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Manifestations of probe presence on probe dynamics
in supercooled liquids
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Experimental studies that follow behavior of single probes embedded in heterogeneous systems are
increasingly common. The presence of probes may perturb the system, and such perturbations may
or may not affect interpretation of host behavior from the probe observables typically measured. In
this study, the manifestations of potential probe-induced changes to host dynamics in supercooled
liquids are investigated via molecular dynamics simulations. It is found that probe dynamics do not
necessarily mirror host dynamics as they exist either in the probe-free or probe-bearing systems. In
particular, for a binary supercooled liquid, we find that smooth probes larger than the host particles
induce increased translational diffusion in the host system; however, the diffusion is anisotropic and
enhances caging of the probe, suppressing probe translational diffusion. This in turn may lead exper-
iments that follow probe diffusion to suggest Stokes-Einstein behavior of the system even while both
the probe-free and probe-bearing systems exhibit deviations from that behavior. © 2011 American
Institute of Physics. [doi:10.1063/1.3664125]

INTRODUCTION

The dynamics of supercooled liquids remain relatively
poorly understood and have thus been the subject of continued
study. One clear difference between typical and supercooled
liquid dynamics is apparent in the non-exponential relaxations
found in supercooled systems. Such relaxations are consis-
tent with the presence of dynamic heterogeneity in these
systems, and recent experiments and simulations on glass
forming liquids in the supercooled regime support that these
systems are dynamically heterogeneous.1, 2 While the pres-
ence of dynamic heterogeneity in small molecule supercooled
liquids is thus largely agreed upon, detailing the size of these
heterogeneous regions as well as the time scales over which
they persist has been a topic of serious experimental focus in
recent years, and results remain inconsistent at least in part
because different experiments performed may probe different
sub-ensembles of molecules and/or measure somewhat differ-
ent quantities.3–20

Of experiments that investigate the length and time scales
associated with heterogeneous dynamics in small molecule
supercooled liquids, most utilize probes to follow dynamics
in particular spatial or dynamical sub-ensembles of the su-
percooled liquid. While multi-dimensional NMR experiments
use probes that differ from the host molecules only via iso-
topic labeling, most probe-bearing experiments are performed
with fluorescent probes. In ensemble and some sub-ensemble
experiments, fluorescent probes may be carefully chosen to
resemble the host molecules in size and chemical function-
ality. To interrogate individual molecular scale environments,
single molecule fluorescence approaches are utilized. These
techniques require probe molecules of very high absorption
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cross section and fluorescence quantum yield. Such molecules
tend to be large and conjugated and, as such, cannot generally
be well matched in structure or size to the host molecules un-
der study.

Using a probe that is large relative to the host molecules
may affect probe ability to report the presence, size, and time
scales associated with heterogeneous dynamics in the host –
as those dynamics exist in the pure supercooled liquid – via
several routes. First, as the probe becomes large compared
to the size of the heterogeneous regions, the probe will span
several regions, reporting only an average time scale. Ad-
ditionally, as the probe becomes large, it also tends to be-
come slow, and a slow probe may average over dynamic
exchanges occurring in the system over time. The possibil-
ity that a large and/or slow probe may average over dy-
namic heterogeneities has been investigated in bulk and sub-
ensemble experiments.3, 4, 14, 16, 21–26 These experiments sug-
gest that only probe molecules with similar hydrodynamic
radius and mass to the supercooled liquid molecules can
be expected to mirror dynamics and, in particular, dynamic
heterogeneities in the surrounding system. One key finding
was that for a set of probe/host molecules, all probes with
mass ≥1.5 times that of the host molecule displayed sin-
gle exponential relaxations even while solvation experiments
on the supercooled liquid in the vicinity of the probes dis-
played non-exponential relaxations.14 On the other hand, a
recent single molecule study found heterogeneous dynam-
ics reported in a probe/host system with mass ratio of probe
to host of >8.20 This discrepancy may reflect different ex-
tents of heterogeneous dynamics in the host supercooled liq-
uids under study and/or differences in the experiments per-
formed. Regardless of particular findings, it is clear that
probes must average over dynamic heterogeneities when they
are very large and/or slow compared to the size and/or
persistence times of dynamic heterogeneities in the host
system.
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Probe averaging over dynamic heterogeneities in super-
cooled liquids can thus occur and must be considered when
interpreting results of probe-bearing studies; however, probe
presence may also affect measurements in supercooled liq-
uids in a more insidious fashion. The probe may perturb the
local environment and local heterogeneous dynamics of the
supercooled liquid and then preferentially report on that al-
tered environment. Previous researchers have considered this
possibility, and most single molecule fluorescence studies of
supercooled liquids have refuted this idea through demonstra-
tion that the temperature dependence of probe rotation in the
supercooled liquid mirrors that of the host as measured via
viscosity or similar probe-free measurements.17, 18, 20 While
the rotational diffusion time of a probe tracking the viscos-
ity of the host is a necessary condition if a probe is not al-
tering the supercooled liquid dynamics, it is not sufficient to
demonstrate that the probe is not altering the distribution of
rotational or translational diffusion times of host molecules in
the vicinity of the probe.

Though in experiments there are significant challenges to
observing both host and probe behavior directly and simul-
taneously, this can be done with ease in simulation. Molecu-
lar dynamics simulations in a variety of probe-bearing super-
cooled and/or dense systems have been performed previously;
however, there has been little explicit focus on the potentially
reciprocal interactions between probe and host behavior.27–40

Recently, we demonstrated that probes may alter host dy-
namics in supercooled liquids.41 In this work, a binary Kob-
Andersen (KA) supercooled liquid was simulated in the pres-
ence of smooth and rough probes with diameter 2 to 7 times
that of the larger particles in the KA system. It was found that
probes induced changes in the environment: smooth probes
caused the mobility of particles in the first several solvation
shells around the probe to increase, while rough probes in-
duced the opposite behavior. While that work clearly demon-
strated that probes may affect host dynamics, it did not fol-
low the behavior of the probe in that altered environment, the
only observable that can be tracked in most probe-bearing ex-
periments. In this work, we follow probe behavior in envi-
ronments affected by probe presence to further elucidate the
information content of experiments using large probes in su-
percooled liquids.

SIMULATION DETAILS

A smooth spherical probe (p) is embedded in a super-
cooled liquid consisting of 3000 particles as described in an
earlier study.41 The model for the supercooled liquid is a bi-
nary mixture with a 4:1 ratio of A and B particles interacting
via a Lennard-Jones (LJ) potential.42–44 The LJ potential is
given by Vαβ(r) = 4εαβ [(σαβ /r)12 − (σαβ /r)6], where α, β ∈
{A, B, p}. The LJ parameters for the interaction between the
A particles are σ AA = 1.0 and εAA = 1.0 and between the
B particles are σ BB = 0.88 and εBB = 0.5. The LJ parame-
ters for the interaction between the A and B particles are σ AB

= 0.80 and εAB = 1.5, ensuring that the system does not crys-
tallize. The mass of the A and B particles is mA = mB = 1.0.
The interaction of the probe with the A and B particles is de-
termined by σ px = (σ p + σ x)/2 with σ x = σ AA or σ BB and

TABLE I. Parameters for systems investigated with σ p = 1 – 5. P* is
averaged over five simulations.

P*

σ p L* φ* ρ* T* = 0.48 T* = 0.60 T* = 0.70 T* = 1.0

1.0 13.598 1.118 1.194 2.086 3.680 4.801 8.274
2.0 13.620 1.115 1.188 2.012 3.675 4.845 8.346
3.0 13.645 1.116 1.181 2.102 3.729 4.904 8.234
4.0 13.687 1.106 1.170 2.130 3.687 4.900 8.111
5.0 13.758 1.127 1.152 2.056 3.710 4.642 7.955

εpx = (εp + εx)1/2 with εx = εAA or εBB. εp = 1.0 and σ p

= 1.0, 2.0, 3.0, 4.0, and 5.0. The mass of the probe is mp

= 4.0. The σ p = 1.0 system is identical to a probe-free sys-
tem except it contains a tagged particle of σ p = 1.0 and mp

= 4.0, that is monitored in the same way probes in the other
systems are monitored. The simulations are carried out, and
the results are reported, in terms of the reduced variables r*
= r/σ AA, T* = kBT/εAA, and t* = t(kBT/mAσ AA

2)1/2. The in-
teraction potentials and the corresponding forces in the range
3.0 ≤ r* ≤ 4.0 are interpolated from their LJ values at r*
= 3.0 to zero at r* = 4.0 by a third-degree polynomial.

In our previous work, pressure (P* = Pσ AA
3/εAA) was

kept nearly constant as a function of temperature (P* ≈ 2
at T* = 0.48 and P* ≈ 3 at T* = 0.70) for all systems by
changing the box volume (V* = L*3, with L* is the size
of one side of the cubic box) with temperature (and probe
size), resulting in somewhat different volume fractions (φ*
= (NAr*A

3 + NBr*B
3 + Npr*p

3)/V*) and densities (ρ*
= N/V*) for each system.41 In this work, box size is also
changed with probe size but not with temperature. In this for-
mulation, volume fraction is kept constant across temperature,
and pressure varies somewhat more with temperature but re-
mains in a range such that pressure effects are not expected.45

Specific values are given in Table I for the four temperatures
investigated, T* = 1.0, 0.7, 0.6, and 0.48.

The molecular dynamics simulations are performed us-
ing GROMACS.46, 47 The system is equilibrated for at least
107 steps for each simulation using the Berendsen thermostat.
The production runs are done in the microcanonical ensemble
(N,V,E). For long time dynamics, simulations are performed
with a time step of dt* = 0.01 and 5 × 105 time steps for the
highest temperature investigated and 1 × 107 time steps for
the lowest temperature. A time step of dt* = 0.002 is used for
short time simulations. For each temperature and each probe
size, five simulations from different initial configurations are
performed to achieve good statistics.

RESULTS AND DISCUSSION

Structure and dynamics of the system

The structure of the probe-bearing systems is investi-
gated via the radial distribution function (rdf), rdf = gij (r)
= dnij (r)/4πr2drρi with i,j ∈ {A,B} and ρ density. The ra-
dial distribution functions gAA(r*), gAB(r*), and gBB(r*) are
virtually indistinguishable for the systems with probes of σ p

= 1–5, with the first and subsequent peaks in the same
position in all cases and the height and width of the peaks
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FIG. 1. (a) Radial distribution function (rdf) of A particles, gAA(r*), in sys-
tems with probes of σ p = 1 (black), σ p = 2 (red), σ p = 3 (green), σ p = 4
(blue), σ p = 5 (cyan) at T* = 0.48. Rdfs are nearly identical and thus nearly
completely overlap. (b) Rdfs of A particles relative to the probe gAp(r*) for
σ p = 1 (black), σ p = 2 (red), σ p = 3 (green), σ p = 4 (blue), σ p = 5 (cyan)
at T* = 0.48. Rdfs are shifted by σ p /2 to highlight peak positions relative to
the probe. The inset shows the unshifted gAp(r*) functions. Data is averaged
over five simulations.

nearly identical (as shown in Fig. 1(a) for gAA(r*)), demon-
strating that the bulk structure of these systems is insensitive
to probe presence or size. More subtle differences in the struc-
ture of these systems can be ascertained by investigating the
rdf of particles relative to the probes in the binary supercooled
liquid, gip(r) = dnip(r)/4πr2drρi with i ∈ {A,B}. The inset
of Fig. 1(b) shows gAp(r*) for systems with σ p = 1–5. Shift-
ing each of the gAp(r*) functions by σ p/2 reveals that the posi-
tion of the first peak of the radial distribution functions is very
similar relative to the probe, with a slight shift to the right with
increasing probe size, from r*−σ p/2 ≈ 0.57 for σ p = 1 to
≈ 0.59 for σ p = 5 (Fig. 1(b)). While this difference is subtle,
the height and width of the first peaks are noticeably different,
with the peak becoming lower and broader with increasing
probe size. Additionally, subsequent peaks in the radial distri-
bution function change, with a loss of the split in the second
peak seen for all probes of σ p ≥ 2 and slight shifts to the right
for all peak positions with increasing probe size. The decrease
in height and increase in width of the first peak as well as the
loss of split in the second peak seen in gAp(r*) with increasing
probe size are indicative of a less glassy environment than is

reflected in gAp(r*) for σ p = 1 (or the identical gAA(r*)) at
this temperature. This is consistent with the finding that the
first peak of the radial distribution function becomes lower
and broader with increasing temperature in the KA system.42

The fact that a σ p ≥ 2 probe-bearing system at T*
= 0.48 appears less glassy as assessed by gAp(r*) than a
probe-free system at this temperature suggests that the parti-
cles in the probe-bearing system may be more mobile than are
those in a probe-free KA system at this temperature. The dy-
namics of the probe-bearing binary liquids are first character-
ized by mean square displacement (MSD), which yields a dif-
fusion constant D. The MSD is calculated according to MSD
= 〈r2(t)〉 = 〈(1/N)

∑
(rj (0) − rj (t))2〉, where rj(t) is the po-

sition of particle j at time t, and the sum is over all particles,
N. Figure 2(a) shows the MSDs of A particles in systems with
probes of σ p = 1–5 at T* = 0.48. The MSDs are consistent
with the system being in the supercooled regime at this tem-
perature as is demonstrated by the presence of a plateau at
intermediate times indicating caging behavior. At long times,
the MSDs become linear, indicating diffusive behavior. Dif-
fusion constants are obtained by fitting this long-time linear
region to a line whose slope is 6DA(p), with DA(p) the diffusion
constant of the large A particles in a system bearing a σ p = p
probe. As described in the previous work, a smooth spherical
probe larger than the A particles induces an increase in trans-
lational diffusion of the particles surrounding the probe.41 The
diffusion constants for these systems are shown in Fig. 2(c).
The same trend is found for B particles (data not shown).

The dynamics of the probe-bearing binary liquids can
also be characterized by the self part of the intermediate
scattering function, Fs(q,t), which yields the alpha-relaxation
time, τα . The self part of the intermediate scattering function
is given by Fs(q, t) = 〈(1/N)

∑
eiq[rj (t)−rj (0)]〉, where rj(t) is

the position of particle j at time t.48 The wavevector for the
A particles at which Fs(q,t*) is calculated is q = 7.25, the
peak of the static structure factor of these systems regardless
of probe size. Figure 2(b) shows the self-intermediate scatter-
ing function for the A particles for systems in the presence of
probes of various sizes at T* = 0.48. From Fs(q,t*) we obtain
the alpha-relaxation time, τα ,A(p), defined as the time when the
Fs(q,t*) of the A particles in a system with a probe of σ p =
p decays to its 1/e value. Consistent with the increase of dif-
fusion constant of large A particles as a function increasing
probe size, τα ,A(p) decreases with increasing probe size. The
alpha-relaxation times as a function of probe size are shown
in Fig. 2(c). The same trend is found for B particles (data not
shown).

As described in Ref. 41, the accelerated dynamics seen in
the binary supercooled liquid in the presence of large, smooth
probes disappears in the limit of an infinite system. The in-
crease of diffusion constant and decrease of alpha-relaxation
time for the particles in probe-bearing systems is dominated
by an increase in motion of particles in the first solvation
shells around the probe. This effect decays as a function of
distance from the probe. This was shown through the investi-
gation of radially binned Debye Waller factors in Ref. 41 and
is also consistent with the changes in the first several peaks of
the radial distribution function for the A particles relative to
the probes as shown in Fig. 1(b).
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FIG. 2. (a) MSDs for A particles in systems with probes of σ p = 1 (black),
σ p = 2 (red), σ p = 3 (green), σ p = 4 (blue), σ p = 5 (cyan). Each MSD pre-
sented is the average of individual MSDs from five simulations. Inset shows
a region of the MSDs in the linear, diffusive regime. (b) Fs(q,t*)s for A parti-
cles in systems with probes from σ p = 1 – 5 at q = 7.25, the peak of the static
structure factor. Each Fs(q,t*) presented is the average of individual Fs(q,t*)s
from five simulations. Color scheme is the same as in (a). (c) Average trans-
lational diffusion constant, DA(p), (left axis, black circles) and average alpha-
relaxation times, τα ,A(p), (right axis, red squares) of large A particles in sys-
tems with σ p = 1 – 5. Averages are obtained from the five simulations used
to construct (a) and (b) and error bars are standard deviations over those five
data sets.

Dynamics of the probe

Given the changes in the rdfs, MSDs, and Fs(q,t*)s of
probe-bearing supercooled systems that indicate that the sys-
tems become less glassy in the presence of probes of increas-
ing size, it may be expected that the large probes themselves
are more mobile at a given temperature than would be ex-
pected in a probe-free KA system at that temperature. To
investigate this, we examine the MSDs and Fs(q,t*)s of the
probes themselves. Figure 3(a) shows the MSDs of large A
particles in a σ p = 1 system and of probe particles in sys-
tems with probes of σ p = 1 – 5 at T* = 0.48. The σ p = 1
system is identical to a probe-free system except it contains a
tagged particle of σ p = 1 that is monitored in the same way
probes in the other systems are monitored. As such, the MSDs
for the A particles and the σ p = 1 particle look very similar,

FIG. 3. (a) MSDs for probe particles in the same systems shown in Figs. 1
and 2, with σ p = 1 (black), σ p = 2 (red), σ p = 3 (green), σ p = 4 (blue),
σ p = 5 (cyan). Additionally, the MSD for the A particles (black dotted line)
is shown. Each MSD presented is the average of individual MSDs from five
simulations. Inset shows a region of the MSDs in the linear, diffusive regime.
(b) Ratio of diffusion constant of the A particles for the system with probe of
given size, σ p, to the diffusion constant of the probe multiplied by the probe
size as a function of temperature (DA(p)/(Dp*σ p)) for σ p = 1 (black circles),
σ p = 2 (red squares), σ p = 3 (green diamonds), σ p = 4 (blue triangles), σ p
= 5 (cyan downward triangles). Positive deviations from 1 reflect probe mo-
tion that is decreased relative to motion of the A particles. Points are averages
over five simulations and error bars are standard deviations.
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with the σ p = 1 MSD demonstrating more noise, owing to
the poorer statistics. For the larger probes (σ p ≥ 3), oscilla-
tions are apparent in the short time regime of the probe MSDs,
which is due to backscattering. For all MSDs, a plateau is ev-
ident at intermediate times, indicating that the probe behavior
reflects the supercooled nature of the system. The height of
the plateau of the MSD decreases with increasing probe size,
indicating that the larger probes move within the cage less
than the smaller probes. This is due to the large numbers of A
and B particles surrounding the probes and imposing Brown-
ian pressure. This trend is consistent with the trend between
A and B particles for probe-free systems, where the larger
particles move less in the cage and exhibit a lower plateau
height than do the smaller particles. The values of the plateau
height for the probes and the alterations in system dynamics
as a function of probe size are reflected in gAp(r*) (Fig. 1(b),
inset), with the MSD plateau height inverse linearly related
to the position of the first peak of gAp(r*) for systems with
σ p = 2–5.

To investigate whether the increased diffusion constants
evident in the host particles of supercooled systems bearing
large, smooth probes are also evident in the probes them-
selves, the long time, linear regime of the MSD (Fig. 3(a),
inset) is investigated, and values for probe diffusion are ex-
tracted. First, given that the probes are of different size, even
in identical environments a larger probe would be expected to
be slower, with dimensionality arguments suggesting that Dp

∼ σ p
−1. As expected, the diffusion constants for the probes

extracted from the MSDs do decrease with increasing probe
size. Given that large smooth probes speed up the particles in
the shells surrounding these probes, we investigate whether
the slow down as a function of probe size is less than ex-
pected due to probe size alone via the quantity DA(p)/(Dp*σ p)
(Fig. 3(b)). At σ p = 1, this quantity is near one regardless
of temperature, as is expected, with deviations from 1 reflect-
ing statistical error associated with tracking a single probe.
At larger probe size, however, this quantity increases with de-
creasing temperature, indicating that the probe translational
diffusion constant is smaller than would be expected based on
probe size alone. Thus, even though the particles surround-
ing the probe exhibit increased diffusion constants due to the
presence of the probe, the probe particles themselves do not
experience a corresponding increase in diffusion and instead
slow down relative to the particles in the surroundings. Be-
cause DA(p) is dependent on system size, we also investigate
DA(p = 1)/(Dp*σ p) and find that the probe is unexpectedly slow
even relative to the diffusion of large A particles in the σ p

= 1 system. We note that although the σ p = 1 probe has mp

= 4, the diffusion constant of this probe is identical to that
of a σ p = 1, mp = 1 particle (data not shown). As such, this
shows that the probe is unexpectedly slow even relative to the
diffusion of large A particles in a probe-free system (or an
infinitely large probe-bearing system, where DA(p) would be
equal to DA(p = 1)).

Temperature dependence of probe dynamics

To further investigate probe dynamics, we evaluate the
temperature dependence of probe behavior via both D(T*)

and τα(T*). D is obtained from MSDs as described above.
τα is obtained from Fs(q,t*). The wavevector at which the
self-intermediate scattering function is evaluated for the probe
particles is determined from the static structure factor be-
tween the probe and A particles of the probe-bearing sys-
tems. Fs(q,t*) of the probes is subsequently calculated at the
peak wavevector (q = 7.25 for σ p = 1, q = 5.40 for σ p = 2,
q = 3.65 for σ p = 3, q = 2.80 for σ p = 4, and q = 2.25 for
σ p = 5).

To compare the temperature dependence of D for probes
of various sizes, the diffusion constants were fit to the ex-
pression D ∝ (T − Tc)γ . Mode coupling theory predicts that
the diffusion constant should follow such power-law behav-
ior near a critical temperature, Tc.49 Kob and Andersen pre-
viously found the best-fit to this expression using Tc = 0.435
and γ = 2.0 for the large A particles and γ = 1.7 for the
small B particles.42, 50 In our slightly less dense σ p = 1 sys-
tem, we find a very similar critical temperature and somewhat
different values of γ . To find the best-fit Tc value, the probe
diffusion temperature dependence for probes of each size σ p

= 1–5 was fit to D ∝ (T − Tc)γ allowing both Tc and γ to
vary with probe size. The Tc values are then averaged, yield-
ing Tc = 0.436. With this Tc value, all A particle, B particle,
and probe diffusion data is well fit by the power-law expres-
sion (Fig. 4(a)). The A and B particles yield γ values of 1.71
and 1.51, respectively, somewhat lower than the values found
by Kob and Andersen. This may be due to the lower density
of the system studied here, the slightly different temperature
range explored, and/or the fact that the power-law fits are rel-
atively insensitive to small changes in γ .51–53

The values of γ obtained for the probe diffusion temper-
ature dependence are given in Fig. 4(c). The value is maxi-
mal at σ p = 2 (γ = 2.0) and decreases with increasing probe
size to γ ≈ 1.8. Thus, the γ values for the temperature de-
pendence of probe diffusion constants for probes of σ p ≥ 2
are all greater than the 1.7 value obtained for large A parti-
cles in a σ p = 1 system and also higher than the values for
large A particles in all probe-bearing systems (γ = 1.6–1.7,
data not shown). Because the value of γ reports the degree
of temperature dependence of diffusion, it is not unexpected
that the γ values obtained from probe diffusion constants are
greater than those obtained from diffusion constants of the A
particles; indeed, this is consistent with the fact that the dif-
fusion constant of the probe deviates from that of the large A
particles, becoming slower faster than does the surrounding
system with decreasing temperature, as shown in Fig. 3(b).
Similarly, the fact that γ is maximal for σ p = 2 is consistent
with the fact that the unexpected slow down in probe diffu-
sion is maximal at σ p = 2 (Fig. 3(b)). We further validate the
finding for σ p = 2 in a variety of manners. First, simulations
for a σ p = 1.5 system are performed and diffusion constants
for the probes are obtained and fit to the power-law functional
form with Tc = 0.436. This yields a value of γ = 1.87, lower
than only the σ p = 2 γ value. This suggests the high value
obtained for γ for σ p = 2 is likely to represent a true in-
crease relative to those found for larger probes. Additionally,
probe diffusion data is also fit to a Vogel-Fulcher-Tamman
expression D ∝ Texp [− 1/(K(T/To − 1)]. Here 1/K is a mea-
sure of the temperature dependence of the diffusion, playing a
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FIG. 4. (a) Temperature dependence of diffusion as expressed via log(D) vs
log(T–Tc) for A particles in a σ p = 1 system (open black circles, dotted lines),
B particles in a σ p = 1 system (open black squares, dashed line), and probe
particles (σ p = 1, filled black circles; σ p = 2, red squares; σ p = 3, green dia-
monds; σ p = 4 blue triangles; σ p = 5, cyan downward triangles). Each point
represents the average of diffusion constants over five simulations and error
bars are standard deviations. Tc = 0.436 is the best-fit Tc value and was de-
termined by finding the best-fit Tc for each of the data sets represented in the
figure and then averaging those values. (b) Temperature dependence of alpha-
relaxation as expressed via log(τα) vs. log(T – Tc) for systems described in
(a). Here Tc = 0.447, obtained via the same process described in (a). (c)
Values of γ , 1/K, and -γ as determined from fits to D ∼ (T – Tc)γ (black cir-
cles; data and fits shown in (a)), D ∼ T exp(−1/K(T/To−1) (red squares; data
shown in (a); fits not shown), and τα ∼ (T − Tc)−γ (green diamonds; data
and fits shown in (b)), respectively. For fits to the Vogel-Fulcher-Tamman ex-
pression (red squares), 1/K values are best-fits for To = 0.314, determined in
the same manner Tc values are determined.

role analogous to γ in the power-law expression.53, 54 To was
set in the same manner as Tc, yielding a best-fit value of To

= 0.314, similar to the value of To = 0.324 found previ-
ously for probe-free KA systems.54 As shown in Fig. 4(c), the
values of 1/K track the values of γ , with the maximum 1/K
value again found at σ p = 2. Finally, we track the temper-
ature dependence of the alpha-relaxation times of the probe
by fitting probe data to the expression τα ∝ (T − Tc)−γ . As
predicted by MCT, both the Tc and γ values should be the
same for the power-law dependences of D and τα , though it
was found in the probe-free KA system that for Tc = 0.435,
the γ values were 2.5 and 2.6 for A and B particles, respec-
tively, for τα (compared to 2.0 and 1.7, respectively, for D).50

To achieve best-fits to the power-law, we allowed Tc to vary
as described above, yielding Tc = 0.447, somewhat different
from that found for D and, therefore, not in full agreement
with the predictions of MCT. However, the γ value found for
the power-law dependence of the A particles is nearly identi-
cal to that found for the fit of the diffusion constants. For the
probe particles, the γ values do deviate somewhat from the
γ values obtained for D, but the values track each other and
again peak at σ p = 2. These results all support the finding that
the probe dynamics in these systems do not change monoton-
ically with probe size even while the particle dynamics do.

Probe dynamics relative to system dynamics

The origin of the surprising behavior indicating probes
are slowing down more than would be expected based on size
alone in the background of an increasingly mobile KA system
can be understood by examining trajectories of particles sur-
rounding the probe. Figure 5 displays two-dimensional pro-
jections of the trajectories of the A particles at T* = 0.48
and t* = 500 for single simulations with σ p = 1, 2, and 5.
While the trajectories of the particles in the σ p = 1 system
appear isotropic, those of particles surrounding the probes
in the σ p = 2 and σ p = 5 systems appear anisotropic, with
more motion along the probe than perpendicular to it. This
was demonstrated qualitatively in the β- or caged regime in
Ref. 41 and is shown for time scales associated with α-
relaxation in Fig. 5. To examine this behavior quantitatively,
the MSDs of the A particles in these systems are analyzed
as a function of distance from the center of the probe (as de-
fined at t* = 0), in the frame rotated relative to the probe,
yielding MSDs both parallel and perpendicular to the probe,
as depicted in Fig. 6(a). The motion of the particles to and
away from the probe is captured via the perpendicular mean
square displacement, MSDperp. The parallel mean square dis-
placement, MSDpar, represents the remaining motion, which
captures motion along the probe both in and out of the plane.
Figure 6(a) shows the total MSD values as well as the paral-
lel and perpendicular MSD values at t* = 50 (multiplied by
5) and t* = 500 at T* = 0.48 for systems with σ p = 1 as a
function of distance from the probe. For σ p = 1 probes, these
values do not change substantially as a function of distance
from the probe, as expected. Moreover, the value of the par-
allel MSD is approximately two times the value of the per-
pendicular MSD, as is expected for isotropic motion since
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FIG. 5. 2D projections of 3D trajectories of large A particles at T* = 0.48
surrounding a (a) σ p = 1 probe (b) σ p = 2 probe, and (c) σ p = 5 probe all at
t* = 500 with frames separated by dt* = 20.

MSD = (MSDx + MSDz) + MSDy = MSDpar + MSDperp.
Figures 6(b) and 6(c) show these same quantities for systems
with σ p = 2 and σ p = 5, respectively. For σ p = 2, the total
and parallel MSD values are greater than in the σ p = 1 sys-
tem, especially at t* = 500, while the perpendicular values are
not. This is consistent both with the increase in diffusion con-
stant in large A particles shown in Fig. 2(c) and the presence
of anisotropic mobility in the system with enhanced motion
along the probe. At σ p = 5, these trends are more evident at
both t* = 50 and t* = 500. Additionally, it becomes clear that
the particle motion is not enhanced uniformly throughout the
system. At t* = 500, while there is still an enhancement in
total MSD of a factor of ≈1.4 at the furthest distance from the
probe, the enhancement is greater than a factor of 3 adjacent to
the probe. The enhancement is also most anisotropic near the
probe, with the parallel motility enhanced by a factor of nearly
4 over that in the σ p = 1 system while the perpendicular en-
hancement is less than a factor of 2. At both σ p = 2 and σ p

= 5, there is some evidence of not only enhanced motil-
ity along the probe for particles adjacent to the probe
but also slightly decreased motility perpendicular to the
probe relative to that seen at larger distances from the
probe. This is likely due to the fact that as the probe it-
self grows larger, it grows slower and particles nearest the
probe have restricted motion towards the probe. However,
even given that effect, the more obvious effect is an in-
crease of MSDpar, which is both more substantial than the de-
crease in MSDperp and persists to further distances from the
probe. To demonstrate how the anisotropy in diffusion man-
ifests as a function of probe size, the ratio MSDpar/MSDperp

is plotted as a function of distance from the probe for
systems with σ p = 1–5 in Fig. 6(d). As is consistent
with Fig. 6(a), for systems with σ p = 1, MSDpar/MSDperp

is ∼2 at all distances from the probe at both t*
= 50 and t* = 500. However, with increasing probe size, the
ratio increases near the probe. This behavior is similar to that
which has been seen in some simulations of supercooled sys-
tems near smooth walls, in which the particles near the wall
speed up and do so in an anisotropic manner.55–58

To further investigate how the behavior of the parti-
cles around the probe may influence the behavior of the
probe itself, we investigate how the maximum value of
MSDpar/MSDperp varies with probe size. Indeed, while the
anisotropy of the motility of the particles surrounding probes
explains how the diffusion constant of the probe may de-
crease (more than expected from size alone) even while that
of the particles in the surroundings increase, it does not ex-
plain why this behavior is most obvious in the σ p = 2 system
and in fact becomes less prominent as a function of increasing
probe size (Figs. 3(b) and 4). One possibility is that the degree
of anisotropy does not increase substantially with increasing
probe size, but this does not appear to be the case: indeed the
maxima of MSDpar/MSDperp at both t* = 50 and t* = 500
increases nearly linearly with probe size (Fig. 6(e)). Another
possibility is that a set of competing factors is at play. For
the largest probes studied, even though there is a tendency
for the probes to be more fully caged because of particles
moving around the probe tangentially, this may be counter-
balanced by the fact that at large probe size the surroundings
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FIG. 6. MSD values as a function of distance from the probe to particle centers (defined at t* = 0), for (a) σ p = 1, (b) σ p = 2, and (c) σ p = 5. Figure 6(a) also
shows the rotated frame relative to the probe, with MSDpar = MSDx + MSDz and MSDperp = MSDy. In (a)–(c), solid lines with filled symbols are values at
t* = 50, all multiplied by 5, and dashed lines with open symbols are values at t* = 500. Black lines and black circles represent total MSD values, red squares
and red lines represent MSDpar values, and blue lines and symbols represent MSDperp values. (d) Ratio of MSD values parallel and perpendicular to the probe
(MSDpar/MSDperp) at t* = 50 (solid lines and filled symbols) and t* = 500 (dashed lines and open symbols) as a function of distance from the probe for probes
of σ p = 1 (black), σ p = 2 (red), σ p = 3 (green), σ p = 4 (blue), and σ p = 5 (cyan). (e) Maximum values of binned MSDpar/MSDperp values from (d) as a
function of probe size for t* = 50 (black circles) and t* = 500 (red squares). Best-fit lines are shown. (f) Various quantities (X) normalized by those quantities
for the σ p = 1 system: X = Maximum values of binned MSDpar/MSDperp values at t* = 50 (filled black circles) and t* = 500 (filled red squares), total MSD
values for those systems at t* = 50 (open black circles) and t* = 500 (open red squares), and the diffusion constants obtained from the full MSDs (filled blue
diamonds). All data in Fig. 6 are attained from an average of two simulations performed at each probe size.
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speed up most appreciably, with that acceleration extending to
further distances from the probe. Thus at large probe size, the
caging problem is mitigated by the overall increased mobil-
ity of the surrounding particles whereas at smaller probe size
the increased caging is not as strongly counterbalanced by the
increased particle mobility. To investigate whether this is the
case, the maxima of MSDpar/MSDperp for systems with probes
of σ p = 2–5 relative to the maximum of this quantity for the
σ p = 1 system is plotted (Fig. 6(f)). As expected, this quantity
also increases approximately linearly at both t* = 50 and 500.
To compare this to the potentially counterbalancing effect of
the increased overall mobility of the surroundings, we plot
DA(p)/DA(p = 1). Because the diffusion constant increase need
not track the actual values of the MSD at t* = 50 and 500,
we also plot the values of the MSD for the large A particles
(Fig. 2(a)) for systems with σ p = 2 –5 relative to that with σ p

= 1 at these times. We find that the values of the MSD at t*
= 50 and 500 do track the diffusion constant. Moreover,
despite the fact that the overall D and MSD values do in-
crease with probe size, the maximal anisotropy increases
more quickly with probe size; thus, we do not find clear ev-
idence that the competing factors identified lead to the slow-
down of the probe being most appreciable in the σ p = 2
probe-bearing system. However, it is apparent in Fig. 6(e) that
there is some deviation from linear behavior in the maxima of
MSDpar/MSDperp as a function of probe size, with a positive
deviation apparent at σ p = 2. Additionally, Figs. 6(a) and 6(b)
reveal that near the σ p = 2 probe, MSDpar increases while
MSDperp actually decreases relative to that for the σ p = 1 sys-
tem, and this is the only probe size for which this occurs. As
such, the degree of enhanced caging of the probe and the tem-
perature dependence of probe diffusivity is likely related to a
sensitive balance in particular motility patterns of the particles
closest to the probes.

Stokes-Einstein behavior

As described in the Introduction, single molecule exper-
iments have suggested that if probe rotational diffusion con-
stants change with temperature in a manner that tracks the
viscosity change of the probe-free system with temperature,
it can be assumed that the probe diffusion is mirroring the dy-
namics of the probe-free host. Our results bring into question
this assumption, at least for translation, since we find evidence
for enhanced (anisotropic) host translational diffusion that re-
sults in unexpected enhanced caging and slower translational
diffusion of the probe than would be expected at a given tem-
perature in the probe-free host. To further investigate how the
enhanced diffusion of the system and decreased diffusion of
the probe may manifest in experimental measurements, we in-
vestigate the Stokes-Einstein (SE) behavior of probe-bearing
supercooled KA systems. The SE relation can be expressed
as Dηa/T = c with D the translational diffusion constant of
tracer particles, η the shear viscosity of the system, T tem-
perature, a the size of the tracer particle, and c a constant.
While the SE relation was derived for large, massive tracer
particles in a system of much smaller and lighter particles, it
holds well for a variety of systems.48, 59, 60 For probe-free KA
and similar systems, it is known that at high temperatures, SE

behavior for translations is obeyed while at temperatures as-
sociated with the supercooled regime, SE behavior does not
hold and c increases with decreasing temperature.53, 59, 61–66

This is related to the fact that dynamic heterogeneities emerge
and dynamic cooperativity becomes important in this tem-
perature regime. As a result, D, reflective of the more mo-
bile particles in the system, does not decrease with temper-
ature as quickly as η, which probes the less mobile parti-
cles in the system. Because η has been shown to scale as τα ,
the SE relationship can also be expressed as Dταa/T = c,

where τα is the alpha-relaxation of the system. Because it
can be challenging to accurately determine shear viscosity
in simulated supercooled liquids, we chiefly investigated the
incarnation of the SE relation that uses τα rather than η.
However, we did investigate both formulations of the SE re-
lation for the probe-bearing systems under study using the
shear viscosity of the probe-bearing systems calculated from
the Einstein relations from the stress autocorrelation function
via η = lim

t→∞(V/2kBT )(d/dt)〈(∫ t0+t

t0
Pxz(t ′)dt ′)2〉t0 and find

the same trends for both expressions.67 First, the SE behav-
ior of the system as a whole is investigated by examining
the quantity DA(p)τα, A(p)σ AA/T*. This expression probes the
SE behavior of the large A particles in the systems with σ p

= 1–5. Figure 7(a) reveals that all of the investigated systems
exhibit SE breakdown at low temperature and that the devia-
tion from SE behavior is nearly identical regardless of probe
size. This is consistent with Fig. 2(c), which reveals that DA(p)

increases at approximately the same rate as τα ,A(p) decreases
with increasing probe size. Figure 7(a) demonstrates this is
true not just at T* = 0.48 (Fig. 2(c)) but at all temperatures
investigated.

A more relevant quantity for experiments follows the dif-
fusion of the probe itself and compares it to the viscosity or
alpha-relaxation time of the system. Therefore, we investigate
the quantity Dpτα, A(p)σ p/T* (Fig. 7(b)). Examining this quan-
tity suggests that SE breakdown is suppressed in all systems
with probes of σ p ≥ 2. This same behavior emerges if τα is
replaced by η (data not shown). This apparent suppression
of SE breakdown is also seen in the infinite limit of this sys-
tem (τα ,A(p) replaced by τα ,A(p = 1) or η(p) replaced by η(p = 1)),
indicating that even without finite size effects the apparent
suppression of SE breakdown would be seen if monitoring
probe diffusion but system alpha-relaxation or viscosity. The
apparent suppression of SE breakdown is consistent with the
other findings in this study: because both alpha-relaxation
time and viscosity of the system decrease slightly with in-
creasing probe size (or stay constant in the limit of an infinite
system) while the diffusion of the probe particle decreases
relative to expectation based on size, the value of the inves-
tigated quantity decreases relative to expectation at a given
temperature, leading to the apparent suppression of SE break-
down even while the system does exhibit SE breakdown for
all probes investigated.

CONCLUSION

Experiments in which probe behavior is used to
elucidate the behavior of a surrounding host system are
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FIG. 7. (a) Stokes-Einstein behavior as revealed by examining A particles
via DA(p)*τα ,A(p)/T* in systems with probes of σ p = 1 (black), σ p = 2 (red),
σ p = 3 (green), σ p = 4 (blue), σ p = 5 (cyan). Stokes-Einstein breakdown
is apparent in all systems and is not dependent on probe size. (b) Stokes-
Einstein behavior as revealed by examining the diffusion of probe particles
and alpha-relaxation of A particles via (Dp*τα A(p)*σ p)/T* in systems with
probes of σ p = 1 (black), σ p = 2 (red), σ p = 3 (green), σ p = 4 (blue), and σ p
= 5 (cyan). Stokes-Einstein breakdown appears suppressed when examining
this quantity. In both (a) and (b), values are obtained by averaging D and τα

values obtained from five independent simulations and error bars are standard
deviations.

increasingly common. In the complex environments of su-
percooled liquids, where dynamic heterogeneities exist, probe
behavior should not necessarily be expected to mirror host be-
havior. The assumption that probe behavior will mirror host
behavior is a poor one for many reasons including that the
probe may average over or alter dynamic heterogeneities in
the system. Here, we investigate how probe behavior is altered
in systems in which dynamics and dynamic heterogeneities
are altered by the presence of the probe. In accordance with
a previous study, we find that the presence of smooth probes
larger than the host particles increases translational diffusion
of the particles in the solvation shells near the probe.41 Unex-
pectedly, we find that the probe does not exhibit enhanced
translational diffusion as a result of the increased transla-
tional diffusion of the surrounding particles and instead ex-

hibits suppressed translational diffusion. This occurs because
the enhanced translational diffusion induced by the probe is
anisotropic, with enhanced motility along the probe, promot-
ing enhanced caging of the probe. Furthermore, we speculate
that as a result of the competing effects from enhanced caging
and enhanced host diffusion, while host behavior changes
monotonically with probe size, probe behavior does not. In
accordance with this finding, the temperature dependence of
probe translational diffusion is found to deviate most from
that of a probe-fee system for the modestly sized σ p = 2
probe. As a result of the competing effects that allow for
slowed probe diffusion in the background of enhanced system
mobility, Stokes-Einstein breakdown as it would most likely
be measured in a probe-bearing experiment appears strongly
suppressed even while the host particles in the probe-bearing
system experience the same deviations from SE behavior that
would be seen in the absence of probes. This work points out
the unintuitive ways in which probes may not only alter their
surroundings but also then respond to those altered surround-
ings.
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