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L
ight-emitting materials have received
much attention in recent decades for a
wide variety of applications ranging

from electronics (e.g., displays1,2 and photo-

voltaic cells3,4) to chemical and biological

sensors.5�9 Conjugated polymers are a ca-

tegory of light-emitting materials whose

optical and electronic properties are easily

tuned via diverse synthetic methods.10,11

Recent advances in conjugated polymers

have yielded light-emitting polymers that

are soluble in various solvents, enabling

their solution processability for the large-

scale fabrication of devices at low cost.12�14

Using conjugated polymers as chemical
sensors for detecting heavy-metal ions in aqu-
eous media is a promising application,15�17

which is becoming increasingly important in
environmental and biological sciences. Exten-
sive research has been conducted for devel-
oping efficient sensors, based on conjugated
polymers, with fast response time and high

selective recognition of target ions.18,19 This is
often achieved by functionalizing the conju-
gated polymers with ionic moieties such as
carboxylates,20,21 sulfonates,22�24 and qua-
ternary ammonium salts,25,26 which increase
thebinding affinity of the polymers for specific
ions through electrostatic interaction, thus im-
proving the efficiency of the sensor via rational
design. Unfortunately, when employed in
practical applications, ion-tetheredconjugated
polymers occasionally exhibit low lumines-
cence efficiency27 because of self-quench-
ing28,29 and intermolecular energy transfer30,31

caused by the aggregation of chromophores
in aqueous media and/or film states. In addi-
tion, the tailoring of the conjugated polymers
can involve complicated multistep synthetic
pathways, which is a significant drawback to
their application.32

In this respect, the development of new
chemical sensors based on nonconjugated
polymers should be worthwhile to pursue.
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ABSTRACT We have developed a light-emitting material based

on nonconjugated block copolymers that contain polystyrene

sulfonate (PSS) chains. The confinement of the PSS chains within

nanosized domains appeared to be a powerful means of achieving

enhanced fluorescence signals. High fluorescence quantum yield,

with a maximum value of 37%, was obtained by adjusting the types

of self-assembled morphologies of PSS-containing block copolymers;

in contrast, the fluorescence quantum yield was merely 5% for the

PSS homopolymer lacking organization. The wavelength of fluores-

cence emission was tunable by rational molecular design. In addition, significant self-quenching behavior was not noticed in diverse forms of this material

such as solutions, thin films, and free-standing membranes. Notably, the light-emitting self-assembled block copolymer electrolytes exhibited high

sensitivity toward Cu2þ ions, with a detection limit of parts per billion levels, rapid response time of e1 min, and insignificant interference of other

competitive metal ions.
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In particular, the application of label-free amorphous
polymers would relieve the limitations arising from
aggregation-induced self-quenching; however, the de-
tection of light-emitting properties from these poly-
mers is highly challenging. Here we develop a new
type of metal ion sensor made of nonconjugated
polymer electrolytes that are soluble in a wide range
of solvents, including water. We found that nonlumi-
nescent amorphous polystyrene (PS) can be readily
converted into a blue-light-emitting material upon
attaching a sulfonic acid group at the para-position
(polystyrene sulfonate, PSS). This was attributed to
the antibonding formation between the benzene ring
of PS and sulfonic acid, as determined by ab initio

calculation using density functional theory. Notably,
upon synthesizing PSS-containing amorphous block
copolymers that can self-assemble into nanoscale
morphologies, a radical increase (more than 5-fold
enhancement) in quantum yield (QY) of fluorescence
was revealed in aqueous media. The control of molec-
ular weight and degree of ionic interaction of these
materials also allowed us to fine-tune the emission
wavelength.
One of our most intriguing results is that the PSS-

containing block copolymers demonstrated the ability
to sense Cu2þ ions, which are major pollutants in
wastewater streams, and when present in excessive
quantities, they can severely damage the brain, liver,
and central nervous system.33�35 With these new
sensors, we achieved a Cu2þ detection limit of parts per
billion level, with a rapid response time of e1 min in
aqueous media without significant interference from
other metal ions. By taking advantage of the excellent
solubility of our materials, large-area micropatterned sur-
faces were also fabricated usingmicromolding in capillary
method for developing a convenient way of probing
target molecules with a minimum amount of sample.
Negligible self-quenching behavior was observed
in the resulting fluorescent films, which opens up
the prospect of developing economically viable metal
ion sensors in diverse device forms with enhanced
performances.

RESULTS AND DISCUSSION

Light-Emitting Nonconjugated Polymer Electrolytes. Figure
1a shows the molecular structures of partially sulfo-
nated poly(styrene) (PSS) homopolymers and partially
sulfonated poly(styrene-b-methylbutylene) (PSS-PMB)
block copolymers. The covalently bonded hydropho-
bic PMB chains are intended to create self-assembled
morphologies in aqueous media. The degree of po-
lymerization (n and m) and sulfonation level (defined
as x/n, SL) were varied in order to adjust the self-
assembled structures and, ultimately, the fluorescence
properties of the polymers. Hereafter the PSS homo-
polymers and PSS-PMB block copolymers are referred
to as Sn(SL) and SnMBm(SL), respectively.

Panels b and c of Figure 1 show representative
UV�visible absorption spectra (dotted lines) and fluo-
rescence intensities (solid lines) of aqueous solutions of
1 wt % S59(82) and 1 wt % S50MB73(66), respectively.
The UV�vis spectra of both samples were qualitatively
similar because a broad shoulder appeared at approxi-
mately 330 nm in both. However, when the samples
were excited at 330 nm, an intriguing difference be-
tween the homopolymer and the block copolymer was
detected; strong fluorescencewas seen for S50MB73(66),
with maximum emission wavelength of 392 nm, com-
pared to a very weak fluorescence emission peak for
S59(82), centered at 385 nm. Photographs of the solu-
tions, taken under 365 nm UV light, are shown in the
inset of Figure 1b,c, further revealing that S50MB73(66) in
aqueous media displays much stronger blue fluores-
cence. The fluorescence QY of aqueous solutions of
1 wt % S59(82) and 1 wt % S50MB73(66) was calculated
as 5 and 26%, respectively.

Figure 1. (a) Molecular structures of partially sulfonated
poly(styrene) (PSS) homopolymers, Sn(SL), and partially
sulfonated poly(styrene-b-methylbutylene) (PSS-PMB)
block copolymers, SnMBm(SL). UV�vis absorption spectra
(dotted lines) and fluorescence emission intensities (solid
lines, excited at 330 nm) of (b) 1 wt % S59(82) and (c) 1 wt %
S50MB73(66) in aqueous media. The photographs of the
solutions, taken under UV light of 365 nm, are given in
the inset.
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In aqueousmedia, theamphiphilic natureof S50MB73(66)
yields a spherical micellar morphology consisting of a
PMB core surrounded by a negatively charged PSS shell.
Note that the hydrodynamic radius and zeta-potential of
the micelles were measured as 11.6 nm and �65 mV,
respectively, by dynamic light scattering (DLS) and electro-
phoretic experiments. We thus infer that the self-assembly
of S50MB73(66) into micelles is beneficial in obtaining
enhancedfluorescencesignals byconfining thePSSchains
within nanosized domains, where the repulsion between
the negatively charged sulfonic acid groups can effectively
inhibit the self-quenching behavior.36

We found a significant (80 nm) red shift in the
fluorescence wavelength of the polymers upon attach-
ing sulfonic acid groups at the para-position of the
benzene ring in the PS chains, where PS is awell-known
nonfluorescent polymer (fluorescence intensity of PS is
given in Figure S1 of Supporting Information). The
luminescent behavior was elucidated by ab initio calcu-
lation using density functional theory (using 6-31G*
basis sets) employing Becke's three-parameter hybrid
method and the Lee�Yang�Parr correlation functional
(B3LYP).37,38 Figure 2a,b represents the highest occu-
pied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO) morphologies of
nonsubstituted styrene and sulfonic acid-tethered styr-
ene, respectively. As can be seen from Figure 2, an
antibonding formation between the sulfonic acid and
the benzene ring is anticipated, which destabilizes the
HOMO energy and decreases the HOMO�LUMO gap
from 6.53 to 6.14 eV. When this calculation was em-
ployed for polymers where the degree of polymeriza-
tionwas n = 3, the HOMO�LUMOgapwas estimated to
be 4.4 eV (280 nm) and 3.9 eV (320 nm) for PS and PSS,
respectively (density of state is shown in Figure S2
of Supporting Information). Consequently, in high-
molecular-weight syntheticpolymers,manyexperimental
parameters, such as polydispersity in chain length and
compositional fluctuation, can further increase the
HOMOenergy level (decrease in band gap), as observed
in this study.

Control of Fluorescence Emission Wavelength. We now
explore factors affecting the fluorescence properties
of SnMBm(SL) copolymers in aqueous media. A set of
SnMBm(SL) copolymers was synthesized by varying
n,m, and SL values, and the fluorescence intensities of
1 wt % micellar solutions of the copolymers were exam-
ined. As shown in Figure 3a, when the molecular weight
of SnMBm(SL) copolymers was increased while maintain-
ing a similar level of SL, a small but noticeable blue shift in
emissionwavelengthwas observed. It is conceivable that
the randomness of the sulfonation reaction caused the
dissimilar distribution of sulfonic acid groups on polymer
chains,which is expected tobenarrowerwith the increase
in the molecular weight of copolymers,39 leading to the
stabilization of the HOMO energy level (the increase in
HOMO�LUMOgaps). On the contrary, an increase in SL at

constant degree of polymerization yields a more notice-
able red shift in emission wavelength, as represented in
Figure 3b. The increase in ionic interactions should be
responsible for the decrease in the HOMO�LUMO gaps
upon destabilizing the HOMO energy.

Though we proved that the change in the molec-
ular weight and/or ionic interaction can alter the
wavelengths of fluorescent light, the emission color is
still located in the range of blue-light wavelength, leading
us to pursue methods for further altering the emission
color. Remarkably, the fluorescence emission wavelength
can be modified to a great extent by the inclusion of a
small degree of chemical cross-links (0.5 mol %) in the
backboneof thePSS chains through a simplephoto-cross-
linking reaction (details are given in the Experimental
Section). The cross-linking reaction does not substantially
modify either polymer solubility or micelle size while
shifting the fluorescence from blue to green light.
Figure 3c shows a significant red shift in the emission
wavelength from 392 to 485 nm for the S50MB73(66)
copolymer in aqueousmedia because of the cross-linking
reaction. This behaviormayarisebecauseof polydispersity
in the position of cross-links caused by the randomness of
the reaction, further decreasing the HOMO�LUMO gap.
The ability to tune the fluorescence emission wavelength
through a simple post-treatment process should be cer-
tainly valuable for practical device applications.

It should be noted here that many other factors can
affect the fluorescence of aqueous solutions of PSS-
containing polymers.40 We examined the effects of pH
and NaCl concentration on the emission properties
of the SnMBm(SL) copolymers, and representative data
are shown in Figure S3 of Supporting Information.

Figure 2. HOMOand LUMOmorphologies of (a) styrene and
(b) sulfonated styrene, calculated by ab initio calculation
using density functional theory.
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The addition of NaCl into the solutions up to 2 mM
and/or the variation in pH of the solutions between 3 and
12 appeared to make an insignificant impact on the
emission properties, presumably due to the strong poly-
electrolyte characteristics of PSS polymers, offering fully
ionized acid groups under various solution conditions.

Effects of Self-Assembled Morphology on Fluorescence Prop-
erty. In order to find a synergetic means of achieving
enhanced fluorescence emission, the effect of the
micellar morphology on fluorescence intensity was in-
vestigated by employing different solvents, with a focus
on the structure�property relationship. It is worthwhile
tonote that theQYof fluorescence intensitywas sensitive
to the solvents employed. Representative data obtained
with 1 wt % S89MB130(49) solutions are plotted in Figure
4a. AminimumQY value of 12%was seenwith the use of
THF, which is a neutral solvent for PSS and PMB chains,
precluding the formation ofmicelles. In contrast, with the
addition of toluene to THF (50/50 vol %), a maximumQY
value of 37% was achieved. This is attributed to the high
selectivity of toluene for PMB chains versus PSS, giving

rise to the spontaneous formation of micelles with a PSS
core surrounded by a PMB shell. The radius of the PSS
core and the thickness of the PMB shell were estimated
to be 4.0 and 3.0 nm, respectively, by combining core�
shell form factor analysis of small-angle X-ray scattering
(SAXS) data andDLS experiments (see Figures S4 and S5
of Supporting Information). We can conclude that the
isolation and confinement of the PSS chains within
nanoscale domains is highly important for improving
the fluorescence emission properties of these noncon-
jugated polymers.

Upon switching the solvent from THF/toluene to
MeOH/water cosolvent, structural inversion of the
micelles is induced. Schematic drawings illustrating
the dissimilar micellar morphologies are depicted in
the insets of Figure 4a. Direct comparison between the
two systems reveals how the fluorescence QY is affected
by the locationof thePSS chains in themicelles. InMeOH/
water, the polymer formed the spherical micelles con-
sisting of a PMB core having 8.6 nm radius and a PSS shell
having 10.0 nm thickness. From the 2-fold increase in the
PSS chain length and the high zeta-potential (�51mV) of
themicelles, the PSS chains appeared to be fully solvated
and deprotonated in the hydrophilic environment. The
exposure of the PSS chains to the MeOH/water mixture
reduced theQYby40%, compared to its value in theTHF/
toluene mixture in which the high QY of fluorescence
may be attributed to the effective sequestration
and stabilization of PSS chains by the surrounding

Figure 3. Normalized fluorescence intensities of 1 wt %
SnMBm(SL) copolymers in aqueous media obtained with (a)
different degree of polymerizations and (b) dissimilar sul-
fonation levels to show spectral shift. (c) Normalized fluo-
rescence intensities of aqueous solutions of 1 wt %
S50MB73(66) copolymer before (solid line, excited at
330 nm) and after (dotted line, excited at 390 nm) the
cross-linking reaction.

Figure 4. (a) Quantum yield of fluorescence of 1 wt %
S89MB130(49) solutions by varying the types of solvents.
Schematic illustrations depicting dissimilar micellar mor-
phologies are given in the insets. (b) TEM micrographs of
the micelles in THF/toluene and MeOH/water mixtures
confirming the different core�shell morphologies depend-
ing on solvents employed.

A
RTIC

LE



AHN ET AL. VOL. 7 ’ NO. 7 ’ 6162–6169 ’ 2013

www.acsnano.org

6166

hydrophobic PMB chains. Note that the solvent-de-
pendent QY changes were observed without a change
in the fluorescence maximum wavelength.

The solvent-dependent core�shell micellar mor-
phologies were confirmed by transmission electron
microscopy (TEM) imaging of drop-coated samples.
As shown in Figure 4b, the formation of uniformly
sized spherical micelles was evident in both THF/
toluene and MeOH/water mixtures. As expected, the
two systems differed in that the micelles in THF/
toluene comprised a PSS core while those in MeOH/
water exhibited a PSS shell. In the TEM micrographs,
the PMB domains were invisible and only the PSS
phases appeared dark by RuO4 staining. Regarding
the dimensions of the core and shell phases, the TEM
and SAXS results were in good agreement.

By taking advantage of the excellent solubility and
nonbrittle characteristics of SnMBm(SL) copolymers,
micropatterned surfaces of these materials using mi-
cromolding in capillary method were fabricated. These
surfaces provide a convenient and inexpensive meth-
od for designing luminescent films in versatile device
forms with a minimum amount of the sample. Metha-
nol was used as a solvent, and 1 wt % copolymer
solutions were passed through the channels of poly-
(dimethylsiloxane) stamps. Figure 5 shows fluores-
cence micrographs of the patterned surfaces taken
with LED illumination. Micropatterns with various sizes
and shapes were obtained for both the blue-light-emit-
ting sample (non-cross-linked, excited at 330 nm) and
the green-light-emitting sample (cross-linked, excited at
390 nm). In addition, as shown in the inset of Figure 5,
the strong blue emission was well preserved even for
500 μm thick free-standing membranes. Thus, it is clear
that self-quenching behavior is negligible in SnMBm(SL)
copolymers regardless of their final forms.

Label-Free, Highly Selective Detection of Cu2þ Ions with Fast
Response Time. Finally, we examined the sensor perfor-
mance of SnMBm(SL) copolymers against 16 different

metal ions (Naþ, Kþ, Agþ, Cuþ, Ca2þ, Mg2þ, Mn2þ, Zn2þ,
Hg2þ, Pb2þ, Cd2þ, Fe2þ, Cu2þ, Co2þ, Ni2þ, and Fe3þ).
Diluted solutions (2 � 10�3 wt %) of SnMBm(SL) copo-
lymers in water were employed to validate the high
sensitivity of our systems toward extremely small quan-
tities of materials. Upon monitoring the fluorescence
intensity of the solutions while adding various concentra-
tions of metal ions, significant changes in the signal were
observed only with Cu2þ ions. As shown in Figure 6a, the
fluorescence intensity of the 2 � 10�3 wt % aqueous
solution of S50MB79(66) was reduced to 38% of its initial
value with an increase in the concentration of Cu2þ

ions from 0 to 40 μM. Remarkably, such behavior was
not seen with the PSS homopolymer (S59(89)) under
the same conditions, as shown in the inset of Figure 6a,
implying that the effective binding of Cu2þ ions with
PSS chains is feasible only when the sulfonic acid

Figure 5. Fluorescencemicrographs of micropatterned sur-
faces for noncross-linked (blue) and cross-linked (green)
S50MB73(66) copolymers, taken with LED illumination. The
inset photograph was obtained from a 500 μm thick free-
standingmembraneofnon-cross-linkedS50MB73(66) copolymer.

Figure 6. (a) Fluorescence quenching of 0.002 wt %
S50MB73(66) in water with the addition of different concen-
trations of Cu2þ (excitation at 330 nm), in comparison to
aqueous S59(82) solution (inset). (b) Step-wise changes in
sensing signals measured with the injection of target quan-
tities of Cu2þ, as noted in the figure. (c) Effect of different
metal ions on I0/I of the sensor at a fixed concentration of
20 μM. The Stern�Volmer plot indicating a linear relation-
ship between I0/I and Cu2þ concentration in the range of
0�40 μM is shown in the inset plot.
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groups of PSS are located in nanosizedmicelles having
high surface area.

Response time is a key factor in evaluating the
practical application of a sensor. As shown in Figure 6b,
clear stepwise changes in sensing signals were seen for
the S50MB79(66) solution upon the injection of target
quantities of Cu2þ ions, where the time to complete the
change in signal was less than 1 min. I0/I is the ratio of
fluorescence intensity of the solutions in the absence and
presence of Cu2þ. The novel Cu2þ ion sensor developed
in the present study can cover a broad effective concen-
tration range fromnanomolar tomicromolar levelswith a
Cu2þ detection limit of as low as 500 nM (corresponding
to 32ppb). Its selective recognition of the target ions over
competing species is also of significance importance.
Figure 6c demonstrates the label-free and highly
selective sensing capability of our sensor toward
Cu2þ ions. Other metal ions produced no significant
interference in the fluorescence quenching behavior,
regardless of their concentrations (see Figure S6 of
Supporting Information).

We also examined the effects of counterions on the
performance of the SnMBm(SL) sensor by varying the
type of anion inmetal salt.41,42 As shown in Figure S7 of
the Supporting Information, it appeared that the an-
ions do not play a significant role in determining the
sensitivity of the SnMBm(SL) sensor. In addition, since
the recyclability of the sensor is of importance when
evaluating the sensor performance,43 the fluorescent
intensities of the recycled SnMBm(SL) sensor using a
Cu2þ chelating agent weremonitored (Figure S8 of the
Supporting Information). Qualitatively similar fluores-
cence quenching behavior against Cu2þwas observed
for the recycled sensor, implying that the SnMBm(SL)
sensor is expected to enable the Cu2þ continuously
and reversibly to be sensed.

To gain an insight into the fluorescence quenching
mechanism of our sensors upon exposure to Cu2þ ions,
fluorescence quenching was analyzed using the
Stern�Volmer equation.44 As shown in the inset of
Figure 6c, a linear relationship (R2 = 0.999) exists
between I0/I and the Cu2þ ion concentration in the
range of 0.5�40 μM, which indicates that dynamic
quenching is the dominant mechanism.18,45 A high
Stern�Volmer binding constant (KSV) of 4.2� 104 M�1

was obtained for Cu2þ, which may be attributed to the
effective Coloumbic interaction between the deproto-
nated sulfonic acid groups and Cu2þ ions. In addition,
because the van der Waals volume of Cu2þ is as small
as 11.5 Å3 while the binding energy between Cu2þ and
�SO3

� is as large as 821.8 kJ, we infer that �SO3
� on

the surface of the nanosized micelles would provide
proper spatial matching for Cu2þ, increasing its bind-
ing affinity. Schematic illustration of the Cu2þ sensing
mechanism in blue-light-emitting PSS-PMB block co-
polymer micelles is depicted in Scheme 1. Note that
the paramagnetic nature of Cu2þ would also lead to a

higher thermodynamic affinity toward the oxygen
atoms of the sulfonic acid groups, which essentially
results in fast collision kinetics when Cu2þ and sulfonic
acid groups are brought into close proximity.41,46 The
van der Waals volumes and the binding energies of
other metal ions employed are listed in Table S1 of
Supporting Information.

Our results confirm that light-emitting nonconju-
gated block copolymers, self-assembled into micelles,
can detect Cu2þ ions with high sensitivity via the
tailoring of electrostatic interactions through rational
design, lending themselves to versatile sensor designs,
and thus paving the way for unprecedented access to
sensor technologies in the future. The development of
color-switching sensors, which is more preferable for
practical applications, is the subject of our future study,
motivated from the tunable emissionwavelength from
blue to green via a simple synthetic step. Experiments
are also currently underway to apply these polymers
for detecting othermetal ions by changing the types of
the tethered ionic moieties.

CONCLUSIONS

We have investigated the fluorescence properties of
PSS-containing polymer electrolytes toward the devel-
opment of efficient metal ion sensors. Blue lumines-
cence in nonconjugated, amorphous PSS polymers
was observed for the first time, and a spectral shift in
the luminescence was easily attained by various syn-
thetic steps. A large enhancement in the fluorescence
intensity was achieved by designing PSS-containing
block copolymers where the PSS chains were confined
within nanoscale domains. Negligible self-quenching
behavior was observed from these materials in solu-
tions, thin films, and even in the bulk states, which is in
sharp contrast to most of the metal ion sensors devel-
oped to date. In aqueous media, the polymers exhib-
ited spherical micellar morphology, consisting of a
hydrophobic core surrounded by a negatively charged
PSS shell. The polymers demonstrated a label-free,
highly sensitive, and selective sensing capability

Scheme 1. Schematic illustration of the Cu2þ sensing me-
chanism in light-emitting PSS-PMB block copolymer elec-
trolytes. Spherical micelles consisting of a PMB core
surrounded by a negatively charged PSS shell in aqueous
media result in the proper spatial matching and fast colli-
sion kinetics for Cu2þ through high binding affinity with
�SO3

�.
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toward Cu2þ ionswith a rapid response time ofe1min.
This was rationalized by the proper spatial matching
and fast collision kinetics for Cu2þ because of its high
binding affinity with �SO3

� groups located on the
surface of the nanosized micelles. The excellent

solubility and nonbrittle characteristics of PSS-contain-
ing block copolymers enable the fabrication of lumines-
cent films in versatile device forms with a minimum
quantity of sample, offering a promising newmethod to
design highly efficient chemical sensors.

EXPERIMENTAL SECTION
Synthesis of Light-Emitting Polymer Electrolytes. A set of poly-

(styrene-b-methylbutylene) (PS-PMB) block copolymers were
synthesized by sequential anionic polymerization of styrene
and isoprene monomers followed by selective hydrogenation
of isoprene units. The molecular weight and molecular weight
distribution of the PS-PMB copolymers were characterized by
combining 1H nuclear magnetic resonance (1H NMR, Bruker
AVB-300) spectroscopy and gel permeation chromatography
(GPC, Waters Breeze 2 HPLC). The polydispersity indices (PIs) of
the PS-b-PMB copolymers were less than 1.05. The styrene
chains of PS-PMB block copolymers were then partially sulfo-
nated using procedures described in ref 47 to yield PSS-PMB
block copolymers. Partially sulfonated polystyrene (PSS) homo-
polymers were prepared by sulfonating PS homopolymers
where the PIs of anionically polymerized PS homopolymers
were less than 1.02. The sulfonation level (SL) of the samples
was varied by controlling reaction time.

Characterization of Fluorescence Properties. The UV�visible spec-
tra of the solutions of PSS homopolymers and PSS-PMB block
copolymers were measured using an Agilent 8453 UV�visible
spectrophotometer. Fluorescence spectra of the solutions were
recorded on a QuantaMaster fluorescence spectrometer, while
fluorescencemicrographs of patterned thin filmswere obtained
by a ZEISS Axioplan 2 imaging under LED illumination.

Morphology Study. The micellar morphologies of PSS-PMB
block copolymer solutions were investigated by combining
synchrotron small-angle X-ray scattering (SAXS), transmission
electron microscopy (TEM), and dynamic light scattering
(Zetasizer, Nano-ZS) experiments. SAXS experiments were car-
ried out at the 4C beamline of Pohang Accelerator Light Source
(PAL) equipped with a MAR345 imaging plate detector. The
wavelength (λ) of the incident X-ray beam was 0.15 nm (Δλ/λ =
10�4), and sample-to-detector distance of 2.0 mwas used, yielding
scatteringwave vectorq (q=4π sin(θ/2)/λ, whereθ is the scattering
angle) in the range of 0.1�2.0 nm�1. TEM images on drop-coated
samples were obtained with a Hitach H-800 microscope operating
at 100 kV. The electron contrast in the samples was enhanced by
exposure to ruthenium tetroxide (RuO4) vapor for 50 min.

Photo-Cross-Linking Reaction. Benzophenone (99.9% purity)
was purchased from Sigma-Aldrich and used without further
purification. Solutions of benzophenone and PSS-PMB block
copolymers were vigorously stirred for 1 h, and then the back-
bone of PSS chains was cross-linked by UV irradiation with a
portable germicidal lamp (15 W; G 15 T8 UV-C, Phillips, Holland)
in Ar atmosphere at room temperature.48 The optimum irradia-
tion timewas determined by checking the cross-linking density,
as analyzed by Fourier transform infrared (FT-IR) experiments.

Detection of Metal Ions. NaCl (g99.0%), KCl (g99.0%), AgNO3

(g99.0%), Cu(CH3COO) (g97.0%), CaCl2 (g97.0%), ZnCl2
(g98.0%), MgSO4 3 6H2O (g99.0%), MnCl2 3 4H2O (g98.0%),
HgCl2 (g99.5%), Pb(NO3)2 (g99.0%), CdCl2 (g98.0%), Fe(SO-
)4 3 7H2O (g99.0%), CuCl2 3 2H2O (g99.0%), Co(NO3)2 3 6H2O
(g98.0%), NiSO4 3 6H2O (g99.0%), and FeCl3 (g97.0%) were
purchased from Sigma-Aldrich and used without further pur-
ification. Themetal ion sensing experiments were carried out by
monitoring the fluorescence intensity (excited at 330 nm) of
aqueous solutions of PSS-PMB block copolymers after the
injection of different concentrations of metal ions at room
temperature.
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