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ABSTRACT: We report, for the first time, the design and
synthesis of thermoresponsive (TR) photoluminescent (PL)
hydrogel nanoparticles, with a core consisting of poly[styrene-
co-(N-isopropylacrylamide)] (PS-co-PNIPAM) and a PNI-
PAM-co-PAA shell. PAA represents polyacrylic acid which
interacts with our emitting molecule 1,2-bis[4-(2-triethylammonioethoxy)phenyl]-1,2-diphenylethene dibromide (d-TPE). The
electrostatic interaction between each water-soluble d-TPE molecule and two AA repeat units activates these d-TPE molecules to
exhibit strong PL. Our d-TPE doped PS-co-PNIPAM/PNIPAM-co-PAA particles in water display remarkable TR PL: the
emission intensity decreased in the course of heating from 2 to 80 °C and recovered during cooling from 80 to 2 °C. Such linear,
reversible, and sensitive TR PL is achieved by the use of both PAA and PNIPAM as the shell polymeric chain and by careful
optimization of the d-TPE to AA feed molar ratio. Thus, the emission of the d-TPE molecule is affected sensitively by
temperature. In addition to such an exceptionally temperature-dependent PL, the presence of CrO4

2− resulted in the decrease of
the emission intensity, which was also temperature-dependent. The present study provides a unified conceptual methodology to
engineer functional water-dispersible hydrogel nanoparticles that are stimuli-responsive with the potential to advance various
PL-based applications.

KEYWORDS: photoluminescent hydrogel nanoparticles, reversible and linear thermoresponses,
temperature-dependent photoluminescence, TPE derivatives, CrO4

2− sensing

■ INTRODUCTION

Photoluminescent (PL) and water-dispersible hydrogel nano-
particles with sensitive and reversible responses to external
stimuli have significant potential in various applications such as
thermosensors,1,2 bioprobes,3−5 drug delivery vehicles,6−8 and
chemosensors.9−13 Among a large variety of photoemission
candidates, tetraphenylethene (TPE) and its derivatives have
attracted much attention because of their low PL in solution and
substantially enhanced PL resulting from molecular immobiliza-
tion.4,14−21 Such an exceptional event, also documented as
aggregation-induced emission (AIE), has been related to the
restricted intramolecular rotation (RIR) of the four phenyl
groups. To maintain a desirable temperature dependence of the
ring-flipping processes, the importance of having two of the four
phenyl rings unsubstituted has been highlighted.17 To imple-
ment the RIR process of the AIE molecules for immobilization-
induced emission (IIE),3−5,12−29 several approaches have been
developed, which include copolymerization with N-isopropyla-
crylamide (NIPAM),21−23 encapsulation in polymers,24,25

confinement within rigid porous metal−organic frameworks,17,18

aggregation induced by formation of nanostructures,26−28 and
solidification at a temperature lower than the freezing point of
solvent.16,29 Favorably, the cytotoxicity of the TPE derivatives
was argued to be lower than that of colloidal PL inorganic
quantum dots, such as CdTe.4,14−16,30 The AIE luminogens have
been reported to exhibit enhanced PL at low temperatures due to
the RIR process; however, their thermoresponsive (TR) PL has
not been very sensitive, reversible, or controllable.4,14−16,21,29

Among the PL stimuli-responsive hydrogels, poly(N-isopro-
pylacrylamide) (PNIPAM) based fluorescent hydrogels have
attracted much attention.1,6,9,21−23,30 PNIPAM has been well
acknowledged as a TR polymer, displaying a lower critical solution
temperature (LCST) of 32 °C in water with a reversible coil-to-
globule transition. Usually, the PNIPAM-based fluorescent hydro-
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gels, reported from other research groups, exhibit an on−off feature
during the temperature change around the PNIPAM
LCST.1,6,9,21−23,30An on−off PL feature imposes limits on potential
applications, compared to a continuously TR PL system.
Recently, we designed and synthesized Eu-doped smart

hydrogel nanoparticles that exhibit sensitive and reversible TR
PL in the temperature range of 10−50 °C.31 The hydrogel
nanoparticles consisted of a core−shell structure, with the core of
poly[styrene-co-(N-isopropylacrylamide)] (PS-co-PNIPAM)
and the shell of PNIPAM. The photoluminescent entity was
Eu(III) phthalate which was made from the reaction of EuCl3
and phthalic acid in water. This water-soluble europium organic
complex exhibits two emission peaks at ∼590 and ∼615 nm. Via
the interaction with the amide group of PNIPAM chain, the
Eu(III) complex was coordinated in the PNIPAM shell. The
resulting Eu(III)-doped hydrogel nanoparticles exhibited
appreciably superior TR PL compared to those of previously-
reported PNIPAM hydrogels.1,21,30

Here, we report the design and synthesis of our innovative
hydrogel nanoparticles exhibiting a single emission peak at
∼468 nm with significantly improved TR PL over a much broader
temperature range of 2−80 °C. To the best of our knowledge,
there has been no successful fabrication of smart hydrogel
nanoparticles that exhibit temperature-dependent PL with a
continuously varying emission intensity over the temperature
range of 2−80 °C. These novel hydrogel nanoparticles consist
of a core−shell structure, with the core of poly[styrene-co-
(N-isopropylacrylamide)] (PS-co-PNIPAM) and the shell of
PNIPAM-co-PAA. Polyacrylic acid (PAA) interacts with our
selected emitting molecule 1,2-bis[4-(2-triethylammonio-
ethoxy)phenyl]-1,2-diphenylethene dibromide.14 This water-
soluble TPE derivative, symbolized as d-TPE, has two positively
charged sites per molecule. Thus, one d-TPE molecule could be
tightly immobilized via the interaction between its two positively-
charged sites and two negatively-charged carboxyl groups of two
AA repeat units. Such immobilization instigated strong PL of the
d-TPE molecule. At the same time, TR PNIPAM together with
PAA facilitated the d-TPE doped PS-co-PNIPAM/PNIPAM-co-
PAA nanoparticles in water to exhibit sensitive temperature-
dependent PL in the temperature change of 2−80 °C. The
observed TR PL is linear and reversible. Regarding the shell
composition and the emission molecule, the novelty of the
present system is obvious, compared to our previous system.31

Furthermore, with a proper d-TPE to AA feed molar ratio, the
resulting photoluminescent nanoparticles exhibit good colloidal
stability in a wide range of pH and ionic strength. In the presence
of CrO4

2−, these smart hydrogels displayed reduced emission in
intensity. The expected electron transfer from the d-TPE
molecule to CrO4

2‑ effectively weakens the emission intensity
of the d-TPE doped hydrogel nanoparticles effectively. Our
unprecedented TR PL hydrogels should be able to enrich the
potential applications of the TPE-type molecules, since they
function over a broad temperature range.4,14−21,24 Furthermore,
the present design and synthesis of the d-TPE-doped PS-co-
PNIPAM/PNIPAM-co-PAA hydrogel nanoparticles should shed
light on a general methodology that leads to functional hydrogels
with sensitive responses to external stimuli.15,16

■ EXPERIMENTAL SECTION

Chemicals and Materials. N-Isopropylacrylamide (NIPAM) was
purchased from Acros. Styrene (St) and acrylic acid (AA) were purified
by vacuum distillation, and potassium persulfate (KPS) was purified by
crystallization from water. Double-distilled water purified by the

Millipore Milli-Q system was used in all experiments. The ammonium
salt of a TPE derivative 1,2-bis[4-(2-triethylammonioethoxy)phenyl]-
1,2-diphenylethene dibromide (d-TPE) was supplied by Prof. Benzhong
Tang and Prof. Jingzhi Sun,14,20 with its 1H and 13C NMR presented in
Figures S1 and S2, respectively.

Preparation of PS-co-PNIPAM Core Nanoparticles and PS-co-
PNIPAM/PNIPAM-co-PAA Core−Shell Nanoparticles. The de-
tailed procedure for the synthesis of the core and the core−shell
nanoparticle can be found elsewhere but with modification.31−33

The PS-co-PNIPAM nanoparticles were synthesized by emulsifier/
surfactant-free emulsion copolymerization.31,32 NIPAM (∼0.5 g =
4.4 mmol) was dissolved in deionized water (∼15 mL) in a 250 mL
three-necked round-bottom flask equipped with a stirrer, a condenser,
and a nitrogen inlet. Afterward, styrene (∼5.0 mL = 50.0 mmol) and
deionized water (∼175 mL) were added into the reaction flask. Under
N2 atmosphere, the mixture was stirred at room temperature for
∼30min to remove oxygen, and the temperature was increased to 70 °C.
An initiator solution of∼0.1 g of potassium persulfate (KPS) in∼10 mL
of deionized water was swiftly injected into the reaction mixture after
10 min. The reaction was allowed to proceed for ∼8 h under N2 with
stirring. The prepared PS-co-PNIPAM nanoparticles were purified three
times by centrifugation and dispersion in deionized water. The as-
prepared PS-co-PNIPAM core nanoparticles in water are very stable, as
presented in our previous work.31

For the nanoparticle shell, monomer acrylic acid (AA) was used
because of its nature of negative charge, with AA to NIPAM feed molar
ratios in the range of 2−20%. The PNIPAM-co-PAA shells were grafted
on the purified PS-co-PNIPAM nanoparticles by seed emulsion
polymerization; no surfactant was used either.31−33 For a typical
synthesis, the purified PS-co-PNIPAM nanoparticles were dispersed in
deionized water (∼185 mL) in a 250-mL three-necked round-bottom
flask. NIPAM (∼4.5 g = 39 mmol) and AA (∼0.112 g = 1.56 mmol)
were added to the reaction flask. The reaction molar ratio of AA to
NIPAM is∼4%. Similarly, under N2 atmosphere, the mixture was stirred
at room temperature for ∼30 min to remove oxygen, and the temperature
was increased to 70 °C. At 10 min later, an initiator solution of ∼0.1 g of
KPS in ∼15 mL of deionized water was swiftly injected into the reaction
mixture. The reaction was allowed to proceed for ∼8 h under N2 with
stirring. Again, the resulting PS-co-PNIPAM/PNIPAM-co-PAA hydrogel
nanoparticles were purified three times by centrifugation and dispersion in
deionized water. The purified core−shell nanoparticles were dispersed in
∼200 mL of deionized water, as a stock dispersion.

Preparation of d-TPE Doped PS-co-PNIPAM/PNIPAM-co-PAA
Hydrogel Nanoparticles. Under N2, the TPE derivative with two
positively charged sites per molecule was introduced to the core−shell
nanoparticles in water at 32 °C, with d-TPE to AA feed molar ratios of
5 × 10−4 to 1 × 10−2. For a typical synthesis, water-soluble TPE
derivative d-TPE (∼0.1875 mg = 0.26 μmol) was mixed with the PS-co-
PNIPAM/PNIPAM-co-PAA nanoparticles (∼10 mL stock dispersion)
in a 100 mL round-bottomed flask. The molar ratio of d-TPE to AA is
∼3 × 10−3. The reaction mixture was stirred at 32 °C under N2 for 3 h.
Finally, the d-TPE doped PS-co-PNIPAM/PNIPAM-co-PAA nano-
particles were prepared and purified once by centrifugation. The purified
d-TPE doped PS-co-PNIPAM/PNIPAM-co-PAA nanoparticles were
dispersed in ∼25 mL water, as a stock dispersion.

Characterization. PL spectra were collected with a Shimadzu RF-
5301 PC spectrophotometer with an excitation wavelength of 340 nm.
Digital photos were taken upon irradiation with a UV lamp of 365 nm.
Dynamic light scattering (DLS) measurement was carried out by a
Zetasizer NanoZS (Malvern Instruments). Scanning electron micro-
scope (SEM) images were performed by a JEOL FESEM6700F electron
microscope with primary electron energy of 3 kV. 1H NMR was
obtained on a Varian NMR spectrometer (300 MHz). 13C NMR (500
MHz) was executed on the AVANCEIII500 (Bruker).

■ RESULTS AND DISCUSSION

In the present study, three d-TPE doped PS-co-PNIPAM/
PNIPAM-co-PAA core−shell nanoparticle samples (AA to
NIPAM feed molar ratios, d-TPE to AA feed molar ratios) are
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presented: dP1 (4%, 3 × 10−3), dP2 (16%, 3 × 10−3), and dP3
(4%, 8 × 10−4). See Table S1. Scheme 1 illustrates our synthetic
route to the d-TPE doped PS-co-PNIPAM/PNIPAM-co-PAA
core−shell hydrogel nanoparticles which exhibit temperature-
dependent PL in the temperature range of 2−80 °C.

After the water-soluble d-TPE molecule, which weakly emits
PL, was incorporated into the shell of the PS-co-PNIPAM/
PNIPAM-co-PAA hydrogel nanoparticles via the electrostatic
interaction, enhanced emission centered at ∼468 nm was
immediately observed. The top part of Figure S3 presents two

Scheme 1. Schematic Drawing of the Approach To Synthesize the d-TPE Doped PS-co-PNIPAM/PNIPAM-co-PAA Hydrogel
Nanoparticles Exhibiting Sensitive, Linear, and Reversible TR PL in the Temperature Range of 2−80 °Ca

aSee Figure S3 for the significant increase in emission after d-TPE is incorporated into the hydrogel nanoparticles.

Figure 1.DLSmeasurements (top) and SEM images (bottom) of the PS-co-PNIPAM core (A, B) and the d-TPE doped hydrogel nanoparticles (C−F).
For the core of dP1 and dP3, the SEM diameter is ∼268 nm (B). One SEM image of the dP2 core (∼226 nm) is shown in Figure S4. For dP1 and dP3,
the lower critical solution temperature (LCST) is estimated to be∼34 °C (C) with the SEM diameter of∼281 nm (D). For dP2, the LCST is estimated
to be ∼52 °C (E), with the SEM diameter of ∼250 nm (F).
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emission spectra acquired at 2 °C, with the gray curve from one
d-TPE solution in water and the blue curve from a dP1 aqueous
dispersion. Also, digital photos of the two samples under the
irradiation from a 365 nm UV lamp are provided. The two
dispersions had a similar amount of the emitting molecule,
d-TPE. Undoubtedly, the dP1 dispersion is much brighter than
the d-TPE solution. Obviously, the electrostatic interaction
between the d-TPE molecules and the PNIPAM-co-PAA chains
substantially hindered the intramolecular motion of the d-TPE
molecules. Accordingly, immobilization-induced emission (IIE)
was obtained. When a small amount of the d-TPE molecules are
doped, the resulting hydrogel nanoparticles can exhibit bright
emission. The bottom part of Figure S3 shows the corresponding
PL excitation and emission spectra.
Dynamic light scattering (DLS, in the above panel of Figure 1)

was used to examine particle sizes at different temperatures.
During the temperature increase in the range of 2−80 °C, the
core nanoparticles exhibited little change in size while the d-TPE
doped core−shell hydrogel nanoparticles exhibited a noticeable
decrease in size. Fascinatingly, the colloidal and thermal stability
of the PS-co-PNIPAM core and the d-TPE doped PS-co-
PNIPAM/PNIPAM-co-PAA hydrogel nanoparticles in water is
high. With an increase of the AA to PNIPAM feed molar ratio from
4%(dP1, dP3) to 16% (dP2), the lower critical solution temperature
(LCST) seemed to increase from ∼34 to ∼52 °C.6,33

Corresponding SEM images are displayed in the lower portion
of Figure 1, demonstrating narrow size distribution. The SEM
size information of dP1, dP2, and dP3 is summarized in Table S1.
The core of dP1 and dP3 is∼268 nm (Figure 1B), and the core of
dP2 is ∼226 nm (Figure S4, top). The dP1 and dP2 sizes are
estimated to be∼281 nm (Figure 1D) and∼250 nm (Figure 1F),
respectively. The detailed DLS analysis of the as-prepared
nanoparticles at room temperature is also shown in Figure S5.
Note that the hydrodynamic diameter of dP2 (Figure1E) is larger
than that of dP1 (Figure 1C), and the significant change in size
around the LCST is worthy of notice.33

Figure 2A shows six digital photos. The left-most photo is one
d-TPE solution in water at 2 °C, and the remaining five from left
to right are dP1 dispersions (Figure 1C) in water at 2, 20, 40, 60,
and 80 °C. The six vials were under UV illumination by a lamp of
365 nm. Figure 2B illustrates eight emission spectra obtained
from an aqueous d-TPE solution when the temperature
increased by 10 steps from 10 °C to 80 °C. Figure 2C presents
40 emission spectra collected from dP1 in water during the
increase of temperature from 2 to 80 °C, with each step of
2 °C. It took ∼2 min for the 2 °C increase per step and less than
2 h to acquire the 40 spectra. Amazingly, the emission intensity
decreased steadily and almost linearly, as shown in Figure 2D
(open blue circular symbols, left y axis). The two dispersions
shown in Figure 2B and Figure 2C have an identical
concentration of the emitter, the d-TPE molecule. It is clear
that the d-TPE molecule, by itself, emits weakly, and its TR PL is
summarized in Figure 2D (open dark triangular symbols, right y
axis). Moreover, the PL of the hydrogel nanoparticles (derived
from the IIE process) decreased gradually from 2 to 80 °C.While
the TR PL of the particle doped with d-TPE is linear, the size of
the PS-co-PNIPAM@PNIPAM-co-PAA particles changes sharp-
ly around LCST (Figure 1C). Thus, the TR PL seems to be
affected little by the size of the particle but mainly by the
temperature. It has been acknowledged that higher temperature
provides more energy to activate intramolecular rotation and
vibration of d-TPE, and such activation is accompanied by a
strong reduction of the PL intensity.15,16,29 In our system, the

combination of PAA and PNIPAM chains may provide a
fortuitous temperature dependent inhibition of the intra-
molecular rotation and vibration of d-TPE, causing the
continuous variation of PL emission intensity with temperature,
and the effect of the shrinkage of the PNIPAM chain near the
LCST on the PL is small.
Figure 3 demonstrates the PL intensity change of the three

samples dP1, dP2, and dP3 in the course of temperature increase
from 2 to 80 °C. The PL intensity change is almost linear with the
temperature. The corresponding PL spectra are displayed in
Figure S6.
Intriguingly, the d-TPE doped hydrogel nanoparticles exhibit

TR PL which appears to be reversible with temperature. Figure 4A
demonstrates that the emission intensity is almost perfectly
recovered during one temperature cycle. When the temperature
was increased from 2 to 10 °C and then with a step 10−80 °C, the
emission intensity of the d-TPE doped hydrogel nanoparticles
(dP1) decreased linearly (left y axis and nine red squares). Next,
when the temperature was decreased back, from 80 to 2 °C, the
emission intensity recovered (right y axis and nine blue squares).
The corresponding emission spectra collected from this dP1
sample in water is shown in Figure S6a. Note that the d-TPE to
AA feed molar ratio affects the colloidal stability at temperatures
higher than the LCST. Figure 2A and Figure S7 show that when

Figure 2. (A) Digital photos of one d-TPE aqueous solution (left-most)
and other right five dP1 aqueous dispersions under the irradiation with a
UV lamp of 365 nm. (B) Eight PL spectra (with λex of 345 nm) of the d-
TPE aqueous solution acquired in the course of temperature increase
from 10 to 80 °C with a step 10 °C. (C) 40 PL spectra (with λex of
345 nm) of the dP1 aqueous dispersions collected in the course of
temperature increase from 2 to 80 °C with a step of 2 °C. (D)
Comparison of the TR PL of the d-TPE solution (B, right axis) and the
dP1 dispersion (C, left axis).
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the d-TPE to AA feed molar ratio was 3 × 10−3, good dispersion
was obtained even at 80 °C; however, when the d-TPE to AA
feed molar ratio was 1 × 10−2, a phase transition took place at
40 °C. With a proper d-TPE to AA feed molar ratio, neither the
pH (Figure S10) nor the ionic strength (Figure S11) had a
significant effect on the TR PL properties.
Evidently, our smart d-TPE doped hydrogel nanoparticles

exhibit temperature-dependent PL, which can also be verified by
multiple heating and cooling cycles between 20 and 60 °C, as
presented in Figure 4B. At 20 °C, the emission intensity is almost
constant and higher than that obtained at 60 °C. Each step of the
40 °C heating or cooling took ∼30 min, the shortest time that
could be achieved by our instrument. Figure S8 presents the
corresponding eight emission spectra with four collected at 20 °C
and the other four at 60 °C.
It seemed appealing to us to understand, in depth, such

temperature-determined PL of the d-TPE doped hydrogel
nanoparticles. Accordingly, we designed a similar nanoparticle
system consisting of polystyrene-co-polyacrylic acid (PS-co-PAA)
with a 100St-to-5AA feed molar ratio. To dope the PS-co-PAA
nanoparticles, the d-TPE to AA feed molar ratio was 2.5 × 10−3,
similar to that of the dP1 sample. Figure 4C summarizes the
emission intensity obtained, when the temperature was increased
from 10 to 70 °C with a step of 10 °C (seven red squares) and
then decreased back to 20 °C (five blue squares). Undoubtedly,
as demonstrated by this cycle with heating first and then cooling,
the difference in emission intensity seems to be larger at a
relatively lower temperature such as 20 °C than that at a relatively
higher temperature such as 50 °C. Figure S9a presents the

corresponding 12 emission spectra, and Figure S9b shows a SEM
image of the d-TPE doped PS-co-PAA nanoparticles prepared.
Undoubtedly, the TR PL of the d-TPE doped hydrogel

nanoparticles is much more sensitive than that of the d-TPE
doped PS-co-PAA nanoparticles. It is easy to understand that for
the two nanoparticle systems, the degree of immobilization of the
d-TPE molecule was similar. However, during the course of
temperature change, for the former, the extensive motion of the
temperature-dependent PNIPAM-co-PAA chains assists d-TPE
to respond relatively fast (one PL emission intensity at one
temperature), compared to the d-TPE molecule on the latter.
Such a hypothesis is supported by the fact that for the latter, the
difference in emission intensity decreased from 10 to 70 °C after
the cycle of heating first and then cooling; the d-TPE molecule
responded faster to temperature change at higher temperatures
(with more energy provided) than at lower temperatures. It
seems reasonable that our PNIPAM-co-PAA chains play a major
role for our d-TPE doped hydrogel nanoparticles to display the
linear and reversible TR PL. Evidently, our PS-co-PNIPAM/
PNIPAM-co-PAA hydrogel nanoparticles bring insights on the
design and synthesis of various practical systems to be doped by
functional entities for sensitive responses to external stimuli.
Let us turn our attention to chemical sensing. Our TR PL

hydrogel nanoparticles are a good candidate system to
implement the potential of optical sensing of AIE molecules.15,16

One example is shown in Figure 5, the detection of chromate
anion CrO4

2− in water. Industrial manufacturing processes and
environmental erosion produce CrO4

2−, which can enter cells to
damage DNA through nonspecific anion channels with facilitated
diffusion.12,13,34−36 Figure 5 illustrates that the presence of
Na2CrO4 causes a very strong decrease of the PL of our d-TPE
doped hydrogel nanoparticles dP1, compared to the five
chemicals studied including Na2SO4, Na2CO3, NaNO2, and
NaHCO3. Figure 5A and Figure 5B summarize the emission
intensity of the dP1 aqueous dispersions with and without the
presence of the five chemicals at 10 and 40 °C, respectively. The
concentration of the five salts was 20 mg/L. See Figure S11 for
the emission spectra collected with the presence of 20 mg/L
Na2SO4, Na2CO3, NaNO2, and NaHCO3, during the temper-
ature increase from 10 to 50 °C with a step of 10 °C.
Figure 5C summarizes the emission intensity of the dP1

aqueous dispersions with the presence of different amounts of
Na2CrO4 and at different temperatures. A similar temperature
dependent response of the PL of the dP1 sample in water is
observed for all studied Na2CrO4 concentrations in this
temperature range. With the presence of Na2CrO4 of 0.5 mg/L
(dark yellow open squares), 1 mg/L (dark yellow open

Figure 3. For the three samples, dP1 (4%, 3 × 10−3), dP2 (16%, 3 ×

10−3), and dP3 (4%, 8 × 10−4), the change of PL intensity (dP2 offset 1
from dP1, and dP3 offset 1 from dP2) from 2 to 80 °C.

Figure 4. (A) Change of the PL intensity (normalized) of the dP1 aqueous dispersion peaking at ∼468 nm during the temperature increase from 2 to
80 °C with eight steps and subsequent decrease back to 2 °C with eight steps. (B) Change of the PL intensity of the dP1 aqueous dispersion during the
temperature increase directly from 20 to 60°C and back to 20 °C, of which the corresponding spectra collected shown in Figure S8. (C) Change of the
PL intensity (normalized) of the d-TPE doped PS-co-PAA nanoparticles in water during the temperature increase from 10 to 70 °C and subsequent
decrease from 70 to 20 °C.
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triangles), 5 mg/L (wine open squares), or 20 mg/L (wine open
triangles), the TR PL of the dP1 sample in water, during the
course of the temperature increase from 10 to 50 °C with a step
of 10 °C, is very much similar to each other and to that without
the presence of Na2CrO4 (green open squares, 0 mg/L). See
Figure S12 for the corresponding emission spectra acquired with
the presence of Na2CrO4 at the five concentrations from 0 to
20 mg/L. For a given temperature, the PL emission intensity
decreases steadily with increasing CrO4

2− concentration.
Interestingly, when the temperature is increased from 10 to
50 °C, the relative change of the emission intensity is almost a
constant for the five Na2CrO4 concentrations.

− =
° °

I I I( )/ constantx10 C 10 C (1)

where Ix represents the emission intensity obtained at temper-
ature x. Furthermore, the emission intensity is still temperature-
dependent, as demonstrated in Figure S12g.
Accordingly, we argue that the decrease of the emission

intensity in the presence of CrO4
2− is related to the electron

transfer between d-TPE as the electron donor and CrO4
2− as the

strong electron acceptor. Such electron transfer weakens the
interaction between the d-TPEmolecule and the AA repeat units

and thus results in decreased emission of the d-TPE molecule.
On the basis of the mechanism of the electron transfer, the
detection of CrO4

2− could be quantitative in a broad temperature
range. The detection sensitivity could probably be related to
the amount of the d-TPE molecule: the fewer the d-TPE molecules
that are immobilized (to one hydrogel nanoparticle), the lower is the
detection limit that could be achieved. This argument is in
agreement with our experimental observation on the CrO4

2−

detection by d-TPE doped PNIPAM-co-PAA polymer brushes.36

Practically, the detection of a single CrO4
2− anion could become

possible when our hydrogel nanoparticle is doped with one
d-TPE molecule, if the decrease of the emission intensity of one
d-TPE molecule could be sensed. The present study does not
address this exciting hypothesis on detection sensitivity any further,
but this potential detection sensitivity may have future importance
for applications such as industrial waste water monitoring and
environmental screening for water protection.

■ CONCLUSIONS

We designed and synthesized TR PL hydrogel nanoparticles, the
emission intensity of which is temperature-dependent in the
range of 2−80 °C. Such sensitive TR PL is attributed to the
unique structures of both the d-TPE molecule which is a water-
soluble ammonium salt and the core−shell hydrogel nanoparticle
which is water-dispersible with its colloidal stability provided by
its PNIPAM-co-PAA shell. The d-TPE molecule has two
positively charged sites per molecule, and the core−shell
nanoparticle has negatively charged carboxyl groups on its
shell. Accordingly, each d-TPE molecule could be tightly
immobilized via its two positively charged sites to two carboxyl
groups of two AA repeat units, causing a strong immobilization-
induced emission. In the course of heating and cooling cycles,
both PAA and TR PNIPAM assisted the immobilized d-TPE
molecule to respond quickly, leading to reversible and linear
temperature-dependent PL. The feed d-TPE to AA molar ratio
was optimized for the resulting PL hydrogel particles to form
stable dispersions over the broad temperature range of 2−80 °C.
In the presence of CrO4

2−, our d-TPE doped hydrogel
nanoparticles maintained their temperature-dependent PL but
with decreased emission intensity. The electron transfer between
d-TPE and CrO4

2− appeared to reduce the PL efficiency of the d-
TPE doped hydrogel nanoparticle entity appreciably. Accord-
ingly, the amount of the d-TPEmolecule doped could dictate the
detection sensitivity. In principal, single CrO4

2− detection might
become possible when one d-TPE molecule is doped to one
hydrogel nanoparticle. The present design and synthesis offer a
unified conceptual methodology to engineer functional nano-
materials that are sensitive to external stimuli, with the potential
to advance the various applications.
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