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Dynamic light scattering (DLS) was performed on dilute suspensions
of colloidal particles, where the scattering intensity was minimised by
ellipsometric optics as in ellipsometric light scattering. Measurements
at minimum intensity settings are dominated by the incoherent
scattering properties, i.e. the deviations from the average scattering
properties. The observed relaxation dynamics does not vary with the
scattering angle, but depends on the wavelength 4 of the employed
light. Therefore, the process has a i-dependence beyond the
dependence included in the scattering vector. Such incoherent
ellipsometric DLS could be applied to determine the residence time
of particles in volumes with an extension comparable to 4, and to
obtain detailed information on the dynamics of complex systems
which is usually hidden by the dominating diffusive process.

The investigation of sample dynamics forms an intrinsic part of
soft matter science. Different techniques exist to probe dynamical
properties spanning decades of length- and time scales, such as
rheological measurements,' dielectric relaxation experiments,”
neutron spin echo,? fluorescence correlation spectroscopy (FCS),"
dynamic light scattering (DLS),> and nuclear magnetic resonance.®

DLS developed into a routine characterisation method for
polymers and colloids. The dominating scattering contribution in
polarised (VV) experiments is the coherent scattering contribution.
Coherent scattering is analysed in virtually all cases in routine
analytics, where the characteristic relaxation time 7 of a measured
intensity correlation function of the scattered light is related to
the diffusion coefficient D, which is, via the Stokes-Einstein
relationship, transformed into a hydrodynamic radius R}, of the
material under study. In coherent scattering, the nature of
an observed relaxational mode is shown in the dependence of

4
7 on the magnitude of the scattering vector ¢ = %sin(@ﬂ).
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The scattering angle is denoted as @, the wavelength in vacuum
by 7, while n is the refractive index at A of the solvent. The
g-dependence of 7 is usually described as a power law of the
form t oc ¢, with the characteristic exponent N. The most
prominent behaviour is N = 2, characteristic of diffusion,’
which is found in the overall majority of DLS studies. Other
values of N > 0 characterize different processes with characteristic
length scales, such as reptation, membrane fluctuations, or
internal modes.”® In contrast, in a process in which t oc ¢° the
relaxation time is independent of the length scale. While this
dominance of the diffusive process is useful for particle sizing, it
often disguises more interesting features in the dynamics of
complex systems. One possible experiment to extract further
information is depolarised (VH) DLS, which probes rotational
diffusion. Currently, DLS can only under special circumstances
probe internal modes. Suppressing the dominant coherent
scattering contribution might open a route to access shape
fluctuations of soft colloidal systems.

Even though coherent scattering dominates the total scattered
intensity in most DLS experiments, incoherent scattering is
inevitably present, which has been demonstrated experimentally.>°
An experiment measuring purely incoherent cross-correlation
functions has been applied to study sedimentation and flow in
complex fluids."®

Ellipsometric light scattering (ELS) was introduced by applying the
principles of ellipsometry to scattered light, to analyse the interface
between colloidal particles and the surrounding solution," ™ or to
analyse non-concentric core-shell particles.”® Similar measurements
of Mueller matrix elements have been used to characterise the
internal structure of algae.'® Using ELS, the coherent scattering
contribution can be selectively analysed.””*® In this work, ellipso-
metric dynamic light scattering (EDLS) is introduced.

The setup used here has been described in detail elsewhere.'®
Briefly, an ALV-3000 light scattering goniometer (ALV, Langen,
Germany), equipped with two laser sources at /1 = 633 nm and
532 nm, was modified with a polariser and a compensator before
the sample, and with a compensator and an analyser after the
sample. Scattered light was collected using a single mode
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optical fibre and fed into an actively quenched avalanche
photodiode detector (APD). The curves of static ELS reported
so far have been obtained by minimizing the intensity at the
detector at a certain scattering angle.'* %1718 1deally, e.g.
with perfectly parallel incident light and detection, monodisperse
particles, and infinitely sharp laser lines, scattered light is purely
coherent; hence it can be completely extinguished by ellipso-
metric polarisation optics. Experiments do have deviations from
idealized conditions, with a distribution of the setup and sample
parameters. Due to this distribution, an incoherent intensity
remains at the ellipsometric intensity minimum. In EDLS experi-
ments, the autocorrelation function of this residual intensity was
investigated.

The results of EDLS are compared to correlation functions
measured in VV and VH geometry. In VV scattering, the
polarisation of incident light is set perpendicular (vertical) to
the scattering plane, and only scattered light with the same
polarisation is analysed. Experimentally, this is achieved by
setting the compensator parallel to the polariser and the
analyser. For VH geometry, the incident polarisation is the
same as for VV, but on the analyser side, the polarisation is
parallel (horizontal) to the scattering plane. For additional
measurements in VH geometry at a third wavelength of
488 nm, a home-built goniometer with illumination via an
Ar' laser was used. All measurements have been performed at
T = 25 °C, unless noted otherwise. The regularization program
CONTIN was used to determine the relaxation time distribution
h(log(¢)) based on electric field correlation function g(¢),
employing a regularisation parameter « ~ 1.5 x 10~ *.'%°
The 7 of different modes are extracted as the centres of peaks
of this distribution on a logarithmic time scale.

Fig. 1 shows three field correlation functions g;(¢) obtained
at ® = 30° of a dispersion of poly(methyl methacrylate)-b-
poly(N-isopropyl acrylamide)-b-poly(ethylene glycol) (PMMA-
PNIPAM-PEG) particles in water together with the inverted
correlation functions A(t). Particle synthesis and temperature-
dependent behaviour of the particle’s shell have been described

elsewhere.""*! The VV correlation function shows a single
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Fig. 1 Example of correlation functions g4(t) (—), fits to g4(t) (- - -) from PMMA-

PNIPAM-PEG particles (W, = 8.6 x 107>, R, = (176 & 2) nm, 15 °C) and inverted
correlation functions h(t) (O, O, <) at ® = 30°, in the indicated polarisation
geometry; h(t) have been fit with overlapping Gaussian peaks (---).
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%). EDLS shows the relaxation
observed in the VV scattering only as a minor component.
Hence, the main diffusive mode in the coherent scattering
contribution is suppressed in EDLS. The main component in

process, which is diffusive (t oc ¢~

EDLS is a process that is one order of magnitude faster than the
diffusive process observed in VV scattering. The VH correlation
function shows both modes. The major component is equivalent
to the mode visible in VV scattering, and the minor component
is identical to the mode visible in EDLS. For the spherical
particles under investigation, the presence of the VV scattering
mode in the VH signal probably originates from imperfections in
the polarisation optics. The intensity extinction ratio Ky/kyv is
typically between 1 x 10™* and 5 x 10™%, i.e. ~10 times as high
as the extinction ratio of the polarisation optics without a
sample.

The observation of a fast relaxational mode in EDLS is made
in a number of samples, including different poly(styrene) [PS]
latices, which have been used for a detailed analysis of the
characteristics of the relaxational mode. A well-characterised
set of dispersions has been used here,"*'® diluted to a mass
fraction wy, whereas in VV scattering only single scattering is
observed. The g-dependence obtained from measurements
with a PS latex is shown in Fig. 2. As expected, the process in
the VV scattering shows t oc ¢~ 2 Data obtained from several .
fall on the same line in the double logarithmic plot in Fig. 2.
The second process, which is not detected in VV, but represents
the major component in EDLS, shows a dependence t oc ¢°, i.e
it is g-independent. In a plot of t" against ¢°, the slope is 0
within the error. Also included in Fig. 2 is the calculated
rotational dynamics® for the investigated spherical particles
with Ry, = 60 nm,"® which should show up in VH measurements
for particles with internal anisotropy. The differences in
g-dependence and t between measured EDLS dynamics and
rotational diffusion, as well as the A-dependence of EDLS,
exclude an interpretation of the observed dynamics on the
basis of rotational diffusion. The absence of the rotational t
in the data further indicates that here internal anisotropy
contrast does not contribute significantly to the intensity in
the ellipsometry minimum.
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Fig. 2 Dependence of t on g at the different wavelengths for a PS latex
dispersion Eur41,'® mass fraction wp, = 3.5 x 107°.
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The g-independence of the process observed in EDLS should
imply that the underlying process has no characteristic length
scale. Inconsistent with this interpretation, EDLS measurements
show a dependence on / as © oc A* with k = 1.67 + 0.04 (Fig. 2),
which is unexpected for coherent scattering.

The temperature dependence of the EDLS process between
20 °C and 32 °C for PS latices follows an Arrhenius behaviour
7 o exp(E/(RT)) (R - gas constant, T - temperature), where the
activation energy E, has been determined to be 14.3 & 1.8 k] mol .
This value is close to E, of diffusion, which is governed by E, of the
viscous flow of the surrounding water. From the viscosity of water,”
this value has been evaluated to be 15.8 & 0.3 k] mol .

The g-independent, A-dependent process has been observed
in a wide variety of samples. The fast mode was present in
all investigated aqueous dispersions. Also for micelles formed
from poly(styrene)-b-poly(isoprene) in decane, a selective solvent
for poly(isoprene), the g-independent process was observed.
The characteristics are always as displayed in Fig. 2. While at
O < 65°, the two processes are well-separated, their respective t
get closer at higher @. Consequently, it is hard to separate the
two processes at high g using CONTIN. Notwithstanding, the
resulting inverted correlation functions show a much wider peak
in EDLS compared to VV, hinting at the presence of the two
processes in EDLS. The g of intersection for the two processes is
unaffected by Ry, which shifts both 7. Though not diffusive, the
process dominating EDLS is therefore coupled to the diffusion of
particles.

In solutions of polymers and amphiphiles, g-independent
processes have been reported. For semidilute polymers in the
theta state, a g-independent structural relaxation of a transient
network has been predicted* and found.***® Density fluctuations
in highly concentrated polymer solutions are g-independent.”®*”
Triblock copolymer micelles above the overlap concentration show
a g-independent process attributed to viscoelastic properties of a
network of micelles,*® supported by theoretical arguments.> Slow,
g-independent modes have been found in sols nearing a sol-gel
transition,®® in dilute solutions of certain polymers,®* and in a
sponge phase in a 4-component system.’” The latter mode has
been attributed to a topology relaxation.** All these modes are
not supposed to show a A-dependent behaviour, though none
of these studies have investigated A-dependence. For metal
colloids, a A-dependence has been observed, attributed to
plasmon excitation.**** This mechanism can be excluded for
dielectric particles as used here.

Using a PS latex, the concentration dependence of the intensity I
of the fast process has been found to be I oc w,1**9), This result
is close to the expected dependence I oc w,' for single scattering
events, as opposed to I oc wy> for multiple scattering.®® There-
fore, multiple scattering can be ruled out as the responsible
mechanism for process dominating in EDLS. Two processes
with a similar behaviour of the g-dependence of t have been
reported and explained by multiple scattering.*®*” Agreement
with the theoretical predictions is, however, rather poor especially
because the theory predicts only one process, while experimentally
two processes have been observed. The A-dependence was not
studied there.*®
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The /-dependence cannot originate from light absorption
and associated local heating, as in this case, both the diffusive
and non-diffusive processes are expected to show a A-dependence
beyond g. Furthermore, experimental effects due to a finite laser
line width A4 or the angular smearing A@ of @ because of the
weak focussing of the incident light can be excluded. These effects
can be summarized as a smearing Ag of g. Any prediction
connected to particle diffusion ends up with ™' oc DAg* for
dimensional reasons. Since A/ « 4 and A@® « O, one gets
Agq « g, so slow dynamics results, similar to the scattering at
small @. Although such an approach can produce a g-independent
incoherent process, it cannot capture the observed fast relaxation,
which fits better to @ ~ 180°. Sample polydispersity can also be
ruled out as an origin for the observed ¢° dynamics. A large
increase in polydispersity was required to enhance slightly the
intensity in the ELS minimum,'® implying that the main source of
incoherent intensity for monodisperse samples has a different
origin. Furthermore, incoherent scattering due to sample polydis-
persity is expected to show t oc g 2, as observed e.g. in the chain
self-diffusion of block-copolymer samples.*®

For an interpretation of all observations, reflections at the
cuvette walls are considered. The superposition of 4 different
paths in Fig. 3 is similar to related problems.* Path 1 is the
desired case, where laser light is scattered towards the detector.
Paths 2-4 involve one or two reflections at the cuvette walls, and
the contribution to the detected field is reduced by a reflection
coefficient. Multiple reflections slightly change the weight of
the different light components; however, no additional propa-
gation direction is included, as long as only a single scattering
event is considered. The 4 paths in general have different
polarisation signatures when they reach the analyser. The
setting of minimum intensity of the optics corresponding to
the coherent signal is determined by the average of the 4 paths.
Overall, path 1 dominates scattering intensity, and thus mini-
mum intensity is found for a set of polarisation optics which
almost extinguishes path 1. The deviations from the average,
which constitute the incoherent signal, are of comparable
amplitude for all 4 paths. For paths 1 and 3 as well as for paths
2 and 4, the involved g are of identical magnitude, but of

[e)
&
9, 6’0@

Fig. 3 Scheme of light paths in a cuvette which contribute to the scattering at
@. The wave vectors £k, and +k, indicate the directions of the incident and the
scattered components, respectively.
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opposite direction, resulting in an overall g-independence. The
resulting interference of the 4 beam paths from scattering from
a single particle can be constructive or destructive. The situa-
tion is similar to the scattering of a particle in a standing wave.
The summed scattering signals of a particle change from bright
to dark when the particle diffuses over the distance 1/4. For the
diffusion of a particle out of a volume element with smallest
extend ~ A, T oc A% The deviation from the observed 7 oc A*¢”
might originate from neglect of re-entry or entry in neighbour
illumination volumes of the particle.

In conclusion, the main achievement of EDLS is the isola-
tion of low intensity incoherent contributions, and the almost
complete suppression of the coherent, diffusive process of the
colloidal particles. The observation of a dynamic process with a
relaxation time 7 independent of the scattering vector g but
dependent on the wavelength / is explained by the superposition
of 4 scattering contributions which superimpose due to reflection
at the cuvette walls. Future applications of EDLS are expected
in situations where information about system dynamics can be
extracted from the background after extinguishing the major
coherent component. For instance, for colloids with large poly-
dispersity, the incoherent scattering should be determined by the
polydispersity,"””'® a contribution often dominating incoherent
scattering but negligible here due to the low sample polydisper-
sity. A second application may yield data similar to FCS, where
number density fluctuations are probed.! Therefore, it is expected
that under identical conditions, both the collective and self-
diffusion coefficients could be obtained. Interesting applications
with major insight into the internal dynamics may arise from
experiments on complex systems.

The authors thank Klaus Tauer for providing samples.
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