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Fast and controlled thermoresponse in photoluminescence of 
well-designed hydrogels of two separate nanodomains with 
solvatochromic dyes 
Hayato Wakuda,a Shohei Ida,*a Masatoshi Oyama,b Keiji Nakajima,b Hiroki Takeshita a and Shokyoku 
Kanaoka *a

Stimuli-responsive hydrogels that allow a simultaneous change in multiple properties, including photoluminescence, are 
attractive for various applications such as sensing materials because such gels can visually represent environmental changes. 
In developing such novel materials, it is essential to precisely design the network structure at the nanoscale for hybridization 
with an appropriate dye. In this study, we designed gels with a thermoresponsive crosslinked nanodomain (CD) structure 
containing Nile Red, a solvatochromic dye, via the polymerization-induced self-assembly (PISA) process. The synthesis was 
achieved using reversible addition-fragmentation chain transfer (RAFT) polymerization of N-isopropylacrylamide (NIPAAm) 
from a hydrophilic bifunctional macro-chain transfer agent in an aqueous dispersion of Nile Red at a high temperature. The 
obtained gels appeared blue under visible light and showed faint red fluorescence under UV irradiation, while it rapidly 
turned reddish purple and exhibited red fluorescence without syneresis upon heating. These changes in appearance and 
photoluminescence were derived from changes in the microenvironment around Nile Red, induced by reversible 
swelling/shrinking of PNIPAAm nanodomains within the hydrogel network. Moreover, these internal structural changes 
simultaneously altered the mechanical properties along with the changes in appearance and photoluminescence on a similar 
timescale.

Introduction
Sensing systems in nature, characterized by change in color 
and/or luminescence, are often composed of an environment-
responsive pigment and a stimuli-responsive flexible 
architecture.1, 2 A good case in point is a system found in bodies 
of squids and octopuses, which undergoes a color change in 
response to the state of pigments that can be governed by the 
contraction and relaxation of muscles on the body surface.3, 4 
Inspired by such systems in natural soft tissues, hybridization of 
dyes in artificial soft materials has been investigated: in all 
systems, stimuli-responsive behavior of a polymer network led 
to a color change of elaborately dispersed functional dyes.5-13

Smart hydrogels undergo significant changes in property 
and/or structure in response to a small change in environment, 
attracting remarkable attention for applications in various 
fields.14-17 In addition, this sensing ability as well as the similarity 
to natural soft tissues in terms of high water content and 
flexibility has raised expectations for future advancement in 

biomedical fields and soft robotics.18-21 Among them, stimuli-
responsive hydrogels that permit simultaneous change in 
multiple properties including luminescence properties are 
suitable for sensing materials since those materials can visualize 
environmental changes. In particular, hydrogels capable of 
undergoing luminescent changes in both air and water under 
ambient conditions are highly awaited. However, stimuli-
responsive hydrogels can have potential but serious drawbacks 
as a sensing material: clouding after transition by dehydration 
and slow response for a sensor. For example, thermoresponsive 
hydrogels, a typical stimuli-responsive gel, start shrinking at a 
temperature where the solubility of network polymers 
decreases drastically and form aggregated moieties in a 
micrometer scale. The large aggregated domains scatter visible 
light, causing noticeable turbidity22 to blemish transparency of 
a hydrogel material, which is essential for clear sensing. As 
mentioned above, the slow response of gels in a bulk state can 
also be problematic for applications. In developing novel 
stimuli-responsive photoluminescent hydrogels, thus, 
downsizing and compartmentalization of stimuli-responsive 
domains exhibiting the response under ambient conditions are 
expected to be effective means for maintaining transparency 
and raising response rate.

Multiple distinct domains in a network structure of a gel 
have been achieved by building conetwork structures, among 
which, specifically, amphiphilic conetwork (APCN) structures 
consisting of hydrophilic and hydrophobic block segments in the 
network are attractive platform for tailored functionalization of 
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hydrogels.23-30 Recently, we successfully synthesized a new class 
of APCN hydrogels with crosslinked nanodomains (CDs) 
homogeneously dispersed.31-38 A feature of the CD gel is that 
CDs can be even immiscible to not only network polymer chains 
but also a solvent, because a single CD on a nanoscale is linked 
to multiple network chains. Hence, a hydrogel of 
thermoresponsive CDs consisting of network chains of N-
isopropylacrylamide (NIPAAm) remained transparent and 
constant in volume even above the cloud point of the 
corresponding poly(NIPAAm) (PNIPAAm).34, 35 In addition, upon 
heating, the designed hydrogels with thermoresponsive CDs 
responded more rapidly and sharply in water,32 and toughened 
in air without external water.33, 34 As the CD gel has features 
suitable for sensing, CD gels containing fluorescent carbon dots 
within the thermoresponsive nanodomains were synthesized, 
which underwent simultaneous change in fluorescent and 
mechanical properties upon heating.35 However, in terms of the 
fluorescent property, only a slight change in intensity was 
observed without any shift in the emission wavelength.

To induce a drastic change in color or luminescence, it is 
imperative to select an appropriate environment-responsive 
dye. Promising pigments would be those exhibiting responsive 
behavior such as aggregation-induced emission,39, 40 
mechanochromism,41, 42 and solvatochromism.43, 44 In this 
study, we focused on solvatochromic dyes that change their 
photoluminescence in solution depending on the solvent 
polarity.43, 44 Nile Red is a typical solvatochromic dye, which 
hardly fluoresce in highly polar solvents such as water, while it 
shows strong fluorescence in low polar solvents.45, 46 This 
sensitivity to polarity is a good match for the temperature-
sensitive transition of PNIPAAm, which produce hydrophilic and 
polar environment below the cloud point, and the hydrophobic 
and less polar counterpart above the cloud point.47-49 The 
designed CD gels that we reported alter the polarity in the 
PNIPAAm nanodomain in response to temperature change. 
Thus, a CD gel combined with Nile Red is expected to become 
an appropriate platform for a soft material showing a significant 
change in photoluminescent property. Encouraged by these 
backgrounds, we aimed to develop CD hydrogels that produced 
significant changes in photoluminescence in response to 
temperature changes (Fig. 1a).

In this study, the synthesis of hydrogels with 
homogeneously dispersed thermoresponsive CDs containing 
Nile Red was examined using the polymerization-induced self-
assembly (PISA) process in an aqueous dispersion of Nile Red as 
the reaction solvent: more specifically, NIPAAm was 
copolymerized with a vinyl crosslinker using reversible addition-
fragmentation chain transfer (RAFT) polymerization50-53 from a 
hydrophilic bifunctional macro-chain transfer agent (macro-
CTA) in water at a temperature much higher than the cloud 
point of linear PNIPAAm (Fig. 1b).34, 35 In the reaction, 
simultaneous aggregation and crosslinking of thermoresponsive 
PNIPAAm chains, which propagated from both ends of the 
hydrophilic macro-CTA, proceeded to form evenly dispersed 
CDs. The structure and response behavior in air and water of 
the obtained gels, including photoluminescence and 
mechanical properties, were systematically investigated.

Fig. 1 (a) Design of gels with thermoresponsive CDs containing 
Nile Red undergoing significant changes in photoluminescence 
upon temperature change, and (b) the synthetic scheme via the 
PISA process using RAFT polymerization.

Experimental
Materials

NIPAAm (FUJIFILM Wako Chemical, >98.0%) was purified by 
recrystallization from toluene/hexane. The CTA for RAFT 
polymerization carrying two trithiocarbonate groups in the 
molecule was prepared as reported in the literature.54 Distilled 
water was obtained using EYELA STILL ACE SA-2100A. The 
following compounds, reagents, and solvents were used as 
received: N,N-dimethylacrylamide (DMAAm; FUJIFILM Wako 
Chemical, >98.0%), N,N’-methylenebisacrylamide (BIS; 
FUJIFILM Wako Chemical, for electrophoresis, >99.0%), Nile Red 
(FUJIFILM Wako Chemical, for pathology research), 2,2’-
azobisisobutyronitrile (AIBN; FUJIFILM Wako Chemical, 
>99.0%), ammonium persulfate (APS; FUJIFILM Wako Chemical, 
for electrophoresis, >99.0%), N,N,N’,N’-
tetramethylethylenediamine (TMEDA; FUJIFILM Wako 
Chemical, for electrophoresis, >99.0%), 1,2,3,4-
tetrahydronaphthalene (tetralin; Sigma-Aldrich, 99.0%), 1,4-
dioxane (FUJIFILM Wako Chemical, >99.0 %), N,N-
dimethylformamide (DMF; FUJIFILM Wako Chemical, 99.5 %), 
paraffin oil (Hayashi Pure Chemical, >99.0%) and CDCl3 
(Cambridge Isotope Laboratories, 99.5%; or Eurisotop, 99.8 %).

Measurement and characterization

The number-average molecular weight (Mn), weight-average 
molecular weight (Mw), and polydispersity index (Mw/Mn) of 
each polymer were determined by size-exclusion 
chromatography (SEC; Shimadzu Prominence system consisting 
of an LC-20AD precision pump and an RID-20A refractive index 
detector) in DMF containing 10 mM LiBr as the eluent at 40 °C 
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(flow rate: 1.0 mL/min) using three polystyrene gel columns 
(Shodex KF-805L). The columns were calibrated against 
standard poly(methyl methacrylate) samples (Agilent, Mn = 5.89 
 102 – 1.68  106).

1H nuclear magnetic resonance (NMR) spectra were 
recorded on a JEOL JNM-ECS400 spectrometer operating at 
399.90 MHz. The degree of polymerization (DPn) and the Mn, NMR 
were calculated from the integral values of the peaks derived 
from the CTA and the monomer units.

UV-vis absorption spectra were recorded with a Jasco V-750 
in a range between 200 and 800 nm at 20 °C and 40 °C. For gel 
samples, rectangular specimens with the dimensions of ca. 2  
8  30 mm were attached to an interior side in a measurement 
cell and the spectra were measured. The temperature of 
samples was controlled using Jasco ETCS-761 Peltier 
thermostatted cell holder. For the evaluation of response 
behavior upon cooling, gel specimens were heated in a water 
bath set at 40 °C for 60 minutes. Then, they were immediately 
transferred to a measurement cell in the spectrometer 
maintained at 20 °C, and the absorption spectra were recorded 
at predetermined time.

Photoluminescence spectra were recorded with a Shimadzu 
RF-6000. For gel samples, rectangular specimens with the 
dimensions of ca. 2  8  25 mm were put on a Naflon plate, 
which was placed in a measurement glass cell. The excitation 
light was exposed from 45° angles to the specimen and the 
spectra were measured. The samples in a heated state were 
measured using a sample holder connected to a constant 
temperature water bath (EYELA, NTB-221). The measurements 
were conducted immediately after heating samples in a water 
bath at 40 °C for 20 min.

Small-angle X-ray scattering (SAXS) experiments were 
conducted using synchrotron radiation at beamline BL-6A of the 
Photon Factory at the Institute of Materials Structure Science of 
the High Energy Accelerator Research Organization in Tsukuba, 
Japan. Two-dimensional scattering images were collected on a 
Dectris PILATUS 1M detector. One-dimensional SAXS profiles 
were obtained by radial averaging of the two-dimensional 
images. The scattering angle was calibrated by using silver 
behenate having periodical structure of 5.838 nm. The 
scattering vector was defined as q = (4/)sin(/2), where  and 
 are the scattering angle and the wavelength of the incident X-
ray, respectively.

Dynamic viscoelasticity measurements were conducted 
with TA Instruments Discovery HR-2 with roughened parallel-
plate geometry using the columnar specimens (diameter: 8 mm, 
height: 1 mm). The samples were prepared in a silicone mold 
and coated with paraffin oil. First, specimens were kept at 20 °C 
for 1 minute, and then immediately heated to 40 °C. After 
holding at 40 °C for 10 minutes, the specimens were rapidly 
cooled to 20 °C and held for predetermined time. During this 
process, the storage modulus (G') and the loss modulus (G") 
were measured (strain: 10%, frequency: 1 Hz, the temperature 
was controlled by a Peltier plate).

The swelling degree of gels was determined by measuring 
the diameter of cylindrical gels. The gel samples were prepared 
in a glass capillaries (internal diameter: 1330 m, volume: 30 

L) in a reaction vessel, taken out from the capillaries, and 
washed with distilled water by immersion overnight at room 
temperature. The gels were immersed in water at a 
predetermined temperature, and the equilibrium diameter at a 
given temperature, d, was measured using a digital zoom 
microscope (Meiji Techno UNIMAC MS-40DR connected to 
Shimadzu MOTICAM2000). The swelling degree was calculated 
by (d/d0)3; d0 is the internal diameter of the glass capillary (1330 
m), which can be regarded as the diameter of the as-prepared 
gel.

Gel synthesis by PISA process

Gel samples were prepared according to the procedure 
described in our previous report.34 In a typical preparation, 
DMAAm (30.8 mL, 300 mmol), CTA (406 mg, 1.00 mmol), AIBN 
(16.4 mg, 0.100 mmol), tetralin (5.0 mL), and 1,4-dioxane (64.2 
mL) were added to a 200 mL round-bottomed flask equipped 
with a three-way stopcock, and bubbled with nitrogen for 10 
minutes. The flask was placed in an oil bath kept at 60 °C for 24 
h. The reaction was terminated by cooling the reaction mixture 
to 60 °C, and the reaction mixture was poured into diethyl 
ether to obtain the purified PDMAAm (17.8 g; DPn = 300 and Mn 
= 30,100, both of which were calculated by 1H NMR analysis). 
The obtained PDMAAm macro-CTA (803 mg, 0.027 mmol of 
macro-CTA containing 8.0 mmol of DMAAm unit), NIPAAm (905 
mg; 8.0 mmol), BIS (24.7 mg; 0.16 mmol) was dissolved into 7.00 
mL of aqueous dispersion of Nile Red (30 g/mL). After nitrogen 
bubbling for 10 minutes to this solution, 1.0 mL of APS solution 
in aqueous Nile Red dispersion (containing 0.040 mmol of APS) 
was added, and the reaction mixture was kept at 60 °C on a hot 
plate for over 24 h to reach gelation state.

Gel synthesis by free radical polymerization

DMAAm (0.51 mL, 5.0 mmol), NIPAAm (566 mg; 5.0 mmol) and 
BIS (15.4 mg; 0.10 mmol) were dissolved into 3.89 mL of 
aqueous dispersion of Nile Red (38.6 g/mL). After nitrogen 
bubbling for 10 minutes to this solution, 0.50 mL of aqueous 
solution of APS (containing 0.025 mmol of APS) and 0.10 mL of 
aqueous solution of TMEDA (containing 0.050 mmol of TMEDA) 
were added, and the reaction mixture was kept at room 
temperature for 24 h to reach gelation state.

Results and discussion
Synthesis of crosslinked nanodomain (CD) gels containing Nile Red 
via PISA process

The synthesis of gels with thermoresponsive CDs containing Nile 
Red was investigated using the PISA process that we have 
previously reported.34, 35 The process involves RAFT 
copolymerization of NIPAAm and BIS, a crosslinker, from a 
bifunctional macro-CTA in water at 60 °C, where growing 
PNIPAAm chains become insoluble to aggregate (Fig. 1b). In our 
previous report, we performed the reaction under the same 
conditions but without BIS, leading to the formation of a 
transparent physical gel.34 This gel reversibly turned to a sol 
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state by cooling. These results indicate that the aggregated 
PNIPAAm nanodomain was formed via the PISA process.

In this study, first, DMAAm was polymerized with a 
bifunctional CTA having two trithiocarbonate groups to yield a 
hydrophilic macro-CTA with a narrow molecular weight 
distribution (DPn, NMR = 300, Mn, NMR = 30,100, Mw/Mn = 1.22; Fig. 
S1 and S2 in the ESI). An aqueous dispersion of Nile Red (30 
g/mL) prepared as the solvent of gel synthesis was nearly 
colorless and exhibited almost no fluorescence under UV 
irradiation (Fig. S3 in the ESI). Here, the maximum 
concentration of Nile Red dispersion without noticeable 
precipitation was found to be approximately 63 g/mL. In the 
light of the photoluminescent intensity and the stability of the 
dispersion, we set the concentration for gel synthesis at 30 
g/mL. On the addition of NIPAAm, PDMAAm macro-CTA and 
BIS at various concentration ratios ([NIPAAm] = 500, 750 and 
1000 mM; [NIPAAm] + [DMAAm monomer unit] = 2000 mM, 
[BIS] = 20 mM), all dispersions turned dark blue or brown 
depending on the composition of a solution (Fig. S4a in the ESI). 
The absorption of Nile Red at 590 nm in the UV-vis spectrum 
and fluorescence at around 660 nm significantly increased at a 
higher NIPAAm concentration (Fig S4b–d in the ESI). The 
increased fluorescence was likely due to hydrophobic 
interaction between Nile Red and NIPAAm monomer in water.

Heating these solutions with APS at 60 °C, which is above the 
phase transition temperature of PNIPAAm, induced gelation at 
all concentrations (Entries 1–3 in Table 1; The obtained gels are 
denoted as NG500, NG750, and NG1000, respectively; The subscript 
number in the sample code stands for the feed concentration of 
NIPAAm). The concentration conditions of the reaction 
solutions were set based on our previous study35 to ensure that 
the resulting gels maintain transparency at a high temperature 
above the transition temperature of PNIPAAm. The obtained 
gels appeared reddish-purple under visible light and exhibited 
red fluorescence under UV light immediately after the reaction 
(Fig. 2). Upon cooling to room temperature, these gels turned 
blue under visible light and displayed faint red fluorescence 
under UV light. Thus, the CD gels obtained by the PISA process 
in the presence of Nile Red remarkably changed their 
appearance depending on the temperature (the details of 
photoluminescent properties are discussed later).

Table 1. Synthesis of hydrogels with thermoresponsive CDs containing 
Nile Red via the PISA process using RAFT polymerizationa.

Entry [NIPAAm] 
(mM)

[DMAAm 
unit] 
(mM)

[BIS] 
(mM)

Nile Red 
(g/mL)

Gel codeb

1 500 1500 20 30 NG500

2 750 1250 20 30 NG750

3 1000 1000 20 30 NG1000

4 1000 1000 20 63 NG1000NR63
c

5 1000 1000 80 30 NG1000BIS80
d

6 1000 1000 20 0 CG1000

7e 1000 1000 20 30 FG1000
a Reaction conditions: [APS] = 5.0 mM in aqueous dispersion of Nile Red at 60 °C 
for 24 h. b In the sample code, NG, CG, and FG stand for “Gel with nanodomain 
structure containing Nile Red”, “Control Gel sample without Nile Red” and “Gel 
prepared by Free radical polymerization, respectively. The subscript number 
stands for the feed concentration of NIPAAm (mM). c The subscript “NR63” stands 
for the Nile Red concentration of 63 g/mL. d The subscript “BIS80” stands for the 
BIS concentration of 80 mM. e Synthesized by free radical copolymerization: [APS] 
= 5.0 mM, [TMEDA] = 10 mM in aqueous dispersion of Nile Red at room 
temperature for 24 h.

Fig. 2 Appearances of NG1000 at room temperature and 40 °C 
under (a) visible light and (b) irradiation of UV light (wavelength: 
365 nm).

The solution with the same monomer concentration as 
Entry 3 and a more amount of Nile Red ([NIPAAm] = [DMAAm 
unit] = 1000 mM; 63 g/mL of Nile Red) also underwent 
gelation, which indicates that the presence of Nile Red 
produced little effect on the PISA process (Entry 4; NG1000NR63). 
For the comparison with the sample of Entry 3, we also 
synthesized a gel with nanodomains much highly crosslinked 
([BIS] = 80 mM; Entry 5; NG1000BIS80), and a control sample 
without Nile Red (Entry 6; CG1000) via the PISA process. A Nile 
Red-containing gel with random monomer and crosslinker 
sequence was also prepared by free radical polymerization of 
DMAAm and NIPAAm in the presence of BIS (Entry 7; FG1000).

SAXS measurements were performed at room temperature 
to examine the effect of Nile Red on the internal structure of CD 
gels (Fig. 3). A distinct maximum peak at q = 0.20 nm1 was 
observed in the SAXS profile of NG1000, with Nile Red, and a 
similar maximum peak at nearly identical q value was observed 
in the profile of CG1000, without Nile Red. These results 
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demonstrate that Nile Red hardly affected the internal structure 
of the product CD gels. The maximum peak in the SAXS profile 
indicated the presence of a particle structure with high electron 
density, such as CDs, at an average distance, D (= 2/qmax), of 32 
nm. The end-to-end distance of PDMAAm used in the synthesis 
of gels for SAXS measurements (DPn = 269) is 11.9 nm based on 
the reported relationship between DP and the end-to-end 
distance of polyacrylamide in water.55 On the assumption that 
the CD is spherical, the radius of the CD is approximately 10.1 
nm, and the volume of one CD is 4.2  10−21 L.  Assuming that 
the volume fraction of water-containing CDs in the network 
corresponds to the composition ratio (PDMAAm/PNIPAAm = 1 : 
1), the concentration of the CD is calculated as 0.19 mM using 
the feed concentration. These results indicated that 19 
PDMAAm chains are connected to each CDs on average, and the 
concentration of Nile Red is lower than that of the CD (each 
nanodomains are calculated to contain 0.49 molecule of Nile 
Red); hence the aggregation of Nile Red in the CDs was 
negligible.

Fig. 3 SAXS profiles of NG1000 and CG1000 at room temperature.

Thermoresponsive photoluminescent properties

As mentioned above, the Nile Red-hybridized CD gels 
significantly changed their color under visible light and 
fluorescence emission under UV irradiation in response to 
temperature change (Fig. 2). These changes in color and 
photoluminescence were reversible with no turbidity and very 

little water loss after repeated heating/cooling cycles in air 
(maintaining 95% of the weight after 1 h heating).

Absorption and fluorescence measurements were 
conducted with the CD gels hybridized with Nile Red in various 
compositions at room temperature and after heating at 40 °C 
for 20 minutes. Heating NG1000 caused a blue shift by 
approximately 15 nm in both absorption and maximum 
fluorescence, with fluorescent intensity increased to about 1.7 
times with a reversible manner (Fig. 4). Similar changes were 
observed regardless of the composition of CD gels (Fig. S5 in the 
ESI). These changes in appearance and photoluminescence 
were attributed to the alteration in the microenvironment 
around Nile Red within the PNIPAAm CDs, which became 
hydrophobic and shrunk upon heating. Since hydrophobic Nile 
Red have higher affinity to the PNIPAAm CDs, which were 
hydrophobic at the reaction temperature of the PISA process, 
most of Nile Red was incorporated into the PNIPAAm CDs in the 
gel. Thus, the change in the polarity of the PNIPAAm CDs 
significantly affected the properties of Nile Red, leading to 
notable blue shifts in the absorption and maximum 
fluorescence as well as fluorescence intensity increase of the CD 
gels. It should also be noted that the CD gel maintained its 
transparency due to the homogeneous dispersion of the CDs at 
the nanoscale without appreciable aggregation in the gel 
network at a high temperature, as demonstrated by SAXS 
analysis.

In contrast, the gel with highly crosslinked CDs containing 
Nile Red (NG1000BIS80) hardly changed in fluorescence intensity 
upon heating (Fig. S6 in the ESI). This phenomenon suggests 
that the flexibility of PNIPAAm chains in the CDs played a critical 
role in achieving a significant change in the photoluminescence. 
Furthermore, FG1000 without a nanodomain structure displayed 
weaker fluorescence intensity and subtle thermoresponse (Fig. 
S7a, b in the ESI). In addition, heating FG1000 caused significant 
syneresis, unsuitable for repeated use (Fig. S7c in the ESI). This 
behavior contrasted sharply with the CD gels, in which the 
PDMAAm bridging chains retained water released from the 
shrunken PNIPAAm CDs upon heating and returned it to the CD 
upon re-cooling. Thus, the hybridization of Nile Red into CD gels 
with appropriate crosslinking density enabled a significant 
photoluminescent change in response to temperature change.

I(q
)(

a.
u.

)

q (nm-1)

103

0.1

102

10

NG1000

1.0

CG1000

Fig. 4 (a) UV-vis spectra and (b) photoluminescent spectra (dashed lines: excitation, solid lines: emission) of NG1000 at room 
temperature (blue lines) and after heating at 40 °C for 20 minutes (red lines). (c) Reversibility of thermoresponsive changes in 
the maximum fluorescence wavelength (green filled circles) and fluorescence intensity (open circles) of NG1000 upon repeated 
heating/cooling cycles. Fluorescence intensity was normalized with the initial value at 20 ˚C.
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Dynamic behavior in photoluminescence and mechanical 
properties

The dynamic behavior of thermoresponsive change in 
photoluminescence of the CD gels containing Nile Red (NG1000) 
was investigated by measuring the time dependence of the 
absorption spectra during a cooling process to 20 °C after 
heating at 40 °C for 60 minutes. During cooling, the maximum 
absorption wavelength shifted from 573 nm to a longer 
wavelength, and the absorption intensity gradually decreased 
(Fig. 5a). The wavelength returned to its original value before 
heating within 3 minutes, and the absorbance significantly 
decreased, although it remained slightly higher than the initial 
value even after 60 minutes of cooling (Fig. 5b, c). These results 
in the behavior of absorption wavelength and absorbance 
demonstrated the rapid response of the CD gels containing Nile 
Red to temperature changes. NG1000 also underwent the rapid 
response during a heating process from 20 °C to 40 °C (Fig. S8 in 
the ESI), and the similar responsive behavior was observed 
irrespective of the composition of the CD gels (Fig. S9 in the ESI).

Fig. 5 Time dependence of (a) UV-vis spectra, (b) the maximum 
absorption wavelength, and (c) the maximum absorbance of 
NG1000 during cooling from 40 °C to 20 °C. The sample was 
heated at 40 °C for 60 minutes before the measurement. The 
spectrum before heating is also shown in the panel (a).

Such thermoresponsive behavior derived from the change 
in the internal structure of the CD gels, and the internal 
structure of network polymers is basically correlated to 
mechanical properties. Therefore, the time dependence of 
dynamic viscoelasticity was measured with NG1000 (Fig. 6). 
When the temperature was raised from 20 °C to 40 °C, the 
elastic modulus increased probably due to restoring force upon 
stretching of the PDMAAm bridging chains caused by the 
thermoresponsive shrinkage of the PNIPAAm CDs in the 

network. In addition, dangling PNIPAAm segments, which were 
formed due to the lack of the reaction with BIS crosslinker 
during the PISA process, may contribute to additional physical 
crosslinking through thermoresponsive association with 
PNIPAAm CDs. A similar increase in elastic modulus was 
observed with an APCN with thermoresponsive segments.27 The 
SAXS profile of NG1000 at 40 °C exhibited a maximum peak with 
increasing intensity while qmax remained unchanged (Fig. 7; red 
curve), indicating an increase in the electron density of the CDs 
likely due to thermoresponsive shrinking as well as additional 
association of dangling PNIPAAm segments. Furthermore, rapid 
re-cooling to 20 °C resulted in a sharp decrease in the elastic 
modulus, which then remained nearly constant during the 
observation period (Fig. 6). The behavior of the dynamic 
viscoelasticity was very similar to the thermoresponsive 
behavior of the absorption properties. The close similarity 
indicates that both changes in mechanical and 
photoluminescent properties were induced by changes in the 
internal structure of a CD gel. A previous study revealed that the 
swelling of the PNIPAAm CDs during cooling was relatively 
slower than their shrinking upon heating,34 and it usually took 
several hours to reach equilibrium in the mechanical properties 
for CD gels of sizes comparable to those in this study for the 
tensile tests and absorption measurements. On the other hand, 
the present study demonstrated that the CD gels containing Nile 
Red achieved rapid and significant thermoresponsive changes 
in the photoluminescent and mechanical properties. The rapid 
change is possibly due to the immediate initial transition of the 
internal structure, as confirmed by SAXS analysis of NG1000 
during cooling, which exhibited a sharp decrease in the 
scattering intensity associated with the CD structure (Fig. 7). 
Moreover, since the internal structure, photoluminescence and 
mechanical properties are well correlated, the mechanical 
properties of the CD gels may be estimated from the 
appearance of the gels.

Fig. 6 Time dependence of dynamic viscoelasticity of NG1000 
during heating at 40 °C for 10 minutes and subsequent cooling 
at 20 °C.
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Fig. 7 Time dependence of SAXS profile of NG1000 upon cooling 
from 40 °C to 20 °C (the rate of temperature change: 30 °C/min). 
The gel was prepared using PDMAAm macro-CTA with DPn = 
311. The sample was kept at 40 °C for 5 min before cooling, and 
the profiles were obtained every 6 seconds during cooling.

Thermoresponsive photoluminescence in water

Similar to the response behavior observed in air, the CD gels 
containing Nile Red exhibited remarkable changes in 
photoluminescence in response to temperature change in 
water. NG1000 swelled to a large extent in water at a low 
temperature, and abruptly shrank at around 32 °C upon heating 
(Fig. 8). This behavior was very similar to that of CG1000, a CD gel 
without Nile Red, supporting that the presence of Nile Red had 
a slight effect on the network structure formed during the PISA 
process. In contrast, FG1000 without nanodomain structure, 
which was prepared by free radical copolymerization under the 
same monomer and crosslinker concentration conditions as 
NG1000 in the presence of Nile Red, exhibited a lower swelling 
degree at a low temperature and gradually decreased the 
swelling degree upon heating. These results indicated that the 
PNIPAAm nanodomains of the CD gels clearly exhibited their 
thermoresponsive properties due to the compartmentalized 
structure. In addition, during this swelling measurement, NG1000 
retained the color derived from Nile Red, which indicates that 
Nile Red remained trapped within the network. This is likely due 
to the immobilization of Nile Red by the crosslinking structure 
of the PNIPAAm nanodomain formed by the PISA process, 
during which Nile Red interacted strongly with PNIPAAm chains 
via hydrophobic interaction.

Fig. 8 Temperature dependence of the swelling degree in water 
of NG1000, CG1000 and FG1000.

Fluorescence measurements were conducted on the CD gels 
swollen in water at room temperature and after being heated 
at 40 °C for 20 minutes. NG1000 showed fluorescence in water, 
with a significant increase in fluorescence intensity upon 
heating (Fig. 9a). This thermoresponsive change in intensity was 
notably greater than that observed in air. Prolonged heating 
resulted in a remarkable visual change in color under both 
visible light and UV irradiation (Fig. 9b, c). At a low temperature 
in water, where the PNIPAAm CDs swelled within the network, 
the interaction between Nile Red and the gel network became 
weaker, resulting in the decrease in fluorescence intensity. 
During the shrinkage of the CDs upon heating in water, the 
interaction changed more significantly than it did under air, 
leading to a noticeable change in the appearance. On the other 
hand, FG1000 hardly changed the fluorescence intensity upon 
heating in water (Fig. 9d–f). Thus, the CD gels containing Nile 
Red demonstrated large and rapid changes in fluorescence 
properties in response to temperature changes even in water 
due to their well-designed nanodomain structure.
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Fig. 9 Photoluminescent spectra (dashed lines: excitation, solid 
lines: emission) of (a) NG1000 and (d) FG1000 swollen in water at 
room temperature (blue lines) and after being heated at 40 °C 
for 20 minutes (red lines). Appearances of (b, c) the equilibrium 
states of NG1000 and (e, f) FG1000 in water at room temperature 
and 60 °C: under (b, e) visible light and (c, f) irradiation of UV 
light (wavelength: 365 nm).

Conclusions
Well-designed gels with thermoresponsive CD structure 
containing Nile Red were demonstrated to exhibit significant 
changes in photoluminescence in response to temperature 
change both in air and water. The CD gels were successfully 
synthesized via the PISA process using RAFT polymerization in 
an aqueous dispersion of Nile Red as the solvent. The obtained 
gels appeared blue under visible light and showed faint red 
fluorescence under UV irradiation, while upon heating, the gel 
turned reddish purple and exhibited red fluorescence without 
syneresis. These behaviors contrasted sharply with those of a 
gel prepared by free radical copolymerization, demonstrating 
the importance of the CD structure in achieving significant color 
changes. The response of the CD gels containing Nile Red was 
rapid: the absorption wavelength completely altered within a 
few minutes. These changes in appearance and 
photoluminescence were derived from changes in the 
microenvironment around Nile Red, induced by reversible 
swelling/shrinking of the PNIPAAm nanodomains within the 
hydrogel network. Moreover, such internal structural changes 
simultaneously altered the mechanical properties along with 
the changes in appearances and photoluminescence on a 
similar timescale. This well correlated change potentially allows 
the estimation of the changes in mechanical properties by just 
observing the appearance of the gels. In addition, it should be 
noted that this system undergoes the simultaneous changes in 
multiple properties in ambient conditions. This study would 
expand the design criteria for novel soft materials exhibiting 
significant changes in photoluminescence properties as well as 

other properties, contributing to the development of advanced 
sensing materials and soft robotics.
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