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particle concentration, a fundamental understanding of their mu-

tual interplay is essential. In this paper we report on the syn-

thesis and characterization of an aqueous system, which allows

a systematic variation of the static interactions and at the same

time enables the study of the near-wall dynamics of particles at

arbitrary concentrations.

For experimental purposes, interfaces between transparent

solids and a liquid phase are convenient, since in this case, the

near-wall dynamics of colloidal particles can be investigated by

evanescent wave dynamic light scattering (EWDLS). This tech-

nique was first devised by Lan et. al in 198628, and has been

advanced constantly since then. The principle is as follows: An

evanescent wave is created as an illumination source when a

laser beam is totally reflected off a glass-solution interface; parti-

cles, which are located within this illumination profile will scat-

ter light, which is then collected by a detecting unit and passed

down to a correlator to generate the intensity correlation func-

tion. The penetration depth of the evanescent wave can be tuned

by varying the incident angle of the laser beam. Being a light

scattering technique in essence, EWDLS is most suited to the mea-

surement of particles within a radius range around 100 nm, and

at the same time provides good statistics. Modern instrumen-

tation has made it possible to independently vary the scattering

vector components parallel, Q‖, and normal, Q⊥, to the inter-

face and hence to distinguish between the anisotropic diffusivity

of colloids parallel and perpendicular to the interface experimen-

tally15. EWDLS has also been employed to study the rotational

diffusion of optically anisotropic particles 29, to probe the particle

dynamics at liquid-liquid interfaces 30, and to measure the near-

wall velocity profile of a streaming suspension with a resolution

of tens of nanometers31. The near-wall dynamics of colloidal hard

spheres dispersed in an organic solvent have been systematically

studied over a broad range of volume fractions 16,17. In the lat-

est endeavor, experimental data were thoroughly compared with

theoretical predictions based on a virial approximation and simu-

lation results32 where excellent agreement has been achieved18.

This agreement between experiments and theory has provided a

framework for the understanding of near-wall dynamics in gen-

eral, and paved the way for the study of more complex systems.

Despite its high potential, EWDLS has not been employed

to study the near-wall dynamics of particles in aqueous solu-

tion, except for very dilute suspensions. The main challenge

is to find a suitable aqueous model system, which is monodis-

perse and can be refractive index-matched to the aqueous sol-

vent to avoid multiple scattering. To this end, the fluorinated

monomer 2,2,3,3,4,4,4-heptafluorobutyl methacrylate (FBMA)

has been successfully used to synthesize monodisperse particles

with a low refractive index via emulsion polymerization and the

system was shown to form well-ordered crystalline colloidal ar-

rays33. Further effort has led to the production of FBMA particles

with radii between 50 nm to 700 nm34. However, such particles

are susceptible to irreversible aggregation upon salt addition or

under compression by centrifugation, as they are solely stabilized

through electrostatic repulsion (ER) in aqueous solution. This

would bring great difficulty into volume variation and interaction

tuning, which is essential for the study of near-wall dynamics in

dense suspensions. This situation calls for a more robust aque-

ous model system. The first attempt in this direction was made

by Wiemann et al, who designed a core-shell system with a flu-

oroacrylate core and a poly(ethylene glycol) (PEG) surface layer,

for the study of glass transition and re-entry behaviour 35. These

so-called PEGylated particles are sterically stabilized in aqueous

solution by the PEG layer, and were shown to be stable against

compression up to a particle volume fraction of 69% and high salt

concentrations. Continued effort has made it possible to synthe-

size particles with a single and well-defined PEG layer 36. More-

over, this system bridges fundamental research to life science ap-

plication, as PEG is a biocompatible material and e. g. PEGylation

has already been widely used for drug delivery applications37,38.

In this paper we show that PEGylated FBMA particles are an

interesting model system for the study of near-wall dynamics

in aqueous solution for several reasons. First of all, they ful-

fill the requirements of being monodisperse, iso-refractive with

aqueous solvents and stable, which ensures reliable EWDLS mea-

surements; secondly, they are highly versatile, as their interac-

tions can be tuned by varying the PEG chain length, the solvent

composition, and salt concentrations where the PEG-layer should

ensure colloidal stability even at high salt concentration. We de-

scribe the synthesis of the particles by emulsion polymerization

and their bulk characterization, by cryo transmission electron mi-

croscopy (cryo-TEM) and light scattering. Finally we show that

the near-wall dynamics of this model system is in very good agree-

ment with current theoretical predictions for low particle volume

fractions. However, due to the long range particle-particle inter-

actions and those between the particles and the wall, the effect

of increased concentration on the particles’ near-wall dynamics

is much more pronounced than for suspensions of colloidal hard

spheres.

2 Experimental

2.1 Materials and synthesis

2.1.1 Materials

The fluorinated monomer 2,2,3,3,4,4,4-heptafluorobutyl

methacrylate (HFBMA, 97%) was purchased from Alfa Aesar.

Prior to use, the inhibitor hydroquinone was removed by washing

the monomer three times with a 5% NaOH (w/v) solution.

The macromonomer methoxy poly(ethylene glycol) acrylate

with a molecular weight of Mn = 950g/mol was purchased

from Sigma-Aldrich. To remove the inhibitor from the PEG

macromonomer, it was dissolved in water and passed through
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an inhibitor remover packed column (CAS, Sigma-Aldrich).

Dimethylsulfoxide (DMSO) was purchased from Merck. The

initiator, potassium peroxodisulfate (K2S2O8), was obtained

from Sigma-Aldrich.

2.1.2 Synthesis

The PEGylated fluorinated particles were prepared by surfactant

free emulsion polymerization, following the procedure given in

reference36. In a typical synthesis, 1000 ml H2O are deoxy-

genated three times in a 3L three-necked round bottom flask by

firstly applying a vacuum and afterwards flooding with nitrogen.

After deoxygenation, 34.9091 g (130 mmol) HFBMA and 69.7 ml

of an acryl-PEG solution (10 g dissolved in 100 ml water; 6.97

g; 7.34 mmol) were added under inert gas countercurrent. The

emulsion was heated to 70◦C under reflux cooling, and vigorous

stirring (we used a magnetic stirrer bar which was driven by a

motor with a nominal speed of 310 rpm). After 1 hour of ho-

mogenization the stirring speed is reduced to nominally 150 rpm

and an adapter for a PTFE tube is added to the flask. A solution

of 301 mg (1.1 mmol) K2S2O8 in 10 ml H2O and is added with

a syringe pump through the PTFE tube to the reaction mixture

within 20 min. After the injection is finished the reaction mixture

turns turbid with a bluish colour. The input adapter is removed

and the reaction is allowed to proceed for twenty hours. After

cooling, the mixture is filtered through a Büchner funnel. To re-

move any remaining starting material, the dispersion is dialyzed

for 7 days against deionized water from a Milli-Q water purifica-

tion system with a resistivity of 18.2MΩ/cm, changing the water

twice a day. The solid content of the dialyzed dispersion was de-

termined gravimetrically by drying three 1 mL aliquots at 100oC

under reduced pressure, weighing the solid remainder and calcu-

lating the average solid content.

2.2 Bulk characterization methods

2.2.1 Static and dynamic light scattering

The light-scattering measurements were performed on a commer-

cial instrument by ALV-Laservertriebsgesellschaft (Langen, Ger-

many) which is equipped with a HeNe Laser as a light source,

an automated attenuator device, a Perkin Elmer avalanche diode

and an ALV-6000 multiple tau digital correlator. Time-averaged

static scattering intensities were obtained by measuring count

rates of the diode and correcting them for attenuator transmis-

sion, scattering volume and solvent background. Furthermore,

the scattering curves were normalized, using Toluene as a refer-

ence and dividing out the particle concentration. Static intensi-

ties were recorded in an angular range between 30◦ and 120◦

with an increment of two degrees. Time auto correlation func-

tions of the scattered intensity g2(Q, t) were recorded in a range

of scattering angles 30◦ ≤ θ ≤ 120◦ in steps of ten degree. Here

Q = 4πnS sin (θ/2)/λ0 is the scattering vector with nS the re-

fractive index of the solution and λ0 the vacuum wave length of

the laser. To determine the diffusion constant of the particles, D0,

and their polydispersity index, U , a cumulant analysis of the cor-

relation functions was performed. The particles’ hydrodynamic

radius, RH , was calculated via the Stokes-Einstein relation, using

the appropriate solvent viscosity.

2.2.2 Cryo transmission electron microscopy: cryo-TEM

Transmission cryo electron microscopy (cryo-TEM) was used to

evaluate the morphology and size of the colloidal particles. 3µL

of a solution was applied on a hydrophilic Quantifoil TEM grid.

In order to obtain a thin vitreous ice layer, the excess of solu-

tion was blotted for 2.5 seconds with a filter paper and the grid

was plunged into liquid ethane in a FEI Vitrobot. The specimen

was maintained at a temperature of approximately -196◦C us-

ing a cryo holder. Bright field TEM images were acquired on

a FEI Spirit TEM operated at 120 kV. Since conventional TEM

images correspond to two-dimensional (2D) projections of three-

dimensional (3D) objects, electron tomography was performed to

investigate the morphology of the colloidal particles. A series of

2D projections was acquired while tilting the specimen around an

axis perpendicular to the electron beam over the range from -65◦

to 60◦ with an increment of 5◦. After alignment, the 2D images

were reconstructed by the Simultaneous Iterative Reconstruction

Technique (SIRT) algorithm in the Astra Toolbox39.

2.3 Evanescent wave dynamic light scattering

2.3.1 EWDLS set-up

EWDLS experiments were performed with an instrument built in

house, based on a triple axis diffractometer by Huber Diffraktion-

stechnik, Rimsting, Germany, which has been described in detail

elsewhere15. The setup is equipped with a frequency doubled

Nd/Yag Laser (Excelsior; Spectra Physics) with a vacuum wave-

length of λ0 = 532 nm and a nominal power output of 300 mW

as a light source. Scattered light is collected with an optical en-

hancer system by ALV Lasververtriebsgesellschaft, Langen, Ger-

many, and fed into two avalanche photo diodes by Perkin Elmer

via an ALV fiber splitter. The TTL signals of the diodes are cross-

correlated in time using an ALV-6000 multiple tau correlator. The

scattering geometry and the definition of the scattering vector and

its components parallel and normal to the interface are sketched

in Fig. 1. The sample cell (custom-made by Hellma GmbH, Müll-

heim, Germany) consists of a hemispherical lens as the bottom

part, made of SF10 glass, with an index of refraction n1 = 1.736

at λ0 = 532 nm. The suspension of FBMA particles is contained

in a hemispherical dome which covers the lens from the top. The

incident beam is reflected off the interface between the semi-

spherical lens and the suspension, which is considered to be a

flat wall. The resulting evanescent wave, which extends into the

particle suspension is used as the illumination for the scattering
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