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The collective properties of colloidal suspensions, including their rheology, reflect an interplay between
colloidal and hydrodynamic forces. The surface characteristics of the particles play a crucial role, in
particular, for applications in which interparticle distances become small, i.e., at high concentrations or in
aggregates. In this Letter, we directly investigate this interplay via the linear viscoelastic response of the
suspensions in the high-frequency regime, using particles with controlled surface topographies, ranging
from smooth to hairy and rough particles. We focus directly on the stresses at the particle level and reveal a
strong impact of the surface topography on the short-range interactions, both dissipative and elastic. As the
particle topography becomes more complex, the local stresses depend on how the topography is generated.
The findings in this Letter, in particular, show how changes in topography can both screen or enhance the
dissipation, which can be used to engineer the properties of dense or aggregated suspensions.
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Even the simplest colloidal suspensions, consisting of
spherical particles in a Newtonian medium, display very
rich and often nonlinear collective properties, e.g., con-
cerning their diffusion, rheology, and sedimentation. For
example, viscosity may vary over orders of magnitude with
increasing volume fraction, and, in the same suspension,
shear thinning and shear thickening can occur. These
phenomena arise because of a complex interplay between
colloidal and hydrodynamic interactions. Much has been
learned from the simplest case of Brownian hard-sphere
suspensions, mapping the behavior of more complex
colloidal particles onto effective hard spheres [1,2].
Recently, however, there has been a focus on how topo-
graphical surface characteristics affect the collective prop-
erties of suspensions. For example, the influence of surface
roughness and friction on discontinuous shear thickening
has been the subject of several recent studies [3–8], where
noncentral interactions were observed to be important.
These also play a role in other properties, such as the
rigidity of colloidal aggregates and gels [9–12].
Several methods exist to interrogate colloidal forces,

which are also suited to investigate the role of surface
topography. Single-particle measurements, e.g., using col-
loidal probe AFM or optical tweezers, enable direct and
quantitative measurements of static interaction potentials,
which can be connected to surface topography [8,13–15] or
used to derive friction coefficients [8,16,17]. Yet only in
special cases, e.g., by using quartz-tuning-fork AFM,
dynamic effects could be probed, albeit only at a single
frequency [18]. The collective properties and their volume-
fraction dependency offer another approach to study
particle-induced forces and their effects. For instance,
the osmotic pressure [19] or linear viscoelastic properties

can be used to measure the colloidal pair potential [20–24].
Rheological data have been applied to determine particle-
level friction coefficients [7,25]. However, the effect of
surface topography on both hydrodynamic and colloidal
forces has escaped detailed analysis, while this interplay is
at the heart of several important problems in dense colloidal
dispersions.
In this Letter, high-frequency (HF) linear rheology is

used to evaluate this interplay through a collective property.
We use the volume-fraction and frequency dependency of
the viscous and elastic moduli to evaluate if and how
hydrodynamic forces are altered by complex topographic
surfaces, e.g., for rough and hairy particles. Conceptually,
the total deviatoric stress tensor in a suspension Σ can be
written as [26–28]

Σ ¼ 2η_ϵþ Σp ¼ 2η_ϵþ ðΣH þ ΣB þ ΣPÞ: ð1Þ

Here, _ϵ is the bulk strain-rate tensor so that 2η_ϵ represents
the stress contribution from the suspending fluid. The
particle contribution Σp can be further decomposed into
bulk hydrodynamic (ΣH), Brownian-induced hydro-
dynamic (ΣB), and interparticle (ΣP) stresses. ΣH depends
only on the effective volume fraction occupied by
the particles, leading to an enhanced dissipation under
flow [26].
As we are interested in what happens to ΣB and ΣP for

topographically complex particles, we experiment at
frequencies that are high compared to the relaxation
frequencies associated with Brownian motion in the sus-
pensions, where ΣB becomes constant. For Brownian
systems, the relaxation time τp;B is [21,26,29]
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τp;B ¼ 6πη0∞a3

kBT
¼ 1

2πfp;B
; ð2Þ

with kBT the thermal energy scale, a the particle radius, and
fp;B the characteristic frequency. Important to note is that,
with an increasing frequency, smaller length scales are
probed, which is exploited here: When the diffusive boun-
dary layer ofmomentum transport decreases to the same size
as the interparticle distance, the interplay between the
hydrodynamic and interparticle stresses can be inferred
from the suspension’s frequency-dependent response, as
will be discussed below. A homebuilt piezo shear rheometer
was used togetherwith a commercial instrument to probe the
linear stress response over an extended frequency range
(f ¼ 0.001–2000 Hz; Supplemental Material Sec. S2
[30]) [36].
Model systems with controlled surface topographies are

required. We experimented on smooth, hairy, and rough
systems. PMMA particles stabilized by means of densely
grafted poly-12-hydroxystearic acid (PHSA) chains were
used as model particles with a controllable brush chain
length [37]. The ratio of the grafted chain contour length hc
over particle core size ac was varied from 0.007 →
0.024 → 0.17 (Table S1 and Fig. S1, Supplemental
Material Sec. S1.1 [30]). Details have been described
elsewhere [37]. A controlled roughness was obtained by
employing charge-stabilized silica colloids with tuneable
asperities [8,38] (Supplemental Material Sec. S1.2 [30]).
The roughness was characterized via the ratio of the mean
asperity height over the mean distance between asperities,
from smooth (SM) to increasingly rough (RB.4 → RB.5)
(Table S2 and Fig. S2 [30]). The suspending medium was
generally chosen to (a) minimize van der Waals forces and
(b) increase the viscosity for an increased signal to noise
ratio. We compare the suspensions via an effective volume
fraction based on the bulk hydrodynamic stresses, defining
ϕeff from the limiting HF viscosity η0∞ ¼ ðG00

∞=2πfÞ. This
removes difficulties in defining the geometric volume
fraction for particles with complex topography [39]. The
experimentally measured η0rel;∞ ¼ η0∞=ηm as a function of ϕ
are hence shifted horizontally to a hydrodynamic model fit
[40,41], as shown in Fig. 1(a) (see Supplemental Material
Secs. S3 and S4 [30] for detailed information).
Figure 1(b) illustrates typical linear viscoelastic moduli

(G0, G00) over an extended frequency range, here for the
silica-SM suspension at ϕeff ¼ 0.43, obtained using small
strain amplitude oscillatory rheometry (Figs. S4 and S5,
Supplemental Material Sec. S3 [30] for other suspensions).
Representing the data in this way is, however, ill suited to
directly compare the stress contributions, as bulk hydro-
dynamic stresses dominate the overall response. To arrive at
a better representation, the data were treated. (i) The
frequency in the experiments is rescaled by the character-
istic Brownian frequency: αp;B ¼ ðf=fp;BÞ. (ii) The bulk
hydrodynamic stresses are subtracted from the linear

viscoelastic response and are used to nondimensionalize
the moduli. Figure 1(c) shows the reduced viscous modulus
½ðG00 − η0∞2πfÞ=η0∞2πfp;B� for silica-SM suspensions. All
suspensions displayed an intermediate regime for which the
rescaled moduli increase weakly with the frequency, which
was used to rescale these data further by fitting with Cαk.
In this way, we obtain reduced viscous and elastic
stress amplitudes: Σv;r ¼ ð1=CÞðG00 − η0∞2πf=η0∞2πfp;BÞ
and Σe;r ¼ ð1=CÞðG0=η0∞2πfp;BÞ, respectively. The differ-
ent prefactors C reflect the overall interparticle interactions
and are compared in Supplemental Material Sec. S5 [30]
(Fig. S7). In this manner, we can directly visualize and
quantify the interplay between the hydrodynamic and
interparticle stresses. Two limiting cases can be considered,
i.e., free draining and lubrication [26,28,42]. In the free-
draining limit, hydrodynamic interactions are effectively
shielded [28,43,44] and particles interact only at contact,
leading to a normal-mode response with both Σv;r and Σe;r

increasing as α1=2p;B. In the lubrication limit, the thickness of
the diffusive boundary layer in the HF regime decreases
rapidly with the frequency [Oðα−1p;BÞ�, resulting in a viscous
stress which decreases with the frequency as Σv;r ∝ α−1p;B
and an elastic component that becomes constant, i.e., Σe;r ∝
α0p;B [26]. Plots of the reduced viscous and elastic stress
amplitudes versus the frequency provide direct information
on how the systems behave in light of these limiting cases.
Figure 2 compares the reduced stress amplitudes for

PMMA and silica suspensions, all at ϕeff ≈ 0.43. The HF
regime where the slope of the reduced stress amplitudes
versus the frequency changes drastically is reached only for
αp;B ≫ 1. Interestingly, between αp;B ¼ 1 and these limit-
ing regimes, the reduced stresses still increase weakly,
suggesting that a single relaxation time based on Brownian
self-diffusion does not capture all the dynamics of these
concentrated systems. Effects from polydispersity or repul-
sive colloidal interactions can somewhat influence the
characteristic timescales [29]. However, the weak increase

FIG. 1. (a) Determination of ϕeff , based on η0∞, for silica-SM
and -RB.5 suspensions. (b) Linear viscoelastic moduli of a silica-
SM suspension at ϕeff ¼ 0.43. The circle indicates the limiting
HF response (η0∞). (c) Rescaling of the stresses based on the
viscous response.
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over several orders of magnitude in frequency suggests
additional, possibly collective relaxation mechanisms
[45–48].
As expected, the silica-SM suspension in Fig. 2(a) dis-

plays a lubrication scaling, consistent with earlier observa-
tions [21]: Σv;r decreases ∝ α−1p;B and Σe;r is constant within

measurement accuracy. The hairy PMMA suspensions
[Fig. 2(b)] show a remarkably different asymptotic behavior,
depending on the thickness of the stabilizing layer. The
PMMA.007 suspension with a very thin stabilizing layer,
albeit usually considered the reference model hard-sphere
system [49], does not show the lubrication response
expected for hard spheres and shows a weak power-law
dependency. For longer grafted chain lengths, the power-law
exponent increases towards the free-draining limit as the
local hydrodynamic interactions become screened [28,44].
The free-draining limit is reached for the PMMA.17
suspension and possibly for the PMMA.024 at higher
frequencies. Finally, for the suspension of raspberrylike
silica particles [Fig. 2(a)], the behavior is drastically differ-
ent. At intermediate frequencies (αp;B ∼ 104), both Σv;r and
Σe;r strongly increase. A lubrication regime is found only at
higher frequencies compared to the smooth particles.
Varying the volume fraction helps to further interrogate

the role of particle topography. For suspensions with
“simple” surface topographies, such as the silica-SM sus-
pensions in Fig. 3(a), the observed behavior is found to be
independent of the volume fraction. However, for more
complex topographies, the situation changes. Figure 3(b)
compares the reduced stress for PMMA.17 suspensions at
different ϕeff as a function of αp;B. For a constant brush
geometry, the extent of hydrodynamic shielding can be

FIG. 2. Reduced viscous (top) and elastic (bottom) stress
amplitudes at ϕeff ≈ 0.43. (a) Silica and (b) PMMA suspensions.
The lines present the theoretical limits based on hydrodynamic
lubrication (dashed) and repulsive hard-sphere (dotted) inter-
actions, delineating the HF regime.

FIG. 3. Reduced viscous (left) and elastic (right) stresses as a function of the rescaled frequency for different volume fractions of
(a) smooth particles, (b) particles with long polymeric brushes, and (c),(d) rough particles. (Left) The solid lines indicate the
experimentally observed scaling exponents in the HF regime. αcp;B and αap;B (c) indicate the boundaries of the intermediate regime for RB
suspensions. The insets in (c),(d) show estimates of the rough layer thickness [54,55]. (Right) Dashed, dotted, and dashed-dotted lines
present model predictions for Σe;r based on lubrication [27], hard-sphere [42], and polymer-polymer interactions [56,57], respectively
(Supplemental Material Sec. S6 [30]).
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determined [27,43,50] and HF moduli calculated [24,51].
However, the long brushes are compressible: Figure 3(b)
shows how the power-law exponent decreases with an
increasing ϕeff , as upon compression of the brush an
increased hydrodynamic coupling [43] is observed. Note
that the viscoelastic response of the brush itself will come
into play only at even higher frequencies, since the first
Rouse relaxation mode of a 46PHSA strand in free suspen-
sion is expected to occur at ∼50 kHz [52,53].
For the suspensions of rough silica particles [Figs. 3(c)

and 3(d)], the behavior is volume-fraction dependent as
well. This is more pronounced for the RB.5 compared to
RB.4. The viscous stresses increase at intermediate
frequencies by up to an order of magnitude compared to
the smooth case, presumably due to flow inside the rough
layer. The peak [αap;B, Fig. 3(c)] shifts to higher frequencies,
and its magnitude is reduced with an increasing ϕeff . Most
likely, as interparticle distances decrease further, the
interpenetration becomes stronger and dissipation is
reduced, as the volume where fluid flow is possible
becomes smaller. At high frequencies (αp;B ∼ 105), the
Σv;r strongly decrease as a transition to a lubrication regime
is observed. The frequency at which this occurs shifts to
higher values compared to the silica-SM suspensions and is
higher for increased roughness. The HF regime is observed
when the thickness of the diffusive layer becomes of the
same order as the separation distance between the asperities
on the rough surfaces of two neighboring particles.
This average separation distance δa can be estimated

based on ϕeff using nearest-neighbor statistics [54] and
varies between ∼43 and 15 nm for the range studied
here. The effective thickness of the rough layer is then
estimated experimentally via the evolution of the diffusive
boundary layer, which is ∝ að1=αp;BÞ1=2 [55], in the
intermediate regime: h�a ≈ 1

2
δa½ðαap;B=αcp;BÞ1=2 − 1� [boun-

daries in Fig. 3(c)]. Calculated h�a are shown in the insets in
Figs. 3(c) and 3(d). For lower ϕeff, h�a is of the same
magnitude as the geometrical height of the asperities, which
is ha ∼ 23 and 27 nm for the RB.4 and RB.5 suspensions,
respectively (Table S2 [30]). The estimated thickness h�a
decreases with ϕeff due to the enhanced interpenetration.
This is an interesting point for future research since
roughness, and its implications, can be characterized based
on the rheological response.
The HF-limiting elastic stresses are easier to rationalize.

Model predictions were determined by taking into account
contributions from lubrication stresses [27,42], hard-sphere
repulsions [42,58], or direct repulsive interactions between
polymer brushes [56,57,59]. Calculations are given in
Supplemental Material Sec. S6 [30]. The predicted HF-
limiting stresses Σe;r, rescaled in the same manner as the
experimental data, are given in Fig. 3. For the silica
suspensions, plateau values based on lubrication forces only
[27] underestimate the measured values due to the electro-
static repulsive interactions present. For the polymerically

stabilized PMMA suspensions, the exponent of the HF
elastic stress decreases with ϕeff , in line with the viscous
stresses. The elastic response shifts from the scaling
expected for shielded hard-sphere contacts [42] to that given
by a compressed brush [51,56,57]. For the roughparticles, as
the lubrication regime is reached, the elastic stress also
reaches a plateau. The magnitude of Σe;r is higher than that
expected for smooth spheres. However, a normal mode
scaling as would be seen upon hard contacts is not observed
under these equilibrium conditions.
The details of the surfaces have a very strong impact on

the short-range interactions between colloids. The impli-
cations are visible in the nonlinear rheological properties as
well, as shown in Supplemental Material Sec. S7 [30]:
Effectively shielding the lubrication interactions by means
of a polymer brush suppresses the extent of shear thicken-
ing, while surface asperities cause interlocking and strong
tangential interactions, reducing the onset stress for shear
thickening. Overall, it can be concluded that (i) the
reference PMMA-PHSA suspensions, which are often
considered to be ideal near-hard spheres based on phase
diagrams, show significant screening of the hydrodynamic
stresses due to the topography of the polymer brushes;
(ii) polymeric brushes can be used to screen lubrication
interactions, with important and interesting consequences
on phenomena such as shear thickening [60–62]; and
(iii) surface asperities introduce increased local dissipation,
which will be important when particles come close together
before hard-sphere hydrodynamic lubrication forces kick
in. These findings show that topography modulates local
viscous interactions, which is important for a range of
phenomena in colloidal suspensions where particles
approach each other at short distances. The information
extracted from these quiescent measurements may give
additional guidelines to design shear responses.
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