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Application note

Dilute and concentrated microgel suspensions
studied by 3-D cross-correlation techniques

Prepared for LS Instruments by J.]. Lietor-Santos, B. Sierra-Martin and A. Fernandez-
Nieves of the School of Physics, Georgia Institute of Technology, February, 2009.

Introduction

Gel particles are cross-linked polymeric structures that undergo a volume transition upon change of
external stimuli [1], including temperature [2], pH [3], external pressure [4] or radiation [5]. Mi-
crogel particles are gels in the colloidal domain, and as a result their properties can be determined
using light scattering [6], microscopy [7] and rheology [8]. In addition, due to their smaller size
compared to macroscopic gels, they exhibit a fast respond to changes in external stimuli, making
them suitable for many technological applications [9].

Microgels are soft particles that are able to deform and shrink at either high packings or under ex-
ternal flows or shear. This remarkable property has a profound influence over their phase behavior
[10] and rheological properties [11], emphasizing the differences with hard-sphere-like colloids
[12]. A clear example of this distinctive behavior results from considering the maximum packing of
hard spheres in a random fashion, which corresponds to a volume fraction of 0.64. If crystallization
is allowed, the maximum packing fraction raises to 0.74, which corresponds to a FCC or HCP ar-
rangement. By contrast, when microgel particles are driven to high packing concentrations, they
start to deform and, thus, it is possible to keep concentrating the system up to volume fractions of
1. But you can still introduce more particles in the system to hypothetically raise the volume frac-
tion above 1; of course, this corresponds to de-swelling of the particles caused by the steric repul-
sion with other particles.

To better understand the behavior of microgel particles in these high-concentration regimes, we use
light and neutron scattering. From the mean intensity or the correlation of the scattered radiation,
one can learn structural and dynamical aspects of the sample probed. The main drawback of the
scattering technique comes from the restriction of the theory to simple scattering events. The pres-
ence of some multiple scattering in the system can dramatically alter the final result, complicating
the interpretation of the data. In the case of neutron scattering, the properties of the solvent can be
tuned to change the optical contrast in order to avoid multiple scattering events. In addition, since
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in many occasions scattering occurs due to neutron-nucleus interactions, even very high concentra-
tions can be probed under simple scattering conditions. For light, however, this is not the case and
already scattering from samples with very low concentrations often contains both simple and multi-
ple scattering contributions.

Here we use auto- and cross-correlation schemes to study the dynamics of dilute and concentrated
microgel suspensions. In particular, we use the so-called 3D correlation set-up and use the 3D DLS
equipment from LS Instruments. As with other cross-correlation techniques the idea is to perform
two independent scattering experiments at the same time with the same scattering wave vector, (
[13]. In this case, the contributions coming from multiple scattering events do not contribute to the
cross-correlation and only affect the value of the background signal, thus allowing the extraction of
single scattering.

Experimental results:

One of the experimental systems we use is based on N-Isopropylacrilamide (NIPAM) copolymerized
with a 5% concentration of acrylic acid (Acc) and a 2% concentration of cross-linker. This particular
combination of monomers allows us to vary the particle size by changing the pH and the tempera-
ture.

We determine the size of these PNIPAM-based particles as a function of temperature T, by measur-

ing the intensity correlation function, ¢,(t), which we convert into the dynamic structure factor,

0:(t), using the Siegert relation [6]. Since we use dilute particle concentrations in these experi-

ments, there are no interparticle interactions and g, (t) =e"qut [6], where D is the diffusion coeffi-

cient of the particle and
q= %sin(@/m,

with A the wavelength of the light in vacuum, n the refractive index of the medium and 6 the scat-
tering angle. We observe that g,(t) is indeed an exponential function of time, as shown by the fit in
Fig. 1(a), which we use to obtain D, which we further employ to calculate the particle radius a, from
the Stokes-Einstein relation,

k,T

D= /
67 a

the resultant size-temperature curve is shown in Fig. 1(b).

As expected for any PNIPAM-based system, a temperature increase results in particle de-swelling.
The transition temperature is higher than that typically observed for pure PNIPAM microgels, which
we attribute to the ionic content provided by Acc; this ionic contribution raises the osmotic pressure
demanding a higher temperature in order to induce the particle de-swelling [14]. We emphasize
that despite the particle concentration is low in these experiments, there are important contribu-
tions from multiple scattering; we thus performed these measurements using cross-correlation to
extract the simple scattering from these samples [15]. We also use microgel particles based on
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vinyl-pyridine (VP). These microgels are ionic in nature, as VP ionizes at low enough pH. We choose
this experimental system to elucidate the role played by the elasticity of the individual particle in
the macroscopic behavior of the suspension;
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Fig. 1: (a) Dynamic structure factor obtained in cross-correlation for a dilute suspension of
NIPAM-based particles at T=31°C and pH=5.5. The red line is an exponential fit. (b) Microgel
size as a function of temperature.

this requires the knowledge of the single-particle elasticity. To address this, we use dextrans and
monitor how the microgel particle de-swells as a function of dextran concentration, which we know
corresponds to a certain osmotic pressure [17].

We first characterize the dextran solution at different concentrations by determining g;(t) using
pseudo cross-correlation [16]. For these suspensions, there is no multiple scattering since the
microgel particles are highly swollen, implying there is a small refractive index mismatch between
the particles and the solvent. We find there are two decays at widely separated time scales, as
shown in Fig. 2(a); this is consistent with previous studies on a similar system [18]. As a result, we
fit our data to a double exponential of the form:

0,() = A " + Agge ™

fast

where Ag,, and Aqg are the amplitudes of the slow and the fast modes, respectively, and I'g,, and
I'se @re the corresponding relaxation frequencies. This model correctly describes our data, as shown
in Fig. 2(b), where we plot g;(t), as well as the slow and fast modes contributing to gi(t).

We then measure the dynamic structure factor of a microgel suspension in the presence of certain
dextran concentration, as shown in Fig. 3(a) for a microgel concentration of 0.02% by weight.
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Fig. 2: (a) Dynamic structure factor of a dextran solution at different concentrations. (b) Ex-
perimental fit using the superposition of two exponential functions, which correspond to the
fast and slow decays observed.

In this case, it suffices to perform autocorrelation experiments, as there is also negligible multiple
scattering; this, however, restricts the lowest accessible time scales to those above the times asso-
ciated to detector afterpulsing. The influence of the dextrans to the field correlation function of the
microgel suspension is evident.
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Fig. 3: (a) Dynamic structure factor obtained using auto-correlation for VP microgels in the
presence of certain dextran concentration. The microgel concentration is 0.02% by weight. (b)
Experimental fit of the data based on the superposition of three exponential functions, which
correspond to the slow and fast modes of the dextran solution and to the diffusion of the mi-
crogel particles. Since the amplitude of the slow mode of the dextran solution is much smaller
than that of the microgel particles, this contribution is not shown.
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While in the absence of dextrans, ¢i(t) is characterized by a single exponential decay,at higher dex-

tran concentrations, gi(t) is characterized by two decays. In order to estimate the relaxation fre-
quency associated to the microgel diffusion, we fit g;(t) to a triple exponential form:

] gt 1 T st —get
gl(t):Aslowe ° +Afaste ® +Angele o

where the first two modes correspond to the dextran solution, and the third mode corresponds to
the microgel suspension. In the fit, we fix the relaxation frequencies of the dextran at a given con-
centration, while leaving the amplitudes and the relaxation frequency of the microgel suspensions
as free parameters. Our model correctly describes the experimental result, as shown in Fig. 3(b).
From the fitted I'ng, We calculate the diffusion coefficient and thus the particle radius.
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Fig. 4: (a) Dynamic structure factor obtained in cross-correlation for a highly dense microgel
suspension (25.8% by weight). (b) Blow-up of the initial decay.

By determining a as a function of osmotic pressure, which corresponds to certain dextran concen-
tration, we can estimate the particle bulk modulus [19]. We emphasize that this is only done in
situation where Ange >> 4’04, Where we are certain that the slow decay is essentially dominated by
the diffusion of the microgel particle. Using these microgels, we have recently started to explore the
suspension dynamics at extremely high packings, which we can achieve due the ultrasoft character
of these particles. In these experiments, we use cross-correlation in order to extract simple
scattering from these multiply scattering samples. Interestingly, we find that despite the very high
concentratiorfused, these suspensions still are able to relax, asltonfirmed by the final relaxation of
g:(t) shown in Fig. 4(a), which corresponds to a system at a concentration of 25.8% by weight. A
closer look to the initial stages shows that there is also a faster relaxation, as shown in Fig. 4(b). By
combining single-particle and suspension measurements, we hope to increase our current
understanding of the behavior of dense microgel suspensions.
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