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In the case where the spherical particle’s radius is in the order of the Debye length, one has to consider 
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The effect of morphology and particle–wall
interaction on colloidal near-wall dynamics†
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c

Pia Ruckdeschel,d Markus Retsch, d Maciej Lisicki e and Peter R. Lang *a

We investigated the near-wall Brownian dynamics of different types of colloidal particles with a typical

size in the 100 nm range using evanescent wave dynamic light scattering (EWDLS). In detail we studied

dilute suspensions of silica spheres and shells with a smooth surface and silica particles with controlled

surface roughness. While the near wall dynamics of the particle with a smooth surface differ only slightly

from the theoretical prediction for hard sphere colloids, the rough particles diffuse significantly slower.

We analysed the experimental data by comparison with model calculations and suggest that the

deviating dynamics of the rough particles are not due to increased hydrodynamic interaction with the

wall. Rather, the particle roughness significantly changes their DLVO interaction with the wall, which in

turn affects their diffusion.

1 Introduction

The low Reynolds-number dynamics of particles near a flat

interface is generally slower than in bulk and directionally

anisotropic due to an increased flow resistance caused by

hydrodynamic interaction between particles and the interface.

The first theoretical investigations of this effect date back to the

early twentieth century,1,2 while the first experimental

verifications3 only became available in the 1980s. With the

modern microscopy and evanescent wave scattering

methods4 that are now available, there have been numerous

investigations of colloidal dynamics in the ultimate vicinity of

glass surfaces during the last three decades.5–20 With a few

exceptions,7,8,18 in most of these investigations, data-analysis

and interpretation is based on the assumption of particles with

smooth surfaces and no static interaction with the wall other

than excluded volume. Similarly, in most studies concerning

static particle–particle or particle–wall interactions, flat and

homogeneous surfaces are assumed.21–24 Only since synthesis

methods have been available, which allow the batch production

of particles with controlled surface roughness,25–27 have

systematic studies on the effect of particle roughness become

possible.

The rheological behaviour and particle deposition on various

kinds of surfaces have been intensively investigated. It was found

that in suspensions of rough particles the onset of discontinuous

shear thickening is shifted towards lower volume fractions and

critical stresses as compared to particles with smooth

surfaces.26,28,29 This effect is commonly attributed to additional

tangential stresses caused by hydrodynamic interaction or solid

contacts of asperities. The deviation between experientially

observed particle deposition rates and values predicted assuming

DLVO interaction between bodies with smooth surfaces has been

attributed to the neglect of roughness for a long time. Analytical

expressions for the interaction potential between rough particles

are not available, but simulations suggest that the stabilization

barrier of DLVO potentials is significantly reduced by surface

roughness.30,31 An analytical approximation for the interaction

energy between a rough particle and a flat surface was given by

Suresh et al.32 and verified by total internal reflection microscopy

experiments.33 Jin et al.34 provided the first numerical model for

particle deposition including the impact of surface roughness,

merging modified expressions for DLVO interactions between

rough surfaces and hydrodynamic interaction.

So-called hairy colloids, i.e. core–shell particles consisting of

a hard particle core carrying polymer brushes, may be regarded

as a limiting case of rough particles with extremely pointed

asperities and high surface coverage. However, such particles

show a qualitatively different rheology, e.g., the presence of the

brushes suppresses shear thickening.35,36 This is attributed to

the fact that the brush behaves like a porous shell, reducing the

flow resistance as compared to a compact sphere with the same

outer radius. The hydrodynamics of such particles can be

described by invoking a hydrodynamic penetration length
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which reduces the effective hydrodynamic radius to a value

smaller than the outer radius of the core shell particle.37–39 The

same concept can be generally applied to flows past rough

surfaces at low Reynolds numbers.8,40,41 Consequently, rough

particles and porous shell particles are expected to show faster

near-wall dynamics as compared to smooth particles with the

same outer radius.

In our investigation we employed full spherical particles

with a smooth surface, micro-porous spherical shells and

spherical particles with surface roughness to test this prediction.

We used evanescent wave dynamic light scattering (EWDLS)

experiments supported by numerical model calculations to study

the Brownian particle dynamics parallel to a flat glass wall. After

a thorough introduction to the materials and methods in Section

2 and the numerical model in Section 3, we discuss our findings

in Section 4.

2 Experimental
2.1 Materials

We investigated three different types of silica particles, namely

standard spheres with a smooth surface (SSi), spherical hollow

shells (HSi) and spheres with controlled surface roughness (RSi).

The HSi particles were synthesized in a three-step procedure

consisting of the synthesis of a monodisperse polystyrene latex

core by emulsifier-free emulsion polymerisation which was

covered by a silica shell applying a Stöber synthesis protocol.

After purification and drying the resulting core–shell particles

were calcined to burn off the core. The RSi were produced

through hetero-aggregation of small particles onto the surface

of a large core. Here we used a combination of particles of

150 nm and 8 nm in diameter. In a second step, a smoothing

layer was applied to adjust the height of the asperities. The

coverage of the RSi was determined by the number ratio of core

and asperity particles. The roughness was controlled by adjusting

the thickness of the smoothing layer, which also prevents the

detachment of asperity particles. Here we applied a 5 nm thick

smoothing layer. The synthesis routes to these particles are

described in the literature for the HSi42 and RSi,25,28 while the

SSi are the same as the large particles used in the first step of the

two-step procedure leading to the RSi.

All colloids were suspended either in pure (Mili-Q grade) water

which has an approximate electrolyte concentration of cS E

10�5 mol L�1 due to carbon dioxide absorption, corresponding

to a Debye screening length of lD
�1

E 100 nm. At larger

electrolyte concentrations, all types of particles would aggregate

inevitably. To exclude distortions and misinterpretation of

evanescent wave DLS data by the formation of aggregates over

the experiment duration and their preferred sedimentation, all

samples were characterized by bulk DLS before and after the

EWDLS experiments. In no case did we find variations of the

hydrodynamic radius, beyond experimental error. Prior to DLS

and EWDLSmeasurements, all sample solutions were centrifuged

at 800 rpm for about 16 hours to spin down dust and potential

aggregates as far as possible.

The particle size parameters and their standard deviations

measured with different methods are listed in Table 1.

2.2 Methods

2.2.1 Static and dynamic light scattering. Static (SLS) and

dynamic (DLS) light-scattering experiments in bulk were performed

on a commercial instrument by ALV-Laservertriebsgesellschaft

(Langen, Germany), equipped with a 632.8 nm HeNe Laser as the

light source, an automated attenuation system, a PerkinElmer

avalanche diode and an ALV-6000 correlator. Static scattering

intensities I(Q) were obtained over an angular range from 16 to

150 degrees, by measuring diode count rates which were corrected

for attenuation, and scattering volume. Experimental particle

form factors, P(Q) were determined by normalizing the scattered

intensities with the intensity at zero angle which was obtained by

extrapolation. Time auto-correlation functions of the scattered

intensity g2(Q, t) were recorded in a range of scattering angles 201

r y r 1501 in steps of five degrees. Here the scattering vector is

Q = 4pnS sin(y/2)/l0 with the solvent refractive index, nS, and the

laser vacuum wavelength l0. To determine the particles’ Stokes–

Einstein diffusion coefficient, D0, the initial slope of the correlation

function G = �D0Q
2 was identified by a non-linear least squares fit

to a stretched exponential and plotted vs. Q2. The initial slope of

this representation is 2D0. The particles’ hydrodynamic radii, hRHi,

were calculated via the Stokes–Einstein relation, hRHi = kBT/6pZhD0i

using T = 293 K and Z = 1.0 mPa s for the solvent viscosity, where

kBT is the thermal energy unit. It is understood that for poly-

disperse samples hRHi is the z-average of the radius distribution

and hD0i is the corresponding averaged diffusion coefficient.

2.2.2 Cryo transmission electron microscopy: cryo-TEM.

Bright field TEM images were acquired on a ThermoFisher

Tecnai Osiris TEM operated at 200 kV. Mean particle radii

hRiTEM and relative standard deviations s were determined by

averaging over 100 particles at minimum. Since conventional

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

three-dimensional (3D) objects, electron tomography in high

angle annular dark field scanning transmission electron micro-

scopy mode was performed to investigate the morphology of

the colloidal particles.43 A series of 2D projections was acquired

Table 1 Particle sizes and relative standard deviations determined by
different methods. hRHi: hydrodynamic radius measured by DLS; hRGi,
hRiSLS, hRCiSLS: radius of gyration, particle outer radius and core radius
determined by SLS; hRiTEM, hRCiTEM: particle outer radius and core radius
determined by electron microscopy. All size parameters are given in units
of nm and relative standard deviations sSLS, sTEM refer to the line
above them

Particle type Smooth, full silica Hollow silica Rough silica

Acronym SSi HSi RSi

hRHi 77 154 86
hRGi 55 (176) 74
hRiSLS 69 142 —
sSLS 0.05 0.02 —
hRCiSLS — 128 —
hRiTEM 65 142 65
sTEM 0.08 0.03 0.15
hRCiTEM — 132 —
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while tilting the specimen around an axis perpendicular to the

electron beam over the range from �72 to 72 with an increment

of 3 degrees. After cross correlation alignment, the 2D images

were reconstructed by Expectation Maximization.44

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 Diffraktionstechnik, Rimsting, Germany,

which has been described in detail elsewhere.14 A frequency

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

wavelength of l0 = 532 nm and a nominal power output of

300 mW is used as a light source. 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, Müllheim, Germany) consists of

a hemispherical lens as the bottom part, made of SF10 glass, with

an index of refraction n1 = 1.736 at the used wavelength. The lens

is covered by a hemispherical dome which contains the colloidal

suspension. The incident beam is totally reflected at the flat wall

surface of the hemisphere thereby creating an evanescent wave.

The evanescent field extends into the particle suspension and

is used as the illumination for the dynamic light scattering

experiment. The evanescent wave has a wave vector ke lying in

the intersection of the interface and the plane spanned by

incident and reflected beam. The scattering vector Q = ks � ke,

where the wave vector of the scattered light, ks, can be varied by

changing the two angles y and ar which define the position of the

detecting unit.

The reciprocal penetration depth of the evanescent field is

determined by the angle of incidence ai, the refractive index of

the glass n1 and that of the suspension n2 as

k=2 ¼ 2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðn1 sin aiÞ2 � n22
p

.

l0. The magnitude of the scatter-

ing vector component parallel to the interface is given by

Qk ¼ 2pn2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ cos2 ar � 2 cos y cos ar
p

.

l0 while the normal com-

ponent is Q> = 2pn2 sinar/l0. Here y is the in-plane and ar the off-

plane angle defining the position of the detector unit with

respect to the reflecting interface. The two scattering vector

components can be varied independently of each other by

changing y and ar. To determine the particle dynamics parallel

to the interface at a given penetration depth, a series of

correlation functions is recorded at a fixed ar varying Q8 by

changing y. The initial slopes of the correlation functions G are

determined by converting the experimental curves to field corre-

lation functions, g1(t), and fitting their short time parts repeat-

edly with a single exponential starting from a manually chosen

number of data points, Np. When a single fit has converged,Np is

reduced by two and the remaining data are fitted again. With

this procedure it is possible to identify a limited range of Np’s

where the best fitting values are essentially independent of Np.
14

The G-values from these ranges are plotted versus Q8
2 to yield a

linear slope which according to eqn (6) is the diffusion coeffi-

cient parallel to the interface hD8i(k). The latter is a function of

the penetration depth, since the experiment integrates over the

z-coordinate, normal to the interface, as indicated by the angle

brackets. Examples of original correlation functions and data

analysis are presented in the ESI.†

3 Model for numerical calculations
3.1 Near wall dynamics

Suspended particles close to a solid interface show slower

Brownian dynamics than in bulk suspension due to hydro-

dynamic interaction with the wall. Approximations for the

resulting friction coefficients in the low Reynolds number limit

parallel and normal to the wall were published by Brenner and

co-workers.45,46 Although there are more accurate, but non-

analytical expressions e.g. ref. 37, we use here the closed

approximation to calculate the diffusion coefficient parallel to

the wall

DkðzÞ ¼ D0 1�
9

16

R

z
þ
1

8

R

z

� �3

�
45

256

R

z

� �4

�
1

16

R

z

� �5
" #

: (1)

For a sphere moving normal to the wall we replaced Brenner’s

infinite series46 by the very good closed analytical approximation

by Bevan et al.47 to calculate the normal diffusion coefficient.

D?ðzÞ ¼ D0

6z2 � 10Rzþ 4R2

6z2 � 3Rz� R2
; (2)

where z is the shortest distance between the wall and the sphere

centre. Since in the EWDLS experiment particles at different

distances are illuminated with an exponentially decaying

field strength, the experimentally determined diffusion

constant is an average over z, weighted with the local field

strength. For monodisperse spherical particles that do not

experience static interactions with the wall except for excluded

volume interactions (hard spheres), the averaged diffusion
Fig. 1 Sketch of the scattering geometry of an EWDLS experiment with
spherical symmetry.
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constants are

Dk;?

� �

ðkÞ ¼ k

ð1

R

dzDk;?ðzÞ exp �kðz� RÞf g: (3)

If the particles interact with the wall by a static potential F(z)

their number density is not independent of z and the average in

eqn (3) has to be additionally weighted by the local density,

which is written as the Boltzmann factor of the potential i.e.

Dk;?

� �

ðkÞ ¼

Ð1
R
dz exp �bFðzÞf g exp �kzf gDk;?ðzÞ
Ð1
R
dz exp �bFðzÞf g exp �kzf g

; (4)

where b = 1/kBT is the reciprocal thermal energy unit. Under the

conditions considered so far, the initial slope of the scattered

field correlation function can be identified14 as

G¼

Ð1
R
dz exp �bFðzÞf gexp �kzf g DkðzÞQk

2þD?ðzÞ Q?
2þk2=4

� �	 


Ð1
R
dz exp �bFðzÞf gexp �kzf g

(5)

which results in the linear relation

G¼ Dk

� �

ðkÞQk
2þ D?h iðkÞ Q?

2þ
k2

4

� �

(6)

with the definitions of diffusion coefficients averaged over the

illumination profile given by eqn (4).

3.2 Particle–wall interactions

The interaction potential of the investigated particles with the

adjacent glass wall is modelled as a superposition of three

contributions,

F(z) = FvdW(z) + Fer(z) + Fg(z) (7)

with the van der Waals attraction, FvdW(z), the electric double

layer repulsion, Fer(z), and a gravitational contribution Fg(z)

causing particle sedimentation.

The strength of the van der Waals attraction is given by the

Hamaker constant, AH, and the dependence on separation

distance can be calculated for the sphere wall geometry48 to yield

FvdWðzÞ ¼ �
AH

6

R

z� R
þ

R

zþ R
þ ln

zþ R

z� R

� �� �

: (8)

To model the electrostatic repulsion we exploited the linear

superposition approach by Lin et al.49

FerðzÞ ¼ Ber exp �lDðz� RÞf g þ exp �lDðzþ RÞf gð Þ½

þ RlDð Þ�1
exp �lDðzþ RÞf g � exp �lDðz� RÞf gð Þ

i

(9)

where the amplitude Ber is related to the dielectric properties of

the medium between the particle and wall and their surface

potentials by

Ber ¼ 64pRegpgw
kBT

Ze

� �2

Here, e = ere0 where e0 is the vacuum permittivity and er is the

relative permittivity of the medium, Z is the valency of a single

charged site (assumed to be Z = 1 in the following), e is the

electron unit charge and gp,w = tanh(ZeCp,w/4kBT) where Cp,w is

the surface potential of the particle and the wall, respectively.

Since we have no means to assess the surface potential of the

wall, we used an effective value g2 = gpgw.

The expression of Lin et al. is more accurate for the given

sphere–wall geometry for all values of lDR than the expression

which can be derived using Derjaguin’s approximation. It is

however worthwhile to note that the two expressions differ only

by a constant in lDR. The ratio of the two expressions is given by

1 � 1/lDR + (1 + 1/lDR) exp{�2lDR}.

The gravitational contribution to the potential is determined

by the buoyancy corrected particle mass

FgðzÞ ¼
4p

3
R3Drmgz (10)

where Drm is the particle excess mass density and g is the

acceleration of gravity.

For all the calculated data presented in Sections 4.1.2 and 4.2 we

replaced the particle radius by the hydrodynamic radius as deter-

mined by dynamic light scattering, since for the particles with

surface roughness (RSi) a radius cannot be defined meaningfully.

3.3 Particle shape and polydispersity

If the investigated particles have a size distribution, P(R), with a

significant width, the expression for the initial slope of the correla-

tion function becomes more complex than eqn (5). In this case the

near wall form amplitude B(Q, R)nw does not cancel from the

expression for G as in the monodisperse case, and an integration

over the size distribution of the numerator and denominator is

required to obtain the expression for the size averaged initial slope

hGiR

¼

Ð1
0
dRBnw

2 Q;k;Rð ÞPðRÞ
Ð1
R
dz exp �bFðzÞf gexp �kzf gDðQ;k;RÞ

Ð1
0
dRBnw

2 Q;k;Rð ÞPðRÞ
Ð1
R
dz exp �bFðzÞf gexp �kzf g

;

(11)

where D(Q, k, R) = D8Q8
2 + D>(Q>

2 + k2/4). For our calculations

we used a Gaussian normal distribution with mean value m and

relative standard deviation s. It is important to note that eqn (11)

cannot be strictly reduced to a linear relation similar to eqn (6).

Due to the exponential illumination profile, the form ampli-

tude of a spherical particle cannot be written in a closed

analytical form, it is rather given by

BnwðQ; k;RÞ ¼ 2pR3

ð1

�1

dm

�
ð1

0

dy y2 cos Q?ymRð Þ

� exp �
ymkR

2


 �

J0 Qk

ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� m2
p

yR
� �

þ i

ð1

0

dy y2 sin Q?ymRð Þ

� exp �
ymkR

2


 �

J0 Qk

ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� m2
p

yR
� �

�

(12)
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where J0 refers to the zero order Bessel-function of the first

kind. For a spherical core–shell particle with a core radius, RC,

outer radius, R, and scattering length densities of the core, rC,

and of the shell, rS, the form amplitude is given by

BnwðQk;Q?;k;RC;RÞ¼2pR3

ð1

�1

dmrC

ðw

0

dyy2 cosðQ?ymRÞexp �
ymkR

2


 �

J0 Qk

ffiffiffiffiffiffiffiffiffiffiffiffi

1�m2
p

yR
� �

��

þ i

ðw

0

dyy2 sinðQ?ymRÞexp �
ymkR

2


 �

J0 Qk

ffiffiffiffiffiffiffiffiffiffiffiffi

1�m2
p

yR
� �

�

þrS

ð

w

1dyy2 cosðQ?ymRÞexp �
ymkR

2


 �

J0 Qk

ffiffiffiffiffiffiffiffiffiffiffiffi

1�m2
p

yR
� �

�

þ i

ð

w

1dyy2 sinðQ?ymRÞexp �
ymkR

2


 �

J0 Qk

ffiffiffiffiffiffiffiffiffiffiffiffi

1�m2
p

yR
� �

��

(13)

where w = RC/R. Details of the derivations are given in the ESI.†

For the rough particles we could not derive a general expression

for the form amplitude. For the limiting case of the particle size

being very large compared to the size of the asperities and the

asperities being randomly distributed on the particle surface,

the form amplitude can be approximated by that of a spherical

core particle plus a shell with the scattering length density of

the asperities and an effective thickness which is very small

compared to the wavelength.

4 Results and discussion
4.1 Experimental findings

4.1.1 Particle characterisation. A thorough characterisation

of the used particles was done applying simultaneous static

and dynamic light scattering as well as electron microscopy

experiments. TEM micrographs and 3D-reconstruction from

TEM tomography are shown in Fig. 2 for the RSi and the SSi

particles together with TEM and REM images of HSi shells.

From the 3-D reconstructions, it is evident that SSi particles

are, although not perfectly, to a good approximation spherical.

The RSi particles consist of spherical main bodies carrying

asperities on their surface which are irregularly distributed but

approximately equal in height. TEM and SEM images from the

HSi particles indicate a perfectly spherical shape and a narrow

distribution of radii and shell thicknesses. The geometrical

parameters and their relative standard deviation are listed

in Table 1 together with the results from light scattering

measurements. In all cases we observed that the hydrodynamic

radius, hRHi, is larger than the radius measured in TEM,

hRiTEM. For the rough particles this is intuitively understood,

as the TEM radius is that of the central spherical body, which is

identical with the SSi radius. The hydrodynamic radius is

expected to be larger since the asperities will contribute to

the hydrodynamic drag, additionally. In the case of SSi and HSi

the discrepancy is explained in part by the fact that the two

methods measure different averages of the size distribution.

For a Gaussian distribution the ratio of both quantities is

related to the relative standard deviation s by hRHi/hRiTEM=

(1 + 3s2)/(1 + s2), since TEM measures the number average and

DLS the z-average of a size distribution. However, for the SSi

sample this would account only for about a two percent

discrepancy, based on the relative standard deviation observed

in TEM. For the HSi sample the expected difference is even

smaller. Most likely the discrepancy is explained by the

presence of a small fraction of aggregates. In the case of HSi

the presence of aggregates with a hydrodynamic radius of 2 �

hRiTEM, the same relative standard deviation as the main

population and a relative volume fraction of 5% would account

for the deviation.

The electron microscopy and DLS findings were further

underpinned by static light scattering measurements. The

radius of gyration, hRGi, for the three particle types listed in

Table 1 were obtained from Guinier extrapolations. For the HSi

particles the ratio r = hRGi/hRHi = 0.71, which is about ten

percent smaller than the expected value for a perfect sphere of
ffiffiffiffiffiffiffiffi

3=5
p

. While for the RSi particles we found an intermediate

value of r = 0.86, the value for HSi r = 0.91, which is about ten

percent smaller than expected for an infinitely thin shell.

Although these ratios appear reasonable, it has to be noted

that the particles sizes (in particular for HSi) are beyond the

limits where Guinier’s approximation can be safely applied and

the values for hRGi should be taken with care. More detailed

information can be obtained from the SLS data by analysing the

particle form factor. In Fig. 3 we present the experimentally

determined P(Q) vs. Q data for the SSi and HSi. While the SSi

form factor is featureless, the data from the HSi particles show

a distinct minimum around Q E 0.022 nm�1. Non-linear least

squares fitting with the form factor for polydisperse spheres

and spherical shells50 resulted in values for radius, shell

thickness and relative standard deviations, which are in very

good agreement with the TEM data.

4.1.2 EWDLS-data. The experimental findings from

evanescent wave DLS are collected in Fig. 4 where we plot the

diffusion constants parallel to the interface for the three

particle types normalized by their respective bulk diffusion

constant as a function of the evanescent wave penetration

depth normalized by the bulk hydrodynamic radius.

Fig. 2 Micrographs and 3D-reconstructions of SSi (left) and RSI (middle)
particles. TEM and REM images of HSi are shown on the right. Scale bars
are 50 nm in the left and middle panels and 500 nm in the right column.
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The data from the SSi particles may be considered to agree,

except for one outlier at high penetration depth, with the

theoretical reference curve for hard spheres (HS)46 within

experimental scatter. The HSi data are systematically, though

not much, smaller than the HS-prediction, while the RSi

particles show a significantly slower near wall diffusion than

hard sphere particles. While the HSi data follow the trend of the

HS-predictions at a somewhat lower level, the RSi data show a

qualitatively different behaviour. Except for the outlier at the

highest penetration depth, the gradient of the experimental

data is always larger than that predicted for the reference

system. It is tempting to assign this observation to the particle

shape, i.e. the surface roughness. However, hydrodynamic

theory predicts that surface roughness will reduce the wall drag

effect as compared to smooth spherical particles with the same

hydrodynamic radius.37–39

An alternative interpretation is based on the static interaction

between the particles and the glass surface. The theoretical

prediction for the near-wall dynamics of hard sphere particles

shown in Fig. 4 is based on the assumption that the particle

number density, n(z), is constant throughout the entire sample

down to the wall. This assumption is invalid, if static interac-

tions other than the excluded volume are effective, as the density

depends on the potential by Boltzmann’s law. The effect of a

DLVO interaction potential plus a gravitational contribution

between monodisperse spheres and the wall on n(z) is demon-

strated in Fig. 5 for particles with 100 nm radius and fixed

Hamaker constant AH = 0.5kBT. For Ber 4 AH the near surface

region is significantly depleted of particles up to a range of about

three particle radii, while an enrichment of particles occurs, if

Ber is of the order of or smaller than the Hamaker constant. Since

the near wall diffusion coefficient increases with separation

distance according to eqn (1) it is expected that the experimental

values for hD8i(k)/D0 are larger than those predicted for hard

spheres, if the static interaction with the wall is mainly repulsive

and vice versa. We will discuss this effect quantitatively in

Section 4.2.

It is worth noting that the gravitational contribution to the

interaction potential (i.e. sedimentation) causes a shallow

(secondary) minimum in the potential, which causes a small

(secondary) maximum in the particle density distribution.

However, for the particle sizes and density mismatches

considered here, the effect of sedimentation on the particle

dynamics is negligible as compared to the DLVO interactions.

There are two further effects which might cause the observed

deviations of our experimental dynamic data from the hard

sphere prediction, i.e. particle polydispersity and the resulting

influence of the particle form amplitude on the experimental

hGi-values according to eqn (11) and particle aggregation in

combination with enhanced sedimentation of the aggregates.

Both effects will also be analysed in detail in Section 4.2.

4.2 Numerical calculations

4.2.1 Polydispersity and form amplitudes. For polydisperse

systems the particle form amplitudes do not cancel from the

expression for the initial slope of the time correlation function

Fig. 3 Particle form factors from static light scattering data of SSi and HSi.
Symbols are the experimental data and the lines are non linear least
squares fits with the form factor for polydisperse spheres and spherical
shells respectively.

Fig. 4 Normalized parallel diffusion coefficients versus normalized pene-
tration depth for three types of particles as indicated in the legend. The
symbols are the experimental data and the error bars represent standard
deviations from three consecutive experiments. The full line is the predic-
tion for hard sphere particles according to ref. 46.

Fig. 5 Left: Sphere-wall interaction potentials calculated with eqn (7) for
R = 100 nm, AH = 0.5kBT, lD

�1
E 100 nm, Drm = 1 g mL�1 and amplitudes

of the electrostatic repulsion Ber as indicated in the legend. The inset
highlights the shallow minimum, marked by the vertical line for the
potential with Ber = 0.5kBT which is due to the gravitational contribution.
Right: Particle number densities normalized by the value for hard spheres
versus separation distance, calculated with Boltzmann’s law, using the
potentials shown in the left panel.
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(eqn (11)). If the particles are large enough to cause a strong

variation of the scattered field with the scattering angles,

significant deviations from the linear hGiR vs. Q8
2 relation will

occur, as is shown in the inset of Fig. 6, where the subscript

R indicates integration over the distribution of particle sizes.

This would lead to artefacts, if eqn (6) was applied to determine

hD8i (k) over the full range of scattering vectors. However, for

Q8R { 1 the linear relation may still be used to determine a

mean diffusion coefficient, hhD8i(k)iR. Resulting normalized

data, calculated using eqn (1), (2), (6), (11) and (13) for a system

of hollow shell particles with constant shell thickness and a

Gaussian distribution of the outer radius are shown in Fig. 6.

The number average outer particle radius, m, and the shell

thickness were chosen to roughly match the HSi particle size

determined by TEM. To warrant comparability with the experi-

mental EWDLS data, the calculated data have to be normalized

by the z-average of the radius hRiz and the corresponding

diffusion coefficient hD0iz, since light scattering experiments

measure these quantities.

In all calculations concerning polydisperse or aggregating

(Section 4.2.2) systems a density mismatch of Drm = 1 g mL�1

was incorporated to consider the enhanced sedimentation of

larger particles. At low penetration depths systematic deviations

from the prediction for monodisperse hard spheres towards slower

dynamics are observed. However, the deviation is smaller than

typical experimental scatter. Only at the largest polydispersity, and

high penetration depths a significant deviation towards faster

diffusion coefficients occurs. Similarly small effects are observed

for spherical particles, where generally, the effect of polydispersity

becomes larger with decreasing particle size, which is shown in

the ESI.†

An analytical expression for B(Q) of rough particles is in

general not available. However, assuming that the asperities are

small compared to the overall particle size, their average

separation distance is small compared to the laser wavelength

and they are randomly distributed, the form amplitude can be

approximated by that of a spherical core particle plus a thin

shell with the scattering length density of the asperities and an

effective thickness which is very small compared to the

reciprocal scattering vector. We may therefore assume that

the effect of form amplitude and polydispersity is similarly

small as observed for spheres and spherical shells.

4.2.2 Particle aggregation. As we realized that the three

particle types, which we investigated experimentally, had a high

tendency to form irreversible aggregates at salt concentrations

as low as 0.1 mM, we tested what effect the presence of

aggregates and their enhanced sedimentation would have on

the near-wall dynamics. To simply mimic the aggregates, we

used a bimodal Gaussian size distribution and the form

amplitude of spheres to calculate initial slopes with eqn (11).

The distribution of the population representing the aggregates

is characterized by the mean magg which was chosen to be an

integer multifold of m and the relative standard deviation sagg =

s. Furthermore, the relative volume fraction of the aggregates

was varied over a range of 10�4
r fagg r 0.05. Larger volume

fractions were not considered, since they would have been

detected in the bulk DLS experiments, which were performed

after the EWDLS measurements. Similar to the observations on

the effect of polydispersity, we found that the linear dependence

of hGi on Q8
2 is violated by the presence of aggregates, never-

theless it is possible to determine the near wall diffusion

coefficient from the linear slope at sufficiently low Q8.

Calculated data of the normalized diffusion coefficients vs.

normalized penetration depth are shown in Fig. 7 for a system

consisting of a major population with m = 100 nm and minor

populations with magg varying up to 1000 nm and fagg = 0.05

(left panel). Obviously, the presence of aggregates causes a

strong slowing down of the system’s near wall dynamics, even

if the average hydrodynamic radius of the aggregates is only

twice the size of the single particles. Data for this size ratio and

varying relative volume fraction of the minor population is

shown in the right panel of Fig. 7. The dynamics of the system

with magg = 2m and fagg E 0.03 shows a similar deviation from

the monodisperse reference system as the experimental HSi

data. However, in all cases the calculated data show a smaller

gradient than the reference systems which is clearly different

from the trend of the experimental RSi data.

4.2.3 Static particle–wall interaction. The effect of static

particle wall interactions on the near wall dynamics is

demonstrated in Fig. 8 for spherical particles and selected

interaction potentials. In the left panel, we plot the dynamic

data for the interaction potentials shown in Fig. 5. At a typical

Hamakaer constant of AH = 0.5kBT, the dynamics are slower

than that of the reference hard sphere system at small

penetration depths. At high penetration depths, the

calculated data approach the hard sphere data for low

electrostatic repulsion and the dynamics become even faster,

Fig. 6 Normalized parallel diffusion coefficients versus normalized
penetration depth for hollow shells interacting only by excluded volume,
with a constant shell thickness of 20 nm and a Gaussian distribution of the
outer radius with m = 150 nm and relative standard variations as indicated in
the legend. Inset: Dependence of the initial relaxation rate onQ8

2. Symbols
are the data calculated using eqn (1), (2), (6), (11) and (13). The full line is the
prediction for monodisperse hard sphere particles according to Brenner.46
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if the amplitude of the electrostatic repulsion significantly

exceeds the Hamaker constant. The penetration depth at

which the crossover of the calculated data with the reference

data occurs shifts to smaller penetration depths with increasing

electrostatic repulsion.

In the right panel of Fig. 8 we show the influence of varying

Hamaker constants at a constant moderate electrostatic repulsion

on the near-wall dynamics. At finite Hamaker constants, the

calculated values are slower than those of the reference system,

for almost all penetration depths. Only at the largest penetration

depth investigated, the calculated dynamics appear to converge

towards the reference data. At Hamaker constants AH Z Ber the

calculated data deviate from the reference data similarly to the

experimental data of the RSi system.

4.2.4 Comparison of experimental EWDLS data with the

calculated data. In Fig. 9 we show the experimental EWDLS

result from Fig. 4 again, together with sets of calculated

dynamic data, which match the measured data within the

experimental scatter. The data were calculated with eqn (1),

(2), (6), and (11) and the near wall form amplitude of spherical

particles. Eqn (12) is a reasonable approximation, since the

influence of the form amplitude together with polydispersity is

minor as discussed in Section 4.2.1. Additionally we applied a

bimodal size distribution to mimic the effect of a small fraction

of aggregates, which were assumed to have the double size of the

monomeric sphere and the same polydispersity. The parameters

used for the calculations are listed in Table 2 and in all cases we

applied an excess mass density of Drm = 1 g mL�1 and a Debye

screening length of lD
�1 = 96 nm. Furthermore, the particles

mimicking aggregates were subject to the same interaction

potential as the monomers.

For the SSi- and HSi-system we could obtain a reasonable

match of calculated with experimental data using an amplitude

of the electrostatic repulsion of the order of kBT and some

Fig. 7 Normalized parallel diffusion coefficients versus normalized penetration depth for systems of spheres with a bimodal Gaussian size distribution.
The major population has a number average size of m = 100 nm and both populations have a relative standard deviation of s = 0.05. Left panel: The minor
population has a relative volume fraction of fagg = 0.05 and their mean size magg is varied as indicated in the legend. Right panel: The minor population
has a number average size of magg = 2m and varying relative volume fractions as indicated in the legend. Symbols are the data calculated using eqn (1), (2),
(6), (11) and (12). The full line is the prediction for monodisperse hard sphere particles according to Brenner.46

Fig. 8 Normalized parallel near wall diffusion coefficients versus normalized penetration depth for spherical particles interacting with the wall by the
potentials displayed in Fig. 5 (left) and with Ber = 1kBT (right) and varying Hamaker constants as indicated in the legend. In all cases the excess mass density
was chosen Drm = 1 g mL�1. Symbols are data calculated using eqn (1), (2), (6), (11) and (12). The full line represents the prediction for the hard sphere
reference system according to Brenner.46
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fraction of kBT for the Hamaker constant. The electrostatic

amplitude of the particle–wall interaction corresponds to an

effective surface potential Cp,w E �2 mV which is about an

order of magnitude smaller than that reported in the

literature51–53 based on total reflection microscopy measure-

ments of the interaction potential between 2 mm Stöber–Silica

particles and fused silica microscopy slides. Similarly, the

z-potentials of all three systems are in the range of �30 to

�40 mV. However it is important to note that the value of Ber is

determined by the product of the particle’s and wall’s surface

potentials. In the present case, the wall consists of a special

high refractive index quartz glass (SF10) and there are

indications in the literature that the surface charge density of

quartz may54 be one to two orders of magnitude lower than that

of silica.55 We therefore reckon that the small value of Ber is due

to the low surface potential of the wall. Finally, the Ber-values

for all three systems investigated here are about equal, which

makes us confident that they are reliable. The found Hamaker

constants of order AH r kBT are in the range expected for non-

retarded van der Waals interactions calculated based on the

Lifshitz theory56 for silica interacting with quartz across water.

In the case of the HSi-system, we had to allow for a higher

relative volume fraction of ‘‘aggregates’’ to obtain a satisfying

match of the calculated data with experiments. This is probably

due to the fact that HSi particles were calcined and thus dried

during synthesis to remove the organic core onto which the

silica shell had been grown.42 The probability of aggregates,

which were not properly dispersed, being present is therefore

higher than in samples which were never dried. Furthermore,

spinning down aggregates is less effective than with full body

particles due to the reduced excess mass density.

The most striking finding is, however, that for the RSi-

particles the Hamaker constant required to allow for a match

of calculated with experimental data is an order of magnitude

larger than for the HSi- and SSi-systems. This implies that

surface roughness plays an important role for the particle wall

interaction and the resulting near wall dynamics. It is known

from simulation work that surface roughness will enhance both

electrostatic repulsion and van der Waals attraction, simply

because the effective surface to surface separation is reduced by

asperities. Walz et al. reported a lowering of the stabilisation

barrier of the resulting DLVO-potential by about 10 to 15%, due

to the different distance dependence of attraction and

repulsion.31 A similar reduction of the stabilization barrier

was reported by Bhattacharjee et al.30 Furthermore, these

authors observe that the primary minimum of the DLVO

interaction potential completely vanishes due to asperities.

This might explain why our rough particles do not stick

irreversibly to the glass surface, despite the large Hamaker

constant. In this respect our findings may be regarded as

additional experimental evidence for the predicted roughness

effects on DLVO interaction energies. The resulting deviation of

the dynamic data from the predictions for the reference hard

sphere system are a mere consequence of the particle wall

interaction potential and the resulting variation of number

density with separation distance over which EWDLS inherently

integrates.

Our findings might pave the way to a new method for the

measurement of static particle wall interactions. Although the

technique, especially the data analysis by comparison to model

calculations, is cumbersome and not very efficient at this time,

it might provide an extension of the classical total internal

reflection microscopy (TIRM) technique.57 While TIRM

requires particle sizes which are typically in the range of several

micrometres, EWDLS allows measurements on particles as

small as 30 nm in radius.14

5 Conclusions

The Brownian near wall dynamics of different types of

suspended silica particles were examined by evanescent dynamic

light scattering. While the experimental averaged diffusion

coefficients parallel to the wall for smooth full spheres (SSi) and

hollow spherical porous shells (HSi) might be considered to be in

qualitative agreement with theoretical predictions for the hard

sphere reference system, particles with a rough surface (RSi) show

significant deviations. The averaged diffusion constants are

significantly smaller than for smooth non-interacting particles

which is in conflict with hydrodynamic theory.37–39 To interpret

these observations, systematic numerical calculations were

performed to investigate the effect of particle polydispersity, the

presence of aggregates and static particle–wall interactions on the

dynamics. By comparison with experimental data we found that

Fig. 9 Normalized parallel diffusion coefficients versus normalized pene-
tration depth. Symbols are experimental data from the SSi-, the HSi- and
the RSi-system, as indicated in the legend. Full lines represent data
calculated using eqn (1), (2), (6), (11) and (12) and the parameters listed in
Table 2.

Table 2 System parameters used to calculate the dynamic data shown in
Fig. 9

Particle type hRHiz (nm) s Ber (kBT) AH (kBT) fagg

SSi 71 0.05 1.5 0.5 5 � 10�3

HSi 154 0.05 1.0 0.25 0.03
RSi 80 0.05 1.5 2.75 5 � 10�3
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for the SSi and HSi systems very good agreement can be obtained

by including a small fraction of aggregates and a particle–wall

DLVO interaction, with a Hamaker constant and an amplitude of

the electric double layer repulsion, both in the range ofEkBT. For

the RSi system, at least a five times higher Hamaker constant

needs to be taken into account to match the calculated data to the

experimental results. Despite the high Hamaker constant the

rough particles do not adsorb to the wall irreversibly. Both

findings are consistent with the simulation results, which show

that the DLVO stabilization barrier is significantly reduced by

surface roughness31 and that the primary DLVO minimum

completely vanishes for rough particles.30 We conclude that

particle near wall dynamics are very sensitive to surface roughness

where the theoretically predicted reduction of the flow resistance

can be largely overcompensated by the effect of static particle wall

interaction and the resulting particle number density profile.
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