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How frictional effects emerge at the microscopic level in particulate materials remains a challenging
question, particularly in systems subject to thermal fluctuations due to the transient nature of interparticle
contacts. Here, we directly relate particle-level frictional arrest to local coordination in an attractive
colloidal model system. We reveal that the orientational dynamics of particles slows down exponentially
with increasing coordination number due to the emergence of frictional interactions, the strength of which
can be tuned simply by varying the attraction strength. Using a simple computer simulation model, we
uncover how the interparticle interactions govern the formation of frictional contacts between particles. Our
results establish quantitative relations between friction, coordination, and interparticle interactions. This is
a key step toward using interparticle friction to tune the mechanical properties of particulate materials.
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Over the last decade, a consensus has emerged that
interparticle friction plays a crucial role in setting the
mechanical and flow properties of concentrated suspen-
sions of particles [1–21]. For granular systems, the impor-
tance of frictional contacts has been well established (see,
e.g., [6–9]). For instance, computer simulations have
demonstrated that the contact number, defined as the
average number of frictional contacts per particle, plays
a pivotal role in governing the behavior of these non-
Brownian suspensions [4–6]. Specifically, in the limit of
large sliding and rolling friction, the suspension’s viscosity
diverges when the contact number exceeds 12=5, leading
to jamming at packing fractions as low as ϕJ ≈ 0.36 [6].
Also, the fraction of frictional constraints has been con-
sidered [7,8]. However, a key challenge lies in under-
standing how particle-level frictional arrest is related to
local structure, given that both the fraction of frictional
constraints and the contact number are system-averaged
quantities.
This challenge is particularly pronounced in the case of

colloidal—i.e., Brownian—materials, where the emergence
of friction at the particle level becomes even more elusive
due to interparticle contacts being subject to thermal

fluctuations. This renders such interactions transient in
nature, thereby adding an extra layer of complexity.
Consequently, interparticle friction remains a poorly under-
stood control parameter for engineering colloidal materials
[22], despite its potential to tune material properties [9–21].
To date, colloidal experiments have explored the role of
interparticle friction by examining the effect of changes in
particle surface properties on the macroscopic response of
these systems [14–18]. Consequently, it remains an open
question as to how particle-level frictional effects arise in
Brownian systems due to the interplay between thermal
fluctuations and the microscopic interactions between
particles.
In this Letter, we establish a quantitative relation between

the local environment of a particle, as quantified by its
coordination number, and particle-level frictional arrest in
an attractive colloidal model system. In particular, we reveal
that rolling constraints, due to intermittent frictional con-
tacts between pairs of neighboring particles, give rise to an
exponential slowdown of the orientational dynamics of a
particle with increasing coordination number. Importantly,
our results show that the amount of interparticle friction
between pairs of bonded particles can be controllably tuned
by varying the strength of the attractive interactions. This
opens up avenues toward using frictional interactions in
engineering the properties of colloidal materials.
In our experiments, we use recently developed colloidal

particles [23,24], known as OCULI particles [23], which
have a uniform composition and a nonuniform fluorescence
profile [Fig. 1(a)]. In particular, these OCULI particles
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feature an off-center core, labeled with a complementary
fluorescent marker, and a nonfluorescent outer layer that
enables the simultaneous tracking of both the centroid
positions and the orientations of all spheres in three dimen-
sions up to particle-particle contact. This unique feature
allows us to quantitatively study rolling constraints between
individual particles due to frictional interactions [23].
Specifically, the particles’ orientations rapidly randomize
without interparticle contact, while the orientational relaxa-
tion is significantly slowed down upon making frictional
contact. Note that with “frictional contact” we mean any
type of interaction that constrains rotational motion due to
friction, which can arise from solid-solid friction [9,13] but
may also be hydrodynamic in nature [25,26]. Importantly, as
friction is monitored through orientational relaxation, this
allows for investigation of friction related to rolling and
torsion but not sliding.
We synthesize OCULI particles of diameter σ ¼ 3.0 μm

following procedures detailed in Ref. [23]. While these
particles appear optically smooth under light microscopy,
high-resolution scanning electron microscopy reveals a sur-
face roughness of approximately 50 nm (see Supplemental
Material [SM] [27]), characterized by a broad distribution of
asperity sizes (≈20–100 nm). A short-ranged attractive
depletion interaction is introduced between the particles
by adding nonadsorbing polystyrene polymers (estimated
radius of gyration Rg ≈ 105 nm [28]), where the strength of
the attractive interactions is varied via the polymer concen-
tration cp [29,30]. These depletion interactions are entropic
in nature and arise solely due to excluded-volume effects and
not from direct surface-surface interactions, which iswhywe
refer to them as “attractive” interactions rather than “adhe-
sive.” The attractive OCULI particles are suspended in a
density- and refractive-index-matching organic solvent mix-
ture and imaged using 3D confocal microscopy.More details
regarding the colloidal system, attractive interactions, and
confocal microscopy experiments are provided in SM [27].

Typical images of the resulting colloidal gel are shown in
Figs. 1(a1) and 1(a2) for different length scales, and a 3D
reconstruction of the imaged volume is shown in Fig. 1(b).
These colloidal gels, which are comprised of colloidal
particles aggregated into a space-spanning network structure
[31–33], feature rich structural heterogeneity [34,35], mak-
ing them an ideal system to investigate the relation between
local structure and frictional effects at the particle level in
colloidal matter.
To investigate the emergence of rolling constraints due to

interparticle friction, we monitor the orientational dynam-
ics of the particles using the orientational autocorrelation
function

CðtÞ ¼ huiðtÞ · uið0Þi ð1Þ

with uiðtÞ the unit orientation vector of particle i and h··i
denoting an ensemble-average over all particles.
Importantly, rolling and torsion are effectively superim-
posed in these measurements. As shown in Fig. 1(c), for
weak attractive interactions CðtÞ rapidly decays indicating
a fast randomisation of the particle orientation. For stronger
attractive interactions, this orientational relaxation is
strongly slowed down or even arrested, giving rise to a
clear plateau in CðtÞ. This mobile-to-arrested transition of
the orientational dynamics is further illustrated by plotting
a typical trajectory of the particle orientation on the unit
sphere: at low polymer concentration the particle orienta-
tion undergoes constant Brownian rotation [Fig. 1(d1)],
while at higher polymer concentration this motion becomes
intermittent [Fig. 1(d2)] and eventually fully arrested
[Fig. 1(d3)]. Our data thus highlight that the emergence
of interparticle friction is directly governed by the strength
of the attractive interactions. However, the attractive
interactions alone cannot explain the observed slowdown
in orientational dynamics. This is because the attractive
forces act centrally and do not exert tangential constraints,

(a1) (a2) (b) (c) (d1)

(d2)

(d3)

FIG. 1. Orientational dynamics of particles in colloidal gels. (a1),(a2) Confocal microscopy images of a colloidal gel of OCULI
particles at a polymer concentration cp ¼ 3.2 mg=mL. For each particle the centroids of the red “body” and green/yellow “core” are
located to determine its 3D orientation vector u [see inset in (a1)]. Scale bar: (a1) 10 μm and (a2) 20 μm. (b) A 3D rendering of all
particles within a typical imaging volume of 102 × 102 × 50 μm3. (c) Orientational autocorrelation function CðtÞ for different polymer
concentrations cp. (d1)–(d3) Typical trajectories of the particle orientation on the unit sphere for polymer concentrations of cp ¼ 2.5,
3.2, and 7.5 mg=mL (top to bottom). (a)–(d) Colloid volume fraction ϕ ≈ 0.3.
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thus lacking the ability to directly hinder rotation. Instead,
we attribute the observed arrest to the attractive interactions
working in concert with a friction mechanism that naturally
occurs in our system (e.g., solid-solid friction [9,13] and/or
hydrodynamic lubrication interactions [25,26]). In other
words, the attractive forces promote particles being in close
proximity of one another, resulting in a more extensive
“sampling” of the tangential frictional interactions between
particles, which ultimately leads to the observed “attrac-
tion-enhanced” orientational arrest. Importantly, these roll-
ing constraints do not arise from adhesive surface-surface
interactions between the particles. Instead, the origin lies in
the enhanced influence of frictional forces caused by the
closer proximity of particles due to attraction. We note that
previous studies have labeled contacts that restrict rolling in
attractive systems as “adhesive contacts” [36–38].
The precise friction mechanism underlying rolling con-

straints in our system remains elusive as the experimental
resolution is insufficient to distinguish between different
friction mechanisms. Both solid-solid friction and hydro-
dynamic lubrication interactions likely contribute, possibly
in combination. Crucially, particle surface roughness is an
essential factor in inducing rolling constraints, irrespective
of the dominant friction mechanism. More specifically,
while tangential lubrication interactions, being significantly
weaker, can be considered negligible, the normal lubrication
forces between surface asperities can fully restrict tangential
motion of the rough particles, effectively giving rise to
hydrodynamic frictional contact [25,26]. To investigate the
presence of such surface asperities, we conducted high-
resolution SEM imaging which revealed a surface rough-
ness of approximately 50 nm, characterized by a broad
distribution of asperity sizes (≈20–100 nm). Although this

roughness is modest, it is comparable to that considered
theoretically in Refs. [25,26], and thus supports the idea that
hydrodynamic lubrication between asperities may indeed
contribute to the frictional arrest observed in our experi-
ments. However, given the close proximity of particles due
to depletion forces and the significant surface roughness
relative to the depletion interaction range (∼200 nm), both
direct solid-solid contact and hydrodynamic friction through
asperity interactions are plausible mechanisms.
The ensemble-averaged description provided by CðtÞ

offers no microscopic insight as to how the frictional arrest
of a particle arises due to the interaction with neighboring
particles. To establish this quantitative relation between the
local environment of a particle and its frictional arrest, we
first quantify the local environment of a particle by its time-
averaged coordination number Zi (see SM [27]), which is
arguably the simplest local structural predictor for orienta-
tional arrest. Then, we calculate the orientational autocor-
relation function [Eq. (1)] again, but now for each
coordination number separately:

CðZ; tÞ ¼ huiðtÞ · uið0ÞiZ ð2Þ

with Z the coordination number and h··iZ denoting an
average over all particles with local coordination Zi ¼ Z.
We plot CðZ; tÞ for a range of attraction strengths in
Figs. 2(a1)–2(a4) and observe a clear slowing down of
the orientational relaxation with increasing local co-
ordination number, which is especially pronounced at
higher attraction strengths [Figs. 2(a1)–2(a3)]. Next, we
define the mean orientational relaxation time hτRðZÞi,
which is a measure for the frictional arrest of the orienta-
tional dynamics, as follows [39,40]:

(a1) (a2)

(a3) (a4)

(b) (c)

FIG. 2. Coordination-dependent frictional arrest. (a1)–(a4) The coordination-dependent orientational autocorrelation function CðZ; tÞ
for polymer concentrations cp ¼ 7.5; 3.9; 3.2, and 2.5 mg=mL, respectively. Dashed lines correspond to stretched-exponential fits.
(b) The mean orientational relaxation time hτRðZÞi as a function of the coordination number Z for different polymer concentrations cp.
Dashed lines are fits to Eq. (5). (c) The probability, i.e., fraction of time, that a pair of neighboring particles is in the “contact” state Parrest
for different polymer concentrations cp. Dashed line is a guide to the eye. (a)–(c) Colloid volume fraction ϕ ≈ 0.3.
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hτRðZÞi ¼
Z

∞

0

CðZ; tÞdt; ð3Þ

where in practice we first fit a stretched exponential
to CðZ; tÞ before doing the integration (see SM [27]). In
Fig. 2(b) we plot the mean orientational relaxation time
hτRðZÞi for different attraction strengths, and hτRðZÞi
clearly increases exponentially with the local coordination
number Z. Interestingly, the slope of the exponential
slowdown provides a direct measure for how much the
orientational dynamics is slowed down per neighboring
particle, which increases strongly with increasing attraction
strength.
To explain the exponential dependence of this co-

ordination-dependent frictional arrest of the orientational
dynamics, we start by considering only two attractive
particles. Due to thermal fluctuations the pair of particles
is subjected to bond-length fluctuations, which we describe
using a two-state picturewith fluctuations between “contact”
and “no-contact” states. In the “contact” state, the particle
orientation is arrested due to rolling constraints, resulting in
what has been referred to as “adhesive contact” [36–38].
Conversely, in the “no-contact” state the particle orientation
randomizes with a relaxation time τ0. Note that such a two-
state dynamics is reminiscent of the switching between
rotationally arrested and diffusive states as observed at high
volume fractions [23], where particles are forced together by
crowding. The average orientational relaxation time is then
simply proportional to the time spent in the “no-contact”
state. This can be expressed as

hτRðZ ¼ 1Þi ≈ τ0
ð1 − ParrestÞ

; ð4Þ

where Parrest is the probability, i.e., fraction of time, that
the particle is rotationally arrested due to rolling friction.
We note that Parrest is reminiscent of the system-averaged
fraction of frictional contacts considered in earlier theoretical
work [7,8]. Importantly, the above argument for pairs of
particles is easily extended to account for larger coordination
numbers by assuming that bond fluctuations between all
pairs of neighboring particles are independent of each other,
which leads to the following straightforward extension
of Eq. (4):

hτRðZÞi ≈
τ0

ð1 − ParrestÞZ
: ð5Þ

Here, ð1 − ParrestÞZ is thus the probability that all bonds of
the central particlewith its neighbors are in the “no-contact”
state. Crucially, this predicts the experimentally observed
exponential increase of the orientational relaxation time
with coordination number [see Fig. 2(b)], which thus arises
due to the fact that a particle is only able to reorient when
it is not in frictional contact with any of its neighbors.
Remarkably, the simple approximation of uncorrelated

bond-length fluctuations yields an accurate description of
the relaxation behavior at higher coordination numbers.
Within our two-state picture the slope of the exponential

slowdown is directly related to Parrest, the probability of an
interparticle bond being in the “contact” state. To quantify
this probability we determine Parrest from our experimental
data by fitting the measured relaxation times to Eq. (5)
for each attraction strength [dashed lines in Fig. 2(b)]. In
Fig. 2(c), we plot Parrest as a function of the polymer
concentration and clearly see that interparticle bonds spend
increasingly more time in the “contact” state as the strength
of the attractive interactions increases. This implies that the
attraction strength directly controls the amount of inter-
particle friction on the level of pairs of particles.
To further establish how the interactions govern the

formation of interparticle contacts, we employ a simple
computer simulation model which also features the com-
petition between Brownian rotation and friction-induced
arrest. To this end, we perform dynamic Monte Carlo
computer simulations [41,42] in which we combine attrac-
tive interactionswith explicit particle surface roughness (see
SM [27]), which constrains the particle motion via steric
interactions. Hydrodynamic interactions are neglected.
The rough particles are modeled as hard, impenetrable
particles towhich an attractive depletion interaction is added
[Figs. 3(a) and 3(b)]. To ensure that sufficiently long time-
scales can be explored, the surface roughness is chosen
substantially larger than in the experiments. Hence, it is not
our goal to directly mimic the experimental situation but
rather to see whether this simple model system may be
applied to study the interplay between attractive interactions
and particle-level frictional arrest. As shown in Fig. 3(c), our
simple model system captures the behavior observed in the
experiments. Upon plotting CðZ; tÞ (see SM [27]), we
observe a clear dependence of the orientational relaxation
of particles on their local coordination with a mean relax-
ation time hτRðZÞi that increases exponentially with particle
coordination number Z [Fig. 3(c)]. Furthermore, we also
observe that Parrest increases strongly with attraction
strength, i.e., interparticle bonding becomes increasingly
more frictional [Fig. 3(d)]. The strike correspondence
between the behavior observed in the simulations and
experiments is remarkable given the significant difference
in particle surface roughness and (lack of) hydrodynamics.
This suggests that the underlying mechanism driving this
behavior is a general phenomenon in Brownian systems,
arising from the intermittent switching between contact and
noncontact states, regardless of the specific nature of the
frictional forces involved. The essential physics emerges
simply by combining attractive interactions with a con-
straining “contact” state, which in aBrownian system allows
for transient contact formation. Our findings emphasize the
generality of this behavior and demonstrate the broad
applicability of the two-statemodel in capturing the essential
frictional behavior of Brownian systems.
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Finally, we reveal that this attraction-enhanced emer-
gence of friction is governed by a length scale associated
with the onset of interparticle friction. As it is prohibitively
difficult to access such length scale in our experiments due
to localization errors and particle polydispersity, we use our
simulations to characterize the probability distribution of
bond lengths PðrÞ for a range of attraction strengths by
varying the dimensionless polymer concentration ρpσ

3

(see SM [27]). Clearly, PðrÞ gets narrower and shifts to
shorter bond lengths with increasing attraction strengths
[Fig. 3(e)]. The length scale associated with frictional
arrest, rarrest, now naturally emerges by separating the bond
lengths into “contact” and “no-contact” states via Pðr ≤
rarrestÞ ¼ Parrest [shaded area in Fig. 3(e)]. Interestingly,
rarrest is independent of the attraction strength [Fig. 3(f)],
thus revealing the length scale associated with interparticle
contact rarrest to be a particle-property, which originates
purely from the steric constraints imposed by the surface
roughness at bond lengths r ≤ rarrest. Our results thus
highlight how interparticle frictional interactions can be
tuned in colloidal materials: simply by changing the
interparticle interactions one can tune the bond-length
distribution PðrÞ to control the fraction of time bonds
spend in the “contact” state [shaded area in Fig. 3(e)].

In summary, we have uncovered how local coordination
and interparticle interactions govern particle-level frictional
arrest in attractive colloidal matter. Our results provide
direct and fundamental insight as to how microscopic
frictional interactions can be tuned, which provides a
novel avenue toward tailoring macroscopic bulk behavior
in these materials. We note that the existence of frictional
interactions in particle gels has remained elusive to date
due to lack of a direct experimental measurement.
Importantly, almost all theoretical and simulation studies
on such systems do not account for interparticle friction.
Incorporating frictional constraints to rolling and sliding
between particles will likely have a pronounced effect on a
variety of phenomena studied in attractive colloidal matter
such as gel formation [43], coarsening and failure [17].
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FIG. 3. Dynamic Monte Carlo simulations of attractive particles with explicit surface roughness. (a) Snapshot of a gel at a
dimensionless polymer concentration ρpσ3 ¼ 3000. (b) A close-up of the particles showing clearly the surface topography. (c) The mean
orientational relaxation time hτRðZÞi as a function of the coordination number Z for different polymer concentrations ρp. The relaxation
times are rendered dimensionless through normalization with the Brownian time τB ¼ 1=2Dr withDr the rotational diffusion constant at
infinite dilution. Solid and open markers correspond to gel and fluid phases, respectively. Dashed lines are fits to Eq. (5). (d) The
probability of an interparticle bond being frictionally arrested Parrest as a function of the polymer concentration ρp. (e) Probability
distribution function of bond lengths PðrÞ for ρpσ3 ¼ 2000, 3000 and 4000 (top to bottom). Here rarrest (dashed lines) is determined such
that Pðr ≤ rarrestÞ ¼ Parrest (shaded areas), hence separating the “contacting” and “noncontacting” bond-lengths. (f) Extracted rarrest for
different polymer concentrations ρp, showing no dependence on the attraction strength. (a)–(f) Colloid number density ρσ3 ¼ 0.38.
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