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Much of the interesting behavior that has been observed in supercooled liquids appears to be related to
dynamic heterogeneity, the presence of distinct dynamic environments — with no apparent underlying
structural basis — in these systems. To most directly interrogate these environments, proposed to
span regions just a few nanometers across, molecular length scale probes are required. Single molecule
fluorescent microscopy was introduced to the field a decade ago and has provided strong evidence
of dynamic heterogeneity in supercooled systems. However, only more recently has the full set of
challenges associated with interpreting results of these experiments been described. With a fuller
understanding of these challenges in hand, single molecule measurements can be employed to
provide a more precise picture of dynamic heterogeneity in supercooled liquids and other complex
systems. In this tutorial review, experimental and data analysis details are presented for the most
commonly employed single molecule approach to studying supercooled liquids, the measurement
of rotational dynamics of single molecule probes. Guidance is provided in experimental set-up and
probe selection, with a focus on choices that affect data interpretation and probe sensitivity to
dynamic heterogeneity.
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Key learning points

(1) Supercooled liquids show no apparent structural heterogeneity but do exhibit dynamic heterogeneity - the existence of distinct dynamical environments as a
function of position and/or time.

(2) The potentially time-dependent relaxations of individual local environments in supercooled liquids may be studied through measuring rotational motion of
embedded single molecule fluorophores. Such measurements may clarify results of ensemble measurements, which necessarily average over many
environments, and thus provide a more precise picture of the length and time scales associated with dynamic heterogeneity.

(3) Probe choice is critical in single molecule rotational measurements of supercooled liquids: probes of sufficient photostability and appropriate size and
relaxation dynamics must be chosen to allow for straightforward interpretation of the data.

A drive to understand the origin of the remarkable slowdown
in dynamics that occurs in the supercooled regime in the absence

|. Introduction

A liquid cooled below its melting temperature (7y,) that has
avoided the first order phase transition to a crystalline solid is
known as a supercooled liquid. Cooled further - to the glass
transition temperature (7;) and below - such systems are known
as glasses. Glasses macroscopically behave like solids even while
microscopically they appear to be nearly indistinguishable from
normal liquids. This lack of structural distinction is especially
striking in light of the stark dynamical distinction between a
normal liquid and a glass: molecules at T, may move more than
10 orders of magnitude slower than molecules in the liquid just
above T,,.'?
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of any clear structural changes has inspired much experimental
and theoretical work. The introduction of the concept of dynamic
heterogeneity has enriched understanding of glassy physics.
Dynamic heterogeneity, also known as spatially heterogeneous
dynamics or spatiotemporal heterogeneity, describes a situation
in which molecules within the same system exhibit different
dynamical behaviors as a function of time and/or space. For
supercooled liquids, observations suggest — with a few notable
exceptions™ - that these differences emerge without any change
in the static properties of the system, without an underlying
structural basis for these different behaviors.>® Because of the
putative absence of a structural component, the heterogeneity in
glassy systems is said to be purely dynamic. The causal relation-
ship between dynamic heterogeneity and the abrupt slowing of

Chem. Soc. Rev., 2014, 43, 977-989 | 977


http://dx.doi.org/10.1039/c3cs60186b
http://pubs.rsc.org/en/journals/journal/CS
http://pubs.rsc.org/en/journals/journal/CS?issueid=CS043004

Published on 15 August 2013. Downloaded by Columbia University on 28/02/2014 22:02:15.

Tutorial Review

systems in the supercooled regime is not yet clear. To clarify
how these phenomena are related as well as to enhance under-
standing of dynamic heterogeneity more broadly, much atten-
tion has been devoted to characterizing dynamic heterogeneity
in supercooled liquids.

Experimentally, signatures of dynamic heterogeneity in
supercooled liquids have been identified primarily through
measurements monitoring molecular relaxations. In the frequency
domain, dielectric spectroscopy has demonstrated the presence of
a wide range of relaxation time scales in supercooled liquids. In
the time domain, this broad frequency spread manifests as
stretched exponential decays of correlation functions of various
observables. Characterizing dynamic heterogeneity in more detail
and understanding how it is causally related to the glass transition
has been challenging, but a variety of experiments have measured
quantities of interest in some supercooled liquids, including the
size of regions of particularly slow dynamics and the time required
for regions of slow dynamics to become fast.>®

While some information about length and time scales associated
with dynamic heterogeneity has been obtained from ensemble and
sub-ensemble experiments, there is not yet broad agreement on
these points, particularly with respect to the time scales on which
distinct environments randomize, with experiments suggesting
results spanning many orders of magnitude.”® Probing dynamically
distinct environments within supercooled liquids on an individual
basis holds promise for revealing more details about dynamic
heterogeneity. One of the key advantages of such a local approach
is the ability to clarify the origin of the broad spectra measured in
dielectric spectroscopy and the stretched exponential relaxations
measured in time-domain approaches. Fig. 1 schematically depicts
how single molecule experiments can clarify the origins of these
dispersive relaxations. There are two limiting cases that are con-
sistent with dynamic heterogeneity and the measurement of
stretched exponential decays. In the first case (Fig. 1a), distinct
environments persist for long times relative to the relaxation times
of molecules within those environments. As a result, each region’s
relaxations will be exponential; however, the time scales of relaxa-
tion may differ, potentially by orders of magnitude. When summed,
those exponential decays lead to a stretched exponential form. In
the other limit (Fig. 1b), each environment probed yields the same
stretched exponential decay as is seen for the ensemble, suggesting
that distinct environments in these systems randomize on time
scales no slower than the characteristic relaxation time measured
in the ensemble. Between these limiting cases, stretched expo-
nential relaxations may emerge when distinct environments exist
for times that span the ensemble relaxation time of the system,
potentially ranging from much shorter to much longer than the
ensemble relaxation time. A system exhibiting this type of
dynamic heterogeneity may have especially rich behavior,
with - for example - anomalously fast (or slow) regions exhibiting
unusually short (or long) persistence times compared to other
regions of the sample.

More than ten years ago, the first experiment using single
molecule fluorescent probes to interrogate a small molecule of
supercooled liquid was reported.’ In this study of rhodamine
6G embedded in o-terphenyl, rotational motion of the fluorescent
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Fig. 1 Schematic illustration depicting how dynamic heterogeneity may
contribute to dispersive relaxations and stretched exponential decays
(C(H) = expl—(t/7)f] with § < 1). (a) Regions of distinct dynamics relax
exponentially (8 = 1), each with a different time scale, . This picture exists
in the limit that dynamic changes occur on time scales much longer than
the relaxation time of each region. (b) Each region within the sample
displays the same relaxation dynamics, with the same stretching exponent
(B < 1) and time scale. This picture suggests that distinct environments
persist for times no longer than the ensemble relaxation time. (c) Distinct
dynamic environments persist for time scales that span the ensemble
relaxation time. Such a system will display some characteristics of both
limiting scenarios depicted in (a) and (b).

probes was monitored. It was shown that individual probes in
the same supercooled sample exhibited different characteristic
relaxation times; moreover, there were indications that the
given probe molecules experienced different dynamics over
time. Subsequent studies have used similar approaches to
directly demonstrate the presence of dynamic heterogeneity in
both small molecule and polymeric supercooled liquids,®>*
though challenges associated with interpreting the results of such
experiments have also been recognized.** In spite of these practical
challenges, experiments that can probe distinct environments in
supercooled liquids hold promise for characterizing the distribu-
tion of different environments within them, the length scales and
shapes of regions of particular dynamics, and the time scales
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that govern the persistence of regions of particular dynamics
within these systems.

Though various single molecule approaches to the study of
supercooled liquids have been undertaken,>*** measurements
of probe rotation have been most commonly employed. In this
review, we discuss technical aspects of such measurements,
with attention to how choices in experiment design and data
analysis affect the information attainable from these experiments.

Il. Experimental considerations

Experimental considerations presented here overlap with those
of single molecule experiments in general, for which excellent
reviews can be found on both technical and scientific issues.”®
In this tutorial review, we focus specifically on the experimental
concerns most relevant to the study of single molecule probes
embedded in supercooled liquids and glasses. While some single
molecule experiments in supercooled liquids (particularly those
in polymers) have measured single molecule probe fluorescence
intensity and lifetime as a reporter of local host viscosity,>***
describe here only the most commonly performed single mole-
cule experiments in small molecule supercooled liquids, those in
which the key observable is probe mobility as a reporter of local
host dynamics and dynamic heterogeneity. While most experi-
ments to date have measured probe rotational mobility, the
considerations discussed here are also relevant for measure-
ments of probe translational mobility.

we

A. Optical setup overview

Far field optical fluorescence microscopy has been widely employed
for single molecule studies of supercooled liquids and glasses.”**
Both wide-field""*'”'®**">* and confocal®*'*'*'>1%1%2 configura-
tions have been employed. The prime advantage of the wide-field
approach is that it enables study of multiple probe molecules
simultaneously, providing easier access to distributions of proper-
ties of interest. On the other hand, a confocal approach has the
merit of higher signal-to-noise since it limits background noise
from sample regions outside the confocal volume. Total internal
reflection microscopy, an approach commonly used in biological
single molecule experiments, combines advantages of wide-field
and confocal approaches as it allows detection of multiple probes
simultaneously while limiting the background noise through the
use of an evanescent field. This approach is impractical for super-
cooled liquids for a number of reasons including the requirement
of a high numerical aperture (NA) objective and an interrogated
medium with a low refractive index.*®

Fig. 2 shows the schematics of typical wide-field and confocal
set-ups used in single molecule experiments of supercooled liquids.
Both set-ups are designed to excite and collect fluorescence
from single molecule probes. A continuous wave laser is typically
employed as the excitation source. To assure excitation of all probes
regardless of their orientation, several approaches have been imple-
mented. First, circularly polarized light may be used.”*'®' To
compensate for reflection modulation of differently polarized light
by the dichroic mirror, rather than use a single quarter waveplate,
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the combination of a quarter and half waveplate is used.
Alternate approaches to exciting probes of all orientations in the
sample plane include combining light of two orthogonal polariza-
tions*? or switching two orthogonal polarizations at high frequency
relative to time scales of interest using an electro-optic modulator
(EOM)>'" (Fig. 2a, dashed rectangles).

For a confocal approach (Fig. 2b), a telescope consisting of
two lenses (L1, L2) is used to overfill the back aperture of the
objective with a collimated beam. This is delivered to an
objective lens to produce a tightly focused, diffraction limited
excitation volume in the sample, with probe concentration
chosen such that no more than one probe is typically present
in the confocal volume. The confocal volume depends on the
wavelength of excitation light and the NA of the objective lens.
A typical confocal volume is ~1 pm?® for optical excitation.

For a wide-field approach (Fig. 2a), a telescope is used to set
desired excitation beam size, and a third lens (L3) is used to focus
light to the back of the objective lens, at the image plane. The size
of the expanded beam, the focal length of the focusing lens, and
the NA of the objective lens determine the size of the excited field
of view. In the wide-field approach, an excitation intensity gradient
along the field of view is typically present, with a Gaussian profile
with the maximum at the center of the field of view. The excitation
beam can be expanded and cropped to improve the homogeneity
of the illuminated field. Greater homogeneity can be achieved by
coupling the excitation laser into a multimode optical fiber that
scrambles the transverse mode of the laser, as well as its polariza-
tion. This produces a random speckle pattern. Physically shaking
the optical fiber using a piezoelectric buzzer spatially averages the
speckle pattern, producing an evenly distributed intensity across
the field of view (Fig. 2a, solid rectangle).?®

After excitation, for both confocal and wide-field approaches,
fluorescence passes through a dichroic mirror, is set to an
appropriate size using a lens pair, and is additionally filtered
using longpass and/or bandpass filters to eliminate reflected
excitation light and spectral noise. In the confocal approach,
the fluorescence signal that passes through the dichroic mirror is
spatially filtered with a pinhole that rejects fluorescence from
outside the confocal volume. A polarizing beam splitter separates
the signal into two orthogonal polarizations. In the wide-field
approach, this is typically a Wollaston prism, which separates
orthogonally polarized light by an angle of ~15 to 45°. The
signals are then focused onto the detector(s), avalanche photo-
diodes for the confocal approach and an enhanced CCD camera
in the wide-field approach. In the confocal approach, a piezo-
stage can be used to scan over the sample to find probe
molecules as well as to construct an image.

The acquisition of two orthogonal polarizations of fluorescent
light from the probes assures collection of sufficient information to
map probe rotation in the plane of the sample. There have also been
configurations described and implemented that allow measurement
of three dimensional probe orientation through analysis of the
emission patterns formed by probes in defocused images.”* While
this approach provides complete orientational information,
a relatively high signal-to-noise ratio is required to extract
this information, which may lead to short trajectories that
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Fig. 2 Schematic diagrams of (a) wide-field and (b) confocal fluorescence microscope configurations appropriate for measurement of rotational
dynamics of SM fluorescent probes in supercooled liquids. In the wide-field schematic, the inset rectangles indicate additional choices for (solid lines)

creating a homogeneous field of view and (dashed lines) setting excitation

polarization as described in the text. The choices for polarization are also

relevant in the confocal approach. In this figure, s and p indicate orthogonal polarizations, and CP is circular polarization. Optical elements are
abbreviated as follows: ND, neutral density filter; /2 (2/4), half- (quarter-) waveplate; L, lens; DM, dichroic mirror; PBS, polarizing beam splitter; APD,

avalanche photodiode; CCD, charge coupled device camera; EOM, electro

contribute to challenges in interpreting rotational single mole-
cule data (see Section V).

The wide-field approach can be used to monitor not only
probe rotational motion but also probe translational motion.
Here, a spectrally filtered image can be focused directly onto the
detector without separating the signal into orthogonal polariza-
tions. For translational monitoring, magnification beyond that
generally appropriate for rotational single molecule measure-
ments may be preferred. This is because monitoring translations
of typical single molecule probes over accessible time scales is
likely to require sub-diffraction localization, for which accuracy
and precision are sensitively tied to detection details.>” Details of
some key aspects of the overall optical set-up as well as sample
preparation and probe choice are described below.

B. Objective lens

Objective lenses used in single molecule experiments are typically
60-100x magnification with an NA of 0.7-1.4, with the lower NA

980 | Chem. Soc. Rev., 2014, 43, 977-989

-optic modulator; FC, fiber coupling.

objectives used for situations in which long working distances are
required. NA is directly related to the collection angle by NA =
n-sin(¢), with n the index of refraction of the medium and ¢ the
half-angle of the maximum cone of light that can enter or exit the
lens. The collection efficiency is approximately 31% for an oil
immersion objective with an NA of 1.4 and 14% for a long
working distance air objective with an NA of 0.7.*% Unfortunately,
high NA objectives have short working distances and thus require
sample configurations that may not be appropriate for single
molecule experiments in supercooled liquids due to environ-
mental control requirements. Indeed, to achieve stable tempera-
ture control over a relatively wide range of temperatures and to
simultaneously enhance photostability of fluorescent probes,
performing single molecule experiments in a vacuum cryostat
is preferred (see Section IIC). Isolation of the sample within such
a cryostat requires use of a long working distance air objective.
In addition to limiting the proportion of emitted photons collected,
the use of such low NA objectives may complicate interpretation of

This journal is © The Royal Society of Chemistry 2014
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the collected signals, such that non-exponential correlation func-
tions may be obtained even for probes experiencing a homogeneous
rotation."****° This deviation from exponentiality is not a signifi-
cant factor as long as objectives with NA > 0.6 are employed.*

C. Temperature control

Experimental configurations in which the sample is contained in
a vacuum cryostat are preferred for several reasons. Because
supercooled liquids experience dynamics that slow abruptly with
decreasing temperature near Ty, the time scales of interest are
long, requiring long time monitoring of individual probes.
Indeed, host molecule structural relaxation times are ~100 s
at T,. For single molecule probes, which are typically larger and
rotating more slowly than the host molecules, the times required
to characterize rotations are longer than those required to
characterize host rotations, by up to several orders of magnitude.
Because the time scales interrogated in these studies are quite
different from those probed in most single molecule studies,
single molecule experiments in supercooled liquids require
special attention to physical and temperature stability.

Temperature control is also important in the single molecule
study of supercooled liquids for other reasons. Unlike biological
systems, where the physiologically relevant temperature range is
narrow and close to room temperature, the temperature range of
interest for glass forming liquids is wide and varies significantly
across supercooled liquids. The two most well-studied low mole-
cular weight glass formers - glycerol and o-terphenyl - have T,
values of 190 K and 243 K, respectively, while most polymeric glass
formers have T, values ranging from 200 to 500 K.>* Beyond the
wide range of temperatures that are of potential interest, sample
temperature accuracy and stability are crucial in the study of glass
formers since dynamics are very sensitive to temperature changes
near T,. For instance, in some glass formers, a change of 3-4 K can
lead to an order of magnitude change in system dynamics.

The most common robust method to control sample tempera-
ture is through the use of a vacuum cryostat. A vacuum environ-
ment provides excellent thermal insulation. It also typically
increases photostability of the fluorescent probes by reducing
oxygen, since photobleaching events are often caused by reac-
tions between excited fluorescent probes and triplet oxygen. On
the other hand, introducing a vacuum cryostat reduces fluores-
cence collection efficiency. Generally, optical windows used in
vacuum cryostats have thickness of 0.3-0.5 mm, introducing
additional scattering and preventing the use of high NA objec-
tives. In such configurations, long working distance objective
lenses with NA of 0.7-0.8 are used. As described above, this
decreases collection efficiency by a factor of ~2 relative to the
highest NA objectives available. Although it is not easy to imple-
ment, stable and accurate temperature control can be achieved
with greater collection efficiency by inserting an air objective lens
(available at NA up to 0.95) within the vacuum cryostat.®

D. Sample preparation

The purity of the sample - a requirement for near optical
transparency - is critical in single molecule studies. The
fluorescent probe concentrations used in these studies are on
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the order of 10~° M, which sets an upper bound on fluorescent
impurities allowed in the sample. Traditional purification
methods such as re-crystallization and distillation are com-
monly used to clean the host sample. However, in many cases,
removing fluorescent impurities through these approaches to
less than a part per billion is quite challenging. One alternative
and efficient way of achieving adequate optical transparency is
through photobleaching fluorescent impurities. This can be
achieved in a variety of ways, including the use of a low cost
~ 10 W setup based on LEDs>” or by placing the host sample in
the path of a laser of similar power.

Additional sample characteristics also affect the ultimate
signal to noise ratio in single molecule experiments in super-
cooled liquids. For the wide-field approach, thin samples are
desirable since fluorescence from the whole thickness of the
sample is collected. However, de-wetting of samples occurs more
readily for thinner samples, especially for glass formers of low
molecular weight. In addition, interfacial effects near both sam-
ple-substrate and sample-air interfaces may result in dynamics
in these regions that are distinct from those in the bulk.>* To best
balance these competing effects, samples of 100-300 nm thick-
ness are preferred. We note that for samples of such thickness,
differences between signal-to-noise in wide-field and confocal
approaches will be less significant for samples thicker than the
axial dimension of the confocal volume.

E. Probe choice

As in all single molecule experiments, choice of probe is an
important factor allowing for the success of a given experiment.
In supercooled liquids, single molecule probe choice not only
determines the viability of the experiment but also strongly
influences the information content of the measured data. Thus,
for measurements in supercooled liquids, choice of probe is
critical. Indeed, almost all observables relevant to the study of dynamic
heterogeneity strongly depend on the selection of the fluorescent probe.
The characteristics of probes that most strongly affect the measure-
ments are probe photostability and probe size. The effects of these
factors on measurements are introduced here and discussed in
more detail in Section V.

For all single molecule fluorescence experiments, probes
with high extinction coefficient and quantum yield are necessary.
Extinction coefficient generally increases with molecule size,
thus encouraging use of large molecules. High quantum yield is
typically found in rigid molecules, which when excited tend to
have fewer non-radiative decay pathways. Moreover, for absorp-
tion in the visible region, molecules with a relatively small
energy gap between the ground and excited electronic states
are required. Overall, this leads to the choice of single
molecule fluorophores that are large, conjugated, and rigid.”®
Additionally, many supercooled liquids are non-polar; to
best mimic host intermolecular interactions between the probe
and host, uncharged and relatively non-polar probes are pre-
ferred in such cases. Rigid and/or non-polar molecules tend
to have small Stokes shifts, as no large charge distribution
rearrangements occur upon excitation. For single molecule
experiments in supercooled liquids, rhodamine 6G (R6G) and
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perylene dicarboximide (PDI) probes have been most com-
monly employed.8_10’15'17’18’23

Both R6G and PDI have Stokes shifts of <20 nm, with
appreciably overlapping absorption and emission bands. When
fluorescent probes have spectra with significant overlap, selec-
tion of filters becomes an important consideration. The most
efficient and flexible setup for separating fluorescent signal from
spectral noise and elastic scattering from the excitation laser
utilizes a dichroic mirror and longpass filter with steep cutoff
transitions close to the excitation line. Currently filters with
cutoff transition width as narrow as 100 cm™ ' (x~3 nm in the
green excitation range) with a transmission efficiency of over
95% are available. The spectral properties of the particular set of
filters used for PDI probes employed in our work are shown in
Fig. 3. Depending on the spectral characteristics of the chosen
fluorescent probe in a specific host, 30-70% of the fluorescent
signal may be lost to spectral filtering following emission.

A single molecule probe selected for the photophysical
properties detailed above may still not be suitable for use in
single molecule experiments if its photostability is poor, parti-
cularly if it is prone to photobleaching. While the tendency of a
fluorophore to photobleach may be minimized by reducing
oxygen in the environment as is done through use of a vacuum
cryostat, all fluorophores eventually undergo irreversible changes
that render them non-fluorescent. The number of cycles of excita-
tion and emission that a probe can undergo before photo-
bleaching is a crucial consideration for single molecule
experiments in supercooled liquids, as a limited trajectory
length introduces complications in identifying and characteriz-
ing dynamic heterogeneity.>***® While employing lower laser
powers can extend time to photobleaching, this may require
longer time-averaging to achieve an acceptable signal-to-noise
ratio, offsetting enhanced time to photobleaching. In practice,
laser power densities of ~10 uW pm™> have been used in both
wide-field and confocal single molecule experiments in super-
cooled liquids, and trajectory lengths have typically been a few
thousand seconds. In these measurements, the trajectory
length relative to the rotational relaxation time of the probe is
the most relevant time scale, as this determines how accurately
and precisely rotational motion of the probe can be characterized.
Trajectories of 10-1500 t., with 7. the rotational correlation time
of the probe have been reported.®%!51718:23

While the trajectory length in terms of the rotational corre-
lation time of the probe is of outmost importance in accurately
determining the rotational rate of the probe, it is probe rota-
tional rate relative to host rotational dynamics that sets the
sensitivity of the probe to changes in host dynamics over time.
Similarly, probe size relative to size of regions of distinct
dynamics in the host sets the sensitivity of the probe to
variability in host dynamics in space. A probe that is signifi-
cantly slower and/or larger than the host molecules may be
unable to report dynamic heterogeneity in the host, instead
reporting an average of the different environments it experi-
ences in time and/or space.

Balancing the competing requirements for probe photo-
physical characteristics, which generally improve with increasing
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Fig. 3 Transmission spectra of optics (dichroic mirror and longpass filter)
selected for a set-up using 532 nm excitation and the fluorescent
probe N,N’-dipentyl-3,4,9,10-perylenedicarboximide (pPDI, with structure
shown in inset). Absorption (green solid line) and emission (orange solid
line) spectra of pPDI in toluene are shown, as is the transmission spectra of
a dichroic mirror (Semrock, LPD01-532RU) and longpass filter (Semrock,
LP03-532RU) appropriate for detecting fluorescence from this probe. The
yellow filled area represents the portion of the fluorescent signal trans-
mitted to the detector. For the depicted setup, ~40% of the emitted signal
is lost to spectral filtering.

probe size, and for probe ability to sensitively report dynamic
heterogeneity, which deteriorates with increasing probe size,
has been the primary challenge in single molecule experiments
in supercooled liquids.

[ll. Data analysis overview

The general approach to studying rotational motion of single
molecule probes in supercooled liquids begins with fluores-
cence intensity measurements of single molecule probes in two
orthogonal polarizations. These intensities are typically com-
bined into a linear dichroism. Analysis of individual linear
dichroism trajectories in time, autocorrelation functions of
individual linear dichroisms, and distributions of variables
obtained from analysis of many such autocorrelations, each
provides information about a supercooled liquid that cannot be
obtained from ensemble experiments.

As described in Section IIA and depicted in Fig. 2, fluorescent
probes of all orientations are homogeneously excited, and fluores-
cence in two orthogonal polarizations is split by a polarizing beam
splitter and measured simultaneously. In a confocal approach,
two fluorescent intensity trajectories from a single probe are
collected on two APDs while in a wide-field approach, two images
are recorded simultaneously on two regions of a single CCD
camera. Data collected in the wide-field configuration must be
retrieved from the images, and we focus on that aspect of the data
analysis of single molecule microscopy of supercooled liquids
here, depicted in Fig. 4. In the wide-field approach, each frame
contains fluorescence intensities of two orthogonal polarizations
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for as many as several hundred molecules dispersed across the
field of view. In any given image, some single molecules may
not be identifiable by eye as they may be in a dark state or may
have an out-of-plane orientation leading to low intensity.
In order to identify all single molecule probes, it is useful to sum
multiple frames before performing a feature finding procedure:
this time-average of the signal increases the signal-to-noise
ratio. In standard image analysis, image filters are often used
to enhance signal-to-noise ratio, and this can be done here as
well. Such image processing is done only in the preliminary
steps, to allow for identification of single molecule probes.
From this summed and filtered image (Fig. 4a), fluorescent
features are identified by their brightness and size, and their
positions are tabulated.

Following selection of single molecules, coordinate informa-
tion is used to identify, tag, and track molecules through all
frames of the movie. Intensities in the two orthogonal polariza-
tions of each single molecule are then extracted frame by frame
from the raw image data (Fig. 4b). Single molecule raw inten-
sities (r/y(t), rI,(t)) are obtained from the area of the inner circle
shown in the inset of Fig. 4a, and the area between the inner
and outer circles is used to extract (a space and time local)
background signal for each identified molecule at each time
point. The background signal is subtracted from the measured

Right channel (p)

time

Fig. 4 (a) Summed, processed single molecule wide-field image used to
identify SM probes in supercooled liquids. Left and right channels repre-
sent s and p polarization images, which are split by the Wollaston prism
and focused onto the CCD camera as shown in Fig. 2. Insets are zoomed in
images of a single molecule, and circles are drawn to indicate where the
raw intensities of signal (r/, rl,) and background (Bs, By) are extracted. Both
signal and background intensities are extracted from unprocessed frames
for individual molecules. (b) Unprocessed, time-sequenced frames of a
typical single molecule in the two channels.
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raw intensities to compensate for possible time-dependent
fluctuations of the excitation light and intensity heterogeneities
across the field of view. The two intensities that represent the
single molecule fluorescence in each polarization are:

L) = ti(t) — B0)  Ip(0) = 11p(6) — By(t) 1)

Both in-plane orientation angle, 6, and reduced linear dichroism,
LD, can be obtained from these intensities via

0(1) = tan~! ( L(1) /Ip(t)> and LD(1) = H @)
In principle, either quantity can be used for all subsequent
analysis described, though we restrict our explicit discussion to
linear dichroism, as it has been more commonly used. Linear
dichroism represents the in-plane projection of the probe transi-
tion dipole moment. In an ideal experiment, linear dichroism
fluctuates from —1 to +1, with this range covering the full 90°
angular range of a dipole fully oriented along the x to y direction.
In practice, the out-of-plane component of the dipole together
with the influence of the non-zero NA objective can restrict the
linear dichroism fluctuations to a smaller range than expected,
while imperfect background subtraction may stretch the values
beyond that range."*

Linear dichroism fluctuations in time reveal how probe
molecules rotate in the host matrix. Additional analysis of
trajectories is typically facilitated through calculation of auto-
correlation functions of the linear dichroism. The autocorrela-
tion is constructed as

Spa(t’)-a(t’ +1)
Sat)-a@) MO @)

a(t) = LD(t) — (LD(2))

C(r) =

The correlation function aids in identification and quantifica-
tion of dynamic heterogeneity since its decay rate and shape
yield information on average and distribution of a particular
molecule’s rotational dynamics, which are expected to reflect the
local host dynamics around that probe. For a probe experiencing
a single dynamic environment, confined for example to a region
shown in Fig. 1a, an exponential form, C(t) = exp[—(¢/7)] is
expected to fit the data. For a probe experiencing a wide variety
of dynamic environments, fitting C(f) with an exponential
function is expected to fail and a stretched exponential func-
tion, C(t) = exp[—(t/1)’] with § < 1 is expected to describe the
relaxation. All probes, thus, will have linear dichroism auto-
correlations that can be fit by

C(¢) = exp[—(t/1)’] with § < 1. (4)

For such fits, two variables are obtained, a time scale, 7, the
time required for the correlation function to decay to 1/e, and a
stretching exponent, f3, that captures the degree of deviation of
the function from exponentiality. The rotational correlation time
or characteristic relaxation time, 7., is calculated by integrating
the autocorrelation function:

r— r Cldr = (¢/B) - T(1/B) (5)

=0
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Thus, 7. contains information about both how fast the correla-
tion function decays (r) and the variation in probe speed as it
does so (). Knowledge of two of these three variables - 7, f5, and
1. — determines the third and characterizes the rotational
behavior of the molecule. In practice, f and 7. are usually
examined; 7. is preferred to t as the integration procedure
makes it less sensitive to noise than 7.

IV. Characterizing dynamic heterogeneity

Once the linear dichroism trajectories of many single molecule
probes in a supercooled liquid have been obtained, a large amount
of data is available for analysis. In this section, we describe
approaches that have been used to characterize dynamic hetero-
geneity in supercooled liquids from single molecule probe linear
dichroism trajectories. Fig. 5 provides an overview of information
available from single molecule rotational measurements.

Linear dichroism trajectories provide the most fine-grained
information available from single molecule measurements of
rotational motion. These trajectories reveal information on the
character of single molecule probe rotation, including whether
the probes display rotations primarily through small angular
displacements or sporadic large angular jumps. A visual inspec-
tion of the trajectories may also provide clues about the nature of
dynamic heterogeneity in the supercooled liquid. Two probe
molecules exhibiting differences in rotational relaxation time that
differ by a decade would be identifiable by eye. Similarly, a single

a) Input b) Analysis

Molecule 1 Molecule 2

Time sequence images
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probe molecule that exhibits a change of rotational correlation
time of a factor of ten - if such a change persists for a number of
probe rotations - would also be identifiable by eye. In the limiting
case depicted in Fig. 1a, linear dichroism trajectories that are
distinct across single molecules would be evident, but no changes
in time for given probes would be seen. In the limiting case
depicted in Fig. 1b, linear dichroism trajectories of particular
molecules would look very similar to each other and may reveal
obvious regions of distinct dynamics within each trajectory.
Analysis of linear dichroism trajectories of single molecule
probes in supercooled liquids has shown both small angle diffusion
and relaxation through large angular jumps, with the former
described more commonly in small molecule supercooled liquids
and the latter more evident in polymer samples.'*">"*¢1920 From
single molecule linear dichroism trajectories collected in a given
supercooled sample, some differences in overall relaxation time
scale have been identified through visual inspection and described,
as have some changes in dynamics within a given trajectory."* In
general, however, differences in dynamics across and within trajec-
tories have been subtle, and autocorrelation analysis has been
employed to further discriminate differences in dynamical behavior.
As described in Section III, constructing an autocorrelation of
an individual linear dichroism trajectory yields a decay time, T,
a stretching exponent, f§, and a characteristic rotational correla-
tion time, 7., that describe the molecule’s rotational behavior.
Collecting these quantities across molecules forms the bulk of
data typically presented in single molecule studies of super-
cooled liquids. Assessing large numbers of single molecules is

Molecule i

time time
l LD(t)=(1,)-1,0)/(10)+1,0)

U o A - ol

lin&
LD

time

time time

time d) Quasi-ensemble results
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Fig. 5 Illustration of information available from single molecule rotational measurements. (a) Extraction of time-dependent intensity trajectories (/s(t),
Io(t) from time-sequenced images as would be obtained from a wide-field approach that collects data from a few hundred molecules simultaneously.
(b) Calculation of linear dichroism trajectories (LD(t)) from the intensity trajectories is followed by the construction of linear dichroism autocorrelation
functions, C(t). Autocorrelation data of each trajectory is fit to a stretched exponential function, resulting in relaxation information (z, 8, and z.) for each
single molecule. (c) Data collected from many single molecules provide statistical information such as distribution shape, median value, and width (shown
here are tmed. Prmed: Te,med. FWHM(1), FWHM(z,)). (d) A quasi-ensemble autocorrelation constructed from adding individual single molecule autocorrelations
yields additional information on the ensemble’s behavior and provides tqg, fige, and tc qe.
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useful in understanding the diversity of dynamic environments
within a supercooled liquid and identifying potentially rare or
fleeting environments. Obtaining data from statistically signi-
ficant numbers of individual single molecules also allows
reconstruction of observables as they would be reflected by
ensemble experiments. Comparing single molecule results to
ensemble results is an important step in validating the single
molecule approach and in clarifying conclusions drawn from
observations in ensemble studies. There are several ways to
reconstruct ensembles from single molecule experiments, and
the choice of how to do so may depend on the information
desired. We focus on the variables typically obtained from
linear dichroism autocorrelations - 7, 8, and 7. - all of which
are also available from ensemble experiments. One way to
reconstruct an ensemble from single molecule measurements
is to accumulate distributions of these variables from many
individual single molecule linear dichroism autocorrelations
and extract a value that characterizes the average of that
distribution (Fig. 5¢). Since the distributions of these variables
are not necessarily symmetric, median rather than mean values
have typically been used for comparison with values obtained
from bulk experiments, and we denote those as Timed, fimed, and
T.med- A second approach to reconstructing the ensemble is
averaging individual autocorrelations into a single autocorrela-
tion, which we term a quasi-ensemble autocorrelation, ACFqg.
The ACF g is fit to a stretched exponential function and returns
quasi-ensemble results tqp, for, and t.qr (Fig. 5d). A third
method - which to the best of our knowledge has not been used
in published work - assembles individual linear dichroism
traces into a single long linear dichroism trajectory, constructs
a single autocorrelation and extracts the variables of interest.
This is expected to return the same values as the quasi-
ensemble approach of adding the autocorrelations.

Regardless of degree and details of dynamic heterogeneity,
Te,med and 7. qp values are expected to be the same, and either
can be used to validate the single molecule approach. Because
supercooled liquids are so dynamically sensitive to changes in
temperature, a common test of the validity of single molecule
experiments assesses the temperature dependence of probe
dynamics through 7 meq O 7¢,qr. These dynamics are expected
to follow the temperature dependence of the long time scale,
structural or o-relaxation dynamics of the host as measured
through either probe-free or probe-bearing ensemble measure-
ments. In many single molecule studies in supercooled liquids,
the temperature dependence obtained from a reconstructed
ensemble of probes has been shown to follow the temperature
dependence of the host dynamics, typically through comparison
tO T mea (Fig. 6).%7">1771%2% We note that this result is necessary
but insufficient to prove that the probe is not performing
significant perturbation of the host, that the ensemble sampled
is fully representative of the host, that sufficient numbers of
probe molecules have been analyzed, and that temperature
control of the sample is adequate.

Access to T¢meq implies that a distribution of 7. values has
been obtained from many individual single molecules. The shape
of this distribution holds information not attainable from bulk
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experiments. In an ideal case of a sufficiently photostable probe
that is of the same size as the host molecules comprising the
system, the 7. distribution will differ substantially for the limiting
cases shown in Fig. 1la and b. For very long lived distinct
environments (Fig. 1a), the full range of 7. values present in the
host will be represented, and a wide distribution of t. values,
reflecting the native heterogeneity of the host, would be
measured. For short-lived heterogeneity, a delta function at
T¢,meda WOUld be expected. Single molecule measurements — with
distributions constructed from up to x~1000 single molecule
probes - have yielded distributions that are well fit by Gaussian
functions in log time.*"'®** On a linear scale, these distributions
have long time tails. This type of distribution is consistent with
alterations in dynamics in the supercooled liquid being an acti-
vated process involving a Gaussian distribution of energy barriers.””
The breadth of the measured 7. distributions has been characteri-
zed by full width at half maximum (FWHM), with reported FWHM
of 7. distributions ranging from 0.2 to 1.0.>*7'%?* A FWHM of
1.0 reflects a distribution in which 67% of the molecules exhibit
relaxation times within a decade faster or slower than 7. meq.
Despite complications in interpretation that exert competing
forces - finite probe photostability tends to widen distributions
while large probe size tends to narrow them (see Section V) - the
presence of 1. distributions of substantial width argues against
the existence of the limiting case depicted in Fig 1b. Whether the
distribution of dynamic environments in the host measured
reflects the full distribution remains an open question.

Beyond using 7. distributions to provide a basic assessment
of whether distinct environments within supercooled liquids
persist for relatively long times, analyzing how this distribution
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Fig. 6 Temperature dependence of probe rotation in o-terphenyl for
N,N’-bis(2,5-tert-butylphenyl)-3,4,9,10-perylenedicarboximide (tbPDlI, solid
squares)?®> and R6G (open circles)® measured in single molecule experi-
ments. Error bars on the solid squares represent the standard deviation of
measurements reported in ref. 23. The solid red line represents the tem-
perature dependence of neat o-terphenyl from dielectric relaxation.** The
dashed and solid black lines are vertical shifts of the dielectric line. Dynamics
of probe rotation follows that of the host, with relaxation time shifted to
longer timescales according to the relative size of the probe and host. Inset
shows the molecular structures of tbPDI and R6G.
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changes as a function of temperature within a given host as well
as across hosts can answer fundamental questions about the
nature of the glass transition. Analyzing 7. distributions as a
function of temperature is of interest because it has been
suggested that degree of dynamic heterogeneity changes as a
function of temperature, and ensemble measurements in
which f values vary with temperature support this view. How-
ever, other experiments in supercooled liquids show robust
time-temperature superposition, in which a temperature
dependent quantity known at one temperature can be used to
predict that at another with a simple shift in time scale. Time-
temperature superposition suggests that the degree of dynamic
heterogeneity is constant in the glassy regime.*® Thus far,
single molecule experiments have not yielded fully consistent
results on this point: no trend in FWHM of single molecule 7.
distributions was found in glycerol in the temperature range of
1.04-1.12 T, or in o-terphenyl at 1.03-1.06 T,.'”** However,
others did find an apparent increase in the FWHM of single
molecule 7. distributions in the same temperature range for
glycerol and in a lower temperature range, closer to Ty, for
o-terphenyl.®°

Investigating 7. distributions as a function of supercooled
liquid is also of interest. It has been proposed that higher
fragility liquids, those with greater changes of viscosity as a
function of temperature near Ty, may exhibit a greater degree of
dynamic heterogeneity than low fragility glass formers."”
Single molecule investigations have provided some evidence
that probe 7. distributions in o-terphenyl, a prototypical fragile
glass former, and glycerol, with lower fragility, are differently
shaped. While log(z.) distributions in both glycerol and
o-terphenyl are rather well fit by Gaussian curves, those in
glycerol are somewhat more peaked and are equally well fit by
Lorentzian curves.'”** Additionally, FWHM of the distributions
in o-terphenyl appear broader than those in glycerol.*®

In addition to analysis of . distributions, t distributions
may provide additional insight. For the limiting case depicted
in Fig. 1a, 7. and 7 distributions will be identical, while they will
differ in the limiting case depicted in Fig. 1b. Since knowing
any two of the three variables 7, f§, and 7. determines the third,
this information can be equally well assessed by studying the f
distribution. f distributions are particularly interesting since
unlike 7., where 7. meq and 7. qr are expected to be the same,
Pmea and Pqor may not be. For the case depicted by Fig. 1b,
Pmed = Por < 1, both of which would be equal to those of the
ensemble measurements. However, in the case of long-lived
heterogeneity shown in Fig. 1a, fmeq = 1 and for < 1, equal to
that of ensemble measurement. In the limiting cases described,
both f distributions would be expected to be delta func-
tions, albeit at quite different values. Thus far, fmea; Bor,
and/or f distributions have been reported for single molecule
measurements in o-terphenyl, glycerol, and several poly-
mers.”'*!>177192% 1 the cases in which both fmeq and Bqr
were reported, fmeq Was higher than fior in all cases. This
result — albeit subject to uncertainties described below - is
suggestive of a situation between those depicted in Fig. la
and b, as shown in Fig. 1c.
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V. Challenges to characterizing
dynamic heterogeneity

In Section IV, we described how linear dichroism trajectories,
autocorrelations of linear dichroism trajectories, distributions
of observables obtained from these autocorrelations, and quasi-
ensemble autocorrelation reconstructions can be used to
characterize dynamic heterogeneity from single molecule
experiments in supercooled liquids. In particular, investigating
the extent to which long-lived distinct environments exist in a
given supercooled liquid as a function of temperature as well as
between different supercooled liquids is an accessible goal with
the experiments and analysis thus far described. In practice, as
introduced in Section IIE, there are challenges and limitations
in interpreting linear dichroism autocorrelations and asso-
ciated quantities, related primarily to probe photo-instability
and probe size.

A. Probe photostability and data interpretation

The effects of probe photo-instability have been discussed in
some detail in a recent review and therefore are covered only
briefly here.** The variables obtained from a linear dichroism
autocorrelation - 7, f, and 7., - may not be accurate if the
trajectory from which the autocorrelation is constructed is
too short. Indeed, information about dynamic heterogeneity
may be overwhelmed by effects from time-limited trajectories,
particularly for trajectories <100 7. and for systems with
limited native heterogeneities.”® Numerical simulations of
homogeneously rotating particles (with a given 7. = 7 and
f = 1) show that distributions of extracted 7. and f get wider
with decreasing trajectory length.>*** Median values of these
distributions may also change with trajectory length.'*3®
Thus, for single molecule probes with short trajectories, non-
exponential decay of the relaxation does not necessarily
point to probe exploration of various dynamic environments.
Similarly, the presence of a relatively wide distribution of f
values for an ensemble of single molecule probes in a super-
cooled liquid does not necessarily eliminate the possibility of
either limiting case depicted in Fig. 1. The complications
inherent in interpreting autocorrelations obtained from short
trajectories also limit the ability to make time-local judgments
about the rotational relaxations of a given probe from auto-
correlations constructed from short portions of its linear
dichroism trajectory.”' %>

To date, published work on single molecule rotations in
supercooled liquids has reported trajectories ranging from 10
to 1500 times the probe rotational correlation time, .. To allow
for straightforward interpretation, every effort should be made
to collect trajectories of at least 100 t.. This should be an
important criterion in probe choice and experimental setup,
informing choice of optical configuration, balancing excitation
power with time averaging in data collection, and balancing the
sampling rate with trajectory length. In cases in which suffi-
ciently long trajectories are not accessible, results from simula-
tions should be used to guide decoupling effects from short
trajectories from those due to dynamic heterogeneity.
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B. Probe size and data interpretation

Given the fact that limited probe photostability complicates
interpretation of single molecule reports of dynamic heterogeneity,
more photostable entities than small molecule fluorophores -
such as quantum dots — may be attractive alternatives. However,
as introduced in Section IIE, probe size is another aspect that
critically influences experimental ability to delineate dynamic
heterogeneity in supercooled liquids. Probes need to be large
enough to reflect host dynamics but not so large as to average
over them. Indeed, if a probe is larger than regions of distinct
dynamics in the host, the probe cannot report on those distinct
environments, instead providing an average relaxation time of the
regions it spans. Similarly, if probes rotate slowly compared to the
time scales on which distinct environmental environments of
the host randomize, these probes cannot report these changes.

As described in Section IV and shown in Fig. 6, demonstrating
that 7. meq values from single molecule probes follow the tempera-
ture dependence of the host viscosity validates that the probe
samples the dynamics of host structural relaxation. Such measure-
ments also return the rotational relaxation rate of the probe
relative to that of the host. In all cases of single molecule rotational
measurements in supercooled liquids thus far, probe t. has been
more than an order of magnitude longer than host relaxation time
(see, for example, Fig. 6). Probe rotations are slower than host
relaxations because probe molecules are typically larger than
the host molecules in organic glass formers and than the local
environment governing structural relaxation in polymers. This size
difference is dictated largely by photophysical requirements of the
probe and purity requirements of the host. The way in which
single molecule measurements may be affected by the presence of
large and/or slow probes can be understood through comparison
with probe-bearing ensemble experiments as well as through
single molecule experiments done with a series of probes. Probe-
bearing ensemble fluorescence experiments can be performed
with a wider range of probes than single molecule measurements
because probe photophysical requirements are less restrictive
in these experiments where at least 1000 - and often orders of
magnitude more - probes are averaged in a given measurement.
Such ensemble measurements have shown that stretching expo-
nent depends on probe size.>*™*!

Fig. 7a illustrates how stretching exponents as measured in
rotational relaxation experiments change with size of the probe
relative to that of the host for different probes in o-terphenyl.
It is generally assumed that probe molecular weight and physical
volume will track with probe rotational correlation time; how-
ever, due to variable interactions between host and probe, probe
size and probe relaxation time in a particular host are not always
monotonically related, as has been noted in a recent single
molecule paper.’” Despite this, molecular weight is a reason-
able parameter with which to characterize probe size and
relaxation rate. In Fig. 7a, stretching exponents from a variety of
experiments in o-terphenyl are presented:  of neat o-terphenyl
obtained from dielectric relaxation measurements,*>** § obtained
from ensemble average photobleaching measurements,****
Poe and Pieq from single molecule measurements are shown.

and
9,23
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As the size of the probe increases, the stretching exponent
approaches unity. This suggests that the high molecular weight
probes are not reporting dynamic heterogeneity of the host,
likely because they are averaging in space and/or time over the
dynamics of interest. We note that the relatively large S5 values
obtained in these single molecule experiments stand in contrast
to the breadth of the distribution of . values obtained in these
same experiments, which do suggest the probes are reporting
dynamic heterogeneity in the host. While this juxtaposition is
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Fig. 7 Probe size dependence of the stretching exponent . (a) Comparison
of probe f8 values from bulk ensemble measurements (green circles)*® and
SM measurements (open squares, fmeq; filled squares, fae)®?® in o-terphenyl
as a function of molecular weight of the probe relative to that of o-terphenyl.
The diamond represents o-terphenyl measurements from probe-free
experiments, with the error bar indicating the standard deviation of
values reported.*>** Inset shows the molecular structure of o-terphenyl.
(b) Dependence of scaled f values (fprobe/frost) ON the relative rate of
probe and host relaxations (tprope/Thost) for SM measurements from both
low molecular weight (o-terphenyl, glycerol)®°%2% and polymeric (PMA,
poly(methyl acrylate); PVA, poly(vinyl acetate))***31819 glass formers. Open
symbols are reported values of fineq and solid symbols are those of fiqg, as
in (a). Host  and t values are taken from a variety of reports as cited in the
text, and error bars are set, as in (a), by standard deviation of host f# from
those reports. The dashed line is a guide to the eye.
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not yet fully understood, it may be related to competing effects of
limited trajectory length and probe averaging, which manifest
differently in 7. distribution than in ﬁQE.36

Two intriguing observations from the single molecule
results are evident in Fig. 7a. First, fqg is consistently lower
than feq, suggesting a picture of dynamic heterogeneity that
may lie closer to that depicted in Fig. 1a than Fig. 1b. Second,
one probe displays Bor and fmeq smaller than would be
expected from the overall trend shown in Fig. 7a. This PDI
probe exhibits a 7. smaller than that of a similar PDI probe with
higher molecular weight. A similar set of probes was found to
display analogous behavior in glycerol, with increase in f more
robustly tracking increase in probe 7. than increase in probe
molecular weight."” This finding suggests that temporal, rather
than spatial, averaging is most important in increasing f values
relative to that measured in probe-free hosts.'”*?

Because of the fact that molecular weight and relaxation
time do not always track each other, if probe relaxation time is
more important in setting § than probe size, the relationship
between probe speed and f should be more robust than that
shown in Fig. 7a. Fig. 7b shows how scaled f varies with scaled
1. for all single molecule measurements for which this informa-
tion is available.® ***3'7"1%23 Error bars reflect variations in the
reported ensemble f values.»*>*3*58 I cases where multiple
values of T, have been reported, reduced temperature was used
when calculating the relative rate of relaxation, Tprobe/Thost-
Fitting these data to a line suggests that fior will reproduce
probe-free measurements if the relaxation time of the probe
equals that of the host. However, for measurements in which
Pmea and fqr are available, the former is always larger, suggest-
ing that a higher stretching exponent will be returned even for
probes exhibiting the same relaxation rate of the probe. The
discrepancy between fieq and fqor obtained from single mole-
cule experiments for a probe that exhibits the same relaxation
time as the host can be interpreted as the degree of dynamic
heterogeneity in the probed supercooled liquid attributable
to long-lived distinct dynamic environments such as those
depicted in Fig. 1a.

VI. Conclusions and prospects

While all single molecule experiments have strict probe require-
ments, for straightforwardly detailing dynamic heterogeneity in
supercooled liquids the requirements are even more restrictive.
Analysis of accumulated single molecule data and comparison
to ensemble experiments argue that all efforts should be made
to use single molecule probes that (1) yield trajectories >100 z.,
long enough to return a reproducibly exponential decay in the
absence of dynamic heterogeneity and (2) demonstrate a fqor
value that is similar to that of the probe-free host. For such
probe-host pairs, single molecule fluorescence microscopy can
provide a precise picture of heterogeneities in the supercooled
liquid, reporting the full breadth of distinct dynamic environ-
ments and how they change over time. While we reiterate that
long-lived probes of similar size and rotational relaxation time
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to the host of interest provide the best opportunity to straight-
forwardly report on dynamic heterogeneity in supercooled
systems, single molecule experiments with current probe-host
pairs can provide significant insight into length scales and time
scales of dynamic heterogeneity in supercooled liquids as well
as detail how the degree of dynamic heterogeneity varies with
temperature and across glass formers.

Single molecule microscopy - both with ideal probe-host
pairs as well as with series of probes in given hosts — can go
beyond the analysis of variables that emerge from the rotational
relaxation measurements described here. For example, single
molecule microscopy can be utilized to clarify the origin of the
breakdown of Stokes-Einstein (SE) behavior in supercooled
liquids, one of the most interesting questions in the field of
glassy dynamics and a phenomenon that is accepted to be closely
linked to the presence of dynamic heterogeneity. While the SE
equation predicts that translational and rotational motions will
have the same temperature dependence, bulk experiments have
suggested that in many supercooled systems translational
motion is enhanced relative to rotational dynamics at tempera-
tures near T,.>® With suitable probes, single molecule experi-
ments can establish whether SE breakdown may be a single
molecule, single environment phenomenon.

Single molecule microscopy can also be used to enhance the
study of emerging areas of interest in the study of supercooled
liquids. Questions about how long-lived heterogeneities may be
related to temperature history, crystal nucleation, and interfacial
effects are all of interest and accessible using single molecule
approaches.”® Similarly, single molecule studies may clarify results
from ensemble studies on glassy systems in which the degree of
dynamic heterogeneity has been altered, as in ultra-stable glasses
and in systems with embedded heterogeneity enhancers.**"°

Provided sufficient attention is given to potential challenges of
interpretation, single molecule measurements can be employed
to address both longstanding and emerging questions in the
study of glassy physics and can unambiguously provide a more
precise picture of dynamic heterogeneity in supercooled liquids
than is available through other approaches.
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