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ABSTRACT: 4-(2-Pyridylazo)-resorcinol (PAR) functionalized thermo-
sensitive ionic microgels (PAR-MG) were synthesized by a one-pot
quaternization method. The PAR-MG microgels were spherical in shape
with radius of ca. 166.0 nm and narrow size distribution and exhibited
thermo-sensitivity in aqueous solution. The PAR-MG microgels could
optically detect trace heavy metal ions, such as Cu2+, Mn2+, Pb2+, Zn2+, and
Ni2+, in aqueous solutions with high selectivity and sensitivity. The PAR-
MG microgel suspensions exhibited characteristic color with the presence
of various trace heavy metal ions, which could be visually distinguished by
naked eyes. The limit of colorimetric detection (DL) was determined to be
38 nM for Cu2+ at pH 3, 12 nM for Cu2+ at pH 7, and 14, 79, 20, and 21
nM for Mn2+, Pb2+, Zn2+, and Ni2+, respectively, at pH 11, which was lower
than (or close to) the United States Environmental Protection Agency
standard for the safety limit of these heavy metal ions in drinking water.
The mechanism of detection was attributed to the chelation between the nitrogen atoms and o-hydroxyl groups of PAR within
the microgels and heavy metal ions.

KEYWORDS: ionic microgels, 4-(2-pyridylazo)-resorcinol, optical detection, heavy metal ion, nanomolar level

■ INTRODUCTION

Heavy metal ions are considered as “low density chemical
components that are highly toxic”.1 Heavy metal ions are
nonbiodegradable and have high solubility in water. The
rampant pollution of heavy metal ions in the environment has
become a major issue for the countries all over the world due to
the fast economic development and human activities, especially
for developing countries. Excessive levels of heavy metal ions in
aquatic ecosystems and their bioaccumulation over time in
organisms can cause great damage to the human health and the
environment. It was reported that 19% of groundwater in the
United States contains heavy metal ions with concentration
above the allowance of the United States Environmental
Protection Agency (EPA) human health standard.2 In China,
there were reports about saturnism accidents in local residents
due to the pollution of lead ions caused by neighboring storage
battery factories. As a result, detection of trace toxic heavy
metal ions in water is a target of particular importance for
preventing the pollution of heavy metal ions in aquatic
ecosystems and protecting human health. It is highly desired
and urgent to develop efficient, simple, and inexpensive sensing
systems for the detection of trace toxic heavy metal ions in
aqueous solutions. Many efforts are devoted to develop new
detection strategies like fluorescence,3−5 colorimetric,6−9 and
quartz crystal microbalance10 with the use of fluorophors, metal

nanoparticles, polymers, and so forth. Among these, colori-
metric strategy has attracted considerable attention because it is
low cost and suitable for direct real-time and online analysis of
heavy metal ions in aqueous solutions.
Microgels are polymeric particles with three-dimensional

cross-linked network structures and size ranging from 10
to1000 nm. By properly designing and choosing suitable
monomers and comonomers, the resultant microgels could
have abilities of responding chemically or physically to the
changes in external environment, for example, temperature, pH,
ionic strength, solvency, and so forth.11−17 Because the
chemical or physical properties of microgels could be tailored
on-demand over a wide range of characteristics, the microgels
have wide applications in many technical fields including
photochemistry,18 cosmetics,19 biomedical applications,20 cata-
lysts,21 coating technologies,22 and sensors.23 However, the
application of microgels in the detection of heavy metal ions in
aqueous solution is seldom reported.24,25 To this end, new
functionality is necessarily rendered for the microgels.
In this work, novel functional microgels were designed and

synthesized for fast colorimetric detection of various heavy
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metal ions, namely, Cu2+, Pb2+, Mn2+, Zn2+, and Ni2+, in
aqueous solution at the nanomolar level. Functional thermo-
sensitive ionic microgels were synthesized via a one-pot
quaternization reaction during the surfactant free emulsion
copolymerization (SFEP) of N-isopropylacrylamide (NIPAm)
and 1-vinylimidazole (VIM) in the presence of 1,6-
dibromohexane and 4-(2-pyridylazo)-resorcinol (PAR), as
shown in Scheme 1.26,27 The hydrophobic indictor, PAR, was

covalently incorporated into the cross-linked network of the
microgels via in situ quaternization reaction. PAR is an azo dye
widely used as a colorimetric reagent for metal ions because it
forms stable chelates with different metal ions.28 It can also
complex with heavy metal ions in polar organic solvent like
ethanol.29−31 By incorporating PAR into the microgel net-
works, the PAR moieties could then be quickly accessible for
the trace heavy metal ions in aqueous solutions because of the
colloidal properties and swelling porous structures of the
functional microgels, leading to the colorimetric change of the
microgel suspensions and the fast detection kinetic and high
detection sensitivity. Various trace heavy metal ions in aqueous
solutions could be even visually distinguished by naked eyes.

■ EXPERIMENTAL SECTION
Materials. N-Isopropylacrylamide (NIPAm), 1-vinylimidazole

(VIM), 2,2′-azobis (2-methylpropionamidine) dihydrochloride
(AIBA), 1,6-dibromhexane, 4-(2-pyridylazo)-resorcinol (PAR), N,N-
dimethylformamide (DMF), sodium hydroxide, and hydrogen chloride
were used as received without further purification.

Synthesis of PAR Functionalized Thermosensitive Ionic
Microgels (PAR-MG). The PAR functionalized thermosensitive
ionic microgels (PAR-MG) were prepared via simultaneous
quaternized cross-linking reaction during surfactant free emulsion
copolymerization (SFEP) of N-isopropylacrylamide (NIPAm) as the
main monomer and 1-vinylimidazole (VIM) as the comonomer in the
presence of 1,6-dibromhexane and 4-(2-pyridylazo)-resorcinol (PAR).
Briefly, NIPAm (0.2264 g, 2 mmol) and VIM (27 μL, 0.3 mmol) were
added into 45 mL of deionized water at 70 °C under vigorous stirring.
Oxygen was eliminated by bubbling nitrogen through the reaction
solution for 20 min. Then 5 mL of AIBA aqueous solution (5 mg/mL)
was added into the solution to initiate the polymerization. After 10
min, 1 mL of DMF solutions of 1,6-dibromhexane (46 μL, 0.3 mmol)
and PAR (64.5 mg, 0. 3 mmol) were dripped slowly into the reaction
flask. The reaction was then kept at 70 °C for 6 h. After
polymerization, the microgel suspensions were transferred into a
dialysis tube with MWCO of 14 000 and dialyzed in DMF for 2 days
and in deionized water for 1 week. The DMF was changed every 6 h
and deionized water was changed every day.

Normal thermosensitive ionic microgels were also prepared by the
same procedure without adding PAR, which were named as N-MG
microgels.

Colorimetric Detection of Heavy Metal Ions. Stock salt
solutions with concentration of 1 mM were prepared by dissolving
the nitric acid salts, that is, Ba2+, Cr2+, Al3+, Mn2+, Pb2+, Fe3+, Co2+,
Zn2+, Ni2+, and Cu2+ in distilled water. The pH value of the microgel
suspensions was adjusted with NaOH or HCl. For colorimetric
detection of heavy metal ions, 2 mL suspensions of PAR-MG (CMG =
0.125 mg/mL, CPAR = 0.0046 mg/mL) were filled into a 1 cm quartz
cell and given amounts of stock solutions of heavy metal ions were
gradually added into the quartz cell by using a micropipet. The total
volume of added stock solution of heavy metal ions was less than 20
μL in order to keep the total volume of testing PAR-MG microgel
suspensions without obvious change. The color change of PAR-MG
microgel suspensions upon adding heavy metal ions was observed
qualitatively by naked-eye colorimetric assessment and quantitatively
specified by using UV−visible spectrometry.

Characterization. Dynamic light scattering (DLS) of PAR-MG
microgels was measured by using a 90 Plus particle size analyzer
(Brookhaven Instruments Corp.) at a scattering angle θ of 90° as a
function of temperature. The wavelength of laser light λ was 635 nm.
The static light scattering (SLS) of PAR-MG microgels was carried out
by using a commercial spectrometer ALV-CGS-3 light scattering
electronics and multiple tau digital correlater in Changchun Institute

Scheme 1. Synthesis of PAR Functionalized Thermosensitive
Ionic Microgels via Quaternization Reaction

Figure 1. (a) Representative TEM image of PAR-MG microgels and (b) hydrodynamic radius of PAR-MG microgels measured by DLS as a function
of measuring temperature. Inset shows the size distribution of PAR-MG microgels at 25 °C.
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of Applied Chemistry, Chinese Academy of Sciences. The SLS
measurements were performed at 25 °C, and the sample solutions
were equilibrated for 15 min. The range of scattering angle θ used for
SLS was from 35° to 135° with a step of 5°. The wavelength of laser
light λ was 632.8 nm. Transmission electron microscopy (TEM)
measurements were carried out with a HT-7700 electron microscope
operated at an acceleration voltage of 100 kV. The TEM samples were
prepared by dip-coating with Formvar-coated copper grids into the
microgel suspensions. The grids were allowed to dry in air at room
temperature before observation. UV−visible spectra were recorded on
a Cary 300 instrument (Varian Australia Pty Ltd.). The pH values of
sample solutions were measured with a pH meter (FE20, METTLER
TOLEDO).

■ RESULTS AND DISCUSSION

Synthesis of PAR Functionalized Thermosensitive
Ionic Microgels. As shown in Scheme 1, 4-(2-pyridylazo)-
resorcinol (PAR) functionalized thermosensitive ionic micro-
gels named as PAR-MG microgels were successfully obtained
via the simultaneous quaternized cross-linking reaction during
the surfactant free emulsion copolymerization (SFEP) of N-
isopropylacrylamide (NIPAm) as the main monomer, 1-
vinylimidazole (VIM) as the comonomer, and 1,6-dibromohex-
ane as the cross-linker with the presence of PAR. PAR with
tertiary amine group was successfully incorporated into the
cross-linking network of obtained microgels via quaternization
reaction. One 1,6-dibromohexane molecule could quaternize
two VIM molecules, leading to the formation of cross-linking
network. On the other hand, 1,6-dibromohexane molecule
could quaternize with one VIM molecule and one PAR
molecule, leading to the incorporation of PAR within the
resultant microgels. Figure 1a shows the representative TEM
image of obtained PAR-MG microgels, which were spherical in

shape with a narrow size distribution. The average radius was
about 142 ± 12 nm as calculated from the TEM image. The
PAR-MG microgels exhibited thermosensitive character
because of the use of NIPAm, as shown in Figure 1b. The
hydrodynamic radius of PAR-MG microgels decreased with
increasing the solution temperature. With raising the solution
temperature, the poly(N-isopropylacrylamide) (PNIPAm) seg-
ments became hydrophobic and insoluble in aqueous solution,
leading to the shrinking and collapse of microgels at high
temperature. The PAR-MG microgels displayed a very broad
transition temperature range from 28 to 55 °C, which was quite
different from that of PNIPAm microgels. The volume phase
transition temperature (VPTT) of PAR-MG microgels could be
determined from plots of the first-order derivative of the
hydrodynamic radius versus temperature, because the largest
change in Rh occurred when the transition was at a maximum.32

The VPTT of PAR-MG microgels was ca. 37 °C, which was
higher than that of ∼32 °C for linear PNIPAm in aqueous
solution.33 The copolymerization with hydrophilic comonomer
VIM and the charged quaternary ammonium salts shifted the
VPTT of PAR-MG microgels to higher temperature. The broad
transition temperature range can be related to heterogeneous
distribution of the hydrophobic PAR segments and hydrophilic
polymer segments as well as charged quaternary VIM. The
thermosensitive behavior of PAR-MG microgels was reversible.
The inset of Figure 1b shows the size distribution of PAR-MG
microgels at 25 °C as measured by DLS, which further
confirmed that the obtained PAR-MG microgels were with
narrow size distribution. The hydrodynamic radius Rh of PAR-
MG microgels measured by DLS at 25 °C was 166 ± 4 nm,
which was slightly larger than the average radius calculated from
TEM images (i.e., 142 ± 12 nm). It was reasonable because

Figure 2. (a) UV−visible absorption spectra of PAR-MG microgels with concentration of 0.05 mg/mL at various pH values. (b) A510nm/A404nm ratio
as a function of pH for PAR-MG microgel suspensions without or with the presence of 5 μM Cu2+. (c) Hydrodynamic radii of PAR-MG microgels as
a function of pH without or with the presence of 5 μM Cu2+. (d) Photographs of PAR-MG microgels without or with 5 μM Cu2+ at different pH
values.
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hydrodynamic radius Rh represented the sizes of fully swollen
microgels while TEM results reflected the sizes of adsorbed
microgels drying by solvent evaporation. It was also under-
standable that the TEM size of adsorbed microgels would be
larger than the hydrodynamic radius of microgels at higher
temperature, which were completed collapsed. However, for
the adsorbed microgels on copper grids, they were partially
collapsed after drying.
The radius of gyration ⟨Rg⟩ of the PAR-MG microgels was

also measured by SLS at 25 °C. The ⟨Rg⟩, ⟨Rh⟩, and
corresponding ratio of ⟨Rg⟩/⟨Rh⟩ for the PAR-MG microgels
at 25 °C were 126.3 nm, 166.0 nm, and 0.761, respectively. The
value of ⟨Rg⟩/⟨Rh⟩ could reflect the cross-linking density
distribution of the microgels.34,35 For uniform hard spheres,
⟨Rg⟩/⟨Rh⟩ is 0.778. For thermosensitive PNIPAm microgels
with inhomogeneous cross-linking network structures, ⟨Rg⟩/
⟨Rh⟩ usually had the value of 0.55−0.96.35−38 The ⟨Rg⟩/⟨Rh⟩
value of 0.761 for the PAR-MG microgels was close to that of
uniform hard spheres, indicating that the cross-linking network
structure of PAR-MG microgels was homogeneous.
The PAR-MG microgel suspensions exhibited characteristic

adsorption peak at 404 nm by UV−visible spectroscopy (Figure
S1a), indicating the successful incorporation of PAR moieties.
The PAR contents of PAR-MG microgels were determined to
be ca. 3.7 wt % based on the intensity of adsorption peak at 404
nm by referring to the standard curve of PAR in DMF (Figure
S1b). Note that the reference was the N-MG microgels with
the same concentration, which showed not any adsorption
peak.
Colorimetric Detection of Heavy Metal Ions. We first

explored the effect of pH on the change of color and
hydrodynamic radius of PAR-MG microgels without and with
the presence of Cu2+. Note that the concentration of PAR-MG
microgels was 0.05 mg/mL. With increasing pH from 1 to 14
for PAR-MG microgel suspensions, the absorption peak at 389
nm slightly shifted to 404 nm at pH 6, the absorption peak at
404 nm gradually weakened and eventually disappeared at pH
14, and a new absorption peak at 510 nm started to clearly
appear for pH above 11, as shown in Figure 2a. Figure 2b
shows the intensity ratio of A510nm/A404nm for the adsorption
peaks at 510 and 404 nm at various pH values. Strong increase
of A510nm/A404nm was observed for pH above 11. Below pH 11,
the value of A510nm/A404nm was almost unchanged. The
evolution of UV adsorption peak at different pH value is
reasonable because PAR is a dibasic acid.39 With increasing the
pH value of aqueous solution, the p-hydroxyl group [ pKOH (p)
= 5.6] is first deprotonated and the o-hydroxyl group [ pKOH
(o) = 11.9] is second deprotonated in basic medium because
the o-hydroxyl proton is hydrogen bonded to the azo group,40

as shown in Figure S2. Therefore, with increasing the pH value
to 6, the p-hydroxyl group is ionized to be oxygen ion, leading
to the increase of electron density of conjugated system and
slight bathochromic shift. When the pH value is increased
above 11, the o-hydroxyl group is deprotonated with the
rupture of hydrogen bond, leading to a stronger delocalization
of electrons in the conjugated system of PAR and a
bathochromic shift.41,42 Figure 2c shows that the hydrodynamic
radii of PAR-MG microgels were unchanged for pH from 1 to
11 as measured by DLS. The color of PAR-MG microgel
suspensions changed from yellow to orange with pH above 11,
as shown in Figure 2d. Interestingly, the value of A510nm/A404nm
increased almost linearly with increasing pH value from 1 to 11
with the presence of 5 μM Cu2+ (Figure 2b). The original UV−

visible spectra of PAR-MG microgel suspensions with the
presence of 5 μM Cu2+ at various pH values were shown in
Figure S3. With 5 μM Cu2+, the color of PAR-MG microgel
suspensions changed from yellow to pink for pH > 2 (Figure
2d). As reported in the literature, PAR chelated with metals
through the pyridine nitrogen atom, the azo nitrogen farthest
from the heterocyclic ring, and the o-hydroxyl group to form
two stable 5-membered chelate ring.28 For our system, the
pyridine nitrogen atom of PAR had been quaternized so that
only the azo nitrogen and the o-hydroxyl group of PAR could
chelate metal ions. The formation of complexes would enhance
the rigidity of PAR, which resulted in the more stable planar
structure and stronger conjugation. That is why the absorption
peak showed bathochromic shift and the color changed from
yellow to pink. However, the hydrodynamic radii of PAR-MG
microgels with Cu2+ did not change until the pH value was 12
(Figure 2c). When the pH reached 14, the PAR-MG microgels
precipitated with the presence of 5 μM Cu2+ (Figure 2d).
These results show that the colorimetric behavior and particle
size of PAR-MG microgels were unaffected in a wide range of
pH from 1 to 10. However, the complexation between heavy
metal ionic and PAR-MG microgels occurred in a wide range of
pH from 1 to 14. Therefore, the pH 3, 7, and 11 were chosen
for further detail investigation of detecting trace heavy metal
ions with PAR-MG microgels.
We also studied the effect of concentration of PAR-MG

microgels on the change of A510nm/A404nm ratio with the
presence of Cu2+ at pH 7. We chose five different
concentrations, that is, 0.05, 0.0625, 0.075, 0.1, and 0.125
mg/mL, respectively. Figure 3 shows the A510nm/A404nm ratio as

a function of [Cu2+]/[PAR] for PAR-MG microgels with
different concentrations. Note that [Cu2+]/[PAR] represented
the ratio of molar concentration for Cu2+ to PAR in the PAR-
MG microgel suspensions. The intensity ratio of A510nm/A404nm
first increased with increasing the concentration of Cu2+ and
reached a plateau value when the value of [Cu2+]/[PAR]
reached ca. 0.75 for all concentrations of PAR-MG microgels.
The nonlinear nature of the A510nm/A404nm curve at higher
concentrations is due to the saturation effects.43 Thus, within a
certain range, the concentration of PAR-MG microgels did not
affect the complexation behavior between PAR and Cu2+. For
our system, on one hand, the pyridine nitrogen atom of PAR
had been quaternized so that only the azo nitrogen and the o-
hydroxyl group of PAR could chelate Cu2+; on the other hand,
amide group of NIPAm could also participate in the formation

Figure 3. A510nm/A404nm ratio as a function of [Cu2+]/[PAR] for PAR-
MG microgel suspensions with different concentrations at pH 7.
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of complex with Cu2+. Moreover, the steric effects and
immobilizing of PAR within the cross-linked networks of
microgels might also result in the complexation of more than
one PAR with Cu2+. Figure S4 shows the possible complex
structures of PAR with Cu2+. One Cu2+ could complex with
one, two, or three PAR structures, leading to the value of
[Cu2+]/[PAR] to be 1, 0.5, and 0.33, respectively. As resulted
in Figure 3a, the intensity ratio of A510nm/A404nm became
saturated when the value of [Cu2+]/[PAR] reached ca. 0.75, so

one Cu2+ could be more likely to complex with one or two PAR
structures in our system.
As mentioned above, the PAR-MG microgels exhibited

thermosensitive property. We further investigated the effects of
temperature on their detection of heavy metal ions. Figure 4
shows the UV−visible spectra of PAR-MG microgels at various
temperatures without or with the presence of 5 μM Cu2+. It can
be seen that the A510nm/A404nm ratio of PAR-MG microgels
without Cu2+ increased with increasing the measuring temper-
ature (Figure 4a). With increasing temperature, the hydrogen

Figure 4. UV−visible spectra of PAR-MG microgels at various temperatures and pH 7 without (a) or with (b) the presence of 5 μM Cu2+. Insets
show the corresponding A510nm/A404nm ratio as a function of measuring temperature. The concentration of PAR-MG microgels was 0.05 mg/mL.

Figure 5. (a) Intensity evolution of UV absorption peak at 510 nm for PAR-MG microgel suspensions at pH 7 with the presence of various heavy
metal ions (5 μM) as a function of time. (b) UV−vis adsorption spectra of PAR-MG microgel suspensions with the presence of different heavy metal
ions (5 μM) at pH 11. (c) Digital photograph of PAR-MG microgel suspensions with the presence of 5 μM various heavy metal ions at pH 11. The
concentration of PAR-MG microgels was 0.125 mg/mL.
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bonds between o-hydroxyl proton and azo group in PAR
structure will be broken, leading to the increase of electron
density of conjugated system and bathochromic shift.
Furthermore, the increase of absolute adsorption intensity
was also partially attributed to the shrink of PAR-MG microgels
at higher temperature, which led to the decrease of trans-
mission of light. However, for PAR-MG microgels with the
presence of Cu2+, the temperature did not affect the
colorimetric behavior when the measuring temperatures were
in the range of 25−50 °C except for the increase of absolute
intensity. The A510nm/A404nm ratio was kept unchanged in the
temperature range of 25−50 °C. With further increasing the
temperature up to 70 °C, the A510nm/A404nm ratio increased
slightly. Because the PAR-MG microgels collapsed at high
temperature above its VPTT (37 °C) in aqueous solution, it
would be better to apply such microgels at temperature lower
than its VPTT for the detection of heavy metal ions in aqueous
solution.
To determine the detection kinetics, the UV−vis spectra of

PAR-MG microgel suspensions at pH 7 with the presence of
various heavy metal ions, that is, Ba2+, Cr2+, Al3+, Mn2+, Pb2+,
Fe3+, Co2+, Zn2+, Ni2+, and Cu2+, were recorded for different
time periods. Note that the concentration of heavy metal ions
was 5 μM and the concentration of PAR-MG microgels was
0.125 mg/mL. The addition of 5 μM heavy metal ions led to
the increase of absorption intensity at 510 nm, which reached
maximum within 600 s, as shown in Figure 5a. The detection
kinetics of PAR-MG microgels in response to heavy metal ions
Mn2+, Pb2+, Zn2+, Ni2+, and Cu2+ at pH 3 and pH 11 were also
investigated and are shown in Figure S5. The results of Figures
5a and S5 indicate that PAR-MG microgels could completely
complex with the heavy metal ions within 600 s, which was
then chosen as the responding time for the detection of heavy
metal ions. After complexing with heavy metal ions, the
hydrodynamic radii of PAR-MG microgels did not change
much, as shown in Figure S6. However, the UV−vis adsorption
spectra of PAR-MG microgel suspensions with the presence of
different heavy metal ions were different and dependent on the
pH values, as shown in Figures 5b and S7. As a result, the PAR-
MG microgel suspensions exhibited different colors for
different heavy metal ions at pH 3, 7, and 11. The heavy
metal ions with unoccupied orbitals could coordinate with azo
nitrogen and o-hydroxyl group of PAR. There are some types of
electronic transitions commonly observed in coordination
compounds, that is, metal-centered (MC), ligand-centered
(LC), ligand-to-metal chargetransfer (LMCT), and metal-to-
ligand charge-transfer (MLCT) transitions.44,45 Different metal
ions have different valence electron structures, ionic radii, or
unoccupied orbitals, which could cause different ligand field
transition or charge transfer. These might be the reasons why
the absorption peak positions of PAR-MG complexed with
different metals are slightly different. In addition, at different
pH values, hydrogen ions or hydroxide ions in the solutions
would have competition or promotion for complexing of metals
and ligands. It is a complicated dynamic equilibrium process so
that the PAR-MG microgel suspensions exhibited different
colors with the presence of different heavy metal ions at
different pH. Simulation and theoretical considerations like
quantum chemical calculation are needed for quantitative
understanding the complex mechanism between PAR and the
metal ions as well as their pH and ion dependence. Figure 5c
shows the representative digital photographs of PAR-MG
microgel suspensions at pH 11 with the presence of different

heavy metal ions with concentration of 5 μM. Clearly, one can
visually distinguish the type of heavy metal ions from the color
of PAR-MG microgel suspensions by naked eyes. The digital
photographs of PAR-MG microgel suspensions at pH 3 and pH
7 after adding 5 μM corresponding heavy metal ions are shown
in Figure S7c and d. The responses of PAR-MG microgels to
common ions (i.e., K+, Na+, Ca2+, and Mg2+) were also
investigated, as shown in Figure S7b. The UV−vis adsorption
spectra did not change after adding K+, Na+, Ca2+, or Mg2+,
which were consistent with literature report.42

The selectivity of the PAR-MG microgels toward various
heavy metal ions was investigated. Although the UV−vis
adsorption spectra of PAR-MG microgel suspensions with the
presence of different heavy metal ions were different and
dependent on the pH values, the intensity ratio of A510nm/
A404nm was again taken for comparison. Figure 6 shows the

A510nm/A404nm value for PAR-MG microgel suspensions after
adding various heavy metal ions, that is, Ba2+, Cr2+, Al3+, Mn2+,
Pb2+, Fe3+, Co2+, Zn2+, Ni2+, and Cu2+, with concentration of 9
μM at pH 3, 7, and 11. Note that the concentration of PAR-
MG microgels was 0.125 mg/mL. It can be seen that for, Ba2+,
Cr2+, and Al3+, A510nm/A404nm value was the same as that of pure
PAR-MG microgel suspensions regardless of pH value. In other
words, the PAR-MG microgels did not respond to Ba2+, Cr2+,
and Al3+. Furthermore, the A510nm/A404nm values for other heavy
metal ions were dependent on the pH value of PAR-MG
microgel suspensions. Clearly, PAR-MG microgels could
responsd to Mn2+, Pb2+, and Ni2+ only at pH 11. Zn2+ could
complex with PAR-MG microgels at pH 7 and 11. For Cu2+

and Co2+, they could complex with PAR-MG microgels at pH
3, 7, and 11.
The above results indicated that the PAR-MG microgels

exhibited excellent selectivity toward Cu2+ over other
competitive metal ions at pH 3. Figure 7a shows the A510nm/
A404nm ratios of PAR-MG microgels at pH 3 after each addition
step of various metal ions. Note that the concentration of each
metal ion was 5 μM. The adding sequence of metal ions was
Ba2+, Cr2+, Al3+, Mn2+, Pb2+, Fe3+, Co2+, Zn2+, Ni2+, K+, Na+,
Ca2+, Mg2+, and Cu2+. The copresence of other metal ions did
not affect the selectively and sensitivity of PAR-MG microgels
toward Cu2+. The previous addition of other metal ions only
led to slight bathochromic shift of the adsorption peak of PAR-

Figure 6. Intensity ratios of A510nm/A404nm for PAR-MG microgel
suspensions at different pH values after adding various heavy metal
ions, that is, Ba2+, Cr2+, Al3+, Mn2+, Pb2+, Fe3+, Co2+, Zn2+, Ni2+, and
Cu2+, with concentration of 9 μM. Note that the concentration of
PAR-MG microgels was 0.125 mg/mL.
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MG microgels after adding Fe3+ and Co2+. The final addition of
Cu2+ led to the significant increasing of A510nm/A404nm ratio.
Interference studies of different metal ions on detection ability
of PAR-MG microgels for Cu2+ at pH 3 were also studied.
Figure 7b shows the changes of A510nm/A404nm ratios of PAR-
MG microgels at pH 3 containing 5 μM Cu2+ in the presence of
various interfering ions with concentrations of 5 μM and 500
μM, respectively. It can be seen from Figure 7b that only Fe3+

and Co2+ caused some interference at 5 μM. However, at higher
concentration of 500 μM, not only Fe3+ and Co2+ but also Ni2+

exhibited some interference.
Basing on the results of Figures 5−7, the responses of PAR-

MG microgels to Cu2+ at pH 3 and 7, and Mn2+, Pb2+, Zn2+,
and Ni2+ at pH 11 were further investigated to determine the
detection sensitivity of PAR-MG microgels for these heavy
metal ions. Figure 8a shows the evolution of UV−vis
adsorption spectra of PAR-MG microgel suspensions at pH 7
by sequenced addition of Cu2+. The intensity ratio of A510nm/
A404nm first increased linearly with increasing the concentration
of Cu2+ and reached a plateau value for [Cu2+] larger than 15
μM (Figure 8b). A linear relationship was found to be Y =
0.138[Cu2+] + 0.347 for [Cu2+] in the range of 0−13 μM with
R2 value of 0.997. In other words, trace Cu2+ in aqueous
solutions with concentrations of 0−13 μM could be accurately
detected by PAR-MG microgels with the association constant
of 0.138 μM−1. Note that if the heavy metal ions had higher
concentration above a certain micromolar, the PAR-MG

microgels were not able to monitor such high concentration
of metal ions. The limits of detection (DL) for PAR-MG
microgels in the detection of heavy metal ions, Cu2+ could be
calculated from the data in the linear range (Figure 8b),
according to the 3α IUPAC criteria:5,46

=D
kS
mL

b
(1)

where k is a factor with the value of 3, Sb is the standard
deviation of the blank, and m is the slope of the calibration
graph in the linear range. The Sb was 0.084% from five
successive blank measurements. DL was then calculated to be
12 nM for Cu2+ at pH 7, which was nearly 2000 times lower
than the maximum level of Cu2+ (i.e., ∼ 20 μM) in drinking
water permitted by the United States. EPA.47 Similar
phenomena were observed for detecting Cu2+ at pH 3 and
Mn2+, Pb2+, Zn2+, and Ni2+ at pH 11, as shown in Figures S8−
S12. The values of DL for PAR-MG microgels in the detection
of heavy metal ions, Cu2+ at pH 3 and Mn2+, Zn2+, and Ni2+ at
pH 11, were determined to be 38, 14, 20, and 21 nM,
respectively, which were lower than the United States EPA
standard for the safety limit of Cu2+, Mn2+, Zn2+, and Ni2+ in
drinking water. For Pb2+ at pH 11, DL was 79 nM, which was
close to the United States EPA standard for the safety limit of
Pb2+ in drinking water. Note that the EPA standard set the
maximum level of Mn2+, Pb2+, Zn2+, and Ni2+ in drinking water

Figure 7. (a) A510nm/A404nm ratios of PAR-MG microgels at pH 3 after sequential addition of various metal ions. The addition sequence of metal ions
was Ba2+, Cr2+, Al3+, Mn2+, Pb2+, Fe3+, Co2+, Zn2+, Ni2+, K+, Na+, Ca2+, Mg2+, and Cu2+. The concentrations of PAR-MG microgels and each metal ion
were 0.125 mg/mL and 5 μM, respectively. (b) Interference studies of different metal ions on detection ability of PAR-MG microgels for Cu2+ at pH
3. The concentration of Cu2+ was 5 μM.

Figure 8. (a) UV−vis adsorption spectra of PAR-MG microgel suspensions at pH 7 by sequenced addition of Cu2+. (b) Intensity ratio of A510nm/
A404nm of PAR-MG microgel suspensions at pH 7 as a function of Cu2+ concentrations. The concentration of PAR-MG microgels was 0.125 mg/mL.
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to about 909 nM (i.e.50 μg/L), 72 nM (i.e., 15 μg/L), 76 μM
(5 mg/L), and 680 nM (40 μg/L), respectively.47,48

■ CONCLUSIONS
4-(2-Pyridylazo)-resorcinol (PAR) functional microgels were
designed and successfully synthesized by a one-pot quaterniza-
tion reaction for fast colorimetric detection of various heavy
metal ions in aqueous solution at nanomolar level. The PAR-
MG microgels were spherical in shape with narrow size
distribution. The microgels could optically detect trace heavy
metal ions in aqueous solutions, and especially exhibit high
sensitivity and excellent selectivity toward Cu2+ over other
metal ions under strongly acidic conditions (pH 3). The limit
of colorimetric detection was determined to be 38 nM for Cu2+

at pH 3, 12 nM for Cu2+ at pH 7, and 14, 79, 20, and 21 nM for
Mn2+, Pb2+, Zn2+, and Ni2+, respectively, at pH 11. The PAR-
MG microgels also exhibited characteristic color with the
presence of various trace heavy metal ions, which could be
visually distinguished by naked eyes.
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