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ABSTRACT: Functionalized CdTe quantum dots (QDs)
synthesized via ion exchange demonstrated a selective
response toward fluoride in aqueous solutions based on a
rapid sol—gel transition that was visible to the naked eye. The
fluoride-induced hydrogel exhibited excellent fluorescent
performance because of the incorporation of QDs. As a result,
this highly fluorescent fluoride-induced hydrogel may pave a
new way to sense fluoride using a visible sol—gel transition.
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1. INTRODUCTION

As known “smart” materials, responsive hydrogels have sparked
active research because of potential applications in tissue
engineering, drug delivery, and biomedicine." Responsive
hydrogels based on different stimuli, such as temperature,”
light,3 magnetic fields,* chemical entities,” and even multi-
response® have been widely investigated. Among these stimuli,
anion response has attracted extensive attention’ because it is
related to vital processes in biology, chemistry, and the
environment.® However, highly selective anion-responsive
hydrogels based on the gel—sol transition have seldom been
realized.” In recent years, responsive hydrogels incorporating
semiconductor quantum dots (QDs) have received increasing
interest to expand the applications of hydrogels and achieve
novel functions. QDs have been used in optical sensors,
optoelectronics, and biological labels'® because of their unique
optical properties. Hydrogels containing QDs can exhibit
intense fluorescence and may be developed as biological,
medicinal, or multiresponsive materials. Nevertheless, most of
the previous investigations of fluorescent hydrogels measure
their response to temperature or pH.'' Studies concerning the
anion response of highly fluorescent hydrogels have not been
published to date.

Among anions, fluoride is of great significance because of its
important roles in environmental monitoring'* (such as water
analysis) and biomedicine, which is closely associated with
organism health including dental, skeleton, gastric, and
kidneys."> Though fluoride-responsive gels have been pro-
posed, most of the previous investigations operate in organic
solvents,"* which severely limit their application. In addition, it
is known that achieving anion response in an aqueous system is
rather difficult owing to their strong anion solvation. Therefore,
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to construct a hydrogel with a fluorescent sol—gel transition
that has a selective response to fluoride is potentially of great
use. Such a strategy may not only overcome the drawbacks of
anion response that are encountered in conventional
colorimetric and fluorimetric techniques but also induce unique
functions due to their sol—gel transition and optical properties,
making it especially promising for sensing applications.

In this paper, we develop a highly fluorescent, selectively
fluoride-responsive hydrogel embedded with CdTe QDs. An
electropositive siloxane coupling agent [(CH;0),Si-
(CH,),N*(CH;),C,sH;,ClI"] (DC5700, Scheme 1a) was
selected for two reasons. First, it can encapsulate the
fluorescent QDs into this system through ion exchange
(electrostatic interactions); and second, the siloxane group is
sensitive to fluoride ion."> As shown in Scheme 1b, DCS5700-
QDs were prepared via electrostatic interactions between
carboxylate anions and ammonium cations. The as-synthesized
DCS5700-QDs were characterized by FT-IR spectroscopy and
steady-state emission (see Figure S1 in the Supporting
Information). A rapid sol—gel transition can be observed by
the naked eye a few minutes after treating an aqueous solution
of DC5700-QDs with fluoride to form a highly fluorescent
hydrogel (Scheme 1c).

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. All chemicals used were of
analytical grade or the highest purity available. Tellurium (powder,
99.999%, about 200 mesh), mercaptoacetic acid (MAA, 99%),
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Scheme 1. (a) Chemical Structure of DC5700, (b)
Preparation of DC5700-QDs via Ion Exchange, and (c) Sol—
Gel Phase Transition of DC5700-QDs Solutions Treated
with F~ (fluoride sodium) under Ultraviolet Lamp
(excitation wavelength = 365 nm)“
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CdCl,-2.5H,0 (99%), NaBH, (96%), and DCS5700 (40% Gelest) were
purchased from Aldrich (Milwaukee, WI). All of the anion solutions

were prepared with double-distilled, deionized water.

2.2. Preparation of Water-Soluble CdTe QDs. MAA-capped
CdTe QDs (MAA-QDs) were prepared according to the literature
with minor alterations.” In a typical procedure, CdCl,:2.SH,0 (95
mg) and MAA (70 uL) were mixed in a three-necked flask in double-
distilled water (3 mL). The pH of the solution was adjusted to 11
using NaOH (1 M). The mixture was stirred for about 30 min under
the protection of nitrogen gas. A Te source was prepared by reacting
Te power (33 mg) with NaBH, (148 mg) in double-distilled water (2
mL). The formed colorless aqueous NaHTe was then quickly injected
into the three-necked flask. After heating under reflux in an oil bath at
90 °C for 2 h, the product was purified by repeated centrifugation to
give highly fluorescent MAA-QDs. Finally, the as-prepared QDs were
diluted with double-distilled water and adjusted to a pH of 7—8 for the
following modification.

2.3. Formation of Fluoride-Induced Hydrogels Embedded
with QDs. DC5700-QDs were formed by adding DC5700 (40%
Gelest, 100 uL) to an aqueous solution of MAA-QDs (0.5 mL) and
then stirring for 0.5 h. A variety of anion solutions (107> M, 125 uL)
containing the sodium salts of C,0,%7, HSO;", CH,COO", NO;,
NO;, §-, HPO,>, H,PO,", PO,>", 5,0, SO, SO,2~, HCO*,
CO,™, F, CI, Br, and I were added to the DC5700-QDs system,
respectively. A gel formed in a few minutes in response to addition to
F, resulting in appreciable phase transition from sol to gel compared
with the other anions tested.

2.4. Characterization. Fluorescence spectra were acquired on a
right-angle fluorometer (Cary Eclipse Fluorescent Spectrometer,
FL1008MO018), with an excitation wavelength of 450 nm and a slit
width of S nm. The corresponding UV—visible (UV—vis) absorption
spectra were obtained at room temperature on a spectrophotometer
(UV-2501, Shimadzu, Japan) with a variable wavelength between 200
and 800 nm. The modulus G' and G” of the control and the gel,
respectively, were recorded by a strain-controlled rheometer
(Rheometrics Fluids Spectrometer, ARES-RFS) as the temperature
was increased from 20 to 80 °C. IR spectra were collected on an IR
spectrometer (Thermo Nicolet NEXUS) in the wavenumber range of
400—4000 cm™' using KBr pellets. The morphology of the materials
was examined using a scanning electron microscope (SEM, Hitachi S-
4700 electron microscope), and transmission electron microscope
(TEM) images were obtained on a TEM (JEOL-JEM 2010) operating
at 200 kV. The static contact angle was measured with a contact angle
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system (OCA 20, Dataphysics), and all of the photographs were shot
by a digital camera.

3. RESULTS AND DISCUSSION

The high selectivity of fluoride to form a gel with the DC5700-
QD system was demonstrated by turning all of the sample
bottles upside down, as shown in Figure 1. All of the samples
quickly flowed downward indicating their solution state except
for the sample treated with F~ ions, which exhibits a distinct
state transformation from aqueous solution to a gel. Moreover,
embedding with QDs endows the as-formed gel with excellent
optical performance, which was confirmed from the fluorescent
and UV—vis spectra (see Figure S2 in the Supporting
Information). The fluoride-induced hydrogel possesses stable
fluorescent properties without obvious changes in positions and
intensities compared with that of DC5700-QDs solutions,
illustrating that the fluoride ions do not affect the QDs but
impact the outer siloxane layer.

C,0 HSO; Ac  NO, NO; SOz S*

HPO2 H,PO,; PO,*

8,0, SO HCO; COz F CI

Figure 1. Photographic images of DC5700-QDs solutions added with
various anions of 107 M concentration under ultraviolet lamp
(excitation wavelength = 365 nm). The highly fluorescent hydrogel
was merely observed with the presence of F, indicating evident
selectivity of fluoride in forming a gel.
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Figure 2. Modulus—temperature traces of (A) DC5700-QDs and (B)
DCS5700-QDs after adding F~. By comparison, a critical temperature at
68 °C can be observed for the gel. When the temperature is below 68
°C, the material shows a gel state; however, the control DC5700-QDs
do not show an obvious gel state during the whole testing.

Additionally, the as-formed hydrogel was further charac-
terized to investigate its sol—gel transition performance in
depth. The modulus—temperature traces presented in Figure 2
provide valuable information about the dependence of the gel—
sol of the system on temperature. The fluoride-induced
hydrogel converted from gel to sol with increasing temperature,
compared with the DC5700-QDs control (Figure 2A), which
displays a sol state over the whole temperature range because
most of the temperature spectrum exports as G” > G.'7
However, as Figure 2B shows, both G’ and G” increased at the
beginning, and an obvious G’ > G" can be observed during this
stage, which indicates further gelation with increasing temper-
ature from 25—50 °C. However, a gradual gel—sol transition
occurs as the temperature continues rising, until the sample
forms a sol (G” > G). A critical temperature T, of 68 °C can be
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Figure 3. (A) Water drop profile changes of DC5700-QDs treated
with analogous anions (control, F, CI', Br, and T, the concentration
of anions is 107> M) measuring on glass slides. (B) The hisgram
directly shows the changes of CA (ACA = CA,jions — CAcongor) With
adding different anions, indicating a high selectivity of fluoride-
responsive wettability.

observed in the temperature spectrum. Thus, the material
presents a gel state below 68 °C, while at temperatures higher
than 68 °C, it acts as a sol. This is consistent with the results
from heating experiments (See Figure S3 in the Supporting
Information). A reversible sol—gel transition can be observed
with alternate heating and cooling for a short period of time. All
of the samples became permanent gels overnight because of
Si—O-—Si covalent cross-linking; however, both the gel and the
sol exhibit excellent fluorescent performance. Adding Fe®* to
the gel is another effective way to trigger phase transformation
of the hydrogel (see Figure S4 in the Supporting Information),
which is caused by the strong complexation between Fe*" and
F . However, in this case, the fluorescence of the QDs is
quenched.

Furthermore, the morphology of the xerogel was studied by
SEM (see Figure SS in the Supporting Information). For
DC5700-QDs, although slightly aggregated blocks can be
observed because of slow cross-linking between DCS5700
molecules, most of the small micelles are well-dispersed. In
contrast, the gel formed by adding F~ was a single piece of film,
implying that the fluoride ions induced strong cross-linking of
DCS5700-QDs particles. To further characterize the structure of
the QDs in the system, TEM images were obtained (see Figure
S6 in the Supporting Information). These indicated that the
size of the QDs did not change during gelation, and as a result,
the as-obtained hydrogel maintains the fluorescence of the
original sol.

The high selectivity for fluoride and its crucial role in gelation
are also supported by contact angle (CA) measurements. The
CA of DC5700-QDs is 23.3°, showing its hydrophilic nature.
However, a remarkable increase of CA to 79.8° is observed
after treatment with fluoride compared with that induced by
other analogous anions (Figure 3A). Figure 3B shows the
change in CA before and after adding different anions to
DCS5700-QDs, revealing a remarkable selectivity for fluoride
based on CA. The possible mechanism of fluoride-responsive
wettability was considered. As described in Figure S7
(Supporting Information), the hydrophilic nature of DC5700-
QD:s is attributed to the hydroxyl groups formed during the
hydrolytic process. However, the change of the system to a
weak hydrophilic nature after adding fluoride may be caused by
intermolecular hydrogen bonding between fluoride ions and
hydroxyl groups.

Finally, the probable mechanism of gelation induced by
fluoride in the whole system is considered. Gelation may be
caused by the following two aspects: (i) F is known to possess
a small radius, which is beneficial to attack silicon through
nucleophilic substitution."® (i) Together with the strong
hydrogen bonding between F~ and water molecules in aqueous
solution, more water molecules were present around DC5700-
QDs following addition of F~. As a result, more —OH groups
are rapidly substituted for —OCH; groups in DC5700, which
promoted cross-linking in the outer layer of DC5700-QDs via
Si—O-—Si covalent bonding, as shown in Scheme 2. As a result,
large blocks were formed, and finally a hydrogel can be
observed after just a few minutes.

4. CONCLUSIONS

In conclusion, a fluoride-induced prominent sol—gel transition
was used to produce a highly fluorescent hydrogel for the first
time. An evident selectivity for fluoride ions based on surface
wettability was established. Such a technique may pave a new
way to sense fluoride ions using the sol—gel transition.
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FT-IR and fluorescent spectra of DC5700-QDs; fluorescent
spectra and UV—vis absorption spectra of DC5700-QDs and
the as-formed hydrogel; gel—sol transition triggered by
temperature and Fe*'; SEM and TEM images. This material
is available free of charge via the Internet at http://pubs.acs.org.

Scheme 2. Schematic Process of Gelation upon Adding Fluoride into the DC5700-QDs System
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