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Single molecule probe reports of dynamic heterogeneity
in supercooled ortho-terphenyl
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The rotational dynamics of three perylene diimide dyes are studied on the single molecule (SM) level
in ortho-terphenyl (OTP) near the glass transition temperature (Tg). At all temperatures probed, span-
ning 1.03—1.06 T, each of the three probes exhibits rotational correlation times, 7., that span more
than a decade, consistent with the presence of spatially heterogeneous dynamics in OTP. No trend is
found as a function of temperature, but a trend as a function of probe is observed: Average probe rota-
tional correlation time scales inversely with breadth of SM z distribution, with faster probes exhibit-
ing broader 7. distributions. This implies that dynamic exchange occurs on and below time scales
associated with probe rotation. Extrapolating FWHM of rotational relaxation times to the structural
relaxation time of the host shows that the t. distribution would span nearly two decades in the limit
of no probe temporal averaging. Comparison with SM measurements in glycerol suggests that OTP
demonstrates a greater degree of spatially heterogeneous dynamics in this temperature range than

does glycerol. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4773889]

. INTRODUCTION

Supercooled liquids are ergodic systems in the temper-
ature range between the material’s melting temperature and
glass transition temperature (Tg), the point at which the sys-
tem becomes non-ergodic. These materials lack long range
order and exhibit high viscosity, often with that viscosity
increasing in a non-Arrhenius manner with a decrease in
temperature.' Fundamental aspects of these systems have
been a topic of interest for decades, but the nature of molec-
ular motions within supercooled liquids remains poorly un-
derstood. In recent years, it has been demonstrated that su-
percooled liquids display spatially heterogeneous dynamics,
in which molecules exhibit different dynamical behavior as
a position of space (spatial heterogeneity) and/or time (tem-
poral heterogeneity) in the system.*> These spatially hetero-
geneous dynamics exist even though supercooled liquids ap-
pear to lack static, structural heterogeneity. The length and
time scales that characterize spatially heterogeneous dynam-
ics in supercooled liquids remain an area of debate, as does
the related question of whether a growing length scale associ-
ated with cooperatively rearranging regions governs dynam-
ics in these systems as the temperature is lowered towards
T,.*" Elucidating the particular time and length scales of
such heterogeneous behavior and addressing the related ques-
tion about a potentially temperature dependent length scale
of cooperative dynamics may help distinguish between the
various theories that have been proposed to explain the glass
transition.®

Given the presumed spatially heterogeneous nature of
supercooled liquids, traditional techniques that interrogate a
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large ensemble of molecules necessarily average over spa-
tial, and potentially temporal, heterogeneities in such sys-
tems. Novel methods to avoid full ensemble averaging and
interrogate sub-ensembles of molecules have been developed
and employed to provide insight into the degree of hetero-
geneity in small molecule supercooled liquids.*>%1° To limit
spatial averaging as much as possible and interrogate molec-
ular length scales in these systems, single molecule (SM)
approaches have been employed.''~'* The SM technique that
has been most commonly applied to the study of supercooled
liquids involves embedding fluorescent probes very dilutely
into the host under study and monitoring SM probe rotations
over time through measurement of probe linear dichroism
(LD). In theory, these experiments can identify both spatial
and temporal heterogeneity in supercooled liquids through
analysis of differences between individual SM probe behavior
(spatial heterogeneity) and differences in behavior that occur
for a given SM over time (temporal heterogeneity). Identi-
fying temporal heterogeneity and distinguishing spatial and
temporal heterogeneity have proven more difficult in practice,
due in large measure to typical SM probe characteristics.'”
First, SM probes are usually large, and their rotations are
slow compared to molecular motion of the host molecules.
It is likely that dynamic exchange—the changes in dynamics
of particular regions of the supercooled liquid over time—
occurs on time scales that are faster than and/or not well
separated from probe rotational time scales, thus limiting
probe ability to report these dynamics. Moreover, typical SM
probes photobleach on time scales that limit trajectory length,
which affects the accuracy of variables obtained from fit-
ting correlation functions derived from these trajectories. It
may be expected that a SM LD trace analyzed via an auto-
correlation function (ACF) would yield a single exponential
decay if the probe were experiencing an environment of given
dynamics but would yield a stretched exponential decay for
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a SM that explored multiple such environments. Unfortu-
nately, typical SM LD trajectories are short enough such that
they may be best fit by stretched exponential decays even
in the presence of homogeneous dynamics.'®!” This com-
plication requires that temporal heterogeneity be identified
with other approaches, and several such approaches have
been developed.'>'*!8-20 However, these approaches typi-
cally yield information on time scales much longer than the
structural, or «-, relaxation time, T, of the host, a time scale
that has been has been suggested to be similar to that of dy-
namic exchange at temperatures near T,.*'=*

To potentially identify temporal heterogeneity and quan-
tify dynamic exchange on shorter time scales, a recent study
monitored the rotational dynamics of a set of three SM
probes.'* In this study, performed in supercooled glycerol,
the largest probe employed unexpectedly displayed the short-
est rotational correlation time, likely because steric hin-
drance prevented it from participating in glycerol’s hydrogen-
bonding network. A key observation of this study was the
faster the probe’s average rotational correlation time, regard-
less of probe size, the broader the distribution of individ-
ual SM probe rotational correlation times. We hypothesized
that the most quickly rotating probe reported the greatest
breadth of heterogeneity in the host because it did less av-
eraging over dynamic exchange in the system, allowing it to
more faithfully report the spatially heterogeneous dynamics
of the surrounding supercooled glycerol than could the slower
probes.

The results of this study of SM probes in supercooled
glycerol lead to predictions for how these probes will behave
in other supercooled liquids. In this paper, we test those pre-
dictions and use probe-dependent SM studies to detail aspects
of the spatially heterogeneous dynamics of ortho-terphenyl
(OTP). Unlike glycerol, OTP is non-polar and is expected to
have very similar molecular interactions with all employed
probes. As such, we propose that in OTP, unlike in glycerol,
the probes will have rotational relaxation times governed by
probe size, and the largest probe will be the slowest. As in
glycerol, we expect the probes in OTP will show increase in
breadth of rotational relaxation time distribution with decreas-
ing average probe rotational correlation time, consistent with
fast probes doing less averaging over and better reporting of
dynamic exchange occurring in the host. Because OTP is a
more fragile glass former than glycerol, and fragility may be
correlated with the degree of heterogencous dynamics in a
glass former,*?* we will examine whether results from these
studies suggest differences in the relative heterogeneity of
glycerol and OTP.

In particular, in this study OTP is doped with 3 perylene
diimide (PDI) probes, 2 of which were used in the previously
mentioned glycerol study.'* Individual probes’ rotational cor-
relation times are measured at temperatures in the range of
1.03-1.06 T,. The distributions of rotational correlation times
as a function of temperature and probe are reported. Indi-
vidual correlation functions are also combined into a quasi-
ensemble for comparison to results of ensemble measure-
ments of supercooled OTP. Results in OTP are compared to
previously collected data in glycerol to assess relative hetero-
geneity of these two glass formers.

J. Chem. Phys. 138, 12A524 (2013)

Il. EXPERIMENTAL
A. Sample preparation

Ortho-terphenyl  (Fluka, spectrophotometric grade)
is vacuum-distilled three times and then dissolved in
toluene (Sigma Aldrich, spectrophotometric grade) to
obtain a 5.0 mg/ml solution. This solution is photo-
bleached in a home-built bleaching apparatus for 48
h.»  Solid N,N-bis(2,6-dimethylphenyl)-3, 4, 9, 10-
perylenedicarboximide (dpPDI) and N,N'-bis(2,5-tert-
butylphenyl)-3, 4, 9, 10-perylenedicarboximide (tbPDI) are
obtained from Sigma Aldrich. Solid N,N'-bis(triethylglycol)-
3, 4,9, 10-perylenedicarboximide (egPDI) is synthesized and
generously provided by L. Campos and co-workers in the
Department of Chemistry at Columbia University. dpPDI,
tbPDI, and egPDI are provided as solids and are dissolved in
toluene to form stock solutions that are ultimately diluted to
1.0-5.0 x 10~® M for use in SM imaging. At these concentra-
tions, fluorophores are dilute enough to avoid multiple SMs
within a diffraction limited spot but concentrated enough to
yield 50-200 analyzable SMs per movie.

Phenylsilane treated silicon wafers are sonicated in ace-
tone for 10 min at least twice, rinsed in toluene, and briefly
dried on a hot plate at 100 °C. This process enhances wetting
and film stability of OTP on the wafer. The PDI/OTP solu-
tions are spin coated onto these silicon wafers at 200 rpm,
until the toluene has evaporated and a lustrous film forms.
After the film has formed, spinning continues for ~10 addi-
tional seconds. The spin-coating is performed at room tem-
perature, ~50 K above OTP’s glass transition temperature
(Tg = 243 K). The OTP films produced are ~500 nm and
rather flat across the sample as judged by interference fringes.

The sample is placed into a liquid nitrogen cooled mi-
croscopy cryostat, and vacuum grease is applied to the sam-
ple stage to optimize thermal contact between the sample
wafer and cryostat stage. The cryostat stage temperature is
initially set to 285 K to facilitate rapid cooling of the sample
upon contact. Once the sample is placed into the cryostat, the
stage temperature is lowered to the desired temperature (250—
258 K, 1.03-1.06 T,) at a rate of ~5 K min~'. Upon begin-
ning sample cooling, the cryostat is evacuated to ~30 mTorr
and flushed with dry nitrogen 5 times. The cryostat is then
evacuated to 0.4 mTorr for at least 1 h to ensure all toluene
has been removed from the sample. The temperature control
system is outlined in detail in Ref. 13.

B. Optical setup

Data are acquired using a home built microscope in
an epi-fluorescence configuration (Fig. 1). This configura-
tion is similar to the one described previously.'* One change
has been made to the previously described experimental set-
up to allow for a more homogeneously illuminated field of
view: approximately 150 mW of excitation light (from an
Nd:Vanadate 532 nm diode laser) is directed into an ob-
jective lens and coupled into a multimode fiber (Newport,
F-MCB-T-3FC) that is shaken by a piezoelectric buzzer at
500-4700 Hz (MCM Electronics; PEB in Fig. 1) to eliminate
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FIG. 1. Schematic diagram (not to scale) of the epi-fluorescence microscope. BS = beam splitter, F = filter, M = mirror, PEB = piezoelectric buzzer, L = lens.

the speckle pattern produced by multimode fibers. The unpo-
larized light is directed out of the fiber via a collimator and
is passed through polarization optics and a telescope before
being reflected towards the objective lens.

The fluorescence from SMs in the illuminated area is col-
lected by a long working-distance, high numerical aperture
objective (Zeiss, LD Plan-Neofluar, air 63x, NA = 0.75, WD
= 1.5 mm), passed through detection optics including a Wol-
laston prism that splits the signal into two orthogonal polar-
izations and onto an electron multiplying charge-coupled de-
vice camera (Andor iXon DV887; EMCCD in Fig. 1). Data
are collected at temperatures from 250 to 258 K. The opti-
mal frame rate of each movie is determined based on pre-
liminary experiments, and 220 frames per median rotational
relaxation time, T.,meq, are collected at each temperature for
each probe. Trial movies are also collected at both faster and
slower frame rates to search for molecules whose rotations
cannot be quantified with the chosen frame rate—in this pa-
per movies collected at additional frame rates are not found
necessary, and all molecules described are from movies col-
lected at the typical frame rate. Measurements are taken for
several thousand frames, until >95% of the SMs have photo-
bleached. For measurements taken at 20 Hz, 10 Hz, and 5 Hz,
the sample is continuously illuminated, and the exposure time
is the inverse of the frame rate. At lower temperatures, mea-
surements are taken at 2 Hz, 1 Hz, 0.5 Hz, and 0.25 Hz with a
fixed exposure time of 0.2 s. The laser is shuttered with a me-
chanical shutter for the remainder of the frame time to limit
photobleaching. The laser power used to collect data ranges
from 0.75 to 30 mW, as measured before the objective lens.
The highest powers are required at the highest frame rates.
Signal-to-noise ratio (SNR) for all movies is at least 2. To al-
low for correction of heating due to absorption of laser light,
movies are collected at several powers at a given temperature
for a given sample. Median probe rotational correlation time

as a function of set temperature and laser power is used to ex-
trapolate an actual temperature for each sample, as described
in Ref. 14.

In all, 156 movies were collected and analyzed, 53 for dp-
PDI, 36 for egPDI, and 60 for tbPDI. The number of data sets
collected at each temperature for each dye can be ascertained
from Fig. 2 where each data point represents the median ro-
tational relaxation of probe molecules in a single movie. The
number of molecules analyzed for each PDI dye at each tem-
perature is given in Table I. Data was collected over a 4 day
period on two different samples for each PDI dye in OTP. Dur-
ing data collection, temperature was varied at random over the
full range of measured temperatures.
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FIG. 2. Rotational relaxation times vs. temperature for tbPDI (blue trian-
gles), dpPDI (red circles), and egPDI (black squares) together with each dye’s
molecular structure outlined in the same color. Each point represents the heat
corrected T¢meq value for a single movie. Lines represent the best-fit DSE fit
for each PDI dye. Extracted hydrodynamic radii are Vi, = 1.87 nm? (tbPDI),
Vi = 1.17 nm? (dpPDI), and V}, = 0.80 nm? (egPDI). The structural relax-
ation of OTP as measured by dielectric spectroscopy®’ is plot as a function
of temperature (green line).
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TABLE I. Number of molecules and FWHM values of best-fit Gaussian
distributions of log(z.) values for all SM data shown in Fig. 3, left panel.
Average FWHM over all temperatures as a function of probe as well as the
FWHM values for the combined histograms shown in the right panel of Fig.
3 are also given.

tbPDI dpPDI egPDI
T/K Molecules FWHM Molecules FWHM Molecules FWHM
250 444 0.71
251 402 0.60 524 0.66 327 0.65
252 582 0.61 534 0.57 458 0.70
253 655 0.48 567 0.63 316 0.62
254 613 0.64 1117 0.61 462 0.73
255 509 0.61 619 0.62 468 0.71
256 969 0.51 822 0.59 477 0.70
257 599 0.35 .. o 493 0.73
258 513 0.60
Average 0.55 0.63 0.69

Combined 4842 0.54 4627 0.61 3001 0.69

In the Discussion, SM data collected in OTP is compared
to data collected in glycerol that was reported and described
in Ref. 14. Sample preparation and data analysis is described
in that publication and is very similar to that outlined here. In
that study, tbPDI and dpPDI were employed. The third probe
used in that study was N,N'-bis[3-dimethylamino)propyl]-3,
4,9, 10-perylenedicarboximide (dapPDI).

C. Data analysis

Data analysis is performed using IDL software (ITT Vi-
sual Information Solutions), as described in detail in Ref. 13.
Features are identified and the intensity of each SM is ex-
tracted as described in that publication. The linear dichro-

. I—1 . .
ism LD = 1:: - Ii is calculated, and an autocorrelation func-

tion ACF = C(t) = % with a(r) = LD(t) — (LD(t))
is constructed from the LD. Each ACF is fit with least squares
fitting until the correlation function decays to 0.1 with a
stretched exponential decay C(r) = Ae~/Ui" where B is
the stretching exponent. For these fits, B values are con-
strained to 0.3 < B < 2.0. The extracted relaxation time is
given by Trexp = %F(%), where T exp T€presents the mean
relaxation time extracted from that ACF.

Because it has been shown that trajectory length affects
accuracy of extracted relaxation time (as well as 8 value), al-
though all ACFs are initially fit with a stretched exponential,
Tqrexp 1S NOt necessarily considered to be 7..'** For trajec-
tories with >20 points per Ty exp and trajectory length <50
Tgrexp> @ linear fit is found to be more accurate. Here, the
early portion of the ACF is fit with mt + b, and b/m is consid-
ered to be 7. For all other trajectories, Ty exp 18 considered
to be 7. This treatment is performed for all molecules in a
given movie, and a 7. value is extracted for each SM. A me-
dian t¢, T¢med, is also found for each movie. Due to potential
heating from laser absorption, an iterative heating correction
outlined in Ref. 14 is applied to determine a true temperature
and potentially adjust all 7. values to the set temperature. For
evaluation of SM stretching exponents, all SMs (regardless of

J. Chem. Phys. 138, 12A524 (2013)

whether t. is determined from a stretched exponential or a
linear fit) are fit to a stretched exponential function, and 8 is
recorded.

D. Heating correction

In the supplementary information of Ref. 14, the heat-
ing correction applied to SM data collected in glycerol was
described in detail. That same procedure is used here to find
both true temperature of the sample for each movie or, al-
ternately, heat corrected t. values for each data point. Un-
less otherwise stated, all 7. values presented and described
are heat-corrected. The temperature dependent viscosity data
for OTP used to perform the heat correction is given in
Ref. 27. In this paper a second, nearly identical heating cor-
rection is performed to obtain relative time scales of probe
and host relaxation dynamics as characterized by probe ro-
tational correlation time and host structural relaxation time,
T./Ty. This procedure is described in the supplementary
material.?®

E. Simulations

For comparison to experimental results, simulations of
3D rotational diffusion of a unit vector representing the tran-
sition dipole of a fluorophore are performed as described
previously.'>!7 The rotational diffusion constant, D;, and ro-
tational correlation time, 7, = 1/6D;, are set by choosing the
average angle by which the unit vector rotates per step. The
dipole orientation is used to calculate the parallel and per-
pendicular fluorescence intensities assuming wide-field exci-
tation and detection with a NA = 0.75 objective, in analogy
with the experimental configuration. LD is calculated from
the two orthogonal intensities and 30% Gaussian noise rela-
tive to the mean signal is added for consistency with experi-
mental data. Simulations are constructed with median . of 20
steps and are varied in length to match the average length for
a given probe molecule in OTP (Table II). For all simulations,
as for experiments, LD ACFs are constructed from the LD
and are fit as outlined in Sec. II C to yield a 7. value. Trajec-
tories treated with linear fits are also fit with stretched expo-
nentials to yield a B value, as is also done with experimental
trajectories.

TABLE II. Various quantities for experiments and simulations for the three
employed probes in OTP. Lifetime/t is determined for each movie as the av-
erage time each SM is “on” (typically the time until photobleaching) divided
by the average 7. value for that movie. These quantities are then averaged.
FWHM, Bued, and BoE are experimental quantities as described in the text
and shown in Figs. 3 and 4. FWHMgim, Bmed,sim>» and BQEsim are quantities
obtained from simulation as described in the text and shown in Figs. 3 and 4.

Dye Lifetime/rc. FWHM FWHMgim Bmed Bmedsim Bok ISQE,sim

tbPDI 46 0.55 0.35 1.08 1.08 1.01 1.03
dpPDI 38 0.63 0.39 1.04 .11 096 1.02
egPDI 96 0.69 0.34 0.94 .03 0.78 1.04
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lll. RESULTS
A. Median rotational relaxation times

We first investigate the temperature dependence of mea-
sured SM probe dynamics, on average, in OTP. In particular,
we investigate whether median rotational correlation times
of the probe molecules track the temperature dependence of
the host viscosity as described via the Debye—Stokes—Einstein
(DSE) equation,

_ Viun(T)
T kT

1)

where 7. is the rotational relaxation time of the probe, Vy
is the hydrodynamic volume of the probe, n(T) is the tem-
perature dependent viscosity of the host, ky, is the Boltz-
mann constant, and T is temperature of the host. Previous
SM measurements have found that the DSE equation does
describe probe rotational dynamics in small molecule super-
cooled liquids.'"'>'* We use the DSE equation not only to
help establish that probe dynamics reflect host dynamics but
also to extract an effective hydrodynamic volume, Vy, for
each probe.

Using the heating correction algorithm based on the mea-
surements taken at different powers, a single median 7,
T¢.med» 1S Obtained from each movie for a given probe. These
T¢.med Values are fit to the DSE equation using the known tem-
perature dependence of OTP viscosity?” (Fig. 2). In Figure 2,
each point represents the 7. meq value for a single movie con-
taining 50-150 molecules. Each line corresponds to the DSE
line of best fit for each probe’s T meq values with respect to
temperature. The extracted hydrodynamic volumes for tbPDI,
dpPDI, and egPDI in OTP are V;, = 1.87 nm>, V}, = 1.17 nm?,
Vy, = 0.80 nm?, respectively. This reflects the fact that of the
three probes at a given temperature in OTP, tbPDI rotates the
slowest and egPDI rotates the fastest.

B. Degree of spatially heterogeneous dynamics
1. Breadth of relaxation times

After evaluating the average dynamics of the three PDI
dyes in OTP, we assess information attained from individ-
ual SM linear dichroism auto-correlation functions for all PDI
dyes at each temperature probed. First, heat corrected 7. val-
ues obtained from every individual SM are plot in histograms
at each temperature ranging from 250 to 258 K for each PDI
dye (Fig. 3, left panel). There is a substantial spread in relax-
ation times for all probes at all temperatures investigated, with
each histogram spanning over a decade.

Each distribution of rotational correlation times is plot on
a log scale and fit with a Gaussian function given by

(x—x.)"

y=Ae 27 +yy; FWHM =(2+v21n20). 2)

The distributions are also fit to a Lorentzian curve given
by

Ay
Y= 5o Yo

FWHM = 2y. 3
(x—x)?+y v ©
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FIG. 3. (Left) Distribution of SM 7 values for (a) tbPDI, (b) dpPDI, and (c)
egPDI in OTP at 258 K (black), 257 K (red), 256 K (green), 255 K (blue),
254 K (magenta), 253 K (wine), 252 K (olive), 251 K (orange), and 250 K
(cyan). All histograms are normalized to the maximum number of occur-
rences. Each histogram is taken from two data sets for each dye, with the
histograms across data sets normalized to the median . value of one of the
data sets for that particular PDI dye. This alleviates any potential widening
of the distribution arising from differing thermal contact of the sample and
stage between data sets. (Right) SM data from all temperatures normalized
by Tcmed and combined to form a single histogram for (d) tbPDI, (e) dp-
PDI, and (f) egPDI. Each histogram is fit with a Gaussian function (black
line). Histogram of . distribution of simulations of homogeneous rotational
diffusion with trajectory length for each simulation tuned to match average
experimental trajectory length as described in the text is shown by the red
lines.

In both cases, fits allowing all variables to float and fits
fixing the height to 1 and offset to O are performed. As judged
by R? values, Gaussian fits with floating variables provide the
best fits and these are shown in Fig. 3. FWHM values are
reported in Table I. For all four types of fits, the FWHM values
extracted show the same trend, with the egPDI 7. distribution
having the largest FWHM and tbPDI the smallest.

Regardless of particular fitting procedure, no obvious
trend is found for width of the distribution as a function of
temperature for any of the probes. As such, in addition to
plotting 7. distributions for each probe at each temperature
(Fig. 3, left panel), a normalized 7 distribution for all temper-
atures is constructed (Fig. 3, right panel). These histograms
are also fit to Gaussians and Lorentzians with and with-
out constraints as described above. Again, Gaussian fits pro-
vide better fits than Lorentzians (for variable amplitude fits,
R? > 0.98 for Gaussians vs. R? > 0.95 for Lorentzians). The
FWHM values extracted from the combined-temperature dis-
tributions are very similar to the average FWHM values for a
particular probe’s distribution across temperatures (Table I).
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Moreover, the trend showing FWHMceppr > FWHMgppp1
> FWHMypp; for t. distributions at individual temperatures
also holds for this combined data.

For all probes, at all temperatures, the observed 7. dis-
tributions are broader than would be expected for a normal
liquid, even given the experimental constraint of short trajec-
tories. Simulations of 1000 trajectories of homogeneous ro-
tational diffusion, all with the same t., were performed with
trajectory length set to average trajectory length for each of
the probe molecules in OTP: 467, 387, and 987 for tbPDI,
dpPDI, and egPDI, respectively (Table II). In all cases, the
simulations yield distributions (red lines, Fig. 3, right panel
and Table II) narrower than those measured experimentally,
though broadened relative to the delta functions that would be
expected for infinitely long trajectories. Performing simula-
tions such that the trajectory length distribution (rather than
simply the average trajectory length) matches that of experi-
mental results yields very similar distributions, witha FWHM
a maximum of 3% larger than that obtained using average tra-
jectory length. We note that egPDI is the broadest of the three
experimental distributions but would be expected to have the
narrowest distribution in the absence of spatially heteroge-
neous dynamics since it has the longest trajectories. The ex-
perimentally recorded spread of t. values confirms that spa-
tially heterogeneous dynamics exists in supercooled OTP and
that all probes used in this study report on these heteroge-
neous dynamics.

2. Evaluation of stretching exponent

In bulk experiments, which cannot access distributions of
individual relaxation times as described above for SM probes,
exponents derived from stretched exponential fits of ensemble
ACFs of a variety of observables have been used to assess
degree of spatially heterogeneous dynamics in supercooled
liquids. In SM experiments, stretching exponents can also be
assessed, both from individual SM ACFs as well from quasi-
ensemble ACFs constructed from SM ACFs.

As described in the Introduction, time-limited trajectories
may display ACFs with best-fit stretching exponents differ-
ing from 1.0 even for systems displaying homogeneous rota-
tional dynamics, with strong effects still seen for trajectories
100 times longer than the characteristic rotational correlation
time,'®!” longer than the typical trajectories recorded here.
For this reason, attributing the small stretching exponent of a
given SM ACF to that SM probe experiencing different dy-
namic environments over the course of the experiment is not
advisable.'> Distributions of 8 values across SM ACFs are
also affected by short trajectories but may yield some infor-
mation about degree of heterogeneity in a supercooled liquid.
Figure 4 shows the distributions of g values for all individual
SM traces, each of which was fit to a stretched exponential
decay, for each of the three probes. § is allowed to float from
0.3 to 2.0 when each ACF is fit with a stretched exponential.
Tails at 0.3 and 2.0 are removed from the figures and not in-
cluded in the calculation of Bi,eq. The difference in Beq With
and without tails included is less than 1%. Fits were also per-
formed allowing B to float from O to 2.0 when fitting ACFs of
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FIG. 4. Distributions of 8 values from individual SM ACF fits for (a) tbPDI,
(b) dpPDI, and (c) egPDI. The solid black lines indicate the median value,
Bmed, of these distributions. The red curve represents distributions from sim-
ulations of homogeneous rotational diffusion with trajectory length set to
match average experimental trajectory length. For all experimental and sim-
ulated data, 8 is allowed to float from 0.3 to 2.0 when each ACF is fit with a
stretched exponential as described in the text. (d) Bqg values for each probe
for each movie collected as a function of true temperature for tbPDI (black
squares), dpPDI (red circles), and egPDI (blue triangles). The dashed lines of
corresponding color represent the mean B value for each probe for all tem-
peratures studied. The solid lines of corresponding color represent the Sqg
values from the corresponding simulations.

egPDI in OTP, and this results in <2% difference in the Bueq
value. As with the 7. value distributions, the distributions of
and median $ values do not show any clear trend with tem-
perature (data not shown); therefore, these distributions are
constructed using data for all temperatures. A median stretch-
ing exponent, Bmed, i determined from these distributions:
the Bneq values are 1.08, 1.04, and 0.94 for tbPDI, dpPDI,
and egPDI, respectively. We estimate the error on these val-
ues as <=30.01 as follows: least squares fitting of individual
LD ACFs yields scaled uncertainties for 8 of approximately
40.2; propagating error through calculation of the average for
a given movie yields Bpeq error of 0.02-0.04 and then is re-
duced further by averaging over all movies. The fy,.q values
are shown as solid black lines in Fig. 4 and are reported in
Table II.

Figures 4(a)-4(c) also show distributions of g values
for the simulations of homogeneous rotational diffusion de-
scribed above, with trajectory length set to average trajec-
tory length for each of the probes. In all cases, the simulation
data are treated as the experimental data and yield distribu-
tions that are somewhat different than the experimental distri-
butions, with the simulated distributions somewhat narrower
than the experimental ones. Unlike for the t. distributions,
where the experimental FWHM values are distinct from those
yielded by simulation, the overall experimental and simulated
distributions of 8 values and the B4 values are quite sim-
ilar, particularly for tbPDI and dpPDI. These results suggest
that the time-limited nature of typical trajectories affects in-
dividual SM ACF g values such that neither a particular 8
value nor the full distribution of an ensemble of SM S values
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TABLE III. Molecular weight (MW), extracted hydrodynamic volumes (Vy), van der Waals volume (Vy), Vp/Vy ratios, and t./t, values as described in the

text for the three probes investigated in OTP and in glycerol.'*

Probe MW (g/mol) Vy (nm?) Vh otp) (nm?) Vi otp)/Vv Vh (glyceroly (Nm?) Vh (glycerol)/ Vv T/Tq,01P Te/Ta glycerol
tbPDI 766.38 0.67 1.87 2.77 0.36 0.53 297 14
dpPDI 598.65 0.46 1.17 2.54 2.02 4.39 193 66
egPDI 684.73 0.54 0.80 1.48 . .. 168 ..
dapPDI 560.64 0.45 1.27 2.82 ... 42

can necessarily discriminate between a homogeneous and het-
erogeneous population.

Another method that allows evaluation of SM data for
indications of host temporal heterogeneity as well as com-
parison to bulk experiments requires construction of a quasi-
ensemble ACF (ACFgg). As described in Ref. 17, for each
movie all individual SM ACFs are summed to produce a sin-
gle ACFqg, which is fit with a stretched exponential function.
Each ACFq yields a 7gg and a Bqg value. The tog values
can be used in much the same way the 7 ncq values are used
to extract a Vy, for each probe. Doing so leads to the follow-
ing Vy, values: 1.82, 1.15, and 0.87 nm? for tbPDI, dpPDI,
and egPDI, respectively—a maximum of 11% difference from
the results obtained with the approach represented by Fig. 2.
This similarity validates the use of the ACFqgs for data analy-
sis. The quasi-ensemble stretching exponents, SE, are shown
for each probe as a function of true temperature in Fig. 4(d).
While 7. values can be heat-corrected using the DSE curve
as a guide, ACFs cannot be straightforwardly heat-corrected.
Because multiple movies collected at the same set tempera-
ture may have different degrees of heating, data across movies
cannot be combined in constructing ACFqgs, and therefore
these ACFqgs are constructed from SMs in a single movie.
The obtained Bqr values, again, show no clear trend with tem-
perature, while a trend as a function of probe is apparent. The
mean B values obtained for tbPDI, dpPDI, and egPDI are
1.01, 0.96, and 0.78 respectively (Table II). The scaled uncer-
tainly for the Bqg value for each movie is £0.02-0.04; thus,
the error bars are around the size of the data points in Fig.
4(d). The average Bqg error is lower by approximately an or-
der of magnitude; however, as discussed below, scatter be-
tween points representing different movies exists in part due
to differences in average trajectory length of the movies. Aver-
age Bk values for each probe are lower than the B4 values
in all cases. This result stands in contrast to results for simu-
lations, where Bqg values obtained from the same simulations
used to construct the distributions of 7. and 8 values shown
in Figs. 3 and 4 are very similar to the B.eq values and very
close to 1.0 (Figure 4(d) and Table II).

IV. DISCUSSION
A. Rotational relaxation rates

In a previous study, three PDI probes, including dpPDI
and tbPDI, were used to assess spatially heterogeneous dy-
namics in glycerol. The extracted hydrodynamic volumes
were found to run counter to what was initially expected:

although tbPDI has the largest molecular weight and space
filling volume of the three probes used, it demonstrated the
fastest rotational relaxation and in turn had the smallest ex-
tracted Vy. Indeed, dpPDI’'s V;, was found to be more than
5 times larger than that of tbPDI even though tbPDI has a
van der Waals volume that is nearly 25% larger than does dp-
PDI (Table III). We speculated that steric hindrance from the
tert-butyl groups on tbPDI precludes the hydrogen-bonding
interactions that could occur between glycerol and other PDI
probes. We predicted that in OTP these two probes would
show the opposite behavior, with tbPDI being slower than dp-
PDI and therefore yielding a larger extracted Vy,. As shown in
Fig. 2 and Table I11, this is indeed the finding in OTP, where
the extracted hydrodynamic volumes for tbPDI, dpPDI, and
egPDI are 1.87, 1.17, and 0.80 nm?, respectively. These ex-
tracted hydrodynamic volumes reflect the fact that 7¢,meq mpDI
> Teomed,dpPDI > TeomedegpDI At all measured temperatures.

While the findings for the relative rotational relaxation
rates and hydrodynamic volumes of tbPDI and dpPDI in
OTP are in accord with these probes’ molecular weights, we
note that egPDI has the shortest rotational relaxation time
and smallest extracted hydrodynamic volume of the three
probes even though its molecular weight is greater than that
of dpPDI. To explain this finding, we consider additional
measures of probe size and shape. The van der Waals vol-
umes (Vy) of tbPDI, dpPDI, and egPDI are 0.67, 0.46, and
0.54 nm?, respectively, as computed with ChemBio3D via
a Connolly excluded volume calculation. The extracted hy-
drodynamic volumes of the three probes are larger than the
calculated van der Waals volumes in all cases (Table III).
The ratio of Vy to V, for egPDI is the closest to unity,
with Viegppr,otp): V(egppr = 1.48 while Viwpprote): Vyibppn
= 2.77 and Vh(dpPDI,OTP):VV(dpPDI) = 2.54. The fact that eg-
PDI rotates more quickly than the smaller, less massive dpPDI
suggests that its rotations may be governed by its core, with
the extended hydrocarbon chains providing little hindrance to
molecular rotation whereas the bulky phenyl groups of thPDI
and dpPDI may cause more hydrodynamic drag in OTP, slow-
ing their rotational dynamics. The van der Waals volume of
the core of the PDI probes is 0.26 nm?®, which would yield
Vh(egPDI,OTP):Vv(chDI,core) = 308, quite similar to that for the
other two probes. Additional differences between Vy, and V,
for all probes likely emerge because of the assumption of a
spherical probe in the DSE equation.

Vi may additionally differ from Vy due to the degree of
intermolecular forces between the probe and host. Although
VhapppLOTP): Vy(dppDI) 18 NOT Unity, it is much smaller than that
ratio for dpPDI in glycerol, Vh(dpPDI,glyceroI):Vv(dpPDI) = 4.39
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(Table III). This is consistent with the idea proposed (but
not endorsed) by Zondervan et al. that strong intermolecular
interactions such as hydrogen bonding between PDIs and
glycerol can lead to a temporary glycerol shell around the
probe, resulting in an effective probe with a larger size and
slower rotations than the bare probe.'? dpPDI’s presumed
hydrogen-bonding interactions with glycerol slow its rota-
tions in glycerol by a much greater degree than dpPDI’s inter-
actions with OTP. If tbPDI cannot hydrogen-bond with glyc-
erol, as proposed, it would lack the glycerol shell and have a
smaller V},:V, in glycerol, as was found (Table III).'>'* We
note that the discrepancy between the Vj:V, ratios for tbPDI
in glycerol and OTP is not fully understood, as tbPDI in glyc-
erol appears to relax more quickly than would be expected in
glycerol even for the bare probe.

B. Reports of heterogeneous dynamics
1. Breadth of relaxation times

One of the key observations emerging from the previous
SM study in glycerol was that as probe median rotational cor-
relation time in glycerol decreased, the breadth of reported
rotational relaxation times increased.'# This suggested that as
the rate of rotational relaxation of the probe approaches that
of the host, the probe can sample and report a greater propor-
tion of the true heterogeneous dynamics of the host. In other
words, faster probes do less temporal averaging over these dy-
namically heterogeneous systems, which leads to an increase
in the breadth of distribution of t. values. In the study in glyc-
erol, as described above, the fastest probe happened to be that
with the highest molecular weight and space filling volume.
This implied that within the set of probes used, the differ-
ences in rotational relaxation rate, not space filling volume,
were most important in setting the breadth of heterogeneous
dynamics reported. These results further suggest that at least
a subset of dynamic exchanges occur on time scales similar to
that of probe rotation.

The same trend found in glycerol is found in OTP, with
FWHM of 7. distributions increasing monotonically with de-
creasing probe T med €ven when this relaxation time does not
track with probe molecular weight or van der Waals volume.
Of the three dyes studied in OTP, egPDI, the fastest rotating
probe, has the largest FWHM of 7. values across all temper-
atures studied (Table I and Fig. 3). To highlight this point,
Fig. 5(a) shows the histograms also shown in the right panel of
Fig. 3 overlaid for all three probes in OTP together with best-
fit Gaussians to the log(t.) histograms. In this case, the Gaus-
sian fits are performed with fixed amplitude and zero offset.
FWHM increases as 7. decreases, with egPDI demonstrating
the widest distribution of 7. values as well as the shortest av-
erage rotational correlation time. The fastest rotating probe is
also that which exhibits dynamics on a time scale most sim-
ilar to the structural relaxation of the host: for the three PDI
probes in OTP, this ratio ranges from t./t, = 168 for eg-
PDI to 7./1, = 297 for tbPDI (Table III). Determination of
7./T, values is described in the supplementary material.”® As
in glycerol, the fact that the faster probe reports the greatest
breadth of heterogeneity supports the idea that at least a pro-
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FIG. 5. SM data from all temperatures normalized and combined to form a
single histogram for (a) each PDI in OTP: tbPDI (blue), dpPDI (red), and eg-
PDI (black) and (b) each PDI in glycerol: dpPDI (red), dapPDI (green), and
tbPDI (blue). All histograms are normalized to their maximum number of
occurrences. Each PDI in OTP histogram is fit with a fixed height Gaussian
and each PDI in glycerol histogram is fit with a fixed-height Lorentzian (lines
of solid colors corresponding to histogram colors). The histogram for egPDI
in OTP is additionally fit with a fixed-height Lorentzian (black dashed line
in a) and tbPDI in glycerol is fit with a fixed-height Gaussian (blue dashed
line in b). (¢) T¢med from each movie plot with respect to Tg/T for egPDI
(black squares), dpPDI (red circles), and tbPDI (blue triangles) in OTP and
tbPDI (open blue triangles), dapPDI (open green sideways triangle), and dp-
PDI (open red circles) in glycerol. Structural relaxation data for OTP (dashed
blue line)** and glycerol (dashed black line)? are plot with respect to Ty/T.
(d) FWHM trom Gaussian (squares) and Lorentzian (circles) fits to each of
the OTP (blue) and glycerol (black) histograms pictured in (a) and (b) plot as
a function log(z./t4). FWHM from Gaussian fits of OTP (blue squares) and
from Lorentzian fits of glycerol (black circles) 7 distributions vs. log(t¢/74)
are fit to lines. y-intercepts correspond to FWHM for 7o/t = 1.

portion of the dynamic exchange occurs on time scales similar
to those associated with probe rotation.

We may also consider the breadth of heterogeneity re-
ported by these probes in OTP compared to in glycerol. Tak-
ing the same data shown in Fig. 2 as well as that for 3 PDI
probes in glycerol and plotting it as a function of T/Tg — as
in an Angell plot — reinforces that in both cases probes follow
the dynamics of the host, here as captured by structural re-
laxation data measured for OTP and glycerol*”3° (Fig. 5(c)).
From this plot, it is also apparent that OTP dynamics (and
probe reports of said dynamics) change more quickly with
temperature than do those of glycerol over the same temper-
ature range relative to Tg. This highlights the fact that OTP
is more fragile than glycerol, with fragility a measure of the
degree of non-Arrhenius change in viscosity with temperature
upon approach to Ty."?* It has been proposed that more frag-
ile systems may display a greater degree of heterogeneous dy-
namics than less fragile ones,*?* and we investigate whether
our results provide evidence for different degrees of heteroge-
neous dynamics in OTP and glycerol.

Figures 5(a) and 5(b) show the combined histograms
across temperatures for three probes in OTP and glycerol, re-
spectively. In both cases, best-fit amplitude-fixed and zero-
offset Gaussian and Lorentzian fits are performed. While all
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fits are relatively good, the Gaussian fits better describe the
summed OTP histograms (R?> = 0.98 for all probes for Gaus-
sian fits vs. 0.92-0.95 for Lorentzian fits) while the Lorentzian
fits better describe the summed glycerol t. histograms
(R? = 0.91-0.99 for all probes for Gaussian fits vs. 0.97-
0.99 for Lorentzian fits). Considering either Gaussian or
Lorentzian fits, the 7. histograms measured in OTP are
broader than those measured in glycerol (Fig. 5(d)). While
probes in OTP tend to display shorter trajectories in terms of
probe 7. than in glycerol, egPDI in OTP and dapPDI in glyc-
erol have nearly identical average trajectory lengths of 98 and
1027, respectively. Thus, simulation of homogeneous rota-
tional diffusion in both cases yields FWHM values of log(z.)
distributions of 0.34. The experimental FWHM values, on the
other hand, are 0.69 for egPDI in OTP and 0.42 for dapPDI
in glycerol, with the corresponding 7./7, values being 168
and 42, respectively (Table III). The fact that a broader 7.
distribution is found in OTP even though this probe is per-
forming a greater degree of temporal averaging than the cor-
responding probe in glycerol suggests that OTP is more het-
erogeneous than glycerol. We note that it was initially ex-
pected that 7./7, values for PDIs in OTP would be closer
to unity and indeed smaller than those in glycerol. This as-
sumption was based on the fact that OTP molecules are larger
than glycerol molecules, and PDI probes are closer in molec-
ular weight and van der Waals volume to OTP than to glyc-
erol molecules. That this is clearly not the case is suggestive
of the fact that glycerol, with its hydrogen bonding network,
may have a larger effective relaxing unit (perhaps related
to cooperatively rearranging sets of molecules) than does
OTP.

Figure 5(d) displays the FWHM values of the 7. distri-
butions of all probes in both glycerol and OTP as a function
of log(t./t4). In both supercooled liquids the FWHM values
of the probe distributions increase with decreasing log(t./t).
Extrapolating linear fits of this data to t./t, = 1 (i.e., where
probe rotational correlation time is equal to the host struc-
tural relaxation time) implies a situation in which no tempo-
ral averaging by the probe would be expected. For glycerol,
in this limit, the extrapolated FWHM is 0.99 while that of
OTP is 1.80. We suggest this is additional evidence that OTP
exhibits a greater degree of spatially heterogeneous dynam-
ics than glycerol. We note, however, that other possibilities
also exist. First, it has been suggested that OTP has larger re-
gions of distinct dynamics than glycerol.>'** The employed
probes, with radii along the transition dipole of ~0.2 nm, are
more likely to span regions of distinct dynamics in glycerol
than in OTP. This could lead to more spatial averaging by the
employed PDI probes in glycerol than in OTP, which could
contribute to differences in the widths of the histograms in the
two supercooled liquids. Another possibility is that dynamic
exchange occurs on quite different time scales in OTP and
glycerol. Indeed, while several experiments suggest that dy-
namic exchange happens on time scales similar to structural
relaxation in glycerol and OTP,?!-23:34 at least one experiment
suggests very long-lived heterogeneity in glycerol.'? If glyc-
erol and OTP have dissimilar characteristic time scales of dy-
namic exchange (7. ) relative to the structural relaxation time,
the 7./7 ratio would be decoupled from the t./t, ratio and
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extrapolation to 7./t, = 1 may not equally correct for tempo-
ral averaging in OTP and glycerol.

2. Evaluation of stretching exponent

Just as distributions of probe 7. values reveal informa-
tion about host heterogeneous dynamics, so too may distribu-
tions of stretching exponents. As described in Sec. III B 2,
the Bmeq values in OTP are close to 1.0, as are those at-
tained from simulations of purely homogeneous dynamics
(Figs. 4(a)—4(c) and Table II), likely due in part to the time-
limited nature of the SM trajectories. Quasi-ensemble inter-
pretation of stretching exponents, however, shows not only
that measured Bmea > BoE in OTP for all probes but also that
Bor obtained from experiments does differ substantially from
that attained from these simulations (Fig. 4(d) and Table II).
The finding of Bmea > Por is consistent with the fact that
greater differences are observed across probes than within
probes over time, or that spatial heterogeneity dominates over
temporal heterogeneity in these SM measurements. This is be-
cause in the limit of long trajectories, the deviation of Bpeq
from 1.0 reports on temporal heterogeneity experienced and
reported by a probe while Bqg reveals both that temporal
heterogeneity plus any differences across probes, i.e., spa-
tial heterogeneity. This conclusion is similar to recent conclu-
sions of Gruebele and co-workers for SM probe-free experi-
ments on a metal glass surface.>> SM probe report of a greater
degree of spatial than temporal heterogeneity is consistent
with the spread of 7. values being larger than expected from
simulation of homogeneous dynamics while the distribution
of individual B values does not differ substantially from that
obtained from those simulations. We note that SM probe re-
ports of a greater degree of spatial than temporal heterogene-
ity does not necessarily imply this is true of the supercooled
OTP itself; indeed, the fact that data collected in both OTP
and glycerol show that the fastest probes report the great-
est breadth of heterogeneity strongly suggests dynamic ex-
change on (and likely below) the time scale of probe rotations
occurs in these supercooled liquids. The probe-dependent
findings further suggest that extrapolating to the limit of no
temporal averaging (Fig. 5(d)) can yield important informa-
tion of instantaneous (spatial) heterogeneity in a supercooled
liquid.

As described in Sec. III B 2, to compare 8 values ob-
tained from SM experiments to those obtained from ensem-
ble studies, a o value is extracted from ACFqgs for each
type of PDI probe measured in OTP. Sqg values remain rel-
atively constant across temperature for all probes studied in
OTP, as for FWHM values of 7. distributions. The fastest ro-
tating probe in OTP, egPDI, exhibits the smallest S value
with an average o = 0.78 across temperatures. This value
is larger than that obtained from probe-free measurements
in OTP where g ~ 0.35-0.50.33¢ However, it is similar to
those obtained from most probe-bearing experiments in OTP,
which yield 8 values from 0.60-0.90, some of which show
temperature dependence in the temperature regime investi-
gated here.>"-37-38 In these measurements, potential probe av-
eraging in space and time cannot be distinguished. In our

Downloaded 11 May 2013 to 128.59.62.83. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



12A524-10 L. M. Leone and L. J. Kaufman

measurements, in which the fastest probes consistently report
the greatest degree of host heterogeneity regardless of probe
size, the increase in Bqg values relative to 8 values measured
in probe-free experiments points to the importance of tempo-
ral averaging rather than spatial averaging by these probes, as
has been suggested previously.>*!

In analogy with the FWHM values obtained from 7. dis-
tributions extrapolated to 7./t = 1, the value of Bqg in the
limit of no temporal averaging can be estimated. Doing so
reinforces that time-limited trajectories affect extracted g val-
ues more substantially than FWHM values of 7. distributions,
as described previously.'7 For all probes in OTP, Beq is near
1.0 and Bmeqd > Boe- This is true, as well, for measurements
of dpPDI, dapPDI, and tbPDI in glycerol. In Figure 6, Bog
values are plot as a function of probe and trajectory length for
every movie collected in OTP and glycerol. For the employed
probes, probe lifetime in glycerol is significantly longer than
in OTP. For dpPDI and dapPDI in glycerol, Sog values ex-
hibit a plateau at a value of Bor & 0.9, regardless of trajec-
tory length. On the other hand, the tbPDI Bqr decreases with
increasing trajectory length. In OTP, it is not clear whether
any of the probes exhibit a plateau, and it appears that the
two faster rotating probes, dpPDI and egPDI, show a trend
towards lower g with increasing trajectory length. For sim-
ulations of homogenous rotational dynamics and those with
spatial but no temporal heterogeneity, it was previously shown
that decreases in Bqg occur as a function of trajectory length
for trajectories of up to 10007; however, most of the change
occurs below 1007, even though the FWHM of t. distri-
butions evolves little in this same trajectory length range.'”
For a system with temporal heterogeneity, additional decrease
of Bqe with increasing trajectory length may be expected as
each individual SM ACF becomes increasingly stretched for
probes that do not substantially average over dynamic het-
erogeneities in these systems. We find evidence for this oc-
curring for tbPDI in glycerol and egPDI in OTP. Because
of the short trajectories of the other two probes in OTP, the
Boe values may not accurately represent the degree of het-
erogeneity in the supercooled liquid. This is illustrated by
Fig. 6(b), where average Bk values averaged over all movies
for each probe are plot vs. FWHM of 7. distributions. In both
cases, the relationship between FWHM and Bqg is approxi-
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FIG. 6. (a) BqE with respect to median trajectory length in terms of 7¢ meq for
each measurement for egPDI (black squares), dpPDI (red circles), and thPDI
(blue triangles) in OTP and tbPDI (open blue triangles), dapPDI (open green
sideways triangles), and dpPDI (open red circles) in glycerol. Inset shows the
same data with trajectory length plot on a log scale. (b) Average BqE for each
PDI studied in OTP (blue) or glycerol (black) with respect to FWHM from
Gaussian (OTP) or Lorentzian (glycerol) fits to each histogram pictured in
Figs. 5(a) and 5(b) as well as best-fit lines to the data.
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mately linear. For glycerol, extrapolating to FWHM = 0.99,
the value at which probe rotational correlation time is equiv-
alent to host structural relaxation time, BqE is 0.48, very sim-
ilar to that obtained from ensemble experiments.*> The same
approach for OTP, however, yields an unphysical, negative
Bor value, likely because the Bor values are overestimated,
particularly for dpPDI and tbPDI due to the short trajectories
collected. Despite this, the approximately linear relationship
between FWHM and B for both glycerol and OTP provides
evidence that both quantities are reporting on the same spa-
tially heterogeneous dynamics in the host supercooled liquids.

V. CONCLUSIONS

This study monitored the rotational relaxation dynamics
of three PDI probes in OTP near the glass transition tem-
perature. Each of the three probes sampled and reported ro-
tational correlation times that spanned more than a decade,
consistent with the presence of spatially heterogeneous dy-
namics in OTP. As in glycerol, probe rotational correlation
time scaled inversely with breadth of SM 7. distribution, with
faster probes having a broader 7. distribution. This implies
that a portion of the full range of dynamic exchange events
occurs on probe rotational correlation time scales. For these
probes in OTP, the 7./7,, value is on the order of 100 and thus
dynamic exchange reported by these probes is occurring on
similar time scales. Extrapolating FWHM of rotational relax-
ation times to the a-relaxation time of the host suggests that
the 7. distribution would span approximately two decades if
an instantaneous measurement could be performed. Compari-
son with SM measurements in glycerol suggests that the more
fragile OTP is more spatially heterogeneous than is glycerol,
though discrepancies between reports of heterogeneity from
7. distributions and those from evaluating stretching expo-
nents require additional study. This SM study in OTP not only
confirms findings from previous study in glycerol suggesting
dynamic exchange occurs on and below the probe rotational
time scales, it also demonstrates how probe-dependent stud-
ies can be used to extrapolate to a regime in which effects
of temporal averaging are eliminated, an important consider-
ation when employing probes to interrogate dynamically het-
erogeneous systems.
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