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A series of poly(acrylic acid) macromolecular chain transfer agents with different molecular
weights were synthesized by reversible addition-fragmentation chain transfer (RAFT) polymerization and characterized by 1 H NMR and gel permeation chromatography. Multiresponsive core-shell nanogels were prepared by dispersion polymerization of N -isopropylacrylamide
in water using these poly(potassium acrylate) macro-RAFT agents as the electrosteric stabilizer. The size of the nanogels decreases with the amount of the macro-RAFT agent,
indicating that the surface area occupied by per polyelectrolyte group is a critical parameter for stabilizing the nanogels. The volume phase transition and the zeta potentials of
the nanogels in aqueous solutions were studied by dynamic light scattering and zetasizer
analyzer, respectively.
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ceived great interest [13−18]. For example, Armes et
al. have prepared nanoparticles with poly(potassium 3sulfopropyl methacrylate) in the shell using a reversible
addition-fragmentation chain transfer (RAFT) aqueous
dispersion polymerization [16]. Throughout RAFT dispersion polymerization of styrene in methanol, He et
al. have synthesized poly(acrylic acid)-b-polystyrene
diblock copolymers (PAA-b-PS) and investigated the
assembly behavior [17]. However, to our best knowledge, through this method core-shell nanogels with
both pH sensitivity and thermosensitivity have not
been reported before. In the present work, we report a facile procedure to prepare pH and temperature sensitive PNIPAM nanogels with poly(potassium
acrylate)(PAA-K) in the shell through a free-radical
aqueous dispersion polymerization using trithiocarbonated PAA-K as the reactive stabilizer. Poly(acrylic
acid) (PAA) precursor chains were obtained by RAFT
polymerization and readily converted into PAA-K via
adding K2 CO3 . By using dynamic laser light scattering
and zetasizer analyzer, we have investigated the phase
transition and zeta potentials of the nanogels in aqueous
solutions.

I. INTRODUCTION

Recently polymeric nanogels have received much
more attention because of the numerous useful
applications, including in the health care, coating, or the pharmaceutical industry [1]. Particularly, thermally responsive nano/micro-sized gels based
on N -isopropylacrylamide monomer have potential
use in optical/electronic devices, biomedical applications, and responsive surfaces [2−7].
Poly(N isopropylacrylamide) (PNIPAM) nano/microgels exhibit a remarkable phase transition at the lower critical
solution temperature (LCST≈32 ◦ C) in aqueous solution [8−11]. The nano/microgels swell and shrink below
and above the LCST, respectively.
The synthesis of thermally responsive colloidal microgels in water can provide both industrial and environmental benefits. It relies on a free-radical dispersion polymerization process in aqueous solution [12].
Above the LCST of the thermally sensitive polymers
in water, nanoparticles form in the solution, the stability of which is ensured by either an added surfactant,
ionic groups or neutral water-soluble polymers incorporated into the polymer chains during the polymerization. Recently, radical copolymerization of a vinylic
monomer and a bifunctional comonomer in surfactantfree aqueous dispersion in the presence of a macroinitiator or a macromolecular chain transfer agent has re-

II. EXPERIMENTS
A. Materials

Acrylic acid (AA, Shanghai Chem., 96%) was dried
over anhydrous magnesium sulfate and then distilled under reduced pressure prior to use. Azobis(isobutyronitrile) (AIBN, Aldrich, 99%) was recrystallized from ethanol and dried. 1,4-dioxane (99%) was
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TABLE I Recipes and results for the synthesis of PAA macro-CTA via RAFT polymerization in dioxane at 80 ◦ C with
10.00 g of AA, 20.0 mL of 1,4-dioxane, different amounts of AIBN and DMP as the initiator and the chain transfer agent,
respectively.
Entry No.
AIBN/mg
DMP/g
T /◦ C
1
16
3.64
80
2
13
2.46
80
3
7
1.23
80
a
Measured by GPC in water with PEO calibration.
b
Measured by NMR.

refluxed several hours and freshly distilled from sodium
benzophenone ketyl immediately prior to each use. N isopropylacrylamide (NIPAM) from Eastman Kodak
was recrystallized three times from a benzene/n-hexane
mixture prior to use. N, N -methylenebisacrylamide
(MBA) from Sinopharm was purified by recrystallization from methanol.
2-dodecylsulfanylthiocarbonylsulfanyl-2-methyl propionic acid (DMP) was
prepared as described before [19]. Other reagents were
purchased from Sinopharm and used without further
purification unless noted otherwise.
B. Laser light scattering and zeta potential measurements

A commercial laser light scattering (LLS) spectrometer (ALV/DLS/SLS-5022F) equipped with a multi-τ
digital time correlator (ALV5000E) and a cylindrical
22 mW UNIPHASE He-Ne laser (λ0 =632.8 nm) as
the light source was used. In dynamic LLS [20], the
Laplace inversion of each measured intensity-intensity
time correlation function G(2) (q, t) in the self-beating
mode can lead to a line-width distribution G(Γ), where
q is the scattering vector. For dilute solutions, Γ
is related to the translational diffusion coefficient D
by (Γ/q 2 )q→0,C→0 →D. Therefore G(Γ) can be converted into a translational diffusion coefficient distribution G(D) or further a hydrodynamic radius distribution f (Rh ) using the Stokes-Einstein equation,
Rh =

kB T
6πη0 D

(1)

where kB , T , and η0 are the Boltzmann constant, the
absolute temperature, and the solvent viscosity, respectively. In all the LLS experiments, the solutions were
clarified with 0.45-µm Millipore Millex-LCR filters to
remove dust. Zeta potential measurements of core-shell
nanogels with a concentration of 0.1 mg/mL were carried out on a Malvern Zetasizer Nano ZS instrument.
The pH of the solution was adjusted using 10 mmol/L
HCl or 1 mmol/L KOH.
C. Gel permeation chromatography

The relative molecular weight and molecular weight
distribution were measured on a Waters 515 Gel permeDOI:10.1088/1674-0068/25/04/463-468

Mn a /(g/mol)
5000
8200
9400

Mw /Mn a
1.10
1.09
1.08

Mn b /(g/mol)
2000
3800
4500

ation chromatography (GPC) equipped with Ultrahydrogel columns using PEO as the calibration standard.
Elution was performed at 35 ◦ C using an aqueous buffer
(0.05 mol/L NaHCO3 and 100 mmol/L NaNO3 ) at a
flow rate of 1.0 mL/min.

D. Synthesis of poly(acrylic acid) macro-CTA

In a typical experiment, AA (10.00 g, 0.139 mol),
DMP (3.64 g, 10 mmol), 1,4-dioxane (20.0 mL), and
AIBN (16.4 mg, 0.1 mmol) with the molar ratio of
AA/DMP/AIBN 1390:100:1 were charged into a 50 mL
Schlenk flask. After three freeze-pump-thaw cycles, the
flask was placed in a preheated oil bath at 80 ◦ C for
6 h. The flask was immediately immersed into liquid nitrogen to stop the polymerization. The resulting PAA macro-CTA was obtained by precipitation of
polymerization mixture into excess diethyl ether under filtration and vacuum dryness at room temperature overnight. The synthesis route is shown in Fig.1.
The number-averaged molecular weight of PAA was determined by 1 H NMR analysis. 1 H NMR, DMSO-d6 ,
δ(TMS): 0.88 (m, 3H, CH3 ), 1.10−2.32 (m, CH2 CH),
3.31 (t, 2H, CH2 S), 12.25(s, 1H, COOH). The relative molecular weight and molecular weight distribution (Mw /Mn ) was determined by gel permeation chromatography. Other PAA macro-CTA samples with
higher molecular weights were synthesized similarly by
adjusting both the amounts of DMP and AIBN, as
shown in Table I.

E. Dispersion polymerization of NIPAM with PAA-DMP

Aqueous dispersion polymerization synthesis was
conducted at a solid content of 2%. A typical protocol
was as follows: NIPAM (1.00 g), potassium persulfate
(KPS, 50 mg), poly(acrylic acid) macro-CTA (80 mg)
and K2 CO3 (80 mg) were codissolved in deionized water (50 g). The reaction mixture was sealed in a roundbottomed flask and purged with nitrogen for 30 min
before being placed in a preheated oil bath at 70 ◦ C for
24 h.
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FIG. 1 Synthesis of PAA macro-CTAs and schematic representation of phase transition process.

TABLE II Synthesis results of PAA-PNIPAM nanogels prepared via dispersion polymerization at 70 ◦ C using PAA-K
macro-CTA with different molecular weights, 80 mg of PAA,
20 mg of MBA, 80 mg of K2 CO3 , and 50 mg of KPS.
Entry
1
2
3

Mn /(g/mol)
2000
3800
4500

Rh a /nm
60
80
132

PD.I
0.11
0.05
0.06

a

Measured by DLS in water at 25 ◦ C, where the
concentration of the nanogel was 0.1 mg/mL.

III. RESULTS AND DISCUSSION

A series of well-defined poly(acrylic acid) macroCTAs were prepared by the RAFT polymerization to
investigate the effect of molecular weight of the macroCTAs on the formation of the nanogels. Typical recipes
are given in Table I. Three PAA macro-CTAs were characterization by both GPC and 1 H NMR and the corresponding data are summarized in Table I. Note that
all PAA macro-CTAs are narrowly distributed and the
number average molecular weight measured by GPC is
larger than that characterized by 1 H NMR [21].
In the dispersion polymerization, RAFT process
translates these PAA-K blocks onto the surface when
nanogels are prepared. Table II summarizes the recipes
for the synthesis of PAA-PNIPAM nanogels using PAAK macro-CTAs with different molecular weights. The
results show that polydispersity index (PD.I) of the
obtained PAA-PNIPAM nanogels ranges from 0.05 to
DOI:10.1088/1674-0068/25/04/463-468

TABLE III Synthesis results of PAA-PNIPAM nanogels
prepared via dispersion polymerization at 70 ◦ C using PAA
macro-CTA (Mn of 2000 g/mol) with different concentrations, 20 mg of MBA, 80 mg of K2 CO3 , and 50 mg of KPS.
Entry
1
2
3

PAA/mg
40
50
80

Rh a /nm
122
73
58

PD.I
0.11
0.03
0.10

a

Measured by DLS in water at 25 ◦ C, where the
concentration of the nanogel was 0.1 mg/mL

0.11, indicating that they are narrowly distributed. On
the other hand, the size of the core-shell nanogels depends on the molecular weight of PAA-K macro-CTA.
As shown in Table II, when the molecular weight of
macro-CTA increased from 2000 g/mol to 4500 g/mol,
the average hydrodynamic radius hRh i of the core-shell
nanogels increased from 60 nm to 132 nm. Due to the
dependence of molecular weight of PAA macro-CTA on
the size of the core-shell nanogels, we can synthesize
core-shell nanogels with controlled size by adjusting the
molecular weight of PAA macro-CTA.
A series of PAA-PNIPAM nanogels were synthesized
in aqueous media by adjusting the amount of PAA
macro-CTA. The average hydrodynamic radius of the
nanogels decreases from 122 nm to 58 nm as the amount
of PAA macro-CTA with Mn of 2000 g/mol increases
from 40 mg to 80 mg, as shown in Table III. Suppose
each macro-CTA occupies the same area on the surface
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FIG. 2 Scattering vector dependence of the average characteristic line-width, where T =25 ◦ C, the concentration of
PAA-PNIPAM nanogel was 0.1 mg/mL and pH=7.2.

FIG. 3 Temperature dependence of average hydrodynamic
radius hRh i of PAA-PNIPAM nanogel in an aqueous solution, where the concentration of the nanogel was 0.1 mg/mL
and pH=7.2.

of the particle [22], more macro-CTAs should stabilize
more particle surface, thus resulting in smaller microgels. This result is consistent with the results reported
in Ref.[14]. In addition, the lower polydispersity of the
obtained nanogels shows that PAA acts as a good stabilizer in the formation of core-shell nanogels.
We investigated the phase transition behavior of
PAA-PNIPAM core-shell nanogels (entry 2 in Table III)
in detail. Figure 2 shows that the average characteristic line-width not only has a linear dependence on q 2 ,
but also passes through the origin as q→0, indicating
that the relaxation is diffusive. This angular independence indicates a spherical symmetry of the nanoparticles. From the slope we know that the average hydrodynamic radius hRh i of the PAA-PNIPAM nanogels is
73 nm when the solution temperature is 25 ◦ C.
Figure 3 shows that the shrinking and swelling of the
resultant core-shell nanogels (entry 2 of Table III) in
the heating and cooling cycle are reversible. An obvious
hysteresis was observed during the heating-and-cooling
cycle, which can be attributed to the formation of some
additional intrachain hydrogen bonds when PNIPAMs
DOI:10.1088/1674-0068/25/04/463-468
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FIG. 4 Temperature dependence of average scattered light
intensity hIi of PAA-PNIPAM nanogel in an aqueous solution, where the concentration of the nanogel was 0.1 mg/mL
and pH=7.2.

are in its collapsed state [23−29]. When the temperature changes from 25 ◦ C to 45 ◦ C, the average hydrodynamic radius decreases from 73 nm to 33 nm; i.e.,
we can change the grafting density just by varying the
solution temperature.
Figure 4 shows the average scattered light intensity
hIi of the core-shell nanogel as a function of temperature, where θ=90◦ and C=0.1 mg/mL. When the temperature varied, the change of hIi is attributed to the
temperature dependence of dn/dC and the size change
of the nanogels [30]. The scattered light intensity is reversible in the heating and cooling cycle, which is consistent with the result shown in Fig.3. Moreover, the
hysteresis of scattered light intensity is also attributed
to the formation of some additional intrachain hydrogen
bonds when PNIPAM are in its collapsed state.
Our results show that the weight average molar
masses of the core-shell nanogel (hMw i≈2.5×107 g/mol)
slightly change as the temperature increases, that is, no
aggregation occurs when PNIPAM core collapses. On
the basis of the hMw i of the nanogels and the results
from Fig.3, using a simple approximation:
hρi ≈

hMw i
NA (4/3)πhRh i3

(2)

we can calculate hρi at different temperatures, as shown
in Fig.5. The results show that hρi increases as increasing temperature, revealing that the nanogel becomes more compact. From Fig.5, we know that hρi is
∼0.3 g/mL at T =48 ◦ C, indicating that the core-shell
nanogel still contains ∼70% of water [31]. Besides, the
hysteresis of the average chain density is attributed to
the formation of some additional intrachain hydrogen
bonds when PNIPAMs are in its collapsed state.
It is well known that poly(acrylic acid) as a weak
polyelectrolyte can change its chain conformation when
the ionic strength or pH is alternated because of the
protonation-deprotonation equilibrium of its carboxylate groups in aqueous solution. The pH of the nanogels
c
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FIG. 5 Temperature dependence of average chain density
hρi of PAA-PNIPAM nanogel in an aqueous solution, where
the concentration of nanogel was 0.1 mg/mL and pH=7.2.

FIG. 7 Temperature dependence of zeta potential of PAAPNIPAM core-shell nanogels, where pH=8.6 and the concentration of nanogel was 0.1 mg/mL.

FIG. 6 pH dependence of zeta potential of PAA-PNIPAM
nanogels grafted with linear PAA chains, where the concentration of nanogel was 0.1 mg/mL and T =25 ◦ C.

tive stabilizer via a simple aqueous dispersion polymerization step. The size of the nanogels can be adjusted
by both the weight ratio of PAA-K stabilizer to NIPAM monomer and the molecular weight of PAA-K.
DLS measurements show that these core-shell nanogels
are narrowly distributed. In a heating and cooling cycle,
the shrinking and swelling of the nanogels are reversible.
The average hydrodynamic radius of the nanogels decreases steadily with increasing temperature. In the
temperature range of 25−45 ◦ C, the nanogels can shrink
∼2.3 times in its average hydrodynamic radius. Besides,
the zeta potentials exhibit a strong dependence on both
temperature and pH value of the nanogels solution, indicating the existence of both pH and temperature sensitivity.

solution was adjusted with HCl and KOH solution and
the zeta potentials of the nanogel at different pH values
were measured, as shown in Fig.6. The results show
that zeta potential is ∼0 mV at pH=3 and decreases
to −15.4 mV at pH=6. Further increase in pH only
changes the zeta potential slightly. Figure 6 also reveals that the core-shell nanogel has pH sensitivity.
Figure 7 shows the temperature dependence of the
zeta potential of the core-shell nanogels. The results
show that the zeta potential of nanogels decreases from
−19.0 mV to −34.0 mV when the solution temperature
increased from 25 ◦ C to 45 ◦ C. The negative value of
zeta potential is mainly caused by the COO− groups in
the shell. The decrease in the zeta potential may be due
to the increase in the surface charge density because of
the shrinking of the nanogels.

IV. CONCLUSION

In this work, we have successfully prepared welldefined, pH and temperature sensitive core-shell
nanogels using trithiocarbonated PAA-K as the reacDOI:10.1088/1674-0068/25/04/463-468
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