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Novel microgel-particle colloids: the detailed characterisation of the layer
structure and chain topology of silica:poly(NIPAM) core—shell particles

N. Hattd®*, T. Cosgrové& M.J. Snowdeh

#School of Chemistry, University of Bristol, Cantock’s Close, Bristol BS8 1TS, UK
PUniversity of Greenwich, Wellington St., Woolwich, London SE18 6PF, UK

Received 26 September 1999; received in revised form 10 December 1999; accepted 13 December 1999

Abstract

A monodisperse core—shell microgel has been synthesised in which silica provides the core (average diam%)eaﬂﬁﬁﬁl&(NlPAM)
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-2480 Bat 25C,
collapsing to 600 Avhen heated to 7C. 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 t
measure the de-swelling of the layer with change in temperature and the results are compared with classical microgelcpadtles.
Elsevier Science Ltd. All rights reserved.
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1. Introduction the core and is located in a thin shell at the surface,

providing a means of fixing the gel layer. They observed
Poly-N-isopropylacrylamide (poly(NIPAM)) is a water a change in layer thickness from 320iA the swollen

soluble polymer which can form monodisperse colloidal state at 25C to 180 A after shrinking by a continuous

microgel particles [1-3] when synthesised using surfac- volume transition.

tant-free emulsion polymerisation. A microgel particle isa  SANS has been used previously to study the collapse of

cross-linked latex particle which is swollen in a good microgels and microgel structure by fitting the gel structure

solvent, and much work has been focused on the preparatiorto a Porod Law—Lorentzian combination. The parameter of

and properties of poly(NIPAM) microgels [4,5]. These interestis the correlation length, which is a measure of the

microgels are swollen at room temperature, but being ther- size of the cross-linked regions. Mears et al. [15] reported a

mosensitive, the microgel particles collapse as the tempera-value of¢ as 18 ‘Afor their microgel particles which had a

ture is increased above ¥2 [6,7] (the Lower Critical hydrodynamic diameter of 1440.An this paper we exam-

Solution Temperature—LCST). Thermally induced de- ine thermosensitive core—shell particles which comprise of

swelling also occurs for poly(NIPAM) macrogels [8]. The a silica core and a poly(NIPAM) shell and compare our

growth mechanism within the microgel particles results in a results to classical microgel particles.

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 2. Experimental

(NIPAM) microgel layer or anchored cross-linked poly

(NIPAM) chains, have previously been prepared [10—14]. 2.1. Sample preparation

Dingenouts et al. [14] investigated the volume transition in

PS- core(800 Mpoly(NIPAM)-shell particles using small- The water used throughout this synthesis was purified

angle X-ray scattering (SAXS). In that system, a small usingion exchange (MilliQ—Millipore). The silica particles

amount of poly(NIPAM) is included in the synthesis of were synthesised “in house” using the Stober method [16].
108 ml of tetraethyloxysilicate (Aldrich) was added quickly
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b“. - 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 A'. A scattering length density, sld of
3.73x 10 * A% was obtained for the bare silica particles
by making scattering measurements at differep®Ipi,0
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-
Fig. 1. TEM of silica particles coated with poly(NIPAM) “(photograph  matical functions which describe the volume fraction of the
supplied)”. gel layer. The analysis was carried out using the equations
developed by Crowley [18,19] and the data was fitted using

24 h. A 1% dispersion of the resulting silica was dialysed & non-linear least-squares analysis [18,20]. The scattering
against MilliQ water, and then used as a seed for the subsefrom the layer(Q)ee, is given by Eq. (1):

quent emulsion polymerisation of the cross-linked polymer
microgel. The emulsion polymerisation was carried outin a 1(Q), = >
500 mL round-bottomed flask fitted with a reflux condenser, Q%o
a stirrer and a nitrogen supply. The initiator, potassium )
persulphate (Aldrich), was dissolved in 400 ml of the 1% \yhere #(@2) is the volume fraction of the polymer at a
silica dispersion which had been degassed and heated 1Qjistancez normal to the surface artds the maximum extent
70°C in an oil bathN-isopropylacrylamide anbl,N-methy- of the layer.s, is the volume fraction of the particles, is
lenebisacrylamide (Aldrich) were dissolved in 100 ml of the ihe radius of the particleps andp, are the scattering length
1% silica dispersion at room temperature. This solution was yensities of the solvent and layer, respectively. is the
then added to the reaction flask. The reaction was allowed t0scattering due to the incoherent backgrourid the scatter-
proceed for 6 h at €. The oil bath was then switched off, g que to spatial concentration fluctuations within the layer.
and the reaction mixture allowed to cool overnight. Nitro- Qis the momentum transfer vector of the neutrons, which is

gen was passed over the reaction mixture for the duration. .g|ated to the scattering angl&)and the wavelength of
The core—shell particles were centrifuged several times atine neutrons by:

8000 rpm for 30 min. The particles were then re-dispersed

S a4 \ . (O

in MilliQ water. Q= (_) sm(—) )
The final dispersion had a volume fraction of 1.33% with ™ 2

respect to the silica particles which was obtained through a

series of dry weight analyses.

6mlpe — p) "¢y ﬁ) H2exp(iQ2) d21 Hline + T

For an adsorbed homopolymer layer, the fluctuations would
be expected to vary afQ) ~ Q ¥3 [21]. It was not

however possible to fit these with a fluctuation term and
2.2. Techniques the results presented had ignored this contribution. This is
an approximation, but as the data scatter very strongly at

The hydrodynamic radius of the core—shell particles was low Q, this approach is not unreasonable

measured using a Malvern Zetasizer 1000 spectrometer,
which uses a laser that operates at 6330’Ae measure-
ments were made over a temperature range of 258565 3. Results and discussion

The transmission electron micrographs were obtained
using a Phillips EM430 operating at 250 kV. The samples  Fig. 1 shows an electron micrograph of the microgel
were placed on copper grids, which had graphite-supporting particles. Inevitably, particle coalescence occurs when the
films. Excess water was removed with a tissue and the sample is dried onto the supporting grid, but a gel layer is
sample then left to dry in air for a few minutes. still very much in evidence. An approximate indication of
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Fig. 2. Scattering from poly(NIPAM) layer at 40 plus fits and profiles.
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the thickness of the totally collapsed gel layer can be sld to the solvent mixture. The data has a pronour@eti
obtained from the electron micrograph, and gave an approx-structure at higlQ with a tendency to a lowep dependence

imate thickness of 122 5 A. This would correspond to an

adsorbed amounf () of 154 + 1.0 mgm?.

at low Q.

This is clearly indicative of a very thick layer with
Fig. 2 shows the intensity data obtained from the SANS virtually no surface Guinier regime [18,19]. The data were
experiments carried out when the silica core was matched infitted with exponential and Gaussian models for the volume
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Fig. 3. Layer profiles as a function of temperature (Gaussian profiles).
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Fig. 4. Layer thickness as a function of temperature (PCS data).

fraction profile of the layer using Eq. (1). Fig. 2 shows the 4. Conclusions
fits obtained by these two functional forms and the resulting
profiles. Of the two functions used to fit the data the expo- We have successfully synthesised thermosensitive core—
nential yielded the best fit with the lowegt parameter. A shell particles which comprise of a silica core and a poly
physically adsorbed layer is also best characterised using ar(NIPAM) shell. They behave in a similar way to microgel
exponential function. The layer however, is quite dense with particles with the layer collapsing on heating as evidenced
an average volume fraction of 19% and an RMS layer thick- by change in both the hydrodynamic and RMS layer
ness of 400- 18 A. An adsorbed amountl{) of 14 + thickness.
1.0 mgm? was found by fitting the scattering from the
layer at 80C. These values are much greater than one
would obtain simply from an adsorbed homopolymer. The Acknowledgements
value for the collapsed layer was used to fit the data for the )
other temperatures. The authors gratefully acknowledge Dr S. Davies,

Fig. 3 shows the subsequent exponential profiles of the Schlumberger, and the EPSRC (UK) for the financial
layer as the temperature is increased. The layer thickness$SUPPOrt of a CASE award, and the EPSRC (UK) for beam
varies most on traversing the LCST (83, with very litle ~ time at ISIS. We also thank Dr S. King (Rutherford
change occurring with further heating, especially from 60 to APPleton Laboratories, Didcot, UK).
80°C. The volume fraction increases at the silica surface as
the layer collapses, but at 8 the collapsed layer still
contains as much as 60% water [22].

Fig. 4 shows the hydrodynamic Iaye_r thickness as a [1] Baker WO. Ind Engng Chem 1949:41:511.
function of temperature, obtained using PCS. These |5 staudinger H, Husemann E. Ber 1935:54:73.
measurements give a greater layer thickness compared [3] Schild HG. Prog Polym Sci 1772;17:163.
to the profiles in Fig. 3, as the diffusion of the gel/particle is  [4] Murray MJ, Snowden MJ. Adv Colloid Interface Sci 1995;54:73.
determined by the longest tails evident in the layer structure: [5] Saunders BR, Vincent B. Adv Colloid Interface Sci 1999;80:1.
these are too dilute to be detected by SANS. The PCS [© Eggghs-;l:s' Pelton HM, Morphesis A, Rowell RL. Langmuir
measurements do however follow the same trend, and (7] spibayama M, Tanaka T. Adv Polym Sci 1993:1:109.
collapse to roughly the span of the volume fraction profile [8] Shibayama M, Tanaka T. J Chem Phys 1992;9:6829.
(taken when the volume fraction is less than 30 The [9] Wu X, Pelton RH, Hameilec AE, Woods D, McPhee W. Colloid
figure also includes the RMS thickness and the second  Polym Sci1994;272:467.
moment,o. As the layer collapses the hydrodynamic thick- [10] Kiminta OMD, Luckham PF, Lenon S. Polymer 1995;25:4827.

R E‘Ll] Makino K, Yamamoto S, Fujimoto K, Kawaguchi H, Oshima HJ. J
ness approaches the measured span indicating the collapse ~ cgoid Interface Sci 1994:166:251.

of the tail region. [12] Okubo M, Ahmad H. Colloid Polym Sci 1996;274:112.
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