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Dynamics of nanoparticle tracers in supercooled
nanoparticle matrices†

Peter Edimeh,a Ali H. Slim,a and Jacinta C. Conrad∗a

We investigate the dynamics of tracer nanoparticles in bulk supercooled nanoparticle matrices using
confocal microscopy. We mix fluorescent (tracer) and undyed (matrix) charged-stabilized polystyrene
nanoparticles with tracer-to-matrix particle size ratios δ = 0.34,0.36,0.45,0.71 at various matrix
volume fractions φ . Single-particle and collective dynamics were obtained from particle-tracking
algorithms and differential dynamic microscopy (DDM), respectively. The long-time behavior of the
tracer mean-square displacement (MSD) and the shape of the distributions of particle displacements
depend on δ and φ . At sufficiently large φ , small tracers (δ ≤ 0.36) remain mobile and subdiffusive
but large tracers (δ ≥ 0.45) are dynamically arrested. The relaxation times determined from the
intermediate scattering function (ISF) increase with δ and φ . Anomalous logarithmic decays in
the ISF are observed for tracers of size δ ≤ 0.36 over a length scale of four to ten matrix particle
diameters. These results provide insight into how penetrant size affects the transport of nanoparticles
in porous media with soft interparticle interactions.

1 Introduction
Controlling the dynamics of nanoscale penetrants in heteroge-
neous media is crucial for advancing industrial and biomedical
applications. For instance, nanoparticles can increase oil re-
covery from reservoirs and thereby improve oil extraction effi-
ciency.1–7 In medicine, nanoparticles are used as targeted deliv-
ery systems to precisely transport theranostic agents to specific
sites, offering new capabilities in treatment strategies.8–13 In-
corporating nanoparticles into composite materials significantly
enhances their mechanical, optical, and thermal properties.14

The microenvironments through which nanoparticles navigate
through in these applications, including soils, tissues, the extra-
cellular matrix, and polymer solutions and melts, relax on the
length and time scales that characterize nanoparticle transport.
Thus, understanding how nanoparticles move in dynamic com-
plex media is essential for controlling their spreading.

Model complex media in which dynamics are well character-
ized provide a useful platform in which to examine the coupling
between nanoparticle and environmental dynamics. Media com-
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monly used in such studies include polymer solutions15–20 and
melts;21–27 emulsions;28,29 and colloidal gels30 and supercooled
liquids.31–40 Glass-forming particle liquids are a particularly in-
teresting medium in which to probe nanoparticle transport be-
cause the dynamics of supercooled liquids and glasses are spa-
tially and temporally heterogeneous.41,42 In supercooled liquids,
particle dynamics are arrested on intermediate time scales but
relax on long time scales. Arrest on intermediate time scales is
due to the formation of cages of particles,43,44 which must relax
to recover diffusive dynamics on long time scales. Thus, relax-
ations in these supercooled liquids occur cooperatively45. The
size of cooperatively relaxing regions increases with the particle
volume fraction φ 46,47, and the shape depends on the interactions
between the matrix particles48. Suspensions at sufficiently high
φ form glasses whose dynamics are arrested on experimentally
accessible time scales.47,49,50 Thus, particle supercooled liquids
and glasses are often used as model media in which to examine
how penetrant motions couple to collective dynamics in slowly-
relaxing matrices.

Tracer particles in glassy particle liquids couple to different ma-
trix dynamics depending on the relative size of the tracer and
matrix particles δ .34,36,39,51 The motion of tracer particles with
δ > 0.35 approximately couples to the matrix relaxations, whereas
tracers with δ < 0.35 diffuse within the void space of the ma-
trix.34,36,38 Intriguingly, tracers of size δ = 0.35 exhibit anoma-
lous transport, signaled by logarithmic relaxations of the interme-
diate scattering function,34,36, indicating that their motion cou-
ples both to matrix relaxations and local fluctuations. These stud-
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ies, however, have largely been carried out using micron-sized
colloids (i.e., where tracers and matrix particles are at least 500
nm in size) and the length scale of interparticle interactions (par-
ticularly, electrostatics) is small compared to the particle diame-
ter. In many media of practical interest, however, characteristic
length scales of the medium and penetrants are of order 100 nm,
motivating studies of dynamic coupling in nanoparticle suspen-
sions.52,53.

In this study, we examine the coupling between the dynamics
of tracer nanoparticles and those of bulk supercooled nanopar-
ticle matrices. We formulate binary mixtures of large (140 nm)
and small (120 nm) charge-stabilized polystyrene (PS) nanopar-
ticles at an 80:20 ratio to frustrate crystallization,54 and add
charge-stabilized PS tracer nanoparticles to obtain various tracer-
matrix size ratios (δ = 0.34,0.36,0.45,0.71). We image the tracers
over time in matrices of various volume fraction φ using confocal
microscopy and analyze the images using single-particle track-
ing and differential dynamic microscopy. Single-particle tracking
analyses reveal that tracer dynamics in nanoparticle glasses de-
pend on δ , coupling to arrested matrix dynamics for the largest
δ = 0.71 tracers at large φ . Small tracers, however, are able to
escape local cages and relax on long time scales, suggesting that
these particles couple to different dynamical processes within the
matrix. Differential dynamic microscopy analyses reveal that trac-
ers of size δ ≈ 0.35 exhibit the anomalous logarithmic relaxations
in the intermediate scattering function previously observed for
larger colloidal particles, suggesting that their dynamics couple
both to matrix fluctuations and relaxations, but on somewhat
longer length scales of four to ten matrix particle diameters.

2 Materials and Methods

2.1 Preparation of supercooled nanoparticle matrices

Aqueous suspensions of undyed charge-stabilized polystyrene
(PS) nanoparticles with diameters σmatrix(i) = 140 nm and
σmatrix(ii) = 120 nm (both with dispersity of ∼ 0.08 and initial
volume fraction φ = 0.1) were acquired from Thermo Fisher Sci-
entific and used as matrix particles. Fluorescently labeled and
charge-stabilized PS nanoparticles with diameter σs = 47 nm
(green) and 51, 63, and 100 nm (red) were also purchased from
Thermo Fisher Scientific and used as tracer particles (Fig. 1(a));
we define δ = σs/σmatrix(i). The zeta potentials ζ of the nanopar-
ticles were determined using a Nicomp 380 ZLS zeta sizer. The
zeta potentials of the PS particles in deionized water (Millipore,
18.2 MΩ-cm) ranged from -45 to -15 mV (Fig. 1(b)).

The fluorescent tracer particles were dispersed in deionized wa-
ter at dilute volume fractions between 6.5×10−7 and 2×10−5 to
mitigate aggregation and minimize their influence on the bulk
structure, thermodynamics, and dynamics of the matrix. To gen-
erate the bulk supercooled matrix, the undyed PS particles were
mixed at the Kob-Anderson volume ratio of σmatrix(i): σmatrix(ii) =
80:20 to prevent crystallization.54 Approximately 1 µL of the di-
lute fluorescent tracer particle suspension was added to 400 µL of
the matrix suspension. Subsequently, the suspensions were cen-
trifuged at 8000 rpm for a given duration to obtain a specified
final PS φ . Details of the determination of the PS volume fraction
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Fig. 1 (a) Schematic representation of tracers of various sizes in a 3-D
supercooled matrix. The relative sizes of (left) tracer and (right) matrix
particles used in this study are depicted under the schematic. (b) Zeta
potential ζ as a function of particle diameter σ . The error bars indicate
the standard deviation of the measurements.

are provided in the ESI.

2.2 Preparation of bulk supercooled liquid samples
Custom sample chambers were constructed by drilling 4.8 mm di-
ameter wells into standard microscope slides (VWR, 75 mm × 25
mm × 1 mm). The cut glass slides (37 mm × 25 mm × 1 mm)
were cleaned with isopropyl alcohol, air-dried, and attached onto
a larger cover slide (Gold Seal, 48 mm × 65 mm × 0.15 mm)
using UV-curable epoxy (Norland Optical Adhesive 81). This as-
sembly formed a chamber with depth of approximately 0.8 mm,
which is ∼5700 times the average matrix particle size. Immedi-
ately after centrifugation, the supercooled nanoparticle suspen-
sions were placed in this well, covered with a coverslip (Fisher-
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brand, 22 mm × 22 mm), sealed with UV-curable epoxy, and used
in imaging experiments.

2.3 Confocal imaging and particle tracking analysis

Tracer particles in supercooled matrices were imaged using a Le-
ica DMi8 inverted fluorescence microscope equipped with a Leica
SP8 confocal head and a 100x oil immersion objective (NA =
1.40). For each suspension, multiple time series of 2-D images,
consisting of 8000 frames acquired at a frame rate of 50 frames
per second (fps), were captured at a vertical position of 30 µm
above the bottom of the coverslip to access bulk dynamics away
from the chamber walls. For each sample, four to five time series
were acquired at different positions within the sample to ensure
statistically robust and reliable data analysis. In each frame, the
typical number of tracked particles ranged between 15 and 30.
The pixel size in the captured images ranged from 0.076 to 0.228
µm per pixel, which was larger than the tracer particle size in
each system (Table S1). Images using a pixel size of 0.076 µm
were were 256 pixels × 256 pixels (19.5 µm × 19.5 µm); im-
ages using a pixel size of 0.228 µm were 256 pixels × 256 pixels
(58.4 µm × 58.4 µm). (A complete list of imaging conditions is
provided in Table S1.)

We employed single-particle tracking algorithms55 to locate the
tracer particle centroids in each image and link them into trajec-
tories. The experimental suspensions are 3-D bulk systems; be-
cause the dynamics of tracer nanoparticles are very fast, however,
we track the tracers in 2-D. The 2-D tracking resolution ε was cal-
culated as the square root of the y-intercept of a linear fit of tracer
MSD in a glycerol/water mixture (to mimic the higher viscosity of
the nanoparticle solutions) and were determined for each (δ ,φ)
combination based on the pixel size used in a given experiment
(Table S1) and are shown on the figures for mean-square dis-
placements and distributions of particle displacements.

From the trajectories, we calculated the 2-D ensemble-
averaged mean-square displacement MSD(τ) = ⟨∆r2(τ)⟩= ⟨[x(t +
τ)− x(t)]2⟩+ ⟨[y(t + τ)− y(t)]2⟩, where τ is the lag time, x(t)
and y(t) are the x and y positions of the tracer particle at time
t, and ⟨...⟩ denotes an ensemble average. We also calculated
the self part of the van Hove correlation function Gs(x, t) =
1
N ∑

N
i=1 ⟨δ (x− [xi(t)− xi(0)])⟩, where N is the number of particles

in the system and δ (x) is the Dirac delta function. Finally, to
assess the extent to which the distribution of particle displace-
ments deviated from the Gaussian statistics expected for Fick-
ian diffusion, we calculated the 2-D non-Gaussian parameter
α2(τ) = 3⟨∆r4⟩/5⟨∆r2⟩2 − 1, where ⟨∆r2⟩ and ⟨∆r4⟩ are the sec-
ond and fourth moments of the displacement distribution. The
−1 ensures that α2 = 0 for a Gaussian distribution.

2.4 Differential dynamic microscopy

To characterize the collective tracer dynamics within our sam-
ples, we employed Differential Dynamic Microscopy (DDM) to
examine the temporal evolution of spatial correlations in the sam-
ple.56 In the DDM method, the intensity difference ∆I(x,y,τ) =
I(x,y, t0 + τ)− I(x,y, t0), where I(x,y, t0) is the intensity of a 2D im-
age at time t0, is calculated for each delay time τ. The squared

magnitude of the Fourier transform of ∆I(x,y,τ) is computed and
averaged over all starting times t0 to obtain the image structure
function D(q,τ) = ⟨|∆̃I(q,τ)|2⟩t , where q is the 2D wavevector in
Fourier space and ⟨...⟩t denotes a time average. The intermediate
scattering function (ISF) f (q,τ) is obtained from the image struc-
ture function via D(q,τ) = A(q)[1− f (q,τ)] +B(q). In this equa-
tion A(q) is the static amplitude, which depends on the details
of the imaging system and the sample structure, and B(q) repre-
sents the background noise. The background B is estimated by
the minimum of the DDM matrix, B(q)∼= B = min [D(q,τmin)]

57,58,
since the value of B is approximately constant for the range
of wavevectors accessible in this study. Using B, we estimate
A(q) = 2×⟨|Ĩ(q, t)|2⟩t −B. Subsequently, we calculate f (q,τ) =
1− [D(q,τ)−B]/A(q). The decay of f (q,τ) over time describes the
decorrelation in particle density fluctuations over the length scale
2πq−1. For this study, we used a Python-based implementation of
DDM, PyDDM.58

The range of wavevectors accessible in DDM is determined by
the experimental geometry.59 The minimum wavevector qmin =
2π

N∆x
, where N = 256 is the number of pixels along one dimension

of an image, and ∆x is the pixel size.59 The maximum wavevector
qmax = 2πNA/λ = 15.849 µm−1, where λ = 550 nm is the wave-
length of incident light. The theoretical qmax is constant for all
samples because λ and NA were not varied between experiments.
In practice, however, these theoretical limits were not accessible
in these experiments due to the time scale of the tracer dynamics
and the limitations of the frame rate and number of frames.60 At
high q, the camera’s frame rate was insufficient to capture the fast
dynamics of small tracers. Hence, we restricted qmin to 0.65 and
1.29 µm−1 for large (δ = 0.71) and small (δ = 0.34) tracers,
respectively, yielding values of the normalized wavevector qσs =

0.065 and 0.061, respectively (Table S2 in the ESI). These values
correspond to wavevectors where the ISF exhibits a decay. Simi-
larly, we selected as qmax the wavevector at which the ISF begins
to decrease to ensure reliable data. The selected qmin and qmax

values give the range of qσs values, all of which fall within the
theoretical expectations.

3 Results and Discussion

3.1 Single-particle dynamics

We imaged PS tracer nanoparticles of four relative sizes (δ =

0.34,0.36,0.45,0.71) in supercooled PS nanoparticle matrices us-
ing confocal microscopy. Temporal color maps showing the posi-
tion of the tracer particles over time clearly depict that the spread-
ing of tracers in the matrices depends on δ (Fig. 2). The trajec-
tories of tracers with δ = 0.34 and 0.36 reveal that these particles
are able to move further distances than the larger (δ = 0.45,0.71)
tracers over the same time interval. Further, the tracers undergo
a transition from delocalized (δ = 0.34) to localized (δ = 0.71) on
the time scales of our experiments.

We characterize the dynamics of individual particles by cal-
culating the mean-square displacements (MSDs) for tracers in
matrices of various volume fractions φ . To compare dynamics
across tracer sizes and matrix volume fractions, we normalize
the MSD by the square of the tracer diameter σ2

s and the time
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color map.pdf

Fig. 2 Temporal color map of the positions of tracer nanoparticles after 160 seconds (8000 frames) for (a) (δ ,φ) = (0.34, 0.49), (b) (δ ,φ) = (0.36,
0.48), (c) (δ ,φ) = (0.45, 0.49) and (d) (δ ,φ) = (0.71, 0.49) showing δ -dependent relaxations.

by the time scale for Brownian diffusion of the tracer particle
τ0 = 3πησ3

s /kBT . For the largest tracer particle (δ = 0.71), the
tracer MSDs exhibit a plateau on short time scales due to tran-
sient caging by the matrix particles (Fig. 3(a)). For φ ≤ 0.47, the
matrix is able to relax on long time scales, allowing the tracer to
escape this transient cage. For tracers in these matrices, the tracer
MSDs increase as a power law with time on long time scales such
that MSD ∼ τα with α < 1. The exponent α decreases with in-
creasing φ , indicating that the tracer dynamics are increasingly
subdiffusive as caging increases. For φ = 0.49, however, the tracer
dynamics are arrested on all time scales and fall below the track-
ing resolution indicated by the dashed line in Fig. 3(a). Further,
experiments extending two orders of magnitude further in time
still show arrested dynamics that fall below the resolution limit
(Fig. S2). The tracer dynamics are significantly faster for a given
matrix φ when δ is decreased from 0.71 to 0.34 (Fig. 3(b)). Fur-
thermore, the dynamics of the small tracers are subdiffusive on
long time scales even at the highest φ = 0.52 studied. Together,
these observations suggest that smaller tracers are less confined
and thus move more easily through the matrix voids than larger
tracers.61,62

Comparison of the MSDs for various δ in a φ = 0.49 matrix re-
veals a transition from subdiffusive to arrested dynamics upon in-
creasing δ (Fig. 3(c)). Large tracers (δ = 0.71) are strongly caged
on all accessible time scales, whereas smaller tracers (δ = 0.45
and δ = 0.34) are able to escape their cages on long time scales.
The height of the intermediate plateau decreases with increasing
δ , consistent with previous studies,34,36–38 showing that larger
tracers are more strongly confined. Further, the change from
strongly localized to subdiffusive dynamics with decreasing δ is
also consistent with an earlier study of micron-sized particles that
showed that penetrants whose relative size exceeded a critical
value δc ≈ 0.35 exhibited glassy intruder dynamics, characterized
by strong localization and a plateau in the MSD.34

To examine how the tracer mobility varies with φ , we compare
the normalized MSD

〈
∆r2/σ2

s
〉

for tracers of various sizes at two
time points. For a short normalized lag time (τ/τ0 = 4× 102),〈
∆r2/σ2

s
〉

decreases by approximately one order of magnitude as
φ is increased from 0.45 to 0.52 (Fig. 4(a)), indicating that φ does
not markedly affect the short-time displacement. On a longer
normalized lag time (τ/τ0 = 4.5× 104), the normalized MSD de-
creases by approximately 2.5 orders of magnitude as the matrix
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Fig. 3 Tracer dynamics from single particle tracking. (a, b) Ensemble
averaged mean-squared displacement (MSD) ⟨∆r2⟩ normalized by tracer
diameter σ2

s as a function of lag time τ normalized by Brownian diffusion
time τ0 for various φ at size ratios δ of (a) 0.71 and (b) 0.34. (c) MSD
at constant φ = 0.49 for various δ . The open diamond symbols represent
data from a longer duration experiment. Solid black lines indicate the
scaling exponent α, obtained from the slope of a linear fit to the MSD
versus τ/τ0 data on long times, where MSD ∝ τα . The MSD is diffusive
when α = 1 and subdiffusive when α < 1. The dashed lines represent
the normalized tracking resolution ε. Error bars indicate one standard
deviation over at least four replicates per state point.

volume fraction is increased from φ = 0.45 to 0.52 (Fig. 4(b)).
For the four tracer sizes examined in this study, the MSDs of the
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smaller tracers near the critical δc = 0.35 of Ref. 34 are consis-
tently one order of magnitude larger than those of larger tracers
(δ = 0.45,0.71) on short time scales and between 1 – 2 orders of
magnitude larger than those of the larger tracers on long time
scales (with the deviation increasing with φ). This result is con-
sistent with previous studies showing that the nature of the tracer
motion changes near δc.34,36,37
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φ
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104
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Fig. 4 Summary of tracer dynamics from MSDs. ⟨∆r2/σ2
s ⟩ as a function

of φ at (a) τ/τ0 = 4× 102 and (b) τ/τ0 = 4.5× 104. The open diamond
symbols represent data from a longer duration experiment. The colored
dashed lines represent the normalized tracking resolution ε for each δ .
The error bars indicate one standard deviation over at least four replicates
per state point.

The displacement distributions for large tracers (δ = 0.71) pro-
gressively narrow with increasing matrix φ due to greater con-
finement. The displacement distribution is Gaussian for φ = 0.45,
even though the MSD is slightly subdiffusive on this time scale
(see Fig. 3(a)) and non-Gaussian for φ ≥ 0.47 (Fig. 5(a)). The
displacement distributions for δ = 0.34 also narrow with increas-
ing φ and are non-Gaussian at the φ examined in our experiments
(Fig. 5(b)). At comparable φ , the normalized displacements for
δ = 0.34 tracers are larger than those for the large δ = 0.71 trac-
ers.

Non-Gaussian displacements of particles in supercooled and
glassy matrices are typically attributed to dynamical heterogene-
ity.50 To clarify the origins of non-Gaussian displacement distri-
butions for tracer particles of various sizes, we examine the time
dependence of the non-Gaussian parameter α2, which quantifies
the degree to which tracer displacements deviate from a Gaus-
sian distribution. For δ = 0.71, α2 is approximately independent
of time and does not change significantly as φ increases from
0.41 to 0.49 (Fig. 6(a)). We note that the displacements in the
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Fig. 5 Normalized probability distribution of tracer displacements
Gs(∆x,∆τ) as a function of normalized displacement ∆x/σs at τ/τ0 =

4.5× 104 s for tracers with δ of (a) 0.71 and (b) 0.34 in matrices of
various φ . The solid lines are fits to a Gaussian distribution. The black
dashed line represents the tracking resolution ε. The error bars indicate
one standard deviation over at least four replicates per state point.

(δ ,φ) = (0.71,0.49) sample are below the minimum resolution of
the tracking algorithm, and so our ability to quantify the distri-
bution shape is limited for this sample. By contrast, for a smaller
tracer with δ = 0.34 we find that α2 evolves with both time and
φ (Fig. 6(b)). The sample with (δ ,φ) = (0.34,0.49) exhibits a
weak local maximum near τ/τ0 ≈ 7× 103. The position of this
weak maximum shifts to longer lag times, τ/τ0 ≈ 3×104, for the
(δ ,φ) = (0.34,0.50) sample. At the highest φ = 0.52 examined,
α2 sharply increases with time for the experimentally accessible
time scales and we are not able to resolve the position of the max-
imum. The time and φ evolution of α2 for samples with δ = 0.36 is
qualitatively similar to those of the δ = 0.34 samples (Fig. S3(b)).
Samples with δ = 0.45, however, exhibit local maxima in α2 for
φ = 0.47 and φ = 0.48 within the experimentally accessible time
scales; for φ ≥ 0.50, however, α2 is again approximately time-
independent (Fig. S3(a)).

The results presented in Fig. 6 suggest that differences in the
non-Gaussian parameter arise in part because tracers of differ-
ent sizes have different propensities to escape the cages formed
by the matrix particles. We therefore expect that the ability of
the matrix particles to localize the tracers will depend on δ and
φ . As a metric for localization, we determined the smallest dis-
placement ∆xc at which the displacement distribution for a given
(δ ,φ) deviates from a Gaussian distribution (that is, where the
difference exceeds 10%, Fig. 7(a) inset).63 This metric provides
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lag time τ/τ0, where τ0 is the Brownian diffusion time for each tracer, at
various φ at size ratios δ of (a) 0.71 and (b) 0.34. The error bars indicate
one standard deviation over at least four replicates per state point.

an estimate of the length scale over which tracers are able to dif-
fuse freely in their local environments on a given time scale. For
constant δ , ∆xc decreases with φ on both short (0.02 s, Fig. 7(a))
and long (1 s, Fig. 7(b)) time scales. This decrease is more pro-
nounced on long time scales, because small tracers at relatively
low φ are able to escape cages and diffuse more readily (c.f. Fig.
3). For a given φ ≲ 0.5, ∆xc decreases as δ is increased. This result
indicates that larger particles exhibit non-Gaussian dynamics on
smaller length scales, in accord with their coupling to the caged
matrix dynamics. Once the matrix is arrested, however, the tracer
size no longer strongly affects ∆xc.38 We note that ∆xc at high
φ is slightly larger for the small tracers (δ = 0.34,0.36) than the
large tracers (δ = 0.45,0.71), indicating that the small tracers are
slightly less localized even when the matrix is arrested. This re-
sult is consistent with earlier studies showing that tracers of size
δ ≈ 0.35 are able to couple both to matrix fluctuations as well as
relaxations,34,38 which allows them to escape even from arrested
cages.

Together, the single-particle tracking results presented in Fig-
ures 3 through 7 and S1 through S3 show that the coupling of
tracer dynamics and matrix dynamics depends strongly on the rel-
ative tracer size δ . The dynamics of small tracers (δ ≤ 0.36) are
subdiffusive on long time scales even up to the greatest accessi-
ble φ . Their MSDs relative to tracer size decrease modestly and
α2 increases as φ is increased. Large tracers of size δ = 0.71, by
contrast, become trapped in cages of matrix particles at higher
φ . Their dynamics (i.e.,

〈
∆r2/σ2

s
〉
) decrease markedly as φ is in-

creased, but because they remain trapped in cages on long time
scales the distributions of displacements are only modestly non-
Gaussian (i.e., α2 remains low). These findings are consistent
with experiments34 and simulations36,38 that show pronounced
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Fig. 7 Normalized length scale at which the distribution of displacements
deviates from a Gaussian distribution ∆xc/σs as a function of matrix
volume fraction φ for various δ at τ of (a) 0.02 s and (b) 1.00 s. The
open diamond symbols represent data from a longer duration experiment.
The inset to (a) shows ∆xc at φ = 0.47 for δ = 0.71 and δ = 0.34 at τ =

0.02s. The displacement distributions for (δ = 0.71, φ = 0.41), (δ = 0.36,
φ = 0.45), and δ = 0.34, φ = 0.45) were Gaussian. The colored dashed
lines represent the normalized tracking resolution ε for each δ . The error
bars indicate one standard deviation over at least four replicates per state
point.

differences in tracer dynamics as a function of tracer size and
matrix φ emerging near δ ≈ 0.35; tracers of this size are able to
couple both to matrix relaxations and fluctuations.

3.2 DDM measurements of collective dynamics
To examine how tracer dynamics couple to matrix relaxations on
larger length scales, we also analyze the microscopy movies us-
ing differential dynamic microscopy (DDM). Representative DDM
image structure functions D(q,τ) are shown in Fig. S4, S5 and
S6.

For large tracers (δ = 0.71, 0.45) the ISF determined from the
DDM analysis as described in §2.4 decays exponentially for a ma-
trix with φ = 0.45, consistent with normal diffusion (Fig. 8(a),
S7(a)). At φ = 0.49, however, the ISFs do not decay to zero on ex-
perimentally accessible time scales for any q (Fig. 8(b), S7(b)),
consistent with the near arrest observed in the single-particle
MSDs. The decay of the ISFs for small tracers (δ = 0.34, 0.36)
at a relatively low matrix fraction (φ = 0.45) are also exponential,
although the fast dynamics of tracers limit the accessible range of
wave vectors (Fig. 8(c), S7(c)). Increasing the matrix fraction to
φ = 0.49 and φ = 0.48 respectively leads to slower tracer dynam-
ics that still decorrelate over the accessible range of wavevectors
(Fig. 8(d), S7(d)). Again, this observation is consistent with the

6 | 1–10Journal Name, [year], [vol.],

Page 6 of 11Soft Matter



long-time relaxation observed in the single-particle MSDs.
We calculated the self-intermediate scattering function

( f self(q,τ)), which isolates the motion of individual particles
and thus provides insight into local dynamics and relaxation
processes independent of collective behavior or correlated mo-
tion between particles, from tracer trajectories. Specifically,
f self(q,τ) = 1

N ∑
N
m=1

〈
e− jq·[rm(t0+τ)−rm(t0)]

〉
|q|=q,t0

64. The f self(q,τ)

and the collective ISF determined from the DDM analysis are in
near-quantitative agreement (Fig. S9), particularly at lower vol-
ume fractions (φ ≤ 0.47) where particle displacements are ap-
proximately Gaussian.65 We also note that because DDM does
not require tracking particles, it is able to access slightly longer
lag times than SPT.
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Fig. 8 Tracer dynamics from differential dynamic microscopy (DDM).
Collective intermediate scattering function f (q,τ) as a function of nor-
malized lag τ/τ0 exhibits a stretched exponential decay for (δ , φ) = (a)
(0.71, 0.45), (b) (0.71, 0.49), (c) (0.34, 0.45), and (d) (0.34, 0.49). The
lines in (a), (c), and (d) indicate fits of the data to a stretched exponen-
tial function. Fitting parameters are shown in Table S3.

We compare the collective dynamics across the range of ac-
cessible φ by examining the behavior of the intermediate scat-
tering function f (q,τ) of tracers at qσs ≈ 0.07, which is close to
the largest accessible length scale for tracer size σs. To compare
across tracer sizes, the lag time is normalized by the q−dependent
relaxation time τ0(qσs) = τ0q2σ2

s for qσs ≈ 0.07. For the largest
tracer (δ = 0.71), f (q,τ) decays to zero for φ ≤ 0.47 but remains
arrested on experimentally accessible time scales for φ = 0.49
(Fig. 9(a)). By contrast, the motions of small tracers (δ = 0.34)
are able to decorrelate on experimentally-accessible time scales
even up to matrix volume fractions of φ = 0.50.

For certain samples with δ = 0.34 and 0.36, we observe an
anomalous logarithmic decay of f (q,τ) that persists for at least
two decades in time (Fig. S10 and Table S6). Such decays, how-
ever, do not appear for samples with larger δ in the range of φ

for which we observe relaxations in these experiments. The size
ratio δ ≈ 0.35 required for anomalous dynamics is consistent with
the value (δc = 0.35) identified in earlier experiments and sim-
ulations.34,36,37 The length scales over which we observe these
anomalous dynamics at δ ≈ 0.35, however, are larger than those

determined for micron-sized colloids. In Ref. 34 anomalous dy-
namics in micron-sized colloids occurred at q∗σmatrix ≈ 3.5, corre-
sponding to a length scale L∗ ≈ 1.8σmatrix. In our experiments, the
longest duration of logarithmic decay of f (q,τ) (∼ 2.5 decades)
occurs for (δ ,φ) = (0.34,0.49) at q∗σmatrix(i) ≈ 1.09, corresponding
to a length scale L∗ ∼ 2πσmatrix(i)/1.09 ≈ 0.807 µm ≈ 5.8σmatrix(i).
For other samples, the q∗σmatrix(i) values for which f (q,τ) exhibits
a logarithmic decay correspond to L∗ of 4 to 10×σmatrix(i) (Table
S6).

We speculate that this difference in length scale may arise from
differences in the nature of the matrix interactions (nearly-hard-
sphere in Ref. 34, electrostatically repelling in this study). We
note, however, that in our previous study of silica nanoparticle
tracers in a PS nanoparticle matrix37 the critical size ratio δc was
calculated using the effective size of the silica tracers account-
ing for the electrostatic repulsion using the Barker-Henderson for-
malism.66,67 The effective size ratios δeff for the tracer particles
in this study determined using the Barker-Henderson formalism
are shown in Tables S4 and S5. Depending on the ionic strength
of the solvent, δeff for the smallest tracers (nominal δ = 0.34) is
0.34 (assuming a Debye length κ−1 = 1 nm) or 0.40 (assuming
κ−1 = 10 nm). This comparison suggests that the differences be-
tween the nominal and effective δ are not pronounced in this
study, in contrast to the large change in effective size that we
obtained when the tracer and matrix particles were chemically
dissimilar.37

We note, further, that q∗σmatrix(i) increases with φ at constant
δ . For δ = 0.34, these φ span the apparent arrest transition in the
matrix, which occurs in the range 0.47 ≤ φ ≤ 0.49 (c.f. Fig. 3(a),
assuming that the large δ = 0.71 tracers approximately couple to
matrix relaxations). Thus, L∗(φ) for δ = 0.34 decreases across this
arrest transition. This result is in contrast to the size of relaxing
(mobile) regions in colloidal supercooled liquids and glasses on
φ , which exhibits a maximum near the glass transition.50 This
comparison further indicates that the small tracers couple to local
fluctuations (which decrease with increasing φ) as well as matrix
relaxations.38

Finally, we extract the relaxation time τr at qσs ≈ 0.07 by fitting
the DDM curves to a stretched exponential function and thereby
extract a relaxation time τr. (The values that we obtain from this
fitting protocol are in quantitative agreement with those deter-
mined by choosing τr satisfying f (q,τ = τr) = 1/e.) The character-
istic relaxation time increases with φ at constant δ and decreases
with δ at constant φ , consistent with expectations (Fig. 9 and
S8). Although the range of (δ , φ) for which we are able to deter-
mine τr is very limited, our data for lower δ are consistent with
the faster than exponential increase with φ , as predicted by Ref.
51.

4 Conclusions
We investigated the dynamics of tracer nanoparticles with tracer-
matrix size ratios of δ = (0.34,0.36,0.45,0.71) in a dense nanopar-
ticle suspension using single-particle tracking (SPT) and differen-
tial dynamic microscopy (DDM). The tracer dynamics are strongly
influenced by the size ratio δ and matrix φ , in qualitative agree-
ment with previous studies of larger colloidal particles34, despite
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Fig. 9 (a, b) Intermediate scattering function f (q,τ) as a function of
τ/τ0 and φ at qσs ≈ 0.07 for δ of (a) 0.71 and (b) 0.34. (c) Normalized
tracer relaxation time τr/τ0 at qσs ≈ 0.07 as a function of φ for various
δ . The error bars indicate the standard deviation of measurements of at
least four samples.

the difference in the range and length scale of interparticle in-
teractions, as well as our earlier computational studies36,38. For
all δ , tracer dynamics determined from SPT slow and become in-
creasingly subdiffusive as φ increases; for tracers with δ ≥ 0.45,
the dynamics fully arrest at the highest accessible φ . Tracer dis-
placements decrease on both short and long time scales as φ is in-
creased, and this decrease is more pronounced for larger tracers
(δ = 0.45,0.71) than for the smaller tracers (δ = 0.34,0.36). Mea-
surements of collective dynamics using DDM reveal that small
tracers (δ = 0.34,0.36) can exhibit anomalous logarithmic decays
at length scales near L ≈ 6σmatrix(i) for certain φ . The value of δc ≈
0.35 is consistent with that determined in earlier studies.34,36,37

The length scale of these dynamics (L ≈ 4 − 10σmatrix(i)), how-
ever, is somewhat larger in the nanoparticle experiments than in
the earlier colloidal experiments of Ref. 34.We speculate that the
longer length scale is due to the differences in the interparticle in-

teractions, which are dominated by electrostatic repulsions in our
nanoparticle system but were nearly-hard-sphere in the colloidal
experiments of Ref. 34. Experiments to measure how electro-
static interactions affect the structure of the matrix (inaccessible
in our system) as well as the frequency of interparticle contacts
may provide insight into this increase in coupling length scale.

Together, our SPT and DDM results are consistent with the
idea that the mechanism of nanoparticle transport in particu-
late matrices depends on the tracer-matrix size ratio. Specifically,
larger particles appear to couple primarily to matrix relaxations,
whereas small particles appear to couple both to matrix fluctua-
tions and relaxations.34,38 Intriguingly, electrostatic interactions
do not appear to significantly affect the effective tracer size in
this PS-PS system, whereas in our earlier study of silica tracers in
a PS nanoparticle matrix37 the localization followed the effective
tracer size. Future studies in which the interactions between the
tracer and matrix nanoparticles are systematically varied for ma-
trix volume fractions spanning the supercooled to glass-forming
regimes thus may provide additional insight into the role of inter-
actions on the value of the critical size ratio as well as the coupling
of tracer and matrix dynamics. Importantly, modifying the tracer-
matrix interactions may alter the local structure of the matrix
near the tracer.68 Finally, the physical origin of the 4 – 10 particle
length scale of the anomalous dynamics is unclear. It would be in-
teresting to test, using superresolution methods69 to resolve both
matrix and tracer particles, whether this length scale is related to
structure within the matrix, e.g. medium-range order,70–73 or to
a length scale characterizing matrix dynamics.74–76
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