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Summary

We present experimental and simulation results that aim to elucidate the informa-
tion content of single molecule experiments in supercooled liquids. Experiments inter-
rogating the dynamics of the probe Rhodamine 6G in the fragile glass former ortho-
terphenyl show that this probe is capable of reporting on at least a subset of the het-
erogeneities present in this supercooled liquid. Simulations reveal a complicated picture
in which large probes induce changes in the heterogeneous dynamics of supercooled sys-
tems, setting up persistent heterogeneities that would not otherwise exist. Moreover,
the temperature dependence of the diffusion of such probes in simple supercooled liquids
tracks that of the rest of the system even though the probe alters the heterogeneities in
the system. Finally, we suggest that probe bearing single molecule experiments can in-
terrogate the length scale of heterogeneity in supercooled liquids even when those probes
are responsible for altering the dynamics of the system.

1. Introduction

We assess the information content of probe bear-
ing single molecule (SM) experiments in supercooled
liquids through experiments and molecular dynamics
(MD) simulations. Previous SM experiments investi-
gated the fluorophore Rhodamine 6G (R6G) in poly-
meric systems and ortho-terphenyl (OTP) just above
their glass transition temperatures (Tg). Results of
these experiments strongly implied the presence of spa-
tial and dynamic heterogeneities in such systems [1,
2]. While these experiments directly measured het-
erogeneities in supercooled systems, they also raised
new questions, including why the rotational relaxation
times of the measured probes were many orders of
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magnitude longer than those of the host molecules
themselves as measured in bulk probeless experiments.
This question was addressed through a series of probe-
bearing and probeless experiments that showed that
the temperature dependences of the probe rotational
relaxation and host α-relaxation times were the same.
This result was taken to show that the probe does in-
terrogate and report on the heterogeneous dynamics of
interest, those of the host [3]. Several of these initial
exciting SM experiments in supercooled systems have
now been retracted [4,5]. This highlights the need for
new SM experiments in supercooled systems. We have
undertaken such experiments with an eye towards elu-
cidating the role of the probe in, and thus the informa-
tion content of, these experiments. We have performed
complementary molecular dynamics (MD) simulations
to address these same issues.

2. Experimental Details

Single molecule experiments are performed by
collecting epi-fluorescence from dilute single molecule
probes in supercooled systems. Here, we only discuss
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Fig.1 Raw data of two images of orthogonally po-
larized fluorescence of R6G molecules in OTP. Images
are collected simultaneously on one CCD camera. The
temperature is 248K, Tg + 5K. Integrated time is 400
ms. Note that some R6G molecules are evident in both
channels, while some are evident in only one.

experiments on R6G in OTP. OTP was obtained from
Sigma-Aldrich and was further purified by distillation
and recrystallization. R6G was added at concentra-
tions of 10−9M. Samples were prepared by placing
0.2µl of liquid OTP on a cleaned silicon wafer. The
OTP was then covered with a cleaned 0.5mm thick
quartz coverslip. Final OTP film thicknesses between
the silicon substrate and the quartz coverslip varied
between 5-20µm, with most samples ∼10µm.

The sample was mounted inside a cryostat (Janis
ST-500-LN) and imaged under vacuum with a high nu-
merical aperture, long working distance air objective
(Zeiss Neofluor, NA=0.75). Excitation was provided
by the 488nm line of an Argon ion laser. Excitation
light was circularly polarized. At the sample, the in-
tensity of the 488nm light was ∼10kW/cm2. Fluo-
rescence was passed through a dichroic filter, a long-
pass filter, and a bandpass filter centered on the R6G
emission (Chroma). The fluorescence is split into or-
thogonal polarizations with a Wollaston prism (Karl
Lambrecht), and both polarizations are focused onto
an EMCCD camera chip (Andor Technology) (Figure
1). Data were collected at 9 frames/s. Background
autofluorescence was subtracted from the images, and
total intensities in each polarization were determined
for each molecule as a function of time. These intensi-
ties were used to calculate the linear dichroism, A(t), a
measure of the projection of the transition dipole into
the XY plane:

A(t) =
(Is(t) − Ip(t))
(Is(t) + Ip(t))

(1)

Autocorrelation functions, C(t), were then calculated
for the linear dichroism of each molecule as a func-
tion of time to give information about the rotational

dynamics of the R6G molecules.

C(t) =
∑

τ (A(τ + t) − Ā)(A(τ) − Ā)∑
τ (A(τ) − Ā)2

(2)

3. Simulation Details

The 3D system modeled consists of a probe sur-
rounded by a supercooled liquid. The model for the
supercooled liquid is a binary mixture with a 4:1 ratio
of A and B particles: the Kob Andersen (KA) mixture
[6-8]. The particles interact via a Lennard Jones (LJ)
potential, Vαβ(r) = 4εαβ [(σαβ/r)12 − (σαβ/r)6], with
σAA = 1 and εAA = 1 for interactions between the A
particles and σBB = 0.88σAA and εBB = 0.5εAA for
interactions between the B particles. The LJ parame-
ters between the A and B particles, εAB = 1.5εAA and
σAB = 0.80σAA, ensure the system does not crystal-
lize. The masses of the mixture particles were taken to
be mA = mB = 1.0. The simulations were carried out,
and the results were reported, in terms of the reduced
variables r∗ = r/σAA, m∗ = m/mA, T ∗ = kBT/εAA,
t∗ = t(kBT/mAσ2

AA)1/2.
Both smooth and rough probes have been investi-

gated [9], though here we concentrate only on smooth
probes. The smooth probe is represented by a sin-
gle particle with LJ parameters εP = 1.0 and dif-
ferent values of σP . A set of seven simulations with
σP = 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, and 7.0 were per-
formed to model probes with different sizes but the
same mass, mP = 4.0. Since the value of σP was as
large as 7.0, the interparticle potentials and the cor-
responding forces in the range of 4.0 ≤ r∗ ≤ 5.0 were
interpolated from their LJ values at r∗ = 4.0 to zero
at r∗ = 5.0 by a third degree polynomial. The same
number of mixture particles are taken, NA = 2400.
NB = 600, and NP = 1, for the simulations with dif-
ferent σP ; however, the volume of the cubic simulation
box was adjusted so that the measured pressure was
similar. The resulting reduced density, ρ∗ = N/V ∗, is
ρ∗ = 1.188 at T ∗ = 0.48 for the system with σP = 1.
More details are presented in Reference 9. The LJ
parameters of the probe with the mixture particles
were calculated from the geometric combination rule
of the parameters associated with the mixture parti-
cles (σAA, σBB , εAA, εBB) and the LJ parameters of
the probe.

The MD simulations were performed using the
GROMACS package version 3.2.1 [10]. For each simu-
lation the system was equilibrated for at least 107 MD
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steps. The simulations were performed in the micro-
canonical ensemble (N, V, E), except for the prepa-
ration stage where the Berendsen thermostat was ap-
plied to obtain the desired temperature of T ∗ = 0.48
[11]. The data collection step consisted of short and
long simulations. The short simulations were run for
1.6 x 105 MD steps with time step ∆t∗ = 0.0025
where the trajectory was saved every 8 MD steps.
The long simurations were run for 107 MD steps with
∆t∗ = 0.01, and the trajectory was saved every 500
MD steps.

4. Results and Discussion

4.1 Experimental Results
We endeavor to interrogate a variety of SM

probes in a single small molecule glass former and to
interrogate a single SM probe in a variety of small
molecule glass formers. These sets of experiments will
clarify the information content of SM experiments in
supercooled systems. However, thus far only R6G in
OTP has been investigated, and that system will be
discussed here.

Figure 1 shows raw data for R6G in OTP. Trac-
ing the intensities of each visualized molecule over time
allows calculation of the autocorrelation, C(t), of the
linear dichroism, A(t). While we are still working
to increase signal to noise in our measurements and
collect longer trajectories, preliminary results do indi-
cate that R6G samples spatial heterogeneities in super-
cooled OTP. The results show that multiple individual
R6G molecules in OTP exhibit different dynamics si-
multaneously (Figure 2). However, at this time we
have not observed any individual R6G molecules that
appreciably change their dynamics over time. Such
results would be expected if R6G molecules probe dy-
namic heterogeneity in OTP. Such behavior may be
observed when longer trajectories are collected. Col-
lecting more trajectories demonstrating the first (and
potentially second) behavior described will allow char-
acterization of the breadth (and potentially the life-
time) of the heterogeneities that R6G samples in OTP.
Such measurements will first be completed for R6G in
OTP and then for a variety of other probe/host sys-
tems.
4.2 Simulation Results

Complementary MD simulations have been un-
dertaken to examine the role of probes of different size
in simple supercooled systems [9]. Examining 2D pro-
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Fig.2 Autocorrelation functions describing rotational
relaxation as derived from simultaneous linear dichro-
ism measurements of three R6G molecules in OTP at
Tg + 5K. The three molecules behave differently, al-
though only the fluorophore represented by the blue
trace is long lived enough to lead to a smooth C(t).

jections of 3D trajectories of spheres comprising a su-
percooled probe-bearing KA system reveals that par-
ticles in the first several shells around a large probe
exhibit behavior dissimilar from particles far from the
probe or in systems lacking a large probe. Recently,
particle Debye-Waller factors,

DWi =
⟨⟨

(ri(t) − ⟨ri⟩τ )2
⟩

τ

⟩
, (3)

interrogating short time dynamics were shown to well
predict a particle’s long time dynamics in supercooled
systems [12]. Calculating “shell” Debye-Waller fac-
tors,

DW (r) =
⟨
DWi · δ(r − (ri − rprobe))

⟩
, (4)

in the caged, or β-regime for particles in the presence
of a large probe confirms that the dynamics of parti-
cles surrounding a large smooth probe are accelerated
relative to particles far from the probe or in probeless
systems (Figure 3) [9].

In addition to investigating the dynamics of the
host particles in a supercooled probe-bearing system,
we also investigate probe dynamics via simulation,
as these are the only dynamics that can be directly
probed by SM experiments. In particular, previous
experimental work had suggested that if the probe
and host exhibit the same rotational and α-relaxation
temperature dependences, respectively, then the probe
and host behavior must be reflecting the same under-
lying dynamics [3]. Thus, we have examined the tem-
perature dependence of probe diffusion in systems with
two different probes and host diffusion in a probeless
system. The probes investigated have σp = 2 and
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Fig.3 Shell Debye-Waller factors (DW (r)) for smooth
probes from σP = 1.0 − 7.0 at T ∗ = 0.48 and τ∗ = 2.
Adapted from Reference 9.

σp = 5, the latter of which is large enough to signifi-
cantly change the environment surrounding the probe
(see Fig. 3). Figure 4 shows the diffusion constant at
four temperatures in the supercooled regime for the
A and B particles in a probeless KA system and for
σp = 2 and σp = 5 probes in a KA system at the same
temperature and density. It is found that the temper-
ature dependence of the diffusion of probes, as ascer-
tained by a fit to D = A(T −TC)γ with TC = 0.435 [7],
yields γ = 2.08 for the A particles, γ = 1.81 for the B
particles, γ = 2.15 for the σp = 2 probe, and γ = 1.85
for the σp = 5 probe. Clearly, the difference between
the exponent for the probes relative to the A particles
in the probeless system is smaller than is the differ-
ence between the exponents for the A and B particles
comprising the probeless system. This result, together
with the result depicted in Figure 3, shows that even
when the temperature dependence of the diffusion of
a probe tracks that of a probeless system of the same
type, the probe does not necessarily sample the het-
erogeneous dynamics of the host system as they would
exist in the absence of a probe.

Finally, we have begun simulations that will clar-
ify how probe bearing SM experiments report on a
length scale of heterogeneity in supercooled systems
even if the probes alter the heterogeneities in the sys-
tem to a certain extent. To do so, we are exploring
how the Stokes Einstein (SE) relation,

Dη =
kBT

cπa
, (5)

breaks down in probe-bearing systems as a function
of probe size. It is known from both experiment and
simulations that the zero frequency limit of the SE

 

Fig.4 Temperature dependence of the diffusion of the
A (green) and B (black) particles in a probeless KA
mixture and of a σp = 2 probe (red) and a σP = 5
probe (blue) in KA systems at the same temperature
and density.

relation does not generally hold in supercooled systems
[13-17], although it is true that mode coupling theory
does not predict the breakdown of the SE relation in
such systems [18].

A thought experiment suggests that probes sig-
nificantly smaller than the particles that comprise the
rest of a supercooled system can not report on hetero-
geneities because the probe will not experience caging.
Thus, if the diffusion constant of such a probe is used
as the diffusion constant in the SE equation, no SE
breakdown will be apparent. Similarly, if a probe much
larger than the rest of the particles, and larger than the
size of the heterogeneities in the system, is employed,
this probe will average over the heterogeneities and
again not report on them. A probe of intermediate
size should sample at least a subset of heterogeneities
in the system. Exploring (both experimentally and
in simulations) the breadth of heterogeneities sampled
as a function of probe size, taking into account that
probes of certain size will alter the heterogeneities in
the system, will allow determination of a length scale
of heterogeneity in supercooled systems. Here, we em-
ploy simulations to explore both this length scale and
the lifetimes of heterogeneities in the system simulta-
neously, by interrogating the generalized (frequency-
dependent) SE relation,

D(ω)η(ω) =
kBT

cπa
, (6)

as a function of probe size. For these simulations, D(ω)
and a will be values of the probe.
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Fig.5 Deviations of the frequency dependent
SE relation. The value of the expression
T ∗/(4πa∗D∗(ω)η∗(ω∗)) is plotted as a function
of frequency. Adapted from Reference 19.

As a preliminary simulation, we have examined
the generalized SE relation for a probeless supercooled
KA system, which could also be thought of as a probe-
bearing system with σP = 1 [19]. Figure 5 shows that
such a system does not exhibit SE breakdown in the
β-regime. Instead, SE breakdown is only apparent at
the smaller frequencies, or the longer times, associ-
ated with α-relaxation. Interestingly, the breakdown
is maximized at the lowest frequencies probed even
though behavior in that time regime is stochastic.

In conclusion, preliminary SM experiments show
that the relatively large probe R6G embedded in su-
percooled OTP can sample at least a subset of the en-
vironments in OTP. Because simulations suggest that
large probes embedded in supercooled samples may
set up non-representative environments that are per-
sistent and that the probe preferentially samples, it
remains unclear whether R6G can explore the full
breadth of heterogeneities in OTP. Simulations sug-
gest that monitoring the temperature dependence of
the rotational relaxation of R6G molecules relative
to the α-relaxation of OTP is not a good measure
of R6G’s ability to report on heterogeneities in OTP.
Simulations exploring how the size of a probe in such
a supercooled system may reveal a length scale asso-
ciated with heterogeneity even when the probe alters
the heterogeneities in the system will guide us in de-
signing SM experiments that will reveal the lifetimes
and breadth of heterogeneities in supercooled molecu-
lar systems.

Acknowledgments

We thank D.R. Reichman for helpful discussions.

References

[1] L. A. Deschenes and D. A. Vanden Bout: Single-
Molecule Studies of Heterogeneous Dynamics in
Polymer Melts near the Glass Transition, Science,
Vol.292 (2001), pp.255–258.

[2] L. A. Deschenes and D. A. Vanden Bout: Hetero-
geneous Dynamics and Domains in Supercooled
o-Terphenyl: A Single Molecule Study, J. Phys.

Chem. B, Vol.106 (2002), pp.11438–11445.

[3] L. A. Deschenes and D. A. Vanden Bout: Compar-
ison of Ensemble and Single Molecule Approaches
to Probing Polymer Relaxation Dynamics near
Tg, J. Chem. Phys., Vol.116 (2002), pp.5850–
5856.

[4] L. A. Deschenes and D. A. Vanden Bout: Retrac-
tion: Single Molecule Studies of Heterogeneous
Dynamics in Polymer Melts near the Glass Tran-
sition, Science, Vol.312 (2006), pp.195–195.

[5] L. A. Deschenes and D. A. Vanden Bout: Re-
traction: “Comparison of Ensemble and Single
Molecule Approaches to Probing Relaxation Dy-
namics near Tg”, J. Chem. Phys., Vol.124 (2006),
pp.169901-1–169901-1.

[6] W. Kob and H. C. Andersen: Testing Mode-
Coupling Theory for a Supercooled Binary
Lennard-Jones Mixture: The van Hove Corre-
lation Function, Phys. Rev. E, Vol.51 (1995),
pp.4626–4641.

[7] W. Kob and H. C. Andersen: Testing Mode-
Coupling Theory for a Supercooled Binary
Lennard-Jones Mixture. II. Intermediate Scatter-
ing Function and Dynamic Susceptibility, Phys.

Rev. E, Vol. 52 (1995), pp.4134–4153.

[8] W. Kob, C. Donati, S. J. Plimpton, P. H. Poole
and S. C. Glotzer: Dynamical Heterogeneities in
a Supercooled Lennard-Jones Liquid, Phys. Rev.

Lett., Vol.79 (1997), pp.2827–2830.

[9] R. Zangi, S. A. Mackowiak and L. J. Kaufman:
Probe Particles Alter Dynamic Heterogeneities
in Simple Supercooled Systems, J. Chem. Phys.,
Vol.126 (2007), pp.104501-1–104501-10.

[10] E. Lindahl, B. Hess and D. van der Spoel: GRO-
MACS 3.0: A Package for Molecular Simulation



22 ZANGI, MACKOWIAK, HERMAN, KAVANOOR and KAUFMAN / Rep. Inst. Fluid Science, Vol.19 (2007)

and Trajectory Analysis, J. Mol. Model., Vol.7
(2001), pp.306–317.

[11] H. J. C. Berendsen, J. P. M. Postma, W. F. Van-
gunsteren, A. Dinola and J. R. Haak: Molecular
Dynamics with Coupling to an External Bath, J.

Chem. Phys., Vol.81 (1984), pp.3684–3690.

[12] A. Widmer-Cooper and P. Harrowell: Predict-
ing the Long-Time Dynamic Heterogeneity in a
Supercooled Liquid on the Basis of Short-Time
Heterogeneities, Phys. Rev. Lett., Vol.96 (2006),
pp.185701-1–185701-4.

[13] C. A. Angell, K. L. Ngai, G. B. McKenna, P.
F. McMillan and S. W. Martin: Relaxation in
Glassforming Liquids and Amorphous Solids, J.

Appl. Phys., Vol.88 (2000), pp.3113–3157.

[14] D. Bonn and W. K. Kegel: Stokes-Einstein Re-
lations and the Fluctuation-Dissipation Theorem
in a Supercooled Colloidal Fluid, J. Chem. Phys.,
Vol.118 (2003), pp.2005–2009.

[15] S. F. Swallen, P. A. Bonvallet, R. J. McMa-
hon and M. D. Ediger: Self-Diffusion of tris-
Naphthylbenzene near the Glass Transition Tem-
perature, Phys. Rev. Lett., Vol.90 (2003),
pp.015901-1–015901-4.

[16] P. Bordat, F. Affouard, M. Descamps and F.
Muller-Plathe: The Breakdown of the Stokes-
Einstein Relation in Supercooled Binary Liq-
uids, J. Phys. Condens. Matter, Vol.15 (2003),
pp.5397–5407.

[17] R. Yamamoto and A. Onuki: Dynamics of
Highly Supercooled Liquids: Heterogeneity, Rhe-
ology, and Diffusion, Phys. Rev. E, Vol.58 (1998),
pp.3515–3529.

[18] A. J. Banchio, G. Nagele and J. Bergenholtz:
Viscoelasticity and Generalized Stokes-Einstein
Relations of Colloidal Dispersions, J. Chem.

Phys., Vol.111 (1999), pp.8721–8740.

[19] R. Zangi and L. J. Kaufman: Frequency-
dependent Stokes-Einstein relation in supercooled
liquids, Phys. Rev. E, Vol.75 (2007), pp.051501-
1–051501-4.


