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Abstract

A monodisperse core–shell microgel has been synthesised in which silica provides the core (average diameter 1367 A˚ ), and poly(NIPAM)
the cross linked shell. Transmission Electron Microscopy and Photon Correlation Spectroscopy (PCS) measurements have confirmed the
existence of a thick polymer layer. PCS measurements have shown that the hydrodynamic thickness of the layer is,2450 Å at 258C,
collapsing to 600 A˚ when heated to 708C. Small-angle neutron scattering (SANS) experiments on the core–shell microgels show a high
volume fraction near the surface and suggest an exponential volume fraction profile. PCS and SANS measurements have also been used to
measure the de-swelling of the layer with change in temperature and the results are compared with classical microgel particles.q 2000
Elsevier Science Ltd. All rights reserved.
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1. Introduction

Poly-N-isopropylacrylamide (poly(NIPAM)) is a water
soluble polymer which can form monodisperse colloidal
microgel particles [1–3] when synthesised using surfac-
tant-free emulsion polymerisation. A microgel particle is a
cross-linked latex particle which is swollen in a good
solvent, and much work has been focused on the preparation
and properties of poly(NIPAM) microgels [4,5]. These
microgels are swollen at room temperature, but being ther-
mosensitive, the microgel particles collapse as the tempera-
ture is increased above 328C [6,7] (the Lower Critical
Solution Temperature—LCST). Thermally induced de-
swelling also occurs for poly(NIPAM) macrogels [8]. The
growth mechanism within the microgel particles results in a
non-uniform distribution of cross-linker [9], whereas the
preparation of macrogels result in a more homogeneous
network structure. Polystyrene latex spheres with a poly
(NIPAM) microgel layer or anchored cross-linked poly
(NIPAM) chains, have previously been prepared [10–14].
Dingenouts et al. [14] investigated the volume transition in
PS-core(800 A˚ )/poly(NIPAM)-shell particles using small-
angle X-ray scattering (SAXS). In that system, a small
amount of poly(NIPAM) is included in the synthesis of

the core and is located in a thin shell at the surface,
providing a means of fixing the gel layer. They observed
a change in layer thickness from 320 A˚ in the swollen
state at 258C to 180 Å after shrinking by a continuous
volume transition.

SANS has been used previously to study the collapse of
microgels and microgel structure by fitting the gel structure
to a Porod Law–Lorentzian combination. The parameter of
interest is the correlation length,j , which is a measure of the
size of the cross-linked regions. Mears et al. [15] reported a
value ofj as 18 Åfor their microgel particles which had a
hydrodynamic diameter of 1440 A˚ . In this paper we exam-
ine thermosensitive core–shell particles which comprise of
a silica core and a poly(NIPAM) shell and compare our
results to classical microgel particles.

2. Experimental

2.1. Sample preparation

The water used throughout this synthesis was purified
using ion exchange (MilliQ–Millipore). The silica particles
were synthesised “in house” using the Stober method [16].
108 ml of tetraethyloxysilicate (Aldrich) was added quickly
to a clean flask containing 2.5 l ethanol, 67 ml ammonia and
92 ml of water. The solution was stirred continuously for
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24 h. A 1% dispersion of the resulting silica was dialysed
against MilliQ water, and then used as a seed for the subse-
quent emulsion polymerisation of the cross-linked polymer
microgel. The emulsion polymerisation was carried out in a
500 mL round-bottomed flask fitted with a reflux condenser,
a stirrer and a nitrogen supply. The initiator, potassium
persulphate (Aldrich), was dissolved in 400 ml of the 1%
silica dispersion which had been degassed and heated to
708C in an oil bath.N-isopropylacrylamide andN,N-methy-
lenebisacrylamide (Aldrich) were dissolved in 100 ml of the
1% silica dispersion at room temperature. This solution was
then added to the reaction flask. The reaction was allowed to
proceed for 6 h at 708C. The oil bath was then switched off,
and the reaction mixture allowed to cool overnight. Nitro-
gen was passed over the reaction mixture for the duration.
The core–shell particles were centrifuged several times at
8000 rpm for 30 min. The particles were then re-dispersed
in MilliQ water.

The final dispersion had a volume fraction of 1.33% with
respect to the silica particles which was obtained through a
series of dry weight analyses.

2.2. Techniques

The hydrodynamic radius of the core–shell particles was
measured using a Malvern Zetasizer 1000 spectrometer,
which uses a laser that operates at 6330 A˚ . The measure-
ments were made over a temperature range of 25–658C.

The transmission electron micrographs were obtained
using a Phillips EM430 operating at 250 kV. The samples
were placed on copper grids, which had graphite-supporting
films. Excess water was removed with a tissue and the
sample then left to dry in air for a few minutes.

The SANS experiments were performed using the LOQ
instrument at the ISIS facility, Rutherford Appleton Labora-
tory, Didcot, UK. Samples were measured in 1 mm path
length “banjo” cells. The effectiveQ range was 0.009–
0.249 Å21. A scattering length density, sld of
3.73× 1026 Å22 was obtained for the bare silica particles
by making scattering measurements at different D2O/H2O
ratios [17]. The scattering from the systems described were
then studied as a function of temperature, to measure the
exclusion of solvent and resulting change in the structure of
the adsorbed gel layer as the poly(NIPAM) layer collapses.

2.3. Scattering theory

With the core matched in sld to that of the solvent, only
scattering from the layer was observed. The subsequent
SANS data was reduced using the Colette programme at
the ISIS facility, which corrects the data for transmission
and scattering from the cell.

The gel layer was characterised by using model mathe-
matical functions which describe the volume fraction of the
gel layer. The analysis was carried out using the equations
developed by Crowley [18,19] and the data was fitted using
a non-linear least-squares analysis [18,20]. The scattering
from the layer,I(Q)``, is given by Eq. (1):
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where f (z) is the volume fraction of the polymer at a
distanceznormal to the surface andt is the maximum extent
of the layer.fp is the volume fraction of the particles,r0 is
the radius of the particles,r s andr` are the scattering length
densities of the solvent and layer, respectively.I inc is the
scattering due to the incoherent background,~I is the scatter-
ing due to spatial concentration fluctuations within the layer.
Q is the momentum transfer vector of the neutrons, which is
related to the scattering angle (q ) and the wavelength (l) of
the neutrons by:
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For an adsorbed homopolymer layer, the fluctuations would
be expected to vary as~I �Q� , Q24=3 [21]. It was not
however possible to fit these with a fluctuation term and
the results presented had ignored this contribution. This is
an approximation, but as the data scatter very strongly at
low Q, this approach is not unreasonable.

3. Results and discussion

Fig. 1 shows an electron micrograph of the microgel
particles. Inevitably, particle coalescence occurs when the
sample is dried onto the supporting grid, but a gel layer is
still very much in evidence. An approximate indication of
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Fig. 1. TEM of silica particles coated with poly(NIPAM) “(photograph
supplied)”.



the thickness of the totally collapsed gel layer can be
obtained from the electron micrograph, and gave an approx-
imate thickness of 122̂ 5 �A: This would correspond to an
adsorbed amount (G ) of 15:4^ 1:0 mg=m2

:

Fig. 2 shows the intensity data obtained from the SANS
experiments carried out when the silica core was matched in

sld to the solvent mixture. The data has a pronouncedQ24

structure at highQ with a tendency to a lowerQ dependence
at low Q.

This is clearly indicative of a very thick layer with
virtually no surface Guinier regime [18,19]. The data were
fitted with exponential and Gaussian models for the volume
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Fig. 2. Scattering from poly(NIPAM) layer at 408C plus fits and profiles.

Fig. 3. Layer profiles as a function of temperature (Gaussian profiles).



fraction profile of the layer using Eq. (1). Fig. 2 shows the
fits obtained by these two functional forms and the resulting
profiles. Of the two functions used to fit the data the expo-
nential yielded the best fit with the lowestx 2 parameter. A
physically adsorbed layer is also best characterised using an
exponential function. The layer however, is quite dense with
an average volume fraction of 19% and an RMS layer thick-
ness of 400̂ 18 �A: An adsorbed amount (G ) of 14^
1:0 mg=m2 was found by fitting the scattering from the
layer at 808C. These values are much greater than one
would obtain simply from an adsorbed homopolymer. The
value for the collapsed layer was used to fit the data for the
other temperatures.

Fig. 3 shows the subsequent exponential profiles of the
layer as the temperature is increased. The layer thickness
varies most on traversing the LCST (328C), with very little
change occurring with further heating, especially from 60 to
808C. The volume fraction increases at the silica surface as
the layer collapses, but at 808C the collapsed layer still
contains as much as 60% water [22].

Fig. 4 shows the hydrodynamic layer thickness as a
function of temperature, obtained using PCS. These
measurements give a greater layer thickness compared
to the profiles in Fig. 3, as the diffusion of the gel/particle is
determined by the longest tails evident in the layer structure:
these are too dilute to be detected by SANS. The PCS
measurements do however follow the same trend, and
collapse to roughly the span of the volume fraction profile
(taken when the volume fraction is less than 1023). The
figure also includes the RMS thickness and the second
moment,s . As the layer collapses the hydrodynamic thick-
ness approaches the measured span indicating the collapse
of the tail region.

4. Conclusions

We have successfully synthesised thermosensitive core–
shell particles which comprise of a silica core and a poly
(NIPAM) shell. They behave in a similar way to microgel
particles with the layer collapsing on heating as evidenced
by change in both the hydrodynamic and RMS layer
thickness.
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Fig. 4. Layer thickness as a function of temperature (PCS data).
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