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a b s t r a c t

We prepared the novel fluorescent polymer latex particles which can change their fluorescence intensity
in response to the increasing NaCl concentration in water. Core polymer latex particles were synthesized
by emulsifier-free emulsion polymerization of styrene and 2-(2-chloroisobutyroyloxy)ethyl methacry-
late. Hydrophilic polymer chains containing epoxy groups were grafted from the core particles by
surface-initiated atom transfer radical copolymerization of methoxy polyethyleneglycol methacrylate
(MEOxMA, x ¼ 4 or 9) and glycidyl methacrylate in aqueous media. After azidation of epoxy groups in
graft chains, a water-soluble fluorescent dansyl derivative was successfully coupled with the graft chains
by copper-catalyzed azide-alkyne cycloaddition in aqueous media. The wavelength of maximum fluo-
rescence intensity of polymer particles carrying graft chains with longer PEG side chains (x ¼ 9) was
slightly blue-shifted (7 nm) and the fluorescence intensity increased (1.35 times) with an increase in
NaCl concentration as opposed to polymer particles with shorter PEG chains (x ¼ 4).

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer particles with a precisely controlled size, shape and
chemical structure have attracted much attention over the past
decade as smart materials responding to applied external stimuli
such as temperature [1e6], pH [3e6], sugar [5,7,8], protein [9e11],
magnetic field [12e19] and so on. Fluorescent polymer particles
have immense potentials in biochemical applications because of
the high efficiency and selectivity of fluorescence emission. For
instance, quantum dots-containing polymer particles have been
widely studied as a useful emission probe for bio-imaging and
sensor technology due to a high absorption coefficient, a high
fluorescence quantum yield, and photo-stability. Feng et al. devel-
oped an imaging system by co-encapsulation quantum dots and
iron oxides in poly(lactic acid)-D-alpha-tocopheryl polyethylene
glycol 1000 succinate nanoparticles [20]. Organic fluorescent dye-
embedded polymer particles have been also studied energetically
for biomedical applications including intracellular delivery, optical
imaging and sensors. Larpent et al. prepared dual fluorescent
polymer nanoparticles with a sensitive fluorescein-based dye on
niguchi).
the surface and a reference dye entrapped within polystyrene-
based core particles for ratiometric sensors [21].

For further functionalization of polymer particles, surface
modification is quite effective because of a large specific surface
area of nanoparticles compared to that of bulk materials. Surface
modification techniques of solid substrates, such as grafting-from
Refs. [10,22e26] or grafting-to method [26e28], layer-by-layer as-
sembly [29e32], and click chemistry [31e35] have been actively
developed. Grafting-frommethods have been mainly conducted by
surface-initiated controlled/living radical polymerization (CRP) like
atom transfer radical polymerization (ATRP) [22e24,26], reversible
addition fragmentation chain transfer (RAFT) polymerization
[10,25], and initiator-transfer agent-terminator (iniferter) poly-
merization [27]. Among them, surface-initiated ATRP is regarded as
the most useful technique for functionalization of particle surface
because polymer chains can be grafted more densely than grafting-
to technique. In addition to grafting-from methods, click chemistry
including copper-catalyzed azide-alkyne cycloaddition (CuAAC)
and thiol-ene reaction are also considered as a powerful technique
for surface functionalization of various substrates because of their
high efficiency, selectivity, and adaptability in aqueous media
[36e40]. As functional molecules can be covalently attached to the
surface of substrates, materials with precisely controlled chemical
structure can be readily produced by click chemistry. Krueger et al.
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demonstrated that fluorescent dyes can be covalently attached on
the surface of diamond nanoparticles by CuAAC [41].

Polymer particles carrying fluorescence dyes on their surface are
expected to respond sensitively to the environmental changes like
ion concentrations, pH, temperature, solvent polarity, etc. Kawa-
guchi et al. investigated dependence of fluorescence on tempera-
ture and solvent compositions for dansyl-labeled coreeshell and
core-hair type microspheres [42]. By far, fluorescent polymer par-
ticles are potent substrates for biochemical applications, fluores-
cent polymer particles with a controlled architecture that respond
to external stimuli have been not reported enough.

In our previous works on preparation of functional coreeshell
particles, the graft chain length (or shell thickness) on core particles
was found to have enormous influence on physicochemical prop-
erty [43e48] as well as the colloidal characteristics. Therefore, the
particular attentions have been paid to the grafting-from technique
by ATRP for controlled polymerization onpolymer latex particles. In
addition, the biocompatible PEG-based polymer chains with reac-
tive sites grafted on latex particles have been regarded as the po-
tential dispersed materials for practical applications in biomedical
fields. Few studies on transformation of PMEOxMA graft chains
carrying reactive sites on latex particles, however, have ever been
reported in the literature to our knowledge. It would be of great
interest to investigate the response of PMEOxMA chains grafted on
particles to external stimuli such as salt concentration, tempera-
ture, and so on.

In this paper, we have represented that salt responsive fluo-
rescent polymer latex particles with a novel architecture, thewater-
soluble fluorescent dansyl derivative was covalently attached to
hydrophilic polymer chains grafted on the surface of polymer
particles (Scheme 1).

Core polymer particles containing ATRP initiators were pre-
pared by emulsifier-free emulsion polymerization of styrene (St)
and 2-(2-chloroisobutyroyloxy)ethyl methacrylate (CiBM), and
surface modification of the polymer particles was conducted by
surface-initiated activator generated electron transfer atom
Scheme 1. Schematic protocol of preparation
transfer radical copolymerization (SI AGET-ATRP) of methoxy oli-
goethylene glycol methacrylate (MEOxMA, x ¼ 4 or 9) and glycidyl
methacrylate (GMA). The reactive epoxy side-chains of graft poly-
mers were then converted to the azide groups by a reaction with
NaN3. The water-soluble fluorescent dye, potassium 3-((5-(dime-
thylamino)-N-(prop-2-yn-1-yl)naphthalene)-1-sulfonamido)pro-
pane-1-sulfonate (Dansyl-anion), which was newly synthesized,
was coupled with azide groups by CuAAC in aqueous media. The
dispersion stability of the obtained polymer particles was exam-
ined in terms of the critical coagulation concentrations (CCCs). The
dependence of emission behavior on NaCl concentration in
aqueous dispersion was investigated by fluorescence spectrum
measurement.

2. Experimental

2.1. Materials

St was obtained from Kanto Chemical and dried over calcium
hydride and distilled under reduced pressure. Glycidyl methacry-
late purchased from Kanto Chemical and methoxy poly-
ethyleneglycol 400 methacrylate (MEO9MA) kindly provided by
Shin-Nakamura Chemical were passed through a basic alumina
column to remove a polymerization inhibitor. Tris(2-
pyridylmethyl)amine (TPMA) [49] and 5-(dimethylamino)-N-
(prop-2-yn-1-yl)naphthalene-1-sulfonamide (Dansyl-alkyne) [50]
were synthesized according to the methods reported in previous
literatures. Thionyl chloride, methacryloyl chloride, tetraethylele-
neglycol monomethyl ether, sodium azide, and pentam-
ethyldiethylenetriamine (PMDETA) purchased from Wako Pure
Chemical Industries were used as received. 2-Hydroxyisobutyric
acid and potassium tert-butoxide were purchased from Tokyo
Chemical Industry and used as received. 2-Hydroxyethyl methac-
rylate, triethylamine (TEA), 1,3-propanesultone, potassium persul-
fate (KPS), ethyleneglycol, cupper sulfate pentahydrate, copper
chloride dehydrate, L(þ)-ascorbic acid (AscA), sodium ascorbate
of salt-responsive polymer latex particles.
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(NaAsc), and sodium chloride obtained from Kanto Chemical were
used without further purification. The synthetic protocols of 2-
chloroisobutyryl chloride, 2-hydroxyethyl 2-chloroisobutyrate
(HCiB), 2-chloroisobutyroyloxyethyl methacrylate (CiBM), potas-
sium 3-((5-(dimethylamino)-N-(prop-2-yn-1-yl)naphthalene)-1-
sulfonamido)propane-1-sulfonate (Dansyl-anion) are described in
Supporting Information. Deionized water with a resistance of
18.2 MU was obtained by passed through Millipore Simplicity UV
system. Any other solvents were used as received.

2.2. Instruments

1H and 13C NMR spectra were measured by a JEOL Lambda
500 MHz Fourier transform NMR spectrometer. ESI-MS spectra
were recorded on a Thermo Scientific Exactive mass spectrometer.
FTIR spectra were obtained using a Jasco FTIR-420 spectropho-
tometer. Fluorescence spectra were measured by a HITACHI F-4010
spectrophotometer at 25 �C. UV-vis spectra were recorded on a
HITACHI U-3010 spectrophotometer. Scanning electron microscopy
(SEM) micrographs were obtained using a JEOL JSM-6510 operating
at 20 kV. The zeta potentials in 10 mM NaCl aqueous solutions and
the size distributions of polymer particles were measured by an
Otsuka Electronics ELSZ-1000ZSCK zeta-potential and particle size
analyzer. The average molecular weights of polymers were
measured by size exclusion chromatography (SEC) using a Shodex
SB804-HQ columnwith a Na2HPO4 (50mM)/acetonitrile¼ 7/3 (v/v)
mixed solvent as an eluent at a flow rate of 0.40 mL/min at 40 �C.
The calibration curvewas obtained by using poly(ethylene oxide) as
a standard.

2.3. Synthesis of polymer latex particles bearing ATRP initiators

Polymer latex particles bearing ATRP initiators were synthesized
by emulsifier-free emulsion polymerization. Into a three-necked
round bottom flask equipped with a mechanical stirrer and a
condenser, St (3.54 g, 34 mmol), KPS (0.135 g, 0.50 mmol), and
deionized water (102 g) were charged and the suspension was
deoxygenized by purging with argon for 15 min with stirring. The
polymerization was started by heating to 70 �C in a water bath.
After 4 h, CiBM (0.40 g, 1.7 mmol) bearing an ATRP initiating
chlorine group was added to the suspension by a syringe and the
reaction mixture was kept at 70 �C for additional 6 h. The sus-
pension was cooled in an ice bath to stop polymerization, and
filtered by passing through with a mesh filter. The obtained P(St-
CiBM) particles were purified with a hollow fiber dialyzer using
Spectrum Laboratories Pecyrum membrane (615 cm2, 0.05 mm in a
hollow diameter) connected to a Cole-Parmer Instrument Master
Flex L/S tubing pump system to remove unreacted monomers and
initiators. The solid contents were calculated using the weights of
latex particles before and after freeze-drying.

2.4. Graft copolymerization on polymer latex particles by SI AGET-
ATRP

MEO9MA (2.53 g, 5.4 mmol), GMA (0.085 g, 0.60 mmol),
CuCl2$2H2O (2.6 mg, 15 mmol), TPMA (6.5 mg, 22.5 mmol), and HCiB
(2.5 mg, 15 mmol) were added to the aqueous dispersions of P(St-
CiBM) polymer particles (30 mL, 1.0 wt%). The suspension was
deoxygenized by purging with Ar for 15 min at 30 �C in a water
bath. To this suspension was added an aqueous solution of AscA
(0.10 mL, 3 mM), to begin graft polymerization. After 1 h, the graft
polymerizationwas stopped by exposing the mixture to the air, and
the suspension was centrifuged. The obtained supernatant was
filtered and concentrated for GPC measurement. The grafted
polymer particles were purified by four cycles of centrifugation and
redispersion method to remove monomers, catalysts and free
polymers adsorbed on the surface of polymer particles.

The graft copolymerization of MEO4MA and GMA were carried
out by applying the same protocol as for graft copolymerization of
MEO9MA and GMA by surface-initiated AGET ATRP except for using
a monomer MEO4MA (1.49 g, 5.4 mmol).

2.5. Azidation of epoxy side-chains of graft polymer

The polymer latex particles containing epoxy groups in their
graft chains were diluted to 0.50 wt% with deionized water. To this
50 g suspension was added sodium azide (0.081 g, 1.25 mmol), and
the suspension was heated at 50 �C in a water bath for 96 h. The
resulting polymer particles were purified by two cycles of centri-
fugation and redispersion using an aqueous ammonia solution and
by two cycles using a NaCl (10 mM) solution.

2.6. Introduction of dansyl derivatives to the graft polymer chains
by CuAAC

Dansyl-anion (0.025 g, 0.055 mmol) was charged into the sus-
pension of polymer particles (1.0 wt%, 19.2 g) containing azide
groups in their graft polymer chains. An aqueous NaAsc solution
(0.40 mL, 125 mM) was added to the suspension, followed by
addition of aqueous CuSO4/PMDETA solution (0.40 mL, 125 mM).
Themixturewas kept at 30 �C in awater bath for 96 h. The obtained
dansyl-coupled polymer particles were purified by cycles of
centrifugation and redispersion technique with an aqueous
ammonia solution, methanol and deionized water to remove
Dansyl-anion and catalysts adsorbed on the surface of polymer
particles until fluorescence of aqueous supernatant derived from
Dansyl-anion was disappeared.

2.7. Measurement of critical coagulation concentrations

An aqueous NaCl solution (5 mL), ranging from 10 mM to 5.0 M,
was mixed with the dispersion of polymer particles (0.003 wt%),
and stirred for one day at room temperature. The absorbance of the
mixtures wasmeasured in thewavelength from 600 to 400 nm. The
slope of the double logarithmic plot of absorbance against wave-
length, the so-called n-value [51], was plotted against the NaCl
concentration to determine the critical coagulation concentrations
(CCCs).

2.8. Measurement of fluorescence spectra of polymer particles in
aqueous NaCl solutions

The dispersion of polymer particles (0.40 wt%, 1 mL) was added
to an aqueous NaCl solution (1 mL) whose concentration range was
from 10 mM to 5.0 M. The mixture was stirred for one day, and its
fluorescence was measured by a fluorescence spectrophotometer
(excited at 336 nm).

3. Results and discussion

3.1. Synthesis of polymer particles carrying ATRP initiators

Polymer latex particles bearing ATRP initiators were first syn-
thesized by emulsifier-free emulsion polymerization of St and 2-(2-
bromoisobutyroyloxy)ethyl methacrylate (BiBM) using KPS. Since
polymer particles obtained were not dissolved unexpectedly in any
common organic solvents such as tetrahydrofuran and chloroform,
the content of BiBM in polymer particles could not be determined
by 1H NMR spectrum measurement. This may be attributed to
homolytic cleavage of the active bromineecarbon bond of BiBM
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Fig. 2. Particle size distributions of SC (dotted line), SC-M4 (solid line), and SC-M9
(dashed line) polymer particles dispersed in water at 25 �C measured by DLS.
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during the emulsifier-free emulsion polymerization process,
resulting in cross-linked structure of polymer particles. Therefore,
CiBM with a less active halogenecarbon (chlorineecarbon) bond
[52,53] was used as a monomer containing an ATRP initiating ter-
tiary chlorine ester group. Polymer latex particles bearing ATRP
initiators (abbreviated as SC) were then synthesized by emulsifier-
free emulsion polymerization of St and CiBM using KPS. CiBM was
copolymerized by a shot addition techniquewhich has been known
as a useful technique for surface-functionalization of polymer latex
particles. The SEM image of SC core particles obtained is shown in
Fig. S1 (a). The conversion of St was determined to be 85% by
gravimetric method.

The copolymerized amount of CiBM was calculated by 1H NMR
spectrum measurement as reported in our previous paper [55].
Fig. 1(a) shows the 1H NMR spectra of SC core particles dissolved in
CDCl3. The signals appeared at 6.2e7.5 ppm are assignable to aro-
matic protons (5H) of St units. When the integral values of aromatic
protons are given as SA, the integral value for one proton of St unit
(S1H St) corresponds to SA/5. Accordingly, the integral value of CiBM
protons per one proton (S1H CiBM) can be calculated by eqs. (1) and
(2) using the integral values (SB) at 0.2e4.5 ppm arisen from the
main chain protons (3H) of St units and all protons (15H) ascribed
to CiBM units.

S1H CiBM ¼ ðSB � 3S1H StÞ=5 (1)

CCiBMðmol%Þ ¼ ðS1H CiBMÞ=ðS1H StÞ � 100 ¼ ð100� SB=SAÞ � 20
(2)

The total amounts of copolymerized CiBM (CCiBM) in SC particles
was then determined to be 5.9 mol% with respect to St units by
comparing the values between S1H CiBM and S1H St. The amount of
CiBM copolymerized in SC polymer particles is slightly larger than
that of CiBM loaded in reaction media (5.0 mol% with respect to St).
This may be caused by a faster polymerization rate of CiBM relative
to that of styrene.

The hydrodynamic diameter of SC was measured to be 406 nm
by DLS as shown in Fig. 2. The surface ATRP initiator density is one
of the most important colloidal properties of grafted polymer
particles. In general, the density of surface ATRP initiating groups
Fig. 1. 1H NMR spectra of SC (a), SC-M4
can be suitably measured by conductometric titration [54] or
fluorescence technique [55]. The ATRP initiating group density at
the surface of anionic SC particles was measured to be 0.11 groups/
nm2 by conductometric titration.
3.2. Surface-initiated AGET ATRP of MEOxMA and GMA

The hydrophilic polymer chains containing reactive epoxy
groups were grafted by surface-initiated AGET ATRP of MEOxMA
(x ¼ 4 or 9) and GMA in aqueous media. TPMAwas used as a ligand
to suppress disproportionation of copper chloride in water [56].
HCiB was also used as a sacrifice free initiator to control graft co-
polymerizations and to investigate molecular weights of free
polymers. The grafted polymer particles are abbreviated as SC-M4
and SC-M9 by using the number (x) of ethylene oxide repeating
units in MEOxMA.

As shown in Fig. 2, the particle size of SC-M4 and SC-M9 was
measured to be 432 and 472 nm in water, respectively. SEM images
of SC-M4 and SC-M9 dried particles are shown in Fig. S1 (b) and (c).
The volume average diameters of SC-M4 and SC-M9 determined by
SEM observation are 418 and 423 nm, respectively. The reason why
(b) and SC-M9 (c) in CDCl3 at r.t.



Fig. 4. Zeta potentials of SC (open circle), SC-M4, SC-M4A, SC-M4ADns (open dia-
mond), SC-M9, SC-M9A-Dns, SC-M9A-Dns (open triangle) Particles in aqueous NaCl
solutions (10 mM) at 25 �C.
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the volume average diameters measured by DLS are larger than
those by SEM is that the hydrophilic graft chains of SC-M4 and SC-
M9 particles are highly swollen in aqueous media.

GPC analysis revealed that the number average molecular
weights of the free P(MEO4MA-GMA) and P(MEO9MA-GMA) were
27,300 (Mw/Mn ¼ 1.47) and 41,900 (Mw/Mn ¼ 1.62) for SC-M4 and
SC-M9, respectively (GPC curves of free P(MEO4MA-GMA) and
P(MEO9MA-GMA) are shown in Fig. S2). The amounts of GMA
copolymerized into P(MEO4MA-GMA) and P(MEO9MA-GMA) were
measured to be 20 and 18 mol%, respectively, by 1H NMR spectra
(Fig. S3), indicating that GMA more than a feed concentration
(10 mol%) was copolymerized into graft chains. This may be due to
the difference in polymerizability between smaller GMA and larger
MEOxMA. Considering the molecular weights as measured by GPC,
the repeating numbers of MEO4MA and GMA of free P(MEO4MA-
GMA) can be determined to be 88 and 22, respectively. Similarly,
those of MEO9MA and GMA of free P(MEO9MA-GMA) can be esti-
mated to be 84 and 19, respectively. Tsujii et al. reported that the
molecular weights and the molecular weight distributions of free
polymers are in good agreement with those of grafted polymers
[57]. The graft densities of SC-M4 and SC-M9 were thus calculated
to be 0.10 and 0.08 chains/nm2, respectively, under the assumption
that the composition of graft polymers are equal to that of free
polymers. In order to examine the adequacy of the results obtained,
the SC2 core and the SC2-M9 grafted particles were re-synthesized
under same protocols as SC and SC-M9. The surface densities of
ATRP initiators on SC2 and graft chains on SC2-M9 were estimated
to be 0.10 groups/nm2 and 0.07 chains/nm2, respectively. These are
in good agreement with results obtained for SC and SC-M9.
3.3. Fluorescent labeling of graft chains with dansyl-anion by
CuAAC

Dansyl-anionwas Dansyl-anionwas coupled with graft polymer
chains by azidation of epoxy groups and successive CuAAC in
aqueous media. Azidation of reactive epoxy side-chains on graft
polymers was conducted in an aqueous NaN3 solution (50 mM) at
50 �C. The CuAAC coupling reaction with Dansyl-anion (2.5 mM)
was carried out at 30 �C for more than 96 h in the presence of CuSO4
and PMDETA (2.5 mM) as a catalyst and a ligand, respectively. The
azidated particles and Dansyl-anion coupled particles are abbre-
viated as SC-M4A, SC-M9A, SC-M4A-Dns, and SC-M9A-Dns,
respectively.
Wavenumber (cm-1)

3000 2000 1000

(a-1) SC-M4

(a-2) SC-M4A

(a-3) SC-M4A-Dns

νN

Fig. 3. FTIR spectra of SC-M4 (a-1), SC-M4A (a-2) and SC-M4A-Dns (a-3), SC-M9
Fig. 3 represents the FTIR spectra of a series of SC-M4 and SC-M9.
The absorption band at 2100 cm�1, assignable to azide groups of
both SC-M4A and SC-M9A, was observed after azidation of SC-M4
and SC-M9. Additionally, the absorption was found to disappear
completely after the CuAAC coupling reaction. These results support
that both azidation and the consecutive CuAAC coupling reaction
proceeded successfully. The hydrodynamic diameters of Dansyl-
anion coupled SC-M4A-Dns (427 nm) and SC-M9A-Dns (477 nm)
(Fig. S4) were almost equal to those of SC-M4 (432 nm) and SC-M9
(470 nm), suggesting that polymer particles remains their disper-
sion state stably during the above sequential reaction process. The
SEM images of SC-M4A-Dns and SC-M9A-Dns particles are shown in
Fig. S1 (d) and (e). The volume average diameters for SC-M4A-Dns
and SC-M9-Dns were measured to be 416 and 425 nm, respectively.

The zeta potentials of SC, SC-M4, SC-M9, SC-M4A-Dns, and SC-
M9A-Dns particles are summarized in Fig. 4. The zeta potentials
of SC-M4 and SC-M9 were measured to be �14 and �6 mV,
respectively. Given that the zeta potential of SC core particles
is �106 mV, the graft chains bearing hydrophilic PEG side chains
are considered to suppress the surface charges of core particles. In
addition, the zeta potentials of particle are found to remain con-
stant before and after azidation. It is worth noting that the zeta
potentials of dansyl-coupled SC-M4A-Dns and SC-M9A-Dns parti-
cles decrease to �42 and �26 mV, respectively. These results sup-
port that Dansyl-anion is successfully linked to azidated graft
chains by the CuAAC click reaction.
Wavenumber (cm-1)

3000 2000 1000

(b-1) SC-M9

(b-2) SC-M9A

(b-3) SC-M9A-Dns

Nν

(b-1), SC-M9A (b-2) and SC-M9A-Dns (b-3) polymer particles in KBr pellets.
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3.4. Critical coagulation concentrations

As the hydrophilic graft polymer chains are expected to improve
the colloidal stability of polymer latex particles, the dispersion
stability of SC, SC-M4A-Dns, and SC-M9A-Dns was compared in
terms of critical coagulation concentrations (CCCs) of added NaCl.

Fig. 5 shows the plot of n-values against NaCl concentrations for
SC, SC-M4A-Dns, and SC-M9A-Dns. Since the CCCs are defined as
the electrolyte concentrations where n-values begin to decrease,
CCCs for SC, SC-M4A-Dns, and SC-M9A-Dns were determined to be
200, 500, and 1000 mM, respectively. These results indicate that
grafted polymer particles have a better dispersion stability due to
the steric repulsions between the highly hydrated grafted chains on
particles. The reason why the CCC of SC-M9A-Dns was larger than
that of SC-M4A-Dns might be attributed to both the high graft
density and the longer PEG side-chains of grafted polymer chains. It
should be noted that n-values of SC-M9A-Dns decreased gradually
than those of SC and SC-M4A-Dns in the NaCl concentration range
over CCCs. SC-M9A-Dns particles are assumed to aggregate grad-
ually with a progression of slow dehydration of longer PEG side
chains compared to SC-M4A-Dns with a short PEG chain.
3.5. Quantification of amount of Dansy-anion linked to graft chains

In order to estimate the amount of conjugated Dansyl-anion,
fluorescence spectra of SC-M4-Dns and SC-M9A-Dns dissolved in
a THF/methanol (95/5, v/v) mixed solvent were compared with the
Fig. 6. Expected microscopic structure of graft chains f
standard samples prepared from Dansyl-anion dissolved in the
same solvent. Since there was a slight difference in the maximum
fluorescence emission wavelength (lmax) between the coupled
(508 nm) and the free (513 nm) Dansyl-anion, the amount of
Dansyl-anion covalently-bonded to graft chains were calculated to
be 3.6 and 11.3 groups/chains for SC-M4A-Dns and SC-M9A-Dns
polymer particles, respectively, by comparing the fluorescence in-
tensities at l ¼ 508 nm.

Since P(MEO9MA-GMA) on SC-M9A-Dns possess hydrophilic
long PEG side-chains, the graft chains might be highly swollen in
water (Fig. 6 (a)). Therefore, azidation of epoxy groups on
P(MEO9MA-GMA) with azide ions was expected to proceed effec-
tively. On the other hand, hydrophobic P(MEO4MA-GMA) grafted
on SC-M4A-Dns is considered to shrink their chains on particle
surfaces (Fig. 6 (b)), resulting in less azidation of epoxy groups in
aqueous media.

In order to examine the effect of PEG side chain length (x) upon
the thermo-responsive property of graft chains on SC-M4A-Dns
and SC-M9A-Dns particles, the cloud points of free P(MEOxMA-
GMA) were compared. As shown in Fig. S5, the cloud points of
P(MEO4MA-GMA) and P(MEO9MA-GMA) were determined to be 51
and 76 �C, respectively. This indicates that SC-M4A-Dns particles
with longer PEG side chains are considered to transform their graft
chains easily with increase in temperature as compared with SC-
M9A-Dns. In fact, there is a difference in transition temperatures
from a swollen to a shrunk sate between SC-M4A-Dns and SC-M9A-
Dns as shown in Fig. 7.
or SC-M4A-Dns (a) and SC-M9A-Dns (b) in water.



Fig. 8. Dependence of hydrodynamic diameters of SC-M4A-Dns (open diamond) and
SC-M9A-Dns (open triangle) on NaCl concentration measured by DLS at 25 �C.

Fig. 10. Effect of NaCl concentration on INaCl/Iwater of SC-M4A-Dns (open diamond) and
SC-M9A-Dns (open triangle).
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There is the same tendency among P(MEOxMA-GMA) to
decrease their size in response to addition of NaCl. Whereas SC-
M4A-Dns particles drastically collapse their graft chains and
approach to almost the same size of SC core particles by a slight
increase in NaCl concentration (<200 mM), SC-M9A-Dns particles
gradually decrease their shell thickness over a range of 2000mM as
shown in Fig. 8. The above results are qualitatively consisted with
the results of random copolymer of MEOxMA and methacrylic acid
as reported by St€over [58].

3.6. Emission behavior of dansyl-modified polymer particles
dispersed in aqueous media

The hydrated state of graft chains is considered to affect the
microscopic environment around Dansyl-anion covalently linked to
polymer chains. Thus, the fluorescence emission behavior of
Dansyl-anion in PEG400/water mixtures was first investigated.
Fluorescence spectra of Dansyl-anion are shown in Fig. S6. Fig. S7
shows that the fluorescence intensities increase monotonically
with an increase in a PEG400 volume ratio and become 24 times
larger in 99.9 vol% of PEG400 than that in pure water. In addition, a
significant blue-shift of lmax (from 558 nm to 526 nm) was
observed with increasing the volume ratio of PEG400 in a mixture.

Fluorescence spectra of SC-M4A-Dns and SC-M9A-Dns
dispersed in NaCl aqueous solutions are shown in Figs. S8 and S9,
respectively. Fig. 9 represents the effect of NaCl concentration on
lmax of SC-M4A-Dns and SC-M9A-Dns. SC-M9A-Dns was found to
have longer lmax compared to SC-M4A-Dns, suggesting that
Fig. 9. Effect of NaCl concentration on lmax of SC-M4A-Dns (open diamond) and SC-
M9A-Dns (open triangle).
Dansyl-anion groups conjugated in SC-M9A-Dns are situated
mainly in a polar aqueous phase. These indicate that dansyl moi-
eties in SC-M4A-Dns are much influenced by a hydrophobic char-
acter of particle surfaces and the main chains of grafted polymers
when compared to SC-M9A-Dns. According to the previous litera-
tures, the polar environment of Dansyl-anion in SC-M4A-Dns and
SC-M9A-Dns corresponds approximately to ethyl acetate and
tetrahydrofuran (lmax ¼ 509 nm). It should be noted that the larger
variation in lmax of SC-M9A-Dns (from 526 nm to 519 nm) reflects
the gradual dehydration of a longer PEG side chain over the entire
range of NaCl concentration above CCC. By contrast, a decrease in
lmax of SC-M4A-Dns (from 504 nm to 502 nm) by addition of a small
amount of NaCl indicates that the shorter PEG side chains sensi-
tively transform their conformation to a tightly shrunk state
compared to the longer ones. Based on the above results of the
CCCs, the changes in hydrodynamic diameter, and the emission
behavior, the successive progression of dehydration of graft chains
and aggregation of particles in response to NaCl addition might be
summarized as follows. The graft chains are first dehydrated by
addition of NaCl, leading to a decrease in hydrodynamic diameter of
particles, as shown in Fig. 8. In general, latex particles are known to
become less stable and form loose aggregates as the electrolyte
concentration is increased to CCC (Fig. 5). Further addition of NaCl
over CCC results in tightly collapse of graft chains due to the
intensive dehydration as shown in Fig. 9.

The emission intensities of SC-M4A-Dns and SC-M9A-Dns in
NaCl aqueous solutions relative to those in purewater, namely INaCl/
Iwater, are plotted in Fig. 10. INaCl/Iwater of SC-M4A-Dns shows a rapid
rise with an increase in NaCl concentration and reached a plateau
(1.22) when the NaCl concentration is 1000 mM or more. On the
other hand, INaCl/Iwater of SC-M9A-Dns gradually increases to 1.35 at
3000 mM of NaCl concentration far beyond of CCC. These results
support that the difference in simultaneous or gradual dehydration
of PEG side chain between SC-D4A-Dns and SC-D9A-Dns in
response to the increasing NaCl concentration as discussed above.
4. Conclusions

In this study, the salt-responsive emission behavior of dansyl-
labeled polymer chains grafted on latex particles was successfully
demonstrated. The polymer particles possessing the fluorescent
dansyl-derivative on their graft chains were prepared by a combi-
nation of surface-initiated AGET ATRP, azidation of epoxy groups,
and CuAAC of Dansyl-anion in aqueous media. The graft polymer
chains with hydrated PEG side chains were found to increase the
dispersion stability compared to before grafting. The wavelength of
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maximum fluorescence intensity (lmax) of SC-M9A-Dns decreased
from 526 nm to 519 nm and the relative emission intensity (INaCl/
Iwater) increased 1.35 times with increasing NaCl concentration in
contrast to SC-M4A-Dns. The novel technique proposed in this
study is expected as a potential procedure to prepare stimuli-
responsive polymer particles applicable in various fields such as
biomedical materials, photo-imaging sensors, and so on.
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