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ABSTRACT
The Brownian dynamics of a colloidal particle is consistently modified by the presence in the solvent of other particles of comparable size,
whose effects on the particle diffusion coefficient cannot be attributed to a change of the effective solvent viscosity. So far, despite their impact
on subjects ranging from microrheology to phoretic transport in crowded environments, a detailed experimental survey of these effects is still
lacking. By exploiting the peculiar properties of fluorinated colloidal particle, we have performed an extensive dynamic light scattering (DLS)
investigation of short-time self-diffusion in binary colloidal mixtures, focusing on systems where one of the two species (the “tracer” particles)
is very diluted compared to the other one (the “host” particles). From the dependence on the host concentration of the DLS correlation
function, we have obtained the first-order correction hs

s1 to the tracer single-particle diffusion coefficient, varying the tracer-to-host size ratio
q in the range 0.2 ≤ q ≤ 2. Our results support the functional relation of hs

s1 on q proposed to account for the theoretical and numerical results
for hard-sphere mixtures. However, hs

s1 seems to have a weaker dependence on the size ratio than theoretically predicted, possibly because of
an imperfect matching of the suspensions we used for an ideal hard-sphere mixture. This may be due to the presence of a stabilizing surfactant
layer on the particle surface that, although very thin, has significant effects on hydrodynamic lubrication forces.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0225840

I. INTRODUCTION

The Brownian motion of colloidal particles in complex, struc-
tured solvents is a subject of primary interest because of its rela-
tion with diffusion in crowded environments, such as the cell
interior,1–7 and for its connection with both passive and active
microrheology8–10 or particle manipulations in non-Newtonian flu-
ids.11 Unfortunately, this is also a very challenging subject, both
theoretically and numerically, even in the simplest case of the diffu-
sion of a tracer spherical particle of radius aT in a colloidal dispersion
of host hard spheres (HS) with a different radius aH , primarily
because of the many-body nature of the interparticle hydrodynamic
interactions (HI). A further complication is that the self (tracer)
diffusion coefficient Ds is time dependent because if the host sus-
pension is not very diluted, the particle mean square displacement is
not linear in time, so one should distinguish between a short and a
long time limit for Ds.

Two limits are, however, easily spotted. Indeed, when the host
particles are very small compared to the tracer, i.e., when the size
ratio q = aT/aH is very large,12 we can reasonably assume that their
effect is just modifying the bare solvent viscosity η0 according to the
Einstein formula,13,14

ηeff = η0(1 + 2.5ϕ),

where ϕ is the particle volume fraction of the host dispersion.
At first order in ϕ, therefore, the tracer self-diffusion coefficient

becomes

Ds(ϕ) = D0(1 − 2.5ϕ),

where D0 = kBT/6πη0. In the opposite limit q≪ 1, the host particles
can be viewed as a macroscopic porous (and nearly static) medium
with huge cavities, allowing for a unhindered diffusion of the tracer
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with Ds(ϕ) = D0. For an arbitrary value of q and in the short time
limit, we can expand the tracer diffusion coefficient Ds

s as

Ds
s(ϕ; q) = D0Hs

s(ϕ; q) = D0(1 − hs
s1(q)ϕ + hs

s2(q)ϕ
2
+ ⋅ ⋅ ⋅ ).

When the tracer and host particles have the same size (q = 1),
accurate calculations,15 accounting for lubrication forces to pre-
vent divergent three-particle HI contributions, yield, at second
order in ϕ,

Hs
s(ϕ; q = 1) = 1 − 1.832ϕ − 0.219ϕ2. (1)

However, this theoretical value for hs
s2(q)strikingly disagrees (even

in sign) with the experimental evidence16,17 that rather supports the
semi-empirical expression proposed by Lionberger and Russel,18

Hs
s(ϕ; q = 1) ≃ (1 − 1.56ϕ)(1 − 0.27ϕ), (2)

which vanishes (as it should) at random close packing ϕrcp ≃ 0.64
and at the same order reads

Hs
s(ϕ; q = 1) = 1 − 1.83ϕ + 0.42ϕ2. (3)

For an arbitrary value of q, the problem is even more com-
plicated and was solved only to first order in ϕ by Batchelor and
co-workers, assuming indeed pair HI.19–22 With a true mathematical
tour de force, they obtained

hs
s1(q) = (

1 + q
2
)

3
C(q), (4)

where C(q) is numerically obtained as the integral of an expres-
sion that intricately depends on the interparticle distance and
mobilities.23

Experimental investigations are certainly not less challenging.
For single-component dispersions, the standard way to obtain Ds

s
is by using dynamic light scattering (DLS) for measuring the large
wave-vector limit of the intermediate structure factor S(k, t),16,24

which provides information on the single-particle motion over a dis-
tance d ≃ 2π/k that, to ensure that direct interparticle forces do not
affect diffusion, has to be much smaller than the mean interparti-
cle distance. Achieving this condition with DLS may, however, be
difficult since the maximum accessible wave-vector is kmax = 4π/λ,
where λ is the light wavelength in the scattering medium. Dense
suspensions of small particles are then better studied with x-ray
photon correlation spectroscopy (XPCS).25,26 An interesting alter-
native approach is using optically anisotropic particles dispersed in
an index-matching solvent. Optical matching suppresses the coher-
ent polarized contribution to the scattered intensity, leaving only a
depolarized, incoherent component whose correlation function has
a decay rate Dr +Ds

sk2, where Dr is the particle rotational diffu-
sion coefficient.27 This experimental approach has provided accurate
measurements of Ds

s up and above the HS freezing volume fraction
ϕ ≃ 0.5.17

With particle mixtures, one could, in principle, make particle-
tracking experiments, which are, however, best suited to study
two-dimensional diffusion and can hardly measure displacements
much smaller than the particle size, unless they are performed
with a holographic microscope. Indeed, the only comprehensive
investigation done by particle tracking of diffusion in a binary

TABLE I. Tracer particles size properties. σrel is the relative standard deviation or
coefficient of variation.

Nos. Material aT (nm) σrel (%) q

1 PS 30 2.0 0.20
2 PS 42 2.0 0.28
3 PMMA 53 4.8 0.35
4 PMMA 98 2.0 0.65
5 PMMA 143 2.4 0.95
6 PMMA 224 2.2 1.49
7 PMMA 300 2.2 2.00

colloidal mixture that we are aware of is limited to a single value
of the size ratio q.28 Using particles with a different refractive
index in an optically matched host suspension is almost unavoid-
able in order to use DLS. Optical matching is commonly achieved
by using poly(methylmethacrylate) (PMMA) particles in a suitable
decalin–tetralin mixture. However, the difference in refractive index
between PMMA and other colloidal particles stable in an organic
solvent, such as silica,29 is rather small. Thus, extreme care should
be taken to avoid optical polydispersity effects that would prevent
fully masking of the host particles, especially if aH ≫ aT . As a result,
DLS studies of self-diffusion exploiting this approach are mostly
limited to suspensions of tracers and hosts with a very similar size
(q ≃ 1).30–32 Using low refractive index host particles that can be
optically matched in water opens much wider experimental possibil-
ities. In this work, by using monodisperse particles made of a highly
fluorinated hydrocarbon, we show that the range 0.2 ≲ q ≲ 2 can be
fully covered, allowing a detailed comparison with existing theories
of self-diffusion in binary colloidal mixtures.

II. EXPERIMENTAL
A. Colloidal system

Fluorinated nanoparticles, hereinafter referred to as FMA, have
been synthesized via heterogeneous emulsion free-radical polymer-
ization, following the method described in Refs. 33 and 34, using
as monomer 2,2,3,3,4,4,4-heptafluorobutyl methacrylate (HFBMA,
Alfa Aesar), surfactant sodium dodecyl sulfate (SDS) as emulsi-
fier, and potassium persulfate as initiator, purchased from Sigma-
Aldrich. The suspension, with a solid content of about 1% obtained
from the batch reaction, was further purified by dialysis carried on
for eight days. The particles were then stabilized with Triton X-100,
a non-ionic surfactant that physically adsorbs on FMA particles as
a 2 nm monolayer ensuring the stability of the dispersion up to an
ionic strength of 0.5M.

PMMA particles and PS particles, used as guest tracers, are pur-
chased from microParticles GmbH and PolyScience, respectively.
The nominal radius aT , relative standard deviation σrel, and size ratio
q are presented in Table I.

B. Particle characterization and sample preparation
1. Density

The density of colloidal particles is typically obtained from
the values of the settling speed in an analytical centrifuge using
Stokes’ law, which as an input, however, requires precise values
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for the particle size and for the solvent viscosity. To improve the
accuracy, we followed a different method. Using aqueous mixtures
of sodium polytungstate, a multivalent salt known to be miscible
with water, we prepared a series of solvents with a density rang-
ing from 1.0 to 3.1 g/cm3. The particle density was then obtained
by adjusting the solvent composition until settling or creaming
under centrifugation was negligible,35 which yielded a density of
the FMA particles ρFMA ≃ 1.578 ± 0.005 g/cm3. Such a precise value
of the particle density also allows an accurate value of the par-
ticle volume fraction ϕ of the FMA samples we used, which is
obtained as

ρ = ρs + ϕ(ρFMA − ρs), (5)

where ρ and ρs are the suspension and the solvent densities,
respectively.

2. Particle size
The particle average size and polydispersity were obtained

using a custom angular DLS setup with a frequency-doubled Nd:Yag
laser operating at λ = 532 nm. All the measurements were performed
at T = 20 ± 0.1 ○C. A second cumulant fit of the field correlation
function from a dilute sample (ϕ ≃ 10−4

) at a scattering angle
θ = 90○, shown in the inset of Fig. 1(a), yields a particle radius
aH = (150 ± 3) nm.

3. Refractive index
By measuring as a function of the solvent refractive index, var-

ied by mixing water with urea, the intensity I of the light scattered
at 90○ from a dilute particle suspension allowed us to obtain a very
accurate value of the FMA particle refractive index. The experimen-
tal values of the excess scattering intensity I − Is normalized with

FIG. 1. Panel (a): semilogarithmic plot of the normalized excess scattered intensity (I − Is)/Is at θ = 90○ from an FMA suspension as a function of the solvent refractive
index. The continuous line is a parabolic fit with a minimum at n = 1.383. For all the samples we investigated, the values of the intensity scattered by tracers lie within the
gray region. The inset shows, on a logarithmic y axis, a field correlation function for a dilute FMA suspension. Panels (b): field correlation functions of the tracer particles for
q = 0.20 (b1) and q = 2.00 (b2) at three different host volume fractions: ϕ = 0.01 (circles), ϕ = 0.04 (squares), and ϕ = 0.085 (triangles), obtained at scattering wave-vectors
indicated in the graphs. The continuous lines are two cumulants fits to the correlation functions, g1(τ) = exp(−Γτ + (1/2)Γ2τ2

).
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respect to the solvent scattered intensity Is, which is a quadratic
function of the solvent refractive index,36 are shown in Fig. 1(a).
The minimum of the parabola yields an average refractive index of
Triton-coated FMA of n̄FMA = 1.383 ± 0.001.

4. Sample preparation
The initial FMA batch is first concentrated by centrifugation

to a volume fraction ϕ = 0.154 in water. NaCl is then dissolved to
a final concentration of 20 mM. By adding urea, the suspension is
finally optically matched and further centrifuged to get a mother
batch concentration ϕ = 0.244 ± 0.005. For each size ratio, we pre-
pared and measured seven samples with a volume fraction of the
host FMA particles ranging from ϕ = 0.01 to ϕ = 0.1.

Suspensions of the tracer particles are prepared in a solvent
having the same composition of the FMA mother batch, and their
volume fraction ϕT is adjusted so as to obtain a scattered intensity
from the tracer particles that is at least two orders of magnitude
larger than the intensity scattered by the host particles [see Fig. 1(a)].
At any rate, the final volume fraction of the added tracers is kept
below ϕT ≃ 10−3 to avoid multiple scattering effects.

After the DLS measurements of the particle mixtures, the sam-
ples are centrifuged at 14 000 g for 2 h to separate out the host
particles from the solvent. When using PS tracers, the surnatant is
pipetted out and transferred again to the scattering cell to obtain the
value D0 of the diffusion coefficient of the pure tracer. PMMA trac-
ers, however, separate out with the host particles, thus a tiny amount
of them must be added to the surnatant to get D0.

III. RESULTS
The field correlation functions obtained for the lowest

(q = 0.20) and highest (q = 2.00) size ratios are shown in panels
(b1) and (b2) of Fig. 1 for three representative host volume fractions
ϕ = 0.01, 0.04, 0.085.

For q = 0.2, the data were obtained at a scattering angle
θ = 90○, corresponding to k ≃ 23 μm−1. The field correlation func-
tions display a single-exponential behavior, with only modest devia-
tions that can be attributed to polydispersity effects. The decay rate,
obtained from a two-cumulant fit, ranges from Γ ≃ 2.53 ms−1 to
Γ ≃ 2.30 ms−1.

It is worth checking that, under these conditions, the measured
relaxation times are properly related to self-diffusion in short time
regime. We first notice that up to the maximum host volume fraction
ϕ = 0.1 we tested, the average distance between the host particles is
dH ∼ [4π/(3ϕ)]1/3aH ≤ 3.5aH . Then, we have to distinguish the two
cases q ≶ 1. For q < 1, the fastest particles are the tracers, thus at time
τ, the dynamics is still in the short time regime if the tracers mean
square displacement ⟨Δr2

T(τ)⟩ = −(6/k
2
) ln g1(τ) < dH

2, which is
verified at all delay times we measured. For q > 1, the fastest particles
are the host, whose mean square displacement can be estimated37 as
⟨Δr2

H(τ)⟩ = q⟨Δr2
T(τ)⟩. In this case, measurements performed at a

scattering angle of 90○ are still in the short time regime. However,
for q = 2, the tracers scatter mainly in the forward direction. There-
fore, for the scattered intensity of the tracer to be dominant, DLS
measurements were performed at θ = 30○ (k ≃ 8.5 μm−1

), where the
ratio of the host to tracers scattered intensities is about 0.01. At this
scattering vector, however, DLS probes the short time dynamics only

for g1(τ) > 0.2. Limiting our fit to this value of τ ensures that the dif-
fusion both of the tracer and the host particles are in the short-time
regime, as requested by the theoretical predictions.21,38

In this decay range, the field correlation functions still display
an almost exponential behavior, but characterized by longer decay
times (Γ ≃ 0.0335 − 0.0276 ms−1

).
Figure 2 shows the normalized short-time normalized self-

diffusion coefficients Hs
s(ϕ; q)as a function of ϕ for the low-

est and highest investigated q values, fitted as Hs
s(ϕ; q) = A

(1 − hs
s1(q)ϕ). The slope of the curves increases with the size ratio,

from hs
s1(0.20) ≃ 1.023 ± 0.018 to hs

s1(2.00) ≃ 2.209 ± 0.098. A lin-
ear fit to Hs

s(ϕ; q)for a size ratio q = 0.95, which is also shown
in the figure, yields hs

s1(0.95) ≃ 1.754 ± 0.117, which is only 4%
lower than the theoretically calculated value hs

s1(1) = 1.83 for a
single-component suspension of HS.

In the inset of Fig. 3, we compare our results for q = 0.20 and
q = 2.00 to the diffusion coefficient predicted by the theory of Zhang
and Nägele,38 who have improved the calculation of hs

s1(q)by means
of a cluster expansion. The maximum deviation with respect to the
theory (black dashed line) never exceeds 3%. However, while for
q = 2.00 our results are randomly scattered around the theoreti-
cal values, for q = 0.20 a small but statistically significant deviation
from the theory is observed: the measured diffusion coefficients are
smaller than expected, with a difference that grows with ϕ.

This discrepancy is better appreciated by plotting [hs
s1(q)]

−1

vs q−1 as in the body of Fig. 3. Following Batchelor,21 Zhang and
Nägele38 have indeed shown that the q-dependence of the theoretical
results for hs

s1(q)can be empirically fitted as

hs
s1(q) =

2.5
1 + hq−1 , (6)

where the value they find for the only free parameter h (h = 0.366)
is pretty similar to the value that Batchelor obtained for the numer-
ical results in Ref. 20 (h = 0.359). Equation (6) then suggests that

FIG. 2. Normalized short-time self-diffusion coefficients Hs
s(ϕ; q)for q = 0.20

(circles), q = 0.95 (triangles), and q = 2.00 (squares). The full lines are lin-
ear fits of the data points Hs

s = H0(1 − hs
s1(q)ϕ), yielding hs

s1(q = 0.20)
= 1.023 ± 0.018, hs

s1(q = 0.95) = 1.754 ± 0.117, and hs
s1(q = 2.00) = 2.209

± 0.098, respectively.
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FIG. 3. Plot of [hs
s1(q)]

−1 vs the reciprocal of the size ratio q. A linear fit to the
data (full line), [hs

s1(q)]
−1
= a(1 + hq−1

), gives a = 0.424 ± 0.013, correspond-
ing to limq→∞hs

s1(q) = 2.36 ± 0.07 and h = 0.247 ± 0.015. For comparison, the
dashed line shows the theoretical result by Zhang and Nägele. The inset shows,
for q = 0.2 and q = 2, the measured short-time diffusion coefficients scaled to the
theoretical results obtained by Zhang and Nägele.38

[hs
s1(q)]

−1 should linearly increase with the inverse size ratio.
Figure 3 shows that the experimental data are in reasonable agree-
ment with the linear trend of Eq. (6). However, while the intercept is
pretty close to the Einstein value of 2.5, the slope h ≃ 0.247 is ∼30%
lower than the theoretical one.

IV. DISCUSSION AND CONCLUSIONS
The diffusion coefficient of a colloidal particle is consistently

influenced by the presence in the solvent of structures on length
scales that are not negligible compared to the particle size, an effect
that cannot simply be traced back to changes in the solvent rheol-
ogy. The aim of this work is probing these effects, which have mostly
been qualitatively investigated despite their paramount importance
in crowded biological environments, on a well-controlled model sys-
tem. By exploiting the peculiar properties of fluorinated colloidal
particles, which can be optically matched in aqueous solvents, we
have performed an extensive DLS investigation of short-time self-
diffusion in binary colloidal mixtures. We focused on the specific
case, where one of the two species (the “tracer”) is very diluted com-
pared to the other one (the “host”), increasing the volume fraction ϕ
of the host particle up to ϕ = 0.1 and varying the tracer-to-host size
ratio in the range 0.2 ≤ q ≤ 2. From these measurements, we have
obtained the correction at first order in ϕ of the tracer short-time
diffusion coefficient, hs

s1(q), which we compared to the theoreti-
cal predictions.21,38 We found that the dependence of hs

s1(q)on the
size ratio agrees with the empirical functional form proposed by
Batchelor and Nägele, however, with an experimental value of the
coefficient h in Eq. (6) that is consistently lower than the theoretical
value.

To account for this discrepancy, we first have to point out that
in the system we investigated, both the tracer and the host particles

are coated with a surfactant. One may, therefore, wonder whether
and how much this stabilizing layer affects diffusion, preventing a
straightforward comparison with an ideal HS mixture. Moreover,
it should be noted that in sterically stabilized colloidal systems, the
values of the particle size and volume fraction that are required for
a proper mapping onto an ideal HS system have been the subject
of an extensive debate.39,40 It is indeed a common practice intro-
ducing an effective volume fraction ϕeff and/or an effective radius
reff , so as to match the theoretical expectation for some property
of a HS system39 using either static quantities [Eq. (5) is an exam-
ple] or transport coefficients, like matching the viscosity of a dilute
suspension to the Einstein expression (which is valid whatever the
interparticle forces).

In this work, we choose to define reff as the particle hydro-
dynamic radius rh obtained by DLS. Yet, for sterically stabilized
particles, two other radii can be defined, namely, a “core” radius
rc and a “core–shell” radius rcs = rc + δ, where δ is the thickness of
the stabilizing layer. However, usually one finds that rc ≤ rh ≤ rcs,
so that stating which value of the radius is more appropriate for a
comparison with theory is nontrivial and particularly delicate when
testing in dynamical properties that crucially depend on hydro-
dynamic interactions. Indeed, lubrication forces acting when two
particles close in contact give a significant contribution to Ds

s.41 For
a pair of ideal hard spheres, the hydrodynamic friction caused by the
relative motion of two near-by particle boundaries actually diverges
when their center-to-center distance is equal to their diameter. How-
ever, this singular contribution vanishes for a sterically stabilized
sphere at a distance d = 2reff because of the presence of a narrow
permeable channel where the solvent can flow. Therefore, HI can be
different between hard non-permeable spheres and core–shell par-
ticles with the same hydrodynamic radius, even for extremely thin
and only slightly permeable outer shells.42 These qualitative obser-
vations are supported by a nontrivial extension of the effective HS
model, the core–shell model, in which the particles are covered by a
porous layer of thickness δ and constant permeability k̃.41 It has been
shown that, even when the shell is thin, the dynamical properties
of the core–shell particles are poorly approximated by HS of radius
rcs.42 Nevertheless, the dynamics of a concentrated core–shell system
is well reproduced if the thin permeable shell is replaced by the shell
of a pure fluid,42 like in the annulus model introduced by Cichocki
and Felderhof.43

So far, we cannot make a full comparison of our results with
the annulus model, which has been solved for the monodisperse case
alone. However, for q = 1 and δ/rc = 0.05 − 0.1, the model predicts
that hs

s1(q)can be 10%–20% larger than for the HS system (see Fig. 4
in Ref. 42), which is consistent with our results. The experimen-
tal observation that the deviation from the HS prediction is more
pronounced for smaller tracers suggests that the stabilizing layer
cannot be neglected to obtain accurate values of their diffusion coef-
ficient. We also point out that under our experimental condition, the
Debye–Hückel length is around 2.2 nm, a length comparable to δ,
so that electrostatic effects can play an additional role in lubrication
forces. The effect of the surface layer on Ds

s can be better quantified
by performing experiments where δ, and possibly k̃ too, are varied
using different stabilizing surfactants.

Finally, we point out that the host FMA particles we used could
be profitably exploited to investigate other transport properties. For
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instance, the long-time self-diffusion coefficient, which requires tak-
ing correlation measurements at a very small scattering wave-vector,
can be investigated using digital Fourier imaging.44–46 Similarly,
the sedimentation kinetics in binary suspensions and the onset of
hydrodynamic instabilities47 could be made using Ghost Particle
Velocimetry (GPV), a technique requiring to use small “phantom”
particles.48,49 Hence, we are confident that our approach could
provide valuable insights into the transport properties of complex
binary mixtures.50
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