of water. (c) Corresponding dynamic photographs taken by an optical microscope.
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Figure 4. (a) Real-time monitoring of the temperature with the dynamic color-changing material manifested by the transmission peak shift in water
temperature change from 36 to 16 °C. (b) Reproducibility of the dynamic color-changing material between hot water (36 °C) and cold water (16

°C).

relationship between the wavelength of transmitted light and
the thickness of PNIPAm brush layer, the transmission
wavelength A can be approximated as 4 = 154.965 + 3.139d,
where d is the thickness of PNIPAm brush layer.

The dynamic color-changing mechanism of the MIM
Fabry—Perot resonance cavity is illustrated in Figure 2a. The
PNIPAm brush insulating layer is a thermoresponsive polymer,
which undergoes a conformational change and a drastic
volume variation at different temperatures.”> From the results
mentioned above, the resonant wavelength of the MIM
Fabry—Perot resonance cavity can be influenced by the
thickness of the middle PNIPAm brush layer. Therefore, by
changing the system temperature, dynamic colors can be
produced with the as-prepared MIM Fabry—Perot resonance
cavity. To clarify that the top dense Ag layer does not affect the
swelling property of the middle PNIPAm brush layer, the total
thicknesses of the trilayer structure in air and in room
temperature water were characterized by AFM (Figure S3).
The swelling ratio of the PNIPAM calculated by the ratio
between the thicknesses of the swollen film and original dry
film was 2.56. Such a drastic change in the thickness of the
middle PNIPAm brush layer endows the MIM Fabry—Perot
resonance cavity with a wide tunable color range.

On further investigation, we explored how the responsive
optical property of the MIM Fabry—Perot resonance cavity
depends on the thickness of PNIPAm brush layer. As shown in
Figure 2b—e, the transmission spectra of Fabry—Perot
resonance cavities with different thicknesses of PNIPAm
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brush layer were measured in 36 °C and room temperature
water. The sample with a thicker original PNIPAm brush layer
showed a greater peak shift (A1) (121 nm for the 60 nm
sample, 180 nm for the 80 nm sample, 207 nm for the 90 nm
sample, and 247 nm for the 105 nm sample), because the
swollen thickness of the PNIPAm brush is affected by the
original thickness of the PNIPAm brush layer (Figure S4). To
achieve dynamic colors covering the whole visible region, it is
desirable to select an optimized thickness of PNIPAm brush
layer to make the transmission peak shift from the blue region
to the red region. Among all of these samples, only the 80 nm
sample is capable to realize the color tunability in a full visible
region, thus, most of the following discussions are based on the
80 nm sample.

To realize the precise control of the structural color, the
transmission spectra and color changes of the MIM Fabry—
Perot resonance cavity were further explored in different
temperature of water. As shown in Figure 3a, it is clear that the
transmission spectra of the MIM Fabry—Perot resonance
cavity respond dramatically to different temperature of water.
With the increase in water temperature from 16 to 40 °C, the
transmission peak shows a strong blue shift from 718 to 440
nm. The plot of the wavelength of the transmission peaks
against the temperature of water shown in Figure 3b
demonstrates that the peak value becomes stable at around
34 °C. This can be explained by literature reported before,
which reveals that the PNIPAm brush layer shrinks in water
with higher temperature and collapse while the temperature is
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three primary colors of red, green, and blue, respectively.

above its lower solution critical temperature of ~32 °C.>* As
presented in Figure 3¢, the color of the MIM Fabry—Perot
resonance cavity experiences a significant change correspond-
ing to the transmission peak shift. Apparently, it exhibits six
distinguishable colors of blue, bluish green, yellow, cyan, red,
and purplish red for T = 36, 32, 28, 24, 20, and 16 °C,
respectively. The dynamic color-changing behavior can be
triggered by changing the environmental temperature (Movie
S1, Supporting Information).

For optical sensing applications, the response rate is a crucial
parameter to evaluate the responsive performance of dynamic
color-changing material. Real-time monitoring of transmission
peaks was carried out to investigate the response and recovery
of the MIM Fabry—Perot resonance cavity between the fully
collapsed state and swollen state of the middle PNIPAm brush
layer. To obtain better accuracy, the MIM Fabry—Perot
resonance cavity was combined with a PDMS microfluidic
channel. The PDMS microfluidic channel has a rectangular
chamber that was connected to an outlet and an inlet. The
surface of the MIM Fabry—Perot resonance cavity was adhered
to and exposed to the PDMS microfluidic channel. The inlet
and outlet were connected with poly(vinyl chloride) tubing for
water transportation. As demonstrated in Figure 4a, when the
microfluidic channel is filled with hot water (36 °C), the
transmission peak locates at 500 nm. The transmission peak
shifts towards the longer wavelength, and reaches a balanced
and steady-state after 2.32 s while replacing the hot water (36
°C) with cold water (16 °C). In the reverse direction, from
cold water (16 °C) to hot water (36 °C), the recovery time is
0.48 s, which is much faster than response time. It is still
worthy to note that the response rate of the MIM Fabry—Perot
resonance cavity, compared with other stimuli-responsive
materials based on bulk polymers reported previously, was
dramatically enhanced by introducing a polymer brush layer as
a responsive part, because the movement of polymer brush
chains is more flexible and the conformation change is much
easier without limitation of crosslinked networks.*’

Except for the response rate, the reproducibility is another
important parameter to evaluate the reliability of dynamic
color-changing material. The reproducibility of the as-prepared

dynamic color-changing material was performed in water
under 16 and 36 °C (Figure SS). As shown in Figure 4b, after
50 cycles, the position of transmission peak shows nearly no
change, which demonstrates that the dynamic color-changing
material still remains highly stable. In addition, after the
repeatability test, the sample is still able to respond to external
temperature change in 3 months when it is kept in nitrogen
atmosphere. The dynamic color-changing material exhibits
high repeatability due to covalent bonding of PNIPAm brush
molecules with the Ag film substrate, which makes the
responsive structure more stable.

As an optical material, it is meaningful to conduct the
miniaturization and integration of the Fabry—Perot resonance
cavity. It is noteworthy that the structural color can be tuned
by varying the thickness of the middle PNIPAm brushes layer.
On the other hand, through the SI-ATRP process, different
thicknesses of polymer brush can be obtained by varying the
grafting density of initiators.”” In this work, based on the facile
microcontact printing technology, patterned PNIPAm brushes
with a thickness difference in the image area and background
area were prepared. By introducing a patterned PNIPAm brush
layer as the insulator layer of the Fabry—Perot resonance
cavity, different multicolor patterns, such as a stripe pattern
and a school badge can be achieved as shown in Figure Sa,b.
The image area of the school badge was green, corresponding
to a transmission peak at 550 nm, while the black background
area shows no resonant peak in the visible region due to an
ultrathin PNIPAm brush layer. Then, using a PDMS stamp
with microdimension, micropatterned school badges with three
primary colors of red, green, and blue shown in Figure Sc could
also be obtained by simply tuning the thickness of PNIPAm
brush layer. As shown in Figure S6, to clarify the resolution of
this MIM Fabry—Perot resonance cavity, the micropatterns
with a smaller size were fabricated. These examples
demonstrate that this proposed MIM Fabry—Perot resonance
cavity shows great potential in the color printing.

The color-changing behavior of the patterned MIM Fabry—
Perot resonance cavity was further investigated. As shown in
Figure 6a, when the as-prepared school badge was immersed in
hot water, the image area was orange in color and the
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mission spectra and the corresponding photographs in (a) room
temperature water (T =~ 18 °C) and (b) hot water (T > 40 °C).

background area was black. The resonance peak of the
background area did not appear in the visible region due to an
ultrathin PNIPAm brush layer, resulting in the generation of
black color. When the hot water was replaced by room
temperature water, both the color in the image area and
background area changed significantly due to the dramatic
swelling of the PNIPAm brush layer (Figure 6b). The color of
the image area changed from yellow to green, because the first-
order transmission peak redshifts to the infrared region and the
second-order transmission peak redshifts into the visible
region. This patterned MIM Fabry—Perot resonance cavity
shows temperature-induced color-changing capability and
features great potentials in dynamic multicolor printing.

Except for the application of dynamic multicolor printing,
the patterned MIM Fabry—Perot resonance cavity can also
serve as an information encryption device. When the
thicknesses of the PNIPAm on the image and background
area are both thin enough, the encoded pattern is difficult to be
observed in air. After being exposed to the cold water, the
encrypted information appeared because of the drastic swelling
of PNIPAm brush layer. As presented in Figure 7a, the
encrypted badge pattern emerges instantly when the MIM
Fabry—Perot resonance cavity is immersed in the cold water.
The corresponding transmission spectra of the encrypted
pattern and the decrypted pattern are presented in Figure 7b,c.
After the sample is dried by N,, the badge pattern was hidden
again. The encrypted information can be hidden well in air
condition unless exposed to cold water.

B CONCLUSIONS

In summary, a novel dynamic color-changing material based on
an MIM Fabry—Perot resonance cavity with a responsive
PNIPAm brush layer as the insulating layer was reported. This
simple construction does not require any elaborate manufac-
turing method compared with other dynamic color-changing
materials such as photonic crystals and plasmonic nanostruc-
tures. Moreover, the MIM Fabry—Perot resonance cavity
responds to external temperature variations quickly, which
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appears as a dramatic change of spectrum signal. Thus, the
structural color could be dynamically adjustable by varying the
external temperature. The reversible conformational changes
and stability of PNIPAm brush endow the MIM Fabry—Perot
resonance cavity with a rapid response rate and good
reproducibility. Meanwhile, owing to the facile microcontact
printing technology, various patterns of the Fabry—Perot
resonance cavity can be realized in different dimensions, and
the dynamic color-changing capability facilitates the applica-
tions of multicolor indicators and information encryption
devices. Since stimuli-responsive polymer brushes are diverse,
this design strategy would be general for achieving diverse
functionalities and offers a novel idea for the development of
dynamic color-changing materials. This Fabry—Perot reso-
nance cavity will provide new opportunities in application
fields such as optical sensors, display devices, and activity
monitors.
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