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Single molecule studies reveal temperature independence of lifetime
of dynamic heterogeneity in polystyrene
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Polymeric systems close to their glass transition temperature are known to exhibit heterogeneous
dynamics that evolve both over time and space, comparable to the dynamics of small molecule glass
formers. It remains unclear how temperature influences the degree of heterogeneous dynamics in
such systems. In the following report, a fluorescent perylene dicarboximide probe molecule that
reflects the full breadth of heterogeneity of the host was used to examine the temperature dependence
of the dynamic heterogeneity lifetime in polystyrene at several temperatures ranging from the glass
transition to 10 K above this temperature via single molecule microscopy. Contrary to prior reports, no
apparent temperature dependence of time scales associated with dynamic heterogeneity was detected;
indeed, the probe molecules report characteristic dynamic heterogeneity lifetimes 100-300 times the
average alpha-relaxation time (t,) of the polystyrene host at all temperatures studied. Published by

AIP Publishing. https://doi.org/10.1063/1.5031131

INTRODUCTION

The study of fundamental properties of polymeric sys-
tems near their glass transition temperatures (T,) has been an
active area of research for decades. In part due to the ubiquity
of thin polymeric films in emerging technologies, including in
organic optoelectronics, coatings, and battery cells, there has
been heightened focus on the properties and surface molec-
ular dynamics of such films.!=> However, even aspects of
the properties of bulk polymeric films are poorly understood
owing to the incomplete understanding of the glass transition
and molecular motion as it occurs in systems near their glass
transition temperatures.*

Both amorphous polymers and small molecule lig-
uids near their glass transition temperatures display non-
exponential fluctuations and relaxations, which have been
characterized using a variety of techniques. Such non-
exponential behaviors have been associated with dynamic
heterogeneity, in which dynamics vary both as a function
of position (spatial heterogeneity) and over time (temporal
heterogeneity) even in the absence of identifiable structural
heterogeneity.>® The causal relationship between the emer-
gence of dynamic heterogeneity and the extreme slowdown
of dynamics in liquids as they approach the glass transition is
not entirely clear. However, the observation that dynamic het-
erogeneity in the absence of structural heterogeneity occurs
always and only alongside an approaching glass transition
encourages continued study and characterization of the spa-
tial and temporal character of dynamic heterogeneity. Sim-
ulations and a few experiments have suggested that relevant
length scales of heterogeneity are just a few nanometers, mak-
ing them very difficult to directly access experimentally.”!!
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Time scales associated with dynamic heterogeneity are much
more accessible in typical experiments, and thus persistence
of dynamic heterogeneity has been studied quite extensively,
typically characterized through an exchange time (tex) or a
dynamic heterogeneity lifetime (Thegero). While various defini-
tions exist, we will distinguish exchange time and dynamic
heterogeneity lifetime as follows: t.x describes the time a
particular molecule displays dynamics characterized by a well-
defined time scale before transitioning to a different well-
defined time scale, while Thetero refers to the time over which
a molecule or set of molecules exhibits particular dynamics
that are distinct from those of other sub-ensembles in the sys-
tem. Substantial differences in exchange time and dynamic
heterogeneity lifetime have been reported across systems and
techniques, with some differences attributed to the fact that
measurements have been performed at different temperatures
relative to Tg, and these quantities may vary with tempera-
ture, though no consensus currently exists on their temperature
dependence.>!>23

Over the past decade, single molecule experiments have
been used to characterize aspects of dynamic heterogeneity in
polymeric systems.”>3? Recently, we used single molecule
measurements of rotational motion of probe molecules in
polystyrene to characterize the range of exchange times present
in this system. This study, performed at the single tempera-
ture of ~378 K (Tg + 5 K; 1.01 Ty), revealed that exchange
between environments with distinct dynamics occurs over
a broad range of time scales, including those as short as
70 14, with T, being the alpha-relaxation time in polystyrene,
which corresponds to the segmental dynamics of the host
polymer. Our study revealed several characteristic time scales
associated with dynamic exchange, including ~2300 1, as
the time in which the average molecule explored most
environments in the system and =35 000 t, as the extrapo-
lated time at which every molecule would have explored all
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environments in the system. To obtain closer analogy
to measurements that have characterized the lifetime of
dynamic heterogeneity in glassy systems through sub-
ensemble approaches, we also stratified molecules into fast and
slow sub-ensembles and found that initially fast molecules ran-
domize on a time scale of ~60 1, and slow ones on a time scale
of %250 1. These time scales are somewhat longer than those
measured previously in polystyrene at some temperatures;
however, a prior experiment has shown strong temperature
dependence of the lifetime of dynamic heterogeneity in PS in
the range of Ty~T, + 10 K.!5 Here, we aim to resolve out-
standing questions regarding the temperature dependence of
the lifetime of dynamic heterogeneity in polystyrene near T,
through single molecule measurements and a variety of data
analysis approaches.

MATERIALS AND METHODS
Sample preparation

Polystyrene (M, = 168 kg/mol, PDI = 1.05) was obtained
from Polymer Source, re-precipitated in hexane three times,
and then dissolved in toluene. The 3.4 wt. % polystyrene
in toluene solution was photobleached in a home-built,
high power light emitting diode based setup for at least
48 h to achieve a non-fluorescent host. Silicon wafers were
cut into 6.5 X 6.5 mm pieces and cleaned with piranha solu-
tion (HySO4:H,0; = 1:1). The fluorescent dye N,N’-dipentyl-
3,4,9,10-perylenedicarboximide (pPDI) was obtained from
Sigma-Aldrich and diluted to 5 x 107°M. 4 ul was then
added to 400 ul of the polystyrene solution, resulting in a
solution of ~5 x 10~''M. The solution was then spin-coated
at 2000 rpm onto a cleaned silicon wafer, which resulted
in a film of 200 nm thickness as measured by ellipsome-
try. We note that the films were sufficiently thick such that
bulk dynamics dominated. Molecules in near vicinity of the
supported and free surfaces are unlikely to be detected in
our study due to a combination of their relative rarity in
the sample, potential quenching near the silicon surface, and
the dynamic range of the measurement, which is 1-2 orders
of magnitude in detected relaxation times for a given frame
rate, as chosen for each temperature interrogated. 23243132
After spin-coating, the final fluorophore concentration was
~2 x 107°M, sufficiently dilute to avoid multiple probe
molecules within a diffraction limited spot yet concentrated
enough to provide on average 200 analyzable fluorophores
per field of view.

The sample was placed in a vacuum cryostat (Janis ST-
500) integrated with a home-built wide-field microscope. The
cryostat provides temperature control, facilitates removal of
toluene from the sample, and limits oxygen-induced photo-
bleaching of the fluorescent probes. Once the sample was
placed in the cryostat, the pressure was lowered to ~1.8 mTorr
and the temperature was raised to a minimum of 10 K above the
glass transition temperature (383—-385 K) and held there for at
least 1 h to assist in removal of the residual solvent and ensure
stable pressure.! Given that the temperatures probed were so
close to the glass transition temperature, the sample was then
lowered to the measurement temperature and held there for an
additional 2-3 h to ensure the system was at equilibrium and
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not an aging glass. This was confirmed by the temperature-
dependence of the rotational relaxation time, T, as shown in
Fig. 1.

Imaging

A continuous wave diode Nd:Vanadate laser (532 nm) was
coupled into a multimode fiber, which was shaken at constant
frequency and amplitude by a speaker to eliminate speckles
and produce a randomly polarized and homogeneously illu-
minated field of view (diameter ~100 pum). The light was
then focused at the back of the objective lens [Zeiss, LD
Plan-Neofluar, air 63X, NA = 0.75] and into the cryostat to
illuminate the sample. Fluorescence was collected in the epi-
direction, through the same objective lens, and then passed
through a dichroic mirror, a long-pass (Semrock, LP03-
532RU-25), and a bandpass filter (Semrock, FF01-582/75).
A Wollaston prism was used to split the image into orthogo-
nal polarizations, which were imaged onto an electron multi-
plying charge-coupled device camera (EMCCD; Andor iXon
DV887). Excitation power was 15 mW at the back of the objec-
tive lens, corresponding to a power density of 150 W/cm?
at the sample. Frame rate was chosen to be ~20 frames per
median relaxation time (tg¢) for the longest movies and was
0.143 Hz (373.0 K), 5.0 Hz (378.1 K), 14.8 Hz (379.6 K),
and 124.8 Hz (383.6 K). For movies collected at the high-
est temperature, only a portion of the CCD chip was used to
maximize the frame rate. Movies with a frame rate >5 Hz
were collected continuously while slower frame rate movies
were collected with a 0.2 s exposure time, with illumina-
tion shuttered between frames to limit photobleaching. For
each temperature, several long movies were collected on the
same sample, such that data were collected from at least
1000 molecules at each temperature. Portions of representa-
tive movies at each temperature are shown in Videos S1-S4 of
the supplementary material. We corrected from set tempera-
tures to measured temperatures to account for a small degree of
sample heating using power dependence measurements in o-
terphenyl (OTP),>? and all temperatures reported are corrected
temperatures. In both o-terphenyl and polystyrene, sample
heating is expected to result solely from substrate heating as
the hosts do not absorb at 532 nm. Hence, the temperature
increase as a function of excitation power is expected to be host
independent.

Data analysis

Single molecule linear dichroism imaging®* and analy-
sis for the purposes of evaluating heterogeneous dynamics
have been described previously.>>=37 For this work, all anal-
ysis was performed using Interactive Data Language (IDL)
software (ITT Visual Information Solutions), as described
in detail in the studies of Hoang er al. and Mackowiak
et al.>37 Due to the slow rotations and thus long dura-
tion of data acquisition at the lowest temperature, movies at
373.0 K were de-drifted prior to analysis. For data collected
at all temperatures, molecules were chosen from a bandpassed
set of 500 summed images, found in the temporal middle of the
longest movies, using the “feature” algorithm as described by
Crocker and Grier.’® Subsequent analysis was performed on
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FIG. 1. (a) Normalized distributions of t. at the longest trajectory studied over the temperature range Ty —Tg + 10 K (Tg — 1.03 Ty), with the inset showing
median T, values at each temperature probed (red circles). The data are compared to previously published values (black squares) by Paeng et al., with the line
drawn being the VFT fit to the temperature dependence as reported by Roland and co-workers from dielectric spectroscopy measurements and shifted by 0.85
decades.*1*2 (b) Vertically offset normalized distributions of p values at each temperature. Detailed characteristics of the data sets and distributions are given in

Table S1 of the supplementary material.

the raw and unfiltered images. Polarized fluorescence inten-
sities (Is, 1) of the selected molecules were extracted from
the two orthogonal polarization images of each molecule col-
lected on the CCD at each time point. Single molecule linear
dichroism (LD) was then calculated via LD(t) = (I; — I,)/(I,
+ 1), of which an autocorrelation function (ACF) was con-
structed using [>y a(t’) - a(t’ + t)]/[Xy a(t’) - a(t")], where
a(t) = LD(t) — (LD(t)). Least-squares fitting was used to fit
each autocorrelation function (ACF) to a stretched exponen-
tial function, C(#) = C(0) - exp[—(¢/75)’]. For the analysis
of full-length movies, the correlation function was fit until it
decayed to 0.1. C(t) values were constrained to 0.2 < § < 2.0
and 0.3 < C(0) < 2.0, and the average rotational correlation
time, T., was calculated from the fit values of tg4 and f} via
7. = (15:/B) - T'(1/B), where I is the gamma function. Fol-
lowing analysis of the full-length movies, movies were cut
to a specified number of frames to allow analysis of single
molecule dynamics as a function of trajectory length. For some
analyses (as described in the section titled Results), the same
molecules that were analyzed in the longest movies were also
selected in the cut movies for data analysis while in other
analyses all analyzable molecules were retained regardless of
whether they were analyzed in the full length movies. For
analyses in which tracking specific molecules as a function
of trajectory length was performed, initial feature finding was
performed from the shortest trajectory length data. For such
analysis, the constraints for 3 and C(0) were lifted and the only
constraint applied was (number of frames)/tg; > 2.

Simulations

Simulations of homogeneous rotational diffusion were
carried out as previously described so that effects of finite
trajectory length on measured tg, and 3 values (indepen-
dent of dynamic heterogeneity) could be assessed.>® Briefly,
probes were set to have a diffusion constant, D,, by rotat-
ing a unit vector ¢ through an angle chosen from a Rayleigh
distribution of width /2D, The rank-1 rotational autocorre-
lation function is given by Ci(t) = (Pi(d(to) - d(to + t)))to,
where Pj(x) is the rank-1 Legendre polynomial and the aver-
age is performed over the trajectory. For isotropic probes

undergoing homogeneous rotational diffusion through small
angular displacements, all ranks exhibit exponential relax-
ation, Cy(r) = e !GPt = o7t/T \where 7, = (I(1+ 1)D,)~!
is the relaxation time scale of the local environment. The
second rank autocorrelation function strongly dominates lin-
ear dichroism measurements, thus for the data presented in
this study 1, = 1,.%° The diffusion constant was chosen such
that T, = 100 steps and each trajectory length simulated
consisted of 500 molecules. For each simulated probe, an
autocorrelation was computed and fit to a stretched exponen-
tial and all data analysis was performed as for experimental
data.

RESULTS

In advance of using pPDI as a probe with which to inter-
rogate the temperature dependence of the lifetime of dynamic
heterogeneity in polystyrene, we first confirmed that pPDI acts
as an ideal single molecule probe for polystyrene. To demon-
strate a single molecule probe is an ideal probe for a given host
requires demonstrating that the probe dynamics are slaved to
those of the host and that the probes report the full extent of het-
erogeneity in the system, as characterized in bulk probe-free
experiments. Both results were shown previously for pPDI in
polystyrene, though here we cover a broader temperature range
than in the previous work.*! Briefly, each single molecule lin-
ear dichroism auto-correlation constructed from trajectories
of given length was fit to the Kohlrausch-Williams-Watt equa-
tion, C(t) =C(0) exp[—(t/‘cﬁt)ﬁ], and tg, B, and T, were obtained
from each single molecule trajectory as described in the section
titled Materials and Methods.

Distributions of 1. at temperatures between 373.0 and
383.6 K for trajectories of ~900 T in length at each tempera-
ture are shown in Fig. 1(a). As in the previous report, distribu-
tions are approximately log-normal and show no notable shape
difference as a function of temperature. Median t. values are
shown in Fig. 1(a), inset, and fit to a Vogel-Fulcher-Tannmann
(VFT) curve, consistent with previous single molecule and
bulk measurements in polystyrene, which demonstrates that
probe molecules follow the dynamics of the host.*!*> While
the temperature dependence of the probe rotation tracks that
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of the host segmental dynamics, the probe rotational correla-
tion time is ~0.85 decades or =7 times slower than the host
segmental dynamics (t./t, = 7.07). Given the fact that the
probe rotates slower than the host segmental dynamics, it is
possible that the probe averages over some dynamic hetero-
geneity in the system. To ensure pPDI accesses and can report
the full breadth of dynamic heterogeneity as reflected by bulk
probe-free experiments, the median stretching exponent was
examined. Distributions of stretching exponents, [3, obtained
from the same data from which 1. values were obtained are
plotted in Fig. 1(b). Median f3 values are ~0.5 and do not vary as
a function of temperature, consistent with previous bulk mea-
surements.*> While there are various literature values of probe-
free or small probe ensemble or sub-ensemble measurements
of B in moderate molecular weight polystyrene near T,, most
are similar to the median values obtained in this study.!>4>~#
The data in Fig. 1 verify that pPDI reflects the dynamic het-
erogeneity of the host. Moreover, it adds additional evidence
that for trajectories of a given length, single molecule reports
return distributions of t. and 3 values that do not vary as a func-
tion of temperature near T, with the current study providing
the largest temperature range probed with an ideal probe to
date. 3141

In previous work, pPDI dynamics in PS were evaluated as
a function of trajectory length, which is equivalent to obser-
vation time, to identify time scales associated with temporal
heterogeneity in the system at T, + 5 K. Here we present the
first ideal probe measurements of the lifetime of dynamic het-
erogeneity across temperatures. First, data were collected for
trajectory lengths of ~900 tg at each of four temperatures,
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with the data shown in Fig. 1 obtained from these long trajec-
tories. At all temperatures, single molecule trajectories were
then truncated to a variety of lengths from ~18 to 500 tg,
autocorrelations were re-constructed and re-fit, and ts; and
distributions were obtained. The distributions associated with
measurements of the lowest and highest temperatures interro-
gated, 373.0 K and 383.6 K, are shown in Figs. 2(a)-2(d) as
a function of trajectory length. At both temperatures, as well
as at the other two temperatures at which data were collected,
with increasing observation time the tg; and 3 distributions
get narrower and the median 3 value shifts from near 1.0 to
near (.5, indicative of molecules sampling different dynamic
environments as the observation window increases. To further
quantify how these distributions change as a function of trajec-
tory length and temperature, the distribution width (FWHM)
and, in the case of 3, median value, were assessed for all
temperatures investigated as a function of trajectory length
[Figs. 2(e) and 2(f)]. This reveals that at all temperatures stud-
ied, 14¢ and  distributions evolve in a very similar manner. The
smooth evolution of Pyeq from =1 at the shortest trajectory
evaluated (~201g;) to that associated with a bulk measurement
at the longest trajectories evaluated (#900tg;) confirms that
dynamic exchange occurs over that range of time scales for all
temperatures interrogated.

To characterize the lifetime of dynamic heterogeneity in
polystyrene more precisely, for data collected at each tem-
perature, molecules analyzed were grouped into five sub-
ensembles based on their initial tg; values. For each movie,
molecules were characterized at the ~18 tg, trajectory length,
and the same molecules were analyzed at trajectories of
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sets and distributions are given in Table S2 of the supplementary material.
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~23,45,90, 225, and 900 t5;. The T4, values for each molecule
at the 18 tg; trajectory were used to determine sub-ensembles,
and three sub-ensembles (the fastest fifth of molecules, slowest
fifth of molecules, and the fifth of molecules in the center of
the tg; distribution) were analyzed for their dynamical evolu-
tion as a function of trajectory length or observation time. We
note that this analysis is distinct from that described above and
depicted in Fig. 2, as here particular molecules are tracked as
a function of observation time while in the previous analysis
all molecules were included. This analysis, therefore, clar-
ifies how long molecules that are, for example, slow upon
initial (short) observation window, remain among the slowest
in the distribution as a function of observation time. Figure 3(a)
reveals that all temperatures studied show the same trend: ini-
tially, the fastest and slowest molecules are clearly separated,
with tg; values differing by approximately a factor of 10. As
observation time increases, the initially fastest and slowest
molecules converge. We note that in all cases, the central sub-
ensemble, representing average molecules, slows to a certain
extent as observation time increases. This points to the lim-
ited dynamic range of measurements as short as 18 tg, which
cannot fully capture the dynamics of the slowest sub-set of
molecules.

To assess whether statistical effects associated with anal-
ysis of short trajectories play a role in the measured spread
between the fastest and slowest sub-ensembles, particularly
for short trajectories, simulations of probes exhibiting homo-
geneous dynamics (with tg = 100s) were analyzed in the same
manner as experimental results. These simulations show lim-
ited spread in 15 dynamics but a large spread, comparable
to that seen experimentally, in t. dynamics (Fig. S1 of the
supplementary material). This large spread in the simulated
T. data arises from the strong effect of short trajectories on
measured [3 values and points to the importance of evaluating
experimental tg, rather than t. data for such analysis.39’45’46
Comparing the simulated and experimental tg; data confirms
that the spread seen in the experimental results is not due to
statistical effects associated with analysis of short trajectories.
Instead, the convergence in dynamics of the initially fastest
and slowest molecules requires that the probes experience
distinct dynamics, through dynamical evolution of the local
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environment over time and/or through the probe physically
moving from a region of given dynamics to a region of distinct
dynamics. Importantly, the time over which the sub-ensembles
converge occurs at approximately the same trajectory length,
or observation time, in terms of tg for all temperatures
[Fig. 3(a)]. This time to convergence can be considered the
lifetime of dynamic heterogeneity, Thetero, as it marks the
time required for initially distinct dynamic sub-ensembles to
become indistinguishable.

To quantitatively characterize the time scale over which
the sub-ensembles converge as a function of observation time,
the difference in median log(tg;) of the fastest and slowest sub-
sets of molecules was analyzed [Fig. 3(b)]. At first, a large dif-
ference between sub-ensembles is observed, with A[log(tg)]
~ 1 for all temperatures, indicating that the molecules’ rota-
tional correlation times span approximately one decade at short
times, consistent with the data presented in Fig. 2 and Table S2
of the supplementary material. As observation time increases,
Allog(tg,)] values decrease and reach ~0 at the longest trajec-
tory lengths. This demonstrates that molecules that started out
both particularly fast and particularly slow have sufficiently
sampled the range of dynamic environments in the system to
report the same average relaxation time at long observation
times. To quantify the lifetime of dynamic heterogeneity, the
evolution of the A[log(tg)] values shown in Fig. 3(b) were
fit to exponential decays (Fig. S2 of the supplementary mate-
rial). At all temperatures, the characteristic time required for
molecules in the slow and fast sub-ensembles to converge
was between 40 and 80 tg (140-280 t), with no trend as
a function of temperature. To quantitatively compare the evo-
lution of the full distribution (Fig. 2) to that associated with
molecules from particular sub-ensembles [Figs. 3(a) and 3(b)],
we looked at the difference between the median fastest and
slowest portions of the distribution without following individ-
ual molecules. This difference converges more slowly than the
rotational correlation times of tracked molecules [Fig. 3(c)],
indicating that there is no tendency for molecules in a particu-
lar dynamic sub-ensemble at the beginning of the experiment
to stay in that dynamic sub-ensemble, and indeed the fastest
molecules may become among the slowest and vice-versa over
time.
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FIG. 3. (a) Median tg; values as a function of trajectory length for the 20% initially fastest (squares), initially slowest (triangles), and initially average (circles)
molecule sub-ensembles at each temperature studied, as well as for a homogeneous simulation. (b) Difference between the median log(tg;) values of the initially
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fastest molecules at all trajectory lengths without following individual molecules and (open symbols) A[log(Tf¢ subset)] at 383.6 K, also shown in Fig. 3(b).
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DISCUSSION

Using single molecule fluorescence microscopy, rota-
tional dynamics in polystyrene at temperatures from T, to
Tg + 10 K were studied. The lifetime of dynamic heterogeneity
showed no trend as a function of temperature when consider-
ing either (1) how the full distributions of rotational relaxation
times and stretching exponents evolved as a function of obser-
vation time (Fig. 2) or (2) how molecules initially in particular
dynamic sub-ensembles evolved toward the average (Fig. 3).
From the latter analysis, designed to mimic aspects of earlier
sub-ensemble NMR and photobleaching experiments,'*1347
the average lifetime of dynamic heterogeneity was found to
be ~60 15 (2210 1), with fast and slow initial sub-ensembles
fully randomizing on this time scale at all temperatures probed.

The dynamic heterogeneity and its temperature indepen-
dence relative to 1, is in partial contradiction to several pre-
vious studies that have shown a temperature dependence for
exchange time.'*!3 Differences in the host matrix, tempera-
tures probed, dynamic range of the experiments, sub-ensemble
considered, and dynamic heterogeneity lifetime definitions
may explain at least a subset of differences that have been
observed. For example, simulations have shown that dynamic
heterogeneity lifetime is system dependent, with more fragile
systems exhibiting both longer lived dynamic heterogeneities
at a given temperature and stronger temperature dependence
of the dynamic heterogeneity lifetime.*®* Indeed, in a recent
study, the lifetime of dynamic heterogeneity, Thetero, fOr an
array of model supercooled systems was obtained from relax-
ation of a three-time correlation function and was found to
Vary as Thewero ~ Ta'” — To'2.* Our measurement yields a
result in this range, with Thetero ~ To, With Thetero defined by the
convergence of the fast and slow sub-ensembles through fits to
the data presented in Fig. 3(b) (Fig. S2 of the supplementary
material).

Experimentally, the temperature dependence of the life-
time of dynamic heterogeneity was addressed by Ediger and
co-workers in supercooled o-terphenyl (OTP) following two
earlier reports, each of which characterized the quantity at
a single temperature.'**”° Initially, Cicerone and Ediger
used a photo-bleaching technique to probe a sub-ensemble
of slow probe molecules in OTP at T; + 1 K while Bohmer
and co-workers used multi-dimensional NMR to interrogate
slow sub-ensembles of neat OTP at T, + 10 K.#7°9 These
studies, together with a follow-up study by Ediger and co-
workers, suggested that the dynamic heterogeneity lifetime
was strongly temperature dependent in this system, with Thetero
increasing relative to T, as temperature decreased.'* A later
study using the same techniques in polystyrene yielded sim-
ilar results: here, photobleaching measurements revealed that
dynamic heterogeneity varied from ~11 1, at Ty +2 K t0 65 14
at T, for the smallest probe employed.” In this study, a deep
photobleach was used to preferentially bleach molecules that
were rotating quickly relative to the average molecule, leaving
behind a slow sub-ensemble that was interrogated after vari-
able waiting time. While the analysis performed in Fig. 3 in
some ways approximates this approach, a more directly anal-
ogous analysis can be achieved starting with single molecule
trajectories. Here, a fast and slow subset of molecules are
followed, but in contrast to the analysis shown in Fig. 3,

J. Chem. Phys. 148, 204508 (2018)
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FIG. 4. Median 14 for fast (open symbols) and slow (closed) subsets relative
to the median tg; for all molecules as a function of waiting time between
100 T trajectory length assessed windows. Sub-ensembles were determined
from the initial 100 t; window (waiting time = 0) and subsequent T med,subset
values were obtained from the same molecules interrogated during a second
100 14, window a waiting time later.

dynamics are not averaged over increasing observation win-
dows and instead are assessed for a given amount of time
(100 t5) as a function of increasing waiting time between two
such windows (Fig. 4). Unlike the other approaches used here
as well as a window-sliding approach used previously,?>33-37
this approach provides a history independent accounting of
dynamic heterogeneity lifetime. Again, no temperature depen-
dence of the extracted dynamic heterogeneity lifetimes is seen,
consistent with all other approaches we used to characterize
dynamic heterogeneity lifetime.

To quantify dynamic heterogeneity lifetime using this
approach, the data in Fig. 4 were fit to exponential decays
and a characteristic time scale was extracted (Fig. S3 of the
supplementary material). For the slow subset of molecules,
we find dynamic heterogeneity lifetimes of 30-40 tg; (105—
140 1) with no trend as a function of temperature. The fast
subset evolves more quickly such that nearly all relaxation
time randomization occurs within the first waiting time win-
dow, preventing extraction of dynamic heterogeneity lifetimes
for this fast subset of molecules. We note that while the
temperature (in)dependence is clearly distinct in our mea-
surements relative to previous measurements, the absolute
values of the lifetime of dynamic heterogeneity in polystyrene
are more similar to those reported previously once single
molecule data analysis proceeds in a manner more closely
approximating the earlier experimental approach.

The lack of temperature dependence of the dynamic het-
erogeneity lifetime is not the only difference in this experiment
compared to that of Ediger and co-workers.!> Notably, the
slow sub-ensemble in the current experiment is 3.5-4.5 times
slower than the median at each temperature while the slow
sub-ensemble in Ref. 15 was a factor of 1.1-2.0 (with some
temperature and probe variation) slower than average, sug-
gesting that our sub-ensemble is distinct from that studied by
Ediger et al., which could account for differences between our
and their findings on the temperature dependence of Thetero
relative to T,.

Our findings of temperature independence of Thetero (Thetero
~ 1) are consistent with the fact that for long trajectory lengths,
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we find no difference in the median single molecule 3 value
or distribution of {3, Tg, or T, values as a function of temper-
ature, each of which suggests there is no difference in degree
of dynamic heterogeneity in polystyrene over the temperature
range investigated. The behavior of the stretching exponent 3
for a system over a given temperature range appears to be a
strong predictor of the temperature dependence of the lifetime
of dynamic heterogeneity, with those systems with limited §
change over temperature also showing limited or no change
in dynamic heterogeneity lifetime relative to structural relax-
ation time with temperature.*491:52 The scaling of Thetero
with 14 in polystyrene over the approximately three orders of
magnitude variation in alpha-relaxation explored here leaves
open the possibility that the segmental relaxation of the poly-
mer and the randomization of distinct dynamic environments
across the system are governed by a single process. This find-
ing also suggests limited growth in domains of slow dynam-
ics and locally preferred structures in polystyrene with cool-
ing over the range of relaxation time scales interrogated;*
this behavior may prove to be a distinction between polymers,
which tend to have relatively weak 3 dependence on tempera-
ture,” and small molecule supercooled liquids, though exper-
imental approaches to directly identifying such structures in
polymeric and molecular systems are currently lacking.

CONCLUSIONS

We investigated the temperature dependence of the
dynamic heterogeneity lifetime in polystyrene near its glass
transition temperature using a single molecule approach in
which the rotations of an ideal probe, pPDI, reported the
dynamics and dynamic heterogeneity of the host polystyrene
over the temperature range of Ty — T, +10 K. Applying various
data analysis approaches, no temperature dependence of the
lifetime of dynamic heterogeneity relative to t,, in the studied
temperature range was detected. By following sub-ensembles
of fast and slow molecules as their dynamics evolve toward that
of the average molecule as a function of observation time, we
identified a characteristic lifetime of dynamic heterogeneity
between 140 and 280 T, with no apparent trend as a function
of temperature.

SUPPLEMENTARY MATERIAL

See supplementary material for two tables associated with
datain Fig. 1 and Fig. 2, three figures [Figs. 3(b) and 4 with fits
and a 1. analog of Fig. 3(a)], and four representative videos.
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