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Preparation of initiator and cross-linker-free poly(N-isopropylacrylamide)
nanogels by photopolymerization
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Abstract

Poly(N-isopropylacrylamide) or PNIPAm nanogels with diameter of 50–200 nm were prepared fromN-isopropylacrylamide monomer by
photopolymerization in the absence of initiator, cross-linker and surfactant. Morphology transition of the nanogels from branch to compact,
global one was tuned with NIPAm(N-isopropylacrylamide) concentration in reaction. Reaction mechanism of the nanogels formation was
proposed. The yield of prepared nanogels can increased from ca. 20 up to 86% when solution pH varied from neutral to 2. ESR signals
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onfirmed that the existence of H+ in reaction could accelerate the polymerization of NIPAm.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Temperature-responsive particles with a submicrometer
ize range have found wide application in the fields of life
cience and technology [1–3], such as controlled-release
rug delivery, degradable medical materials [4–8], etc. Of

hese thermo-responsive polymers, PNIPAm maybe is the
ost intensively studied polymer, which has a sharp phase

ransition around 32◦C, lower critical solution temperature
LCST). Below LCST, it is in a swollen state, containing a
arge amount of water. When temperature is increased above
CST, polymer chains collapsed and water molecules disso-
iated from it rapidly. A large number of PNIPAm hydrogels
ere prepared by photopolymerization, emulsion or precip-

tation polymerization [9–12], etc. These methods usually
ontained monomer and initiator. Chemical cross-linker is
sually employed in order to produce highly cross-linked
olymers. PNIPAm hydrogels prepared by these ways usu-
lly have a large volume, and will be cut into small disks
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to study their thermodynamics or volume phase transitio
response to environmental stimulus [13].

Polymeric particles size and size distribution have a st
influence on its application [14,15]. For example, as a
delivery carrier, the desired diameter of responsive hydro
are in 20–100 nm range [16,17]. Furthermore, the purit
the drug carrier is required to be high. However, in most lit
tures, chemical cross-linker, initiator, and surfactant (usu
SDS) are always employed in polymerization system to
pared PNIPAm micro- or nanogels particles [18–20].
known that the existence of cross-linker can lead to s
tural inhomogeneities which will harm phase transition
of hydrogels towards environmental stimulus [21–23]
reaction rate of cross-linker is different from that of
monomer [24]. Recently, Gao et al. [25] synthesized PNIP
nanogels with hundreds of nanometers initiated by P
sium persulfate (KPS) without the addition of cross-lin
and surfactants. The formation of nanospheres was attri
to self-cross-linking of polymer chains.

Of these methods mentioned above, photopolyme
tion maybe the simplest way to prepared homogen
E-mail address: qiao xl@sjtu.edu.cn (Q. Xiangli). highly cross-linked PNIPAm hydrogels [26]. However, the
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monomers employed are multifunctional ones. Furthermore,
photosensitive initiator is always introduced into reaction
mixture in order to obtain highly cross-linker polymer hydro-
gels [27]. In our paper, we report the polymerization of
PNIPAm nanogels with diameter of 50–200 nm from NIPAm
monomer (mono-functional monomer) initiated directly with
UV in the absence of added initiator, cross-linker and surfac-
tants. The advantages of this report is that the system is simple
and the purity of the produced nanogels is high which has a
great potential application in medical field. Morphology tran-
sition of the prepared nanoparticles from branch to global are
visualized by SEM. The yield of prepared nanoparticle (w/w,
nanoparticle weight/monomer weight) can be improved up
to ca. 86% at pH 2 from ca. 20% in neutral solution. ESR
signals show that more free radicals were generated in low
pH solution, comparing with that in high one which indicates
that the existence of H+ accelerates the photopolymerization
of PNIPAm. Mechanism of PNIPAm nanoparticle formation
is proposed.

2. Experimental/materials and methods

2.1. Materials

N-Isopropylacrylamide was purchased from Tokyo Kasei
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Fig. 1. Schematic of photopolymerization equipmental setup.

reaction quartz flask and Xe-lamp. Upon the illumination
of Xe-lamp, ray light from it penetrates through a rounded
hole (ca. 1.54 cm2 area) which has a ca. 2 cm distance to
lamp, then it is converged through a quartz convex at quartz
flask to initiate the mixture solution being agitated with
a magnetic heater stirrer. A color filter is placed between
quartz convex and reaction flask to eliminate rays whose
wavelength≥500 nm as monomer has little absorptance of
theses rays (UV–vis absorptance of monomer was shown in
Fig. 2).

2.3. Characterization of the prepared PNIPAm nanogels

The prepared PNIPAm nanogels were characterized
mainly by scanning electron microscope (SEM),1H-nuclear
magnetic resonance (1H NMR), photon correlation spec-
troscopy (PCS). For SEM ananlysis, 3× 10−2 mg/mL PNI-
PAm nanogels are dropped on 10 mm2 surface of silicon
wafer. Dried the samples in a vacuum drier overnight. The
morphologies of the prepared PNIPAm nanogels are detected
by scanning electron microscope (SEM) LEO 1350 VP (Ger-
many) employed at 5–10 kV. Chemical structures of these
nanogels are measured by1H NMR techniques. Samples for
1H NMR are prepared as follows: dried the PNIPAm nanogels
particles under vacuum pressure, then dissolves it in D2O sol-
v ters:
td., and purified by recrystallization from hexane be
se. Three-distilled deionized water are used for the aqu
olution polymerization. Other reagents used were analy
rade. Sulfonated polyethersulfone (SPES) membrane
olecular weight cut off value being 5 kD) were purcha

rom Membrane Research Center of Shanghai Research
ute of Applied Physics to remove unreacted monomers
NIPAm solution.

.2. Photo-polymerization of PNIPAm nanogels

The polymerization procedure of PNIPAm nanogels
onducted as follows: a mixture of NIPAm monomer
istilled water of variable ratios is dispersed with a two-bl
tirrer at 200 rpm in a 50 mL four-neck quartz flask. T
eaction mixture is kept at 30◦C under the stream of N2 for
0 min. Upon the illumination of a 500 W Xe lamp (deta
f the reaction condition is described in next paragra

he polymerization is carried out at 30◦C for 5 h under a
2 atmosphere. As the illumination light is weak, th

s no obvious temperature change during polymeriza
inally, the PNIPAm nanogels particles are purified
sing sulfonated polyethersulfone (SPES) membrane
olecular weight cut off value being 5 kD) to remove un
cted monomers. pH of the solution was tuned by ad
ifferent amount of 0.2 mol/L HCl or 0.1 mol/L HCl aqueo
olution.

The scheme of this photopolymerization equipment s
s presented in Fig. 1. Its reaction condition is as follo
he distance was set at 24 cm with a convex placed bet
ent. Its spectra is recorded on a Bruker NMR Spectrome

Fig. 2. Absorption spectrum of NIPAm in water.
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avance DmX-500 at 25◦C. The sizes of PNIPAm nanogels
are detected by photon correlation spectroscopy (PCS) Zeta-
Sizer 3000HS (Malvern Instrument Ltd.) fitted with a 5 mV
He–Ne laser (̈I) 633 nm. Data are taken at an angle of 90◦ and
at a temperature of 25◦C. Electron spinning resonance (ESR)
apparatus is used to detect free radicals present in aqueous
solution. The ESR signals are detected on-line. The inten-
sities of ESR signals can be compared with each other to
determine the amount of free radicals generated in different
reaction mixture. A mixture of NIPAm and water is put into
a quartz tube with inner, outer diameter and length being 2,
2.5 mm, and 22 cm respectively. Then immersed it in liquid
nitrogen. Under the protection of liquid nitrogen, the tube is
placed into test cavity. Upon illumination of a 500Xe-lamp
on quartz tube for 30 min, the ESR signals are measured on a
VIRIAM E112 (US) 100 kHz magnetic field. ESR spectrom-
eter settings were as follows: modulation amplitude, 4 G; time
constant, 0.064 s; microwave power, 1 mW and receiver gain,
4e4.

3. Results and discussion

3.1. Synthesis of PNIPAm nanogels by UV

NIPAm monomer has a strong and abroad UV absorp-
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Fig. 3. 1H NMR spectrum of the prepared PNIPAm nanogel particles.

3.2. The influence of NIPAm monomer concentration on
the prepared PNIPAm nanogels

1H NMR spectra of the prepared nanoparticles is pre-
sented in Fig. 3 (samples are prepared following the pro-
cedure described above. In Fig. 3, Peaks a–d are assigned

as CH- 3, , , and pro-

tons, respectively. Peak c of (2.0 ppm) in Fig. 3

demonstrates that NIPAm monomer in solution has been
transformed into PNIPAm polymer under the irradiation of
UV ray.

During the experiments, it is found that morphology of
the nanoparticles is greatly affected by initial monomer
concentration in solution. Fig. 4 shows a series of SEM
images of PNIPAm nanogel particles prepared in water
solution. Parts a–d demonstrates that morphology tran-
sition of PNIPAm nanoparticles from highly branched
nanogels to hard global nanospheres is clearly visible, which
is formed in 5.53× 10−2, 9.06× 10−2, 7.08× 10−1, and
9.08× 10−1 mol/L NIPAm solution, respectively.

F ncentr
C 10−1 m
ion around 270 nm wavelength, as shown in Fig. 2.
urve of UV–vis absorption versus wavelength for NIP
onomer is measured on a UV–vis spectrometer (Pe
lmer, Lambda 900). For photopolymerization of most m

ifunctional monomers, a photosensitive initiator is alw
eeded in reaction mixture, as the monomers can not
rate sufficiently reactive species directly irradiated by
urthermore, these photosensitive initiators are expens
ome cases. However, in our system, we found that NI
onomer in water can be directly initiated with UV to po
erize leading to the formation of nanogels particle

he absence of initiator, cross-linker and surfactant. NIP
onomer concentration within 5× 10−2 and 9× 10−1 mol/L

ange has a strong influence on morphology of the prep
anoparticles. Following we will discuss this in detail.

ig. 4. SEM images demonstrating the effect of initial monomer co

NIPAm = 9.06× 10−2 mol/L, the scale bar being 1�m; (c) CNIPAm = 7.08×

ation on preapred PNIPAm nanoparticles. (a)CNIPAm = 5.53× 10−2 mol/L; (b)
ol/L; (d) CNIPAm = 9.08× 10−1 mol/L, the scale bar being 2�m.
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Fig. 5. Reaction mechanism of PNIPAm nanogels formation under the irra-
diation of UV.

We attributed the morphology transitions of the resulting
PNIPAm nanogels to different diffusion rates of monomer or
oligomer to reactive species through the polymerization. As
discussed above, NIPAm monomer can be directly initiated to
polymerize into PNIPAm upon its exposure to UV. In other
words, NIPAm molecules can be directly excited to higher
energy state with UV, where they either react with vinyl group
of NIPAm to continue the reaction resulting in linear polymer
chain, or/and abstract atom H from another NIPAm molecule,
oligomer or macromolecule to proceed the polymerization,
leading to the formation of a branch polymer [28] (as demon-
strated in Fig. 5). There are two most reactive H atoms in
NIPAm chain [25]: one is on thetert-C of the pendant iso-
propyl group and the other is in the main chain backbone.
These active H atoms are likely to be attacked by excited
state monomer, formingtert-C free radicals to continue the
polymerization (see equation [3] in Fig. 5). Free radicals in
solution may be terminated with macromolecular free radi-
cals, oligomer, or chain transfer. All these possible reactions
produce the cross-linked PNIPAm nanogels. The reaction
mechanism of PNIPAm nanogels formation are demonstrated

below in Fig. 5 (M represent monomer ).

In dilute solution containing less monomer, polymer-
ization proceeds in two stages [29]: oligomer formation
a ers
f ong
f adi-
a by
r some
d -
i ding

Fig. 6. Particle diameter variation with reaction timet (h) in solution con-
taining 9.08× 10−1 mol/L monomer concentration.

to the possibility of a cross-linking network. However, the
amount of produced oligomer is far from enough, so, there
is only a limited degree of cross-linking reaction takes place
among oligomers, as most free radicals vanish before they
collide with oligomer or others, resulting in the formation of
branch nanogels which is stabilized by swollen chains from
surface of the nanogels.

As monomer concentration increasing, more free radi-
cals per volume are generated in solution. Simultaneously,
amount oftert-C free radicals also increase up to a value
which can effectively initiate the monomers or oligomers to
react, thus forming a relatively high cross-linked nanopar-
ticles. Diameter of the produced nanoparticles continue to
grow until the monomers or oligomers consumed to some
degree where they don’t have enough time to dissipate to
reactive species before the distinguish of free radicals. So,
cross-linking reaction become more difficult with time on.
Thus, the NIPAm nanoparticles produced are expected to
possess a relatively dense cross-linked core with loosely
cross-linking shell, whose swollen state in water prevent them
from aggregating.

This assumption of polymerization process can be
explained with diameter variation of produced nanoparti-
cles (see in Fig. 6) in solution containing 9.08× 10−1 mol/L
monomer as measured with photon correlation spectroscopy
(PCS) ZetaSizer 3000HS (Malvern Instrument Ltd.).

oly-
m ca.
1 pidly
w m,
fi er,
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i from
m ore
r ter-
c r and
i g in
m with
nd intermolecular reaction between oligomers. Oligom
ormed in this case mainly result from the reactions am
ree radicals generated from vinyl groups under the irr
tion by UV, as vinyl groups are more easily attached
eactive species. When vinyl groups are consumed to
egree, reactive species produced fromtert-C play a predom

nant role, therefore inter-oligomer reaction occurs lea
From Fig. 6, we can see that at initial stage of p
erization, large variation in particles diameter from
20–150 nm within 0.5 h takes place, then increases ra
ith reaction time up to its maximum value ca. 300 n
nally, to ca. 280 nm with slightly reduction in diamet
omparing with 300 nm at 3 h. This curve demonstrates
mmediate precursors to nanoparticles are generated

onomers at first stage of polymerization. Then a m
apidly increase in particle diameter is caused by in
ross-linking among these precursors. When monome
mmediate precursors are consumed, intra-cross-linkin

acrogels prevails, forming cross-linked nanoparticles,
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Fig. 7. Nanoparticle diameter variation with pH in solution containing
5.53× 10−2 mol/L NIPAm.

a little shrinkage in diameter comparing with its maximum
diameter, ca. 300 nm, due to high cross-linking density inside
nanoparticles.

3.3. Influence of solution pH on the prepared PNIPAm
nanogels

All experiments discussed above are completed in neu-
tral solution, whereas, low monomer conversion to nanopar-
ticles is observed after 5 h polymerization in solution,
whose nanoparticle yield is ca. 20% in solution with
5.53× 10−2 mol/L monomer concentration. But its yield can
be greatly improved up to 86% when pH value is decreased
to 2. pH variation in solution can also strongly affect sizes
of the nanoparticles. Curve of diameter of prepared PNIPAm
nanoparticles with pH solution is illustrated in Fig. 7 (initial
monomer concentration is fixed at 5.53× 10−2 mol/L).

When monomer concentration is fixed at
5.53× 10−2 mol/L, the nanoparticle volume decreases
rapidly with decreasing of pH till down to ca. 45 nm at pH
2, whereas, its polymer yield is dramatically enhanced to
86%. This suggested that H+ in solution has an accelerating
function on PNIPAm nanoparticle formation. It is known that
the existence of H+ can improve solvability of the solution,
which cause NIPAm molecule or oligomer to rearrange
i s or
o b in
F ;

w e

t , the
m ss-
l in a
m ation
i

ed
n basis

Fig. 8. Scheme of micell formation in low pH solution.◦, Represent
hydrophobic part of monomer or oligomer;∼, represent hydrophilic part
of monomer or oligomer.

of mechanism proposed in Section 3.2. This assumption
is confirmed by SEM image of PNIPAm nanoparticles
prepared from 9.08× 10−2 mol/L monomer solution at
pH 2 which has a smooth global surface with a relative
higher density (see Fig. 9), comparing with branch nanogels
obtained under the same condition except in neutral solution
(see part a in Fig. 4). The expectation is also confirmed at
high monomer concentration, 9.08× 10−1 mol/L in pH 2
aqueous solution. Its nanoparticle yield is ca. 89%, while
its corresponding size is ca. 5 nm (PCS data). However,
with the increasing of monomer concentration, viscosity
of reaction mixture increases rapidly with polymerization
process making agitation become very difficult.

ESR signals also approves the accelerating function of
H+ on the photopolymerization (see Fig. 10), which are
conducted online at 77 K temperature as described above
comparing curve a with b, we can deduce that more free
radicals are generated in low pH solution (pH 2)than that
in neutral one (these two systems conduct polymerization
under the same condition with exception of pH difference).

F
m

ts configuration. With the decrease of pH, monomer
ligomers tend to form smaller, compact micells (see
ig. 8), with hydrophobic part, CH2 CH2 , inner the micell

hile hydrophilic part, , spreading outsid

owards solution. Upon the start of photolpolymerzation
icells structure begins to form, then fixes, finally cro

inked. The remaining monomers in solution consumed
ode as discussed above. The scheme of micell form

s presented as Fig. 8.
Thus, the formation of higher density crosskin

anoparticles are expected at lower pH solution on the

ig. 9. SEM image of PNIPAm nanogels prepared from 9.08× 10−2 mol/L
onomer concentration solution at pH 2, the scale bar being 100 nm.
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Fig. 10. ESR signals detected in reactions. Curve a represent ESR signal
measured from neutral medium; b represent ESR signal measured from solu-
tion pH 2.

4. Summary

PNIPAm nanoparticles with diameters ranging from 50 to
300 nm were obtained by photopolymerization in the absence
of initiator, cosslinker and surfactant in water. Morphology
transition of the prepared nanopartilces from branch to com-
pact global can be tuned with monomer concentration in
reaction. This was attributed to different dissipation rates
to reactive species of these monomer or oligomer which
determine cross-linking degree of nanoparticles. The yield
of nanoparticle is greatly improved from ca. 20% at neutral
solution up to ca. 86% when pH solution is lowered to 2.
Correspondingly, its morphology is shifted from branch to
compact, global one. ESR signals confirms the accelerating
function of H+ to the photopolymerization of PNIPAm.
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