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ABSTRACT:

polymer film

Single-molecule fluorescence microscopy was used to investigate the dynamics of perylene diimide (PDI) molecules in thin
supported polystyrene (PS) films at temperatures up to 135 °C. Such high temperatures, so far unreached in single-molecule
spectroscopy studies, were achieved using a custom-built setup which allows for restricting the heated mass to a minimum. This
enables temperature-dependent single-molecule fluorescence studies of structural dynamics in the temperature range most relevant
to the processing and to applications of thermoplastic materials. In order to ensure that polymer chains were relaxed, a molecular
weight of 3000 g/mol, clearly below the entanglement length of PS, was chosen. We found significant heterogeneities in the motion
of single PDI probe molecules near T,. An analysis of the track radius of the recorded single-probe molecule tracks allowed for a
distinction between mobile and immobile molecules. Up to the glass transition temperature in bulk, T, probe molecules were
immobile; at temperatures higher than Ty, + 40 K; all probe molecules were mobile. In the range between 0 and 40 K above Tk
the fraction of mobile probe molecules strongly depends on film thickness. In 30-nm thin films mobility is observed at lower
temperatures than in thick films. The fractions of mobile probe molecules were compared and rationalized using Monte Carlo
random walk simulations. Results of these simulations indicate that the observed heterogeneities can be explained by a model which
assumes a T, profile and an increased probability of probe molecules remaining at the surface, both effects caused by a density profile

with decreasing polymer density at the polymer—air interface.

1. INTRODUCTION

The temperature dependence of the physical properties of
polymers is of paramount importance for their application and
processing. Therefore, thermal transitions of polymers and in
particular the glass transition have been subject to a vast number
of studies' using different methods such as dielectric spectros-
copy,” magnetic resonance spectroscopy,* ellipsometrgr,s’é dif-
ferential scanning calorimetry,” fluorescence spectroscopy,”” small-
angle neutron scattering,10 neutron reﬂectivity,11 or combinations
thereof.'> The challenge for all these measurements consists of
covering the extended range of length and time scales involved in
the phase transitions of polymers. Known methods are normally
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restricted concerning either their temporal or their spatial resolu-
tion, i.e. techniques which can access dynamics detect areas much
larger than the molecular scale and thus average over many mole-
cules. In addition, many experimental techniques require specific
sample preparation, experimental conditions, or special assump-
tions for data analysis. Computer simulations for polymer dy-
namics have also become an important tool, but in contrast to
experimental techniques, they are limited to short time intervals
and small sample volumes."?
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Single-molecule fluorescence spectroscopy and microscopy
(SMS) is a powerful method which can detect dynamics with
local resolution close to the molecular scale without averaging or
the need for models to extract data."*'® Thus, SMS yield valu-
able information on heterogeneities which together with other
techniques and simulations will contribute to an increased under-
standing of transitions in polymers. Several optical SMS inves-
tigations have already been performed to study rotational'”~*'
and translational®*>** motion of dye molecules in polymers and
glassy liquids. Using highly fluorescent and photostable dyes™* at
low concentrations allowed the resolution of molecule positions
with accuracies in the 10 nm range, far below the diffraction limit
of optical microscopy.

Single-molecule fluorescence experiments were performed
initially at cryogenic temperatures,” where single molecules
were selectively excited with irradiation into one line of a hetero-
geneously broadened absorption band. A few years later, use of
high numerical aperture microscope objectives allowed the ob-
servation of single molecules at room temperature.”® Today
optical single-molecule studies are applied routinely to biological
systems at ambient temperature. Especially with respect to
material scientific investigations, elevated temperatures are of
particular importance, however. The glass transition, crystal-
lization, and melting temperatures of many materials of scientific
and practical importance are clearly above ambient temperatures.
For example, two of the most common polymers, polystyrene
and poly(methyl methacrylate), exhibit bulk glass transition
temperatures around 100 °C, too high for single-molecule
fluorescence studies to determine structural dynamics around
T, The lack of technical accessibility of such high temperatures
limited single-molecule fluorescence studies to polymers with
thermal transitions at ambient temperature or below. It also
prevented researchers in material sciences from extended inves-
tigation of the temperature dependence of single-molecule
motion, spectra, anisotropies, etc. These obstacles in establish-
ing SMS as a broader tool for materials science result from the
sensitivity of optical lens systems to larger temperature gradients,
which can result in disalignment and ultimately ruptures of lens
elements.

Here, we report on single-molecule measurements in thin
supported polystyrene films of different thicknesses at tempera-
tures up to 135 °C for which we designed a special heating device.
We could observe heterogeneities in single-molecule transla-
tional diffusion which, in agreement with Monte Carlo Random
walk simulations, we attributed to surface effects at the polymer—
air interface.

2. RESULTS

2.1. Single-Molecule Fluorescence Microscopy at High
Temperatures. In microscopy of biological samples, physiolo-
gical temperatures of the sample can be ensured using a heated
metal block. However, at higher temperatures this approach
can cause severe damage to optical systems which heat up due
to thermal radiation from the metal block. In particular at
small working distances used for the high numerical aperture
objectives in single-molecule measurements, local heating of
the sample without transferring too much heat to the objective
is required.

We have implemented a high-temperature optical, single-
molecule microscope which includes a sample holder for
indium tin oxide (ITO)-coated cover glasses (see Figure 1;
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Figure 1. Custom-made heating table which allows for heating and
temperature control from room temperature up to 200 °C.

cf. experimental details in the Supporting Information [SI] for
details). These are resistively heated. Thereby, only the sample
holder itself attains the desired elevated temperature. Due to its
small mass, heat transfer to the optical lens system is limited. In
this fashion, sample temperatures up to 200 °C can be reached
and held constant at 0.5 °C. Temperature control is achieved
via contactless measurement with an infrared thermometer
connected to the power supply of the sample holder. High
numerical aperture air objectives allowing single-molecule detec-
tion can be used with this setup. For the experiments reported
here, we used a homogeneous sample illumination by a 561-nm
diode-pumped solid-state laser. The fluorescence of single dye
molecules embedded in the polymer film is filtered and imaged
on an intensified CCD camera with high quantum efficiency.
Movies with varying exposure times are recorded to follow the
mobility of single molecules. From the movies, spatiotemporal
trajectories are generated and analyzed as outlined below. For the
systems studied, beyond a certain temperature dewetting of the
film from the glass sample holder was observed. This determined
the temperature range of the individual experiments.

The high-temperature single-molecule setup allows us to
systematically study the motion of single molecules around the
glass transition of a broad variety of polymers with different Tj’s.
Since so far no experience existed with the performance of dyes
in single-molecule experiments at such high temperatures, we
chose a perylene diimide derivative®” (PDI, structure see SI) for
our measurements. Perylene diimides show excellent photo-
stability and quantum yield at ambient temperatures,”* and
we could verify that this is also true for temperatures up to
135 °C (see SI).

2.2. Distinction between Mobile and Immobile Molecules
Using Track Radius (Rg) Analysis. The most obvious obser-
vation in wide-field movies measured between T, and 1.1 X T,
was the presence of mobile and immobile molecules in different
ratios, i.e. spatial heterogeneities. The distinction between mobile
and immobile molecules using step length distribution analysis”®
failed to give satisfactory results due to the fact that immobile
molecules showed waggling because of the inaccuracy in the
determination of single-molecule positions. We determined the
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Figure 2. Temperature-dependence of the Ry, distributions for PS3000 films of different thickness. Ry is given in pixels with one pixel being equivalent to
86 nm. Thirty and 50-nm thin films were not heated higher than 373 K because at higher temperature dewetting effects® started to occur. For the
histogram of each temperature a number of 160—20S5 molecules were analyzed.

latter to be 10—15 nm in our experiments (see SI). Very slow or
immobile molecules exhibit only a small slope of the mean
square displacements for increasing time intervals. Such a
small slope, however, is obscured by the noise of the data, and
thus, linear fitting of the data points results in extreme

inaccuracies in the determination of the diffusion coefficients.
We found that a distinction between immobile and mobile
molecules is very reliably implemented by an analysis of the
track radii Rg.29731 The molecule positions x and y of each
frame are used to calculate the radius of gyration tensor T
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For normal diffusion, R, grows with the square root of observa-
tion time. Thus, in order to compare tracks of different lengths,
a correction factor ((frior)/(frena — fratare))> was introduced
where fri,, is the overall number of frames, fr.,q is the number of
the last frame and fr,, the number of the first frame of the track.

Examples of the positioning of single molecules and a repre-
sentation of the corresponding R, values can be found in the
movies in the SI. The squared track radius R; of a track is pro-
portional to the area which a molecule probes within a certain
time window. For immobile molecules, R, is small and depends
only on the localization accuracy of the molecule which is deter-
mined by the signal-to-noise ratio of the detected fluorescence
spot. If R, of a track is significantly larger than the localization-
limited Ry, the corresponding molecule is defined as mobile. The
localization limit for our measurements was set to a value of Ry =
0.6 pixels (52 nm) (see SI), i.e. molecules with R, < 0.6 pixels are
defined as immobile and molecules with R, > 0.6 pixels as mobile.

Movies of single PDI molecules were recorded in thin PS films
(M,, = 3000 g/mol, polydispersity 1.07) at different tempera-
tures. After determination of the molecule positions, their track
radii were determined as described above. Rg-distributions are
presented in Figure 2. Films of 30- and 50-nm thickness were
only measured up to 373 K in order to avoid errors in data
analysis due to dewetting effects which were observed at higher
temperatures. Thick films could be measured up to 408 K (movie
presented in SI). At temperatures below 363 K, most molecules
show small R, values below 0.6 pixels and are, according to our
definition, immobile. However, it is obvious that a fraction of
mobile molecules with higher R, appears when temperature is
raised. In thinner films, a significant fraction of mobile molecules
can be observed at lower temperature compared to thicker films.
In particular, mobile molecules can be observed at 353 K in
30-nm, 358 K in 50-nm, and 363 K in 100-nm thick films whereas
in 250-nm thick films significant motion cannot be observed
below 373 K. We assume that the 250-nm film exhibits mainly
bulk behavior, whereas the thinner films differ from bulk behavior
due to interface-related effects which become more dominant for
thinner films. This assumgtion is in accordance with the ob-
servations by Paeng et al.>* In general, the average R, increases
with decreasing film thickness. However, at low temperatures,
where molecules in both thin and thick films are immobile and
the determination of Ry is limited by localization accuracy, the
distribution of R, is shifted to slightly higher values in thick films.
This shift can be explained by the poorer localization accuracy
in the thick films which show more background noise due to
fluorescence impurities or Raman scattering. The distribution of
the R, values of mobile molecules is much broader than what
would be expected for isotropic diffusion of molecules in a
homogeneous medium. In an earlier paper,”® we have already
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Figure 3. Measured fractions of mobile molecules for different tem-
peratures and film thicknesses. For all thicknesses three different movies
were analyzed and their mobile fractions plotted to estimate scattering
of the data. Data were recorded going from low to high T. For 30 nm,
data were also recorded during subsequent cooling (open triangles).
The lines are a guide to the eyes (according to Boltzmann functions), the
derivative of which is shown in Figure 4.

shown that translational diffusion of mobile molecules is rather
heterogeneous in the vicinity of T, the temperature range also
investigated in this work. Only at higher temperatures above
~1.1 X T, single-molecule diffusion becomes homogeneous.

2.3. Fraction of Immobile and Mobile Molecules. The
fraction x,,,, of mobile molecules is defined as the number of
mobile molecules divided by the overall number of all observed
molecules:

N, mob

meb S
Nimob + Nimmob

The dependency of x,,.}, on temperature is plotted in Figure 3
for four different film thicknesses including guides to the eyes
which were constructed according to Boltzmann functions (1 +
exp(Ty, —T)/s))” " with the temperature T}/, at which half of
the molecules are mobile and the parameter s which is related to
the slope of the curve. The temperature T/, increases with in-
creasing film thickness from 356 to 369 K (see Figure 4 (right)).
The change from immobility to mobility is more gradual for thin
films than for thick films for which the graph of x,,0p, versus tem-
perature is steeper as represented by the derivatives dix,,o,/dT
which are shown in Figure 4 (left). The derivatives of thicker
films reach a higher maximum and are narrower. The latter was
quantified using the full width at half-maximum as shown in
Figure 4 (right). The observed behavior is not dependent on
whether the temperature is approached from low or from high
temperatures, as long as no dewetting or other processes, which
destroy the film, occur. This was verified for the 30-nm film which
was measured from low (343 K) to high (373 K) temperature
(filled triangles in Figure 3) and subsequently investigated when
decreasing the temperature back to 343 K (open triangles in
Figure 3). The data sets show no significant differences.

2.4. Simulated Fraction of Immobile and Mobile Mol-
ecules. To compare our experimental results with theoretical
models, we performed Random Walk Monte Carlo simula-
tions using a customized routine in Matlab. The initial x- and
y-positions (parallel to interfaces) were chosen as the origin, the
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Figure 4. (Left) Temperature derivatives of xp, for different film thicknesses. (Right) Dependency of full widths at half-maximum of the corre-

sponding curves and T/, on film thickness.
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Figure S. Dependence of diffusion coefficient on distance from polymer—
air interface for temperatures between 340 K (lowest curve) and 400 K
(highest curve) in steps of 10 K.

initial z-position (perpendicular to interfaces) was randomized
between 0 (polymer—air interface) and the film thickness d
(polymer—silica glass interface) to simulate an initially equal
distribution of dye molecules within the film. In order to account
for interfacial effects, a T,-profile as published in literature>*>°
was chosen and the diffusion coefficient profile adapted (see
Figure S and SI). Interfacial effects were only considered for the
polymer—air interface (= surface) which is known to decrease Ty,
The polymer—glass interface was treated with reflecting bound-
ary conditions since its influence on Tg36’3’7 is less pronounced
compared to the free surface. In fact, by comparing experimental
and simulated data, we verified that the effect of the polymer
surface is clearly dominating the influence of the polymer—glass
interface (see SI).

The fractions of mobile molecules and their dependence on
the diffusion coefficient obtained from the simulations are pre-
sented in Figure 6 for film thicknesses 30 and 250 nm, the
thinnest and thickest film of our experimental series. For these
conditions (red circles and black squares in Figure 6), the mobile
fractions differ only in a range of bulk diffusion coefficients
between 1077 m> s and 10 '® m* ™' with the largest
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Figure 6. Mobile fractions of molecules for simulations of 30- and
250-nm thick films assuming different diffusion coefficients in bulk and
T, profiles as described in the text.

difference of ~0.1 at ~3 x 10" m® s~ ". Each bulk diffusion
coeflicient can be related to a certain temperature using the
Vogel—Fulcher—Tammann equation which allows for a direct
comparison of simulated and measured fractions of mobile mole-
cules in films of different thickness.

By comparison to the simulations, the experimentally ob-
served variations between mobile and immobile fractions in
the measured films are considerably larger at any temperature.
The largest difference can be found at 363 K where the mobile
fraction of the 30-nm thin film is 0.8, whereas the one for the
250-nm thick film reaches only 0.1. Thus, our observations
cannot simply be explained by random walks of the molecules
with a gradient in diffusion coefficients according to the T, profile
used in the simulation. So far, we have only considered that Ty is
reduced at the film surface. The cause for this reduction is a
decrease of density on the surface. This density profile, however,
is also known to cause an increased concentration of small mole-
cules (monomers) at the surface as was shown in simulations
by Peter et al.>® We implemented into our simulations an in-
creased probability for molecules to remain at the surface. Using
an increased probability for molecules to remain in the surface
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layer resulted in a stronger heterogeneity and a larger difference
of mobile molecules between thin and thick films which is shown
in Figure 6.

3. DISCUSSION

3.1. Explanation for the Observed Heterogeneities. Single-
molecule microscopy allowed us to observe significant hetero-
geneities in molecular mobility which would be obscured in bulk
measurements. It is obvious that these heterogeneities increase
significantly with decreasing film thickness when surface effects
become more important. We made sure that the heterogeneities
observed are not caused by sample preparation since the
produced films were heated and dried to remove residual toluene
and relax stress prior to measurements. Additionally, to ensure
that polymer chains were relaxed, we have chosen polystyrene of low
polydispersity and a low molecular weight of 3000 g/mol which is
clearly below the entanglement length of PS. Different possibilities
which can account for our observations are:

3.1.1. The Surface Alters the Properties of the Entire Film
Causing More Heterogeneities. Near T, polymer chains and
large molecules do not have enough free volume to move from
one position to another. Instead, the space for motion is cleared
by another polymer chain which moves to a position which has
also become vacant by the chain which occupied it before and so
on. This leads to rearranging regions where polymer chains move
collectively. Despite many open questions and discussions con-
cerning the glass transition®”*" this concept originally proposed
by Adam and Gibbs*' is well established. The process at rather
long time scales is called a-relaxation, in contrast to 3-relaxation
which occurs due to the dynamics of polymer segments and chain
ends. The length scale of $-relaxation (<<1 nm) is clearly beyond
our observation length scale. The length scale of cooperatively
rearranging regions is believed to increase when approaching T,
from higher temperature and has been evaluated between 1 and
4 nm near Tg.4 3 Thus, the heterogeneities observed in our
experiments cannot be explained by heterogeneities caused by
regions with different dynamics within the film. Molecules which
we observe as mobile are at least moving S0 nm and thus already
probe several rearranging regions and average over their dynamics.
Even though alocalization accuracy of 1 nm has been approached
using highly fluorescent conjugated polymer nanoparticles,** the
currently typical localization accuracy for single chromophores
does not yet allow for an elucidation of heterogeneity for dif-
ferent cooperatively rearranging regions.

3.1.2. Heterogeneities Are Due to a Tg-Profile at the Surface.
The strong variation of the mobile fractions of single molecules in
films of different thickness indicates a significant effect of the
interfaces on the mobility of embedded molecules. Such con-
finement effects*>*® and their influence on polymer dynamics in
thin polymer films are under debate. It has been mostly accepted
that, compared to bulk polymers, thin polymer films can exhibit
considerable reductions in the glass transition temperature
Tg47_49 and their dependence on molecular weight and monomer
structure has been investigated.*® It has also been verified that
reduced T, values are an intrinsic property of the confined mate-
rial rather than an experimental artifact.’' However, there are also
studies which do not show significant T}, alteration for films as
thin as S nm (as shown for molecular weights M,, > 25 kg/ mol)."
How much reduction is measured in T, with decreasing film
thickness depends not only on the preparation method, which
determines, for example, the amount of remaining solvent in the

film and its roughness, but also on the different observables of
the methods applied.** Most methods such as ellipsometry,
dielectric spectroscopy, differential scanning calorimetry, and
scattering methods do not offer high spatial resolution and thus
measure T, integrated over the entire film. Simulations, however,
show that a reduction in Ty is not caused by the same general
reduction for all surface distances within the film, but rather by a
drop in Ty at the interfaces. This led to the introduction of a layer
model with a highly mobile surface layer existing on top of a less
mobile, bulk layer.*”**** The layer model can even be refined
to a T, profile using MD simulations analyzed within mode coupl-
ing theory.*>** The overall T, of the film can then be obtained
by integration of the Tg-proﬁle35 over the entire film thickness.>*
Such a T,-profile was also obtained using a delayed glassification
(DG) model which can predict the effects of molecular weight
and film thickness on the film-averaged glass transition for a
polystyrene sample®® and using a percolation of free volume
distribution model.>**” An experimental approach to determine
the length scale of the transition from enhanced dynamics on
interfaces to bulk dynamics within polystyrene was presented by
Ellison et al.>® The authors selectively labeled a small layer within
the film with pyrene and investigated its dynamics by observing
the fluorescence intensity of the film. They observed that the
distance over which interfacial effects propagate is much larger
than the size of cooperatively rearranging regions which were first
claimed by Adam and Gibbs*' and are believed to be smaller than
5 nm.*” Ediger and co-workers recently reported fluorescence
anisotropy studies in free-standing ;Jolystyrene films and esti-
mated a surface layer of 7 nm at Tj. > A surface mobile layer of
less than 2.3 nm was reported for short-chain supported poly-
styrene films by Yang et al. using temperature-dependent viscosity
measurements.”> A key consideration for all experimental and
theoretical analyses is the way in which these methods average T,
values, i.e. how the local T values are weighted.55

We found that, in thin films, a considerable fraction of mobile
molecules is present even at temperatures where no motion can
be detected in thick films. Thus, interface effects must play a
dominant role for the motion of single molecules. As already
pointed out, polymer films show a Tg-profile with bulk Ty in the
middle of the film and decreasing T, toward the surface(s). The
molecules which are at the polymer—air surface sense a reduced
Ty and thus their diffusion coefficient is higher. For thin films, the
volume of the surface layer relative to the bulk polymer covers
more space, and a higher fraction of mobile molecules can be
observed at low temperatures because only dye molecules at the
polymer—air interface show significant translational motion. The
fraction of mobile molecules becomes larger when the tempera-
ture is raised (see Fi%ure 7) since the zone with T > T, goes
deeper into the film.>* Thus, a distinction between mobile and
immobile molecules allows for the investigation of surface effects
and, in principle, even of the Ty-profile in thin polymer films.

The challenge of resolving differences in molecular mobility
along the optical axis lies in the poor z-resolution basically in-
herent to optical microscopy experiments. Since the z-resolution
of optical single-molecule measurements is above 1 um, the
z-position of molecules in our thin films cannot be resolved.
Instead, we observe a projection of all z-positions onto the xy-
plane. Basically, it would be possible to recover information of
the depth-dependent Tg-profile from the distribution of diffusion
coefficients which are assumed to be isotropic in all direction
(%, , and z) but observed as projections onto the xy-plane. How-
ever, for an exact determination of T,-profiles the localization
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Figure 7. Schematic drawing of single-molecule translational motion at the polymer—air interface for increasing temperatures from left to right.

accuracy would have to be in the subnanometer range so that the
z-position of the probe does not change significantly from one
recorded xy-position to the next. Otherwise, the diffusion co-
efficient recorded as xy-projections will be averaged over many
z-positions, and thus the Tg-profile will be blurred.

Even though a determination of the exact relationship between
z-position and diffusion coefficient was not possible, the xy-
resolution of less than 15 nm allowed us to determine whether
reported T,-profiles can account for the observed heterogene-
ities. At low temperature, the mobility of molecules inside the
film is low. Thus, most molecules will not be able to reach the
surface where mobility is strongly enhanced as pointed out in the
Tg-profile shown in Figure 5. However, molecules in the vicinity
of the surface will “feel” a lower T, and thus be able to move
significantly. This causes the heterogeneity of single-molecule
motion observed especially in thin polymer films (d < 100 nm)
where interfaces contribute significantly to polymer dynamics
whereas they can be rather neglected in thick films (d > 100 nm).

To put our reasoning on a firmer footing, we performed random
walk simulations to check whether our observations can be explained
with Tg-profiles as stated by the groups of Baschnagel and
Herminghaus.>**® As obvious from a comparison of Figures 4
and 6, an Ri-analysis of our simulated data using Tg-profiles
shows the correct tendencies but cannot account for the large
differences observed for various film thicknesses. This is due to
the fact that the localization accuracy is in the same range as the
film thickness for thin films, and thus molecules which are mobile
probe the entire z-space in our simulations and the T,-profile is
obscured. Also, reasonable variation of the parameters used for
the T,-profile cannot account for the observed heterogeneity.
Thus, the comparison between simulation and experiment allows
us to exclude that the observed heterogeneity is exclusively due
to a Ty-profile effect. In simulations, the difference in fractions
of mobile molecules between a 30- and a 250-nm film is only
0.1 at most, while it can reach up to 0.8 in the measurements.
Such a significant variation cannot be explained by inaccuracies in
measurements or imprecise simulation parameters.

3.1.3. Heterogeneities Are Due to a Tg-Profile at the Surface
and a Preferred Residence of Dye Molecules in the Less Dense
Surface Layer. In fact, not only T, but also polymer density is
decreased in vicinity to the surface. Thus, it is reasonable to
assume that dye molecules which reach the surface area (the first
few nanometers) will preferentially remain in this region of lower
density. The accumulation of small molecules in the low density
surface layer has also been reported by Peter et al.*® As presented
in the Results, we implemented such a behavior into our simulations.
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It could be shown that using a distribution probability of the dye
and applying the T, profile described above can qualitatively
explain our observations. A more quantitative verification of the
polymer density profile and its connection to T, and density
probability of the dye distribution is beyond the scope of this
work since it would require a more detailed analysis including
additional measurements at higher localization accuracy, simula-
tions, and an extensive comparison with other methods. However,
the results presented here show the power of single-molecule
microscopy to investigate molecular mobility and its heteroge-
neities in vicinity of thermal transitions in polymers.

3.2. Why Do We Not Observe Mobility at T,? Regarding
Figure 4 and recalling the T, of 342 K for PS3000, the question
might arise why translational diffusion can only be observed at
significantly higher temperatures than T,. In our thickest films,
which show mainly bulk behavior, a significant amount of mobile
molecules is only found at T > 363 K, ~25 K above bulk T,.
Similar observations have been made by Schob at al. where in
PMA (Tg = 281 K) no significant translational motions were
detected below 339 K.*° The reason for the offset between T,
and detectable single-molecule motion is the localization accu-
racy of single-molecule experiments as will become clear with the
following estimation. If, within our observation time of 150 s, a
molecule diffuses one pixel (equivalent to 86 nm), its average
diffusion coefficient, as calculated using Einstein’s formula for the
mean square displacement, is approximately 10~ m*s~". Much
smaller diffusion coefficients will be obscured by localization in-
accuracies. Our simulations in which we set the R,-limit value
between immobile and mobile molecules to 0.6 pixel (= SO nm)
show that the diffusion coefficient for which half of the molecules
are defined as mobile is ~Dy, = 3 x 10" m* s~ " (Figure 6)
which is in reasonable agreement with the rough estimation.
Applying this value to the Stokes—Einstein equation and assum-
ing a hydrodynamic radius of 1 nm for the PDI dye used we
obtain a viscosity iy, of ~10* Pa s. This is several orders of
magnitudes below 10'* Pa s, the viscosity which is commonly
associated with T,. The temperature Ty, at which the viscosity
reaches 7;;,, can be estimated using the William —Landel—Ferry
equation. With the standard parameters C; = 17, C, = 50, and
Ty = 342 K the value for T}, was calculated to be 385 K. Even
though this value is ~20 K higher than the temperature for which
we observe a change from no motion to mobility, it qualitatively
rationalizes the offset of translational motion compared to T,
Thus, localization accuracy has to be taken into account when
reasoning with translational diffusion of single molecules in the
vicinity of T,
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4. CONCLUSION

With the development of a setup which allows for single-
molecule microscopy measurements from room temperature to
temperatures beyond 100 °C, we establish the possibility to
investigate single-molecule dynamics in a temperature range of
high practical importance. Thus, single-molecule investigations
of the relevant phase transitions of thermoplastic polymers or
other materials with elevated glass transition or crystallization
temperatures are enabled. We studied the dynamics of single
perylene diimide molecules in thin supported PS films of molec-
ular weight 3000 g/mol above their bulk T, Their motion exhib-
its significant heterogeneities with a fraction of immobile molec-
ules disappearing gradually with increasing temperature. The
amount of immobile molecules also strongly depends on film
thickness. In thinner films, molecules become mobile earlier
and more gradually. This behavior can be qualitatively explained
assuming a surface layer with reduced T in which single molecules
are able to move faster than in bulk. A comparison of random walk
simulations and the results from our measurements however clari-
fies that a quantitative explanation of our observations is only
possible if the concentration of single dye molecules is higher at the

film surface than in bulk.
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