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Single molecule fluorescence microscopy investigations on heterogeneity
of translational diffusion in thin polymer films
Bente M. I. Flier,a Moritz Baier,a Johannes Huber,a Klaus Miillen,b
Stefan Mecking,a Andreas Zumbuscha and Dominik Woll*ac

Translational diffusion of single perylene diimide molecules in 25 nm thin polymer films was
investigated by single molecule widefield fluorescence microscopy. Spatial heterogeneities in single
molecule motion were detected and analyzed by a new, quantitative method which draws a
comparison of log-Gaussian fits of experimentally determined diffusion coefficient-distributions
and diffusion coefficient-distributions from Monte Carlo random walk simulations.
Heterogeneities could be observed close to the glass transition temperature, but disappear at
ca. 1.1 x T". At higher temperatures, heterogeneities do not exist or they average out on the time
and length ~cales of observation. The observed heterogeneities also explain why the dependency
of diffusion coefficients on temperature does not follow Vogel-Fulcher-Tammann behavior.

Introduction
Despite the millennium-long experience of glass production
and processing, neither experimental nor theoretical scientists
have been able to elucidate all facets of the glass transition. [-3
To a significant extent, it has remained a mystery. It has been
stated to be likely the "deepest and most interesting unsolved
problem in solid state theory.,,4 The glass transition is a
ubiquitous phenomenon in many important materials such
as silica glass, amorphous metals, colloids, ceramics, supercooled liquids 5 and polymers. 6 It can even account for the
mechanical properties of animal cells and tissues. 7 When
cooled down fast enough to avoid crystallization, materials
exhibit a phase transition from a disordered liquid to a
metastable disordered glassy state which behaves mechanically
like a solid. The conversion between these states is known as
the glass transition. The respective glass transition temperature
Tg can be defined in several ways, the most common being the
point where a viscosity of 10 12 Pa s is reached. However, the
cooling rate also determines when the glass transition occurs.
Previous investigations have shown that the glass transition is
governed by kinetics rather than thermodynamics, i.e. the
system is frozen before it can reach its thermodynamically
preferred state. s However, it is still poorly understood how
molecular dynamics are related to the glass transition. I
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In glass-forming polymers, different relaxation processes
can be observed. 6 The most prominent of these processes are
the so-called a- and ~-relaxation, two distinguishable processes
which merge above a certain temperature. ~-relaxation refers
to local motions of polymer segments or the ends of polymer
chains and typically shows an Arrhenius type, exponential
temperature dependence. In contrast, a-relaxation describes
correlated motion of entire regions of the polymer. These
correlated motions 9 appear near Tg when, due to the low free
volume within the polymer, the motions of polymer molecules
or polymer fragments are no longer free, but coupled to each
other in so-called cooperatively rearranging regions with
typical sizes of 1-4 nm (see ref. 10 and references therein).
The temperature dependence of the a-relaxation can normally
be expressed using the so-called Vogel-Fulcher-Tammann
(VFT) equation. With decreasing temper~ture, the size of these
cooperative regions becomes larger. One of the main questions
concerning a-relaxation is whether it is of homogeneous or
heterogeneous origin. I I In the case of homogeneous relaxation,
similar diffusion coefficients are expected for different molecules
in the polymer whereas in the heterogeneous case, a distribution
of diffusion coefficients can be assumed. 12.13
Experimentally, diffusion in polymers l4 has been probed
using many different techniques such as pulsed-gradient NMR
which allows for detection of small probes l5- 17 and deuterated
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polymer chains, 18"lorced Rayelg
light scattering,21 fluorescence recovery after photo bleaching
(FRAP),22 fluorescence correlation spectroscopy (FCS) to
determine self-diffusion and cooperative diffusion,17,23 dielectric
spectroscopy,24 Taylor dispersion and phosphorescence
quenching,25 and F6rster resonance energy transfer (FRET)
to investigate polymer interdiffusion. 26
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All these methods average over many molecules and do not
directly elucidate diffusional heterogeneities. However, ways
have been found to analyze these. They are often quantified by
the exponent f3 of a stretched exponential function (also
called Kohlrausch-Williams-Watts function), which in the
homogeneous case is I (single exponential function) and
for heterogeneous systems becomes less than I. Also, a
determination of the distribution of diffusion coefficients in
dynamic light scattering experiments is possible by Tikhonov
regularization. 27 The most direct insight is obtained from the
observation of the motion of single particles, so-called
microrheology,28 which yields the distribution of diffusion
coefficients. To date, experiments of this type had to rely on
particles with radii in the micrometre range which allowed
optical observation. Particles of this size, however, cannot
probe relaxation processes which occur on much smaller length
scales.
Within the last decades, optical microscopy methods have
improved considerably enabling the observation of single
fluorescent molecules. 29- 32 This has opened new possibilities
for the investigation of dynamics in polymers and supercooled
liquids at temperatures around the glass tranSItIOn.
Fluorescence lifetime measurements have been used to determine
the local free volume around single probes. 33 .34 Rotational
motion including spatial and temporal heterogeneities has
been detected using single molecule linear dichroism,34-37
and defocused widefield imaging with free fluorescent probes 38
and probes covalently attached to the end of polymer chains. 39
Schob et al. 35 have compared single molecule translational
motion with rotational motion in order to study the rotationtranslation paradox. 40-43
Here, we report on temperature dependent single
molecule measurements in 25 nm thin polystyrene films.
We present a new approach to detect and analyze spatial
heterogeneities based on a comparison between experiment
and simulation, and show that heterogeneity increases when
approaching the glass transition temperature Tg from high
temperatures.

Experimental methods and analysis
Setup
A 561 nm solid state laser (Co bolt Jive, 75 mW) was used to
excite the dye molecules. The laser power was adjusted with
neutral density filters. To obtain homogeneous illumination,
the laser was coupled into a multi-mode fibre (NA 0.22 ± 0.02,
Optronis) which was shaken to destroy coherence and suppress
interference effects detrimental to homogeneous sample
illumination. The end of the fibre was imaged onto the sample
to a spot of 50 f.lm diameter yielding an intensity of about
1--4 kW cm- 2. The fluorescence was collected using a 63x/O.75 NA
air objective (Leica HI Plan), separated from the laser light
with a dichroic mirror (AHF, z561 660rpc) and a longpass
filter (AHF, RazorEdge LP 568RU), further magnified by two
photo-objectives (Nikkor 28 mm and 86 mm) and imaged onto
an EMCCD camera (Andor iXON). The total magnification
resulted in an image size of 86 nm per pixel of the CCD
camera. Samples were resistively heated using a custom built

device. Temperatures were controlled in a feedback fashion
using an IR thermometer.
Sample preparation
Sample substrates were cleaned using ultrasonication in
isopropanol (spectroscopic grade, Acros organics) and in an
oxygen plasma oven (Plasmacleaner Femto, Diener Electronics).
Polystyrene of molecular weight Mw = 3000 g mol-I
(Polymer Source, Inc.) and a perylene diimide derivative
(N,N'-bis(2,6-diisopropylphenyl)-1 ,6, 7,12-tetra[4-(I, 1,3,3-tetramethylbutyl)phenoxyJ-perylene-3,4:9,10-tetracarboxylic diimide)44
were dissolved in toluene (99 + %, spectroscopic grade, Acros
organics) to obtain a solution of 0.5 wt%. This polymer concentration was chosen in order to produce films of 25 nm
thickness. The solution was spin coated at 2000 rpm.
Subsequently the samples were dried under vacuum for 24 h to
remove any remaining toluene from the films.45 To
investigate differences in single molecule data occurring due to
stresses from spin coating, some samples were heated up to 80°C
under vacuum during evaporation of the solvent for 24 h
(referred to as relaxed samples), while others were cooled down
to -30 CC under vacuum to avoid relaxation (referred to as
non-relaxed samples). The film thickness of the samples was
measured after single molecule measurements by scratching the
polymer film and measuring the depth of the scratch by AFM.
SM tracking
Different ways for single molecule tracking have been
described in the literature. 46-53 Based on some of these methods
we used a home-made procedure which will be described in the
following section. After filtering the images, the positions of
single molecules were determined by calculating the center of
mass of the corresponding spot. For our systems, this gave
similar results and accuracies as 2D-Gaussian fitting of the
same spots, but reduced the calculation times considerably.
Tracking was done by connecting the positions of corresponding
spots with each other from frame to frame. A semi-automatic
algorithm was chosen which, if possible, connected the
positions automatically. Otherwise, user input was required
to find an appropriate spot when none or several signals were
present in the vicinity of the previous position, to continue
with tracking after blinking, or to determine irreversible
photo bleaching. This procedure avoids tracking errors which
we found in fully automatic tracking routines and which can
significantly influence the results. Diffusion coefficients of
single molecules were calculated by a mean square displacement
analysis according to Kues et al. 48 Step length distributions of
all pairs of points were plotted for different lag times from the
CCD-integration time tillt up to 10 x tint. These step length
distributions were fitted by an expression for random diffusion
in two dimensions: 54
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The value 4DtJag can be obtained by fitting this function to the
step length distributions for fixed t. Repeating this for alllag
time intervals tin" 2 X tin" 3 X tint etc. up to 10 X tint results in a
graph of 4DtJag vs. tJag with the slope 4D. The value for D was
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Fig. 2 Average diffusion coefficients of the mobi le fraction a nd
widths taken from Gaussian fit of single molecule distributions of
diffusion coefficients.

Results
Temperature dependent dynamics of single molecules
The dynamics of single perylene diimide (POI) dye molecules
embedded in a 25 nm thin polystyrene fi lm (Mw 3000 g mol - I,
polydispersity 1.07, bulk Tg 342 K) was detected by widefield
fluoresce nce microscopy. Measureme nts were performed at
temperatures ranging from 298 K to 398 K in steps of 5 K.
Connecting the positions of molecules in each movie resulted
in tracks such as shown in F ig. I for three different temperatures.
Mobility of the molecules was determined by ana lysis o f steplength distributions (see Expe rim ental secti o n) in two different
ways: (a) the step lengths of a ll (mobile) molecules were
combi ned a nd a na lyzed toget her o r (b) d iffusion coefficients
of single molecules were determined by step length analysis,
their distributions plotted a nd fitted by log-Gaussian function s
with their maximum defi ned as the average diffusion
coefficien t.
T he average d iffusion coefficients and the sta nda rd
deviation of the Gaussian fits for relaxed and non-relaxed
polymer film s are plotted in F ig. 2. There is no significant
difference in the average D of relaxed and non-relaxed p olymer
films. Both increase co nstantly with increasing temperature in
a non-trivi al dependence on T. Assum ing Stokes- Ei nsteinbe hav io r, the diffusion coefficient D is inversely proportional
to the viscosity Yf which, in a bulk polymer, is expected to
depend o n T according to the Vogel- Fulcher- Tammann law 55
which is expected to be va lid for the temperature ra nge
investigated in our study . Thus, if as expected , the free dye
molecules probe the structural ex-relaxation, D is expected to
obey the relationship
(2)

Fig. t Ty pica l images of single molecules in a non-relaxed , thin
PS3000 film including single molecule tracks with up to 500 steps at
a n integration time of 300 ms for T = 358 K, 378 K and 398 K.

taken as the diffusion coefficient of the single mo lecule under
co nsideration .

with the diffusion coefficient Do in the limit of high T, an
activa ti o n energy eq uiva lent parameter B, the ideal gas
co nstant Ro, and the Vogel temperature To . Such a dependence
ca n, however, not be obtai ned from the data in Fig. 2. An
explanation for this phenomenon is heterogeneity within the
thin polymer fi lm which ca uses differe nt dynamics and thus
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Fig. 3 Contour plot of the di stributions of single molecule diffusion
cocllicicnts for a 25 nm thin, non-re laxed PS3000 film. The standard
deviation of log-Gaussian fits at each temperature is represented as
black lines.

different Vogel- Fulcher- Tammann parameters at different
positions in the film.
The single molecule approach a llows us not only to
determine average values with their standard deviation
(see Fig. 2) but a lso to visua li ze distributions of diA'usion
coefficients as shown in th e contour plot in Fig. 3. Here, it
becomes obvious that the distribution becomes significantly
broader when approaching the bulk T g . We assured that the
broadening of the distribution is not due to the positioning
accuracy using reference measurement of single POI molecules
immobilized in polystyrene far below its Tg . Furthermore, at
T < 370 K , an immobile fraction of molecules appears which
both by analysis via corresponding diffusion coefficients
(D < 10- 16 .5 m 2 S- I) and by eye can clearly be distinguished
from the mobile molecules. Below the bulk Tg , no single
molecule mobility could be observed by the techniques used.
Heterogeneities in single molecule diH'usion coefficients
Heterogeneities can be divided into spatial and temporal
heterogeneities 3 Spatially heterogeneous motion is observed
when molecules in different region s show different velocities
whereas the motion of a single molecule can be dynamically
heterogeneous when, for example due to changes in its
surrounding, it significantly changes velocity over time. Spatial
and temporal heterogeneities in single molecule rotation could
be observed by defocused widefield-imaging. 38 In our
measurements of trans lat ional diffusion , we were ab le to detect
spatial heterogeneities, but the velocity remained constant for
most mo lecules within our observation time. Thus for most
molecules no significant dynamic heterogeneities could be
observed.
In order to analyze the data, we developed a new approach
to investigate spatial heterogeneity in single molecule
translationa l diffusion. It co nsists of a comparison between
the widths of measured and simulated distributions of single
molecule diffusion coefficients. The ex perimental data were
determined by mean square displacement analysis accord ing
to Kues et al. 48 (see Experimental part). Molecules with a

Fig. 4 Distributions of diO'tlsion coenlcients D of a 25 nm thin,
relaxed PS3000 I1lm at three different temperatures. The ex perimental
distributions are fitted with a log-normal distribution (eqn (3» and
compared to simulated data (see text).

track length shorter tha n 30 steps were not included because
simulations showed that reliable diffusion coefficients can only
be obtained for tracks large enough to a llow for appropriate
statistics. Histograms of the logarithm of diffusion coefficients
were fitted by a Gaussian function

Y=

A

~exp
O'v21t

-xd)

((
X2
-

0'

(3)

2

with the standard deviation 0', the mean value Xo and a
norma lization factor A (in our case set to 0.1) accounting
for the binning width in log D. The widths O'mcasurcd of these
distributions, however, are not yet an appropriate measure for
heterogeneity in the system. As pointed out by Saxton,56
distributions become broader for smaller track lengths. Thus,
even molecules diffusing with the same D will result in rather
broad distributions after analysis, due to the finite track
lengths. I n order to take this effect into account, we performed
Monte Carlo random walk simulations of trajectories with the
average D and the step length distribution taken from the
corresponding measurement. The obtained log D-distributions
were analyzed with the same method as the experimental
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Fig. 5 Heterogeneity of diffusion coefficients in relaxed and nonrelaxed PS3000 I1lm s at diOe rent temperature including guides to the
eyes.

distributions using eqn (3). This procedure resulted in
distributions with a width O',il11ulated which contains the
contribution of the log D-distribution assuming random walk
behavior and the broadening due to the finite trajectory
length. A comparison between these data and the experimentally determined log D-distributions then gives direct
insight into the heterogeneities of the sample.
Fig. 4 shows three examples of distributions with different
D-range(averageD = 1.64 x 1O- 16 m2 s- I ,8.51 x 1O- 16 m2 s- 1
and 8.49 x 10- 15 m 2 S--I) and different widths. Gaussian fits of
the log D-distributions are shown for the experimental (solid
lines) and simulated data (dashed lines). The corresponding
widths of these Gaussian fits are O'l11casured and O'simulatcd,
respectively. The ratio h = O'simulatcd/O'l11easurcd is close to I
for homogeneous systems, where molecules diffuse with
similar D. If D for single molecules are distributed, the width
of the measured distribution becomes broader and thus the
ratio h decreases. Thus, small h-values characterize heterogeneous systems. A plot of these h-values versus temperature
for the relaxed and non-relaxed films is shown in Fig. 5.

Discussion
Our results show that significant heterogeneities of the motion
of probes in thin polymer films appear when approaching
Tg from high temperatures. With some exceptions, heterogeneities could only be observed in the diffusion between
molecules (spatial heterogeneities), but not within the diffusion
of single molecules (dynamic heterogeneities). This means that
significant dynamic heterogeneities either do not exist or they
are too slow or too fast to be detected by our translation
measurement. Significant spatial heterogeneities could be
observed between 340 K and 380 K, i.e. between bulk Tg
and 1.1 x Tg , in the 25 nm thin film (see Fig. 5). Above 380 K,
translational motion was homogeneous. This is in agreement
with observations by Schob et al., who found no heterogeneities in the translational motion of single rhodamine
6G molecules above 1.2 x Tg in an 80 nm thick PMA
(40 kg mol-I) film.35 At higher temperatures, heterogeneities
do not exist or they average out on our time- and length scales
of observation.
The observed heterogeneities also explain why the dependency
of diffusion coefficients on temperature does not show VogelFuicher-Tammann (VFT) behavior as it would be expected in
a bulk polymer. 19 The VFT parameters for molecules in
different surroundings are variable and thus the observed
change of average diffusion coefficient with temperature is
less steep.
In order to elucidate effects on sample preparation which
affect translational diffusion, we compared translational
motion in non-relaxed and relaxed samples. No significant
differences can be observed for the average values of D in
Fig. 2. However, the transition from heterogeneous to
homogeneous motion, expressed by a change in the corresponding h-values as shown in Fig. 5, occurs earlier and more
rapidly in the relaxed films. We assume that in the non-relaxed
films the stress starts to release gradually and thus heterogeneities take longer to disappear compared to the film already
relaxed before. In the relaxed films most stress has already

been released by heating to 80 QC for 24 h before the
measurements. In addition, the heterogeneity data of the
relaxed films scatter significantly less compared to the ones
in the non-relaxed films. This shows that the pre-heating step
makes the films more uniform than they would be directly
after spin-coating.

Conclusions
With this paper we demonstrated the power of single molecule
microscopy to investigate dynamics within thin polymer films.
We measured and analysed the temperature-dependent
translational diffusion of single dye molecules in 25 nm thin
polystyrene films. The single molecule approach allowed us to
observe changes in heterogeneity when approaching Tg
which were further analyzed using a new approach for the
quantification of spatial heterogeneities. This approach is
based on a comparison oflog-Gaussian fits of our experimentally
determined diffusion coefficient-distributions and diffusion
coefficient-distributions from Monte Carlo random walk
simulations with the same step length distributions.
Heterogeneities could be observed close to the glass
transition temperature, but they disappear at temperatures
above ca. 1.1 x Tg • This is consistent with observations
of Schob et al}5 who did not observe heterogeneities in
translational motion above 1.2 x T g . The heterogeneities in
the sample explain why the dependency of diffusion coefficients
on temperature does not show Vogel-Fuicher-Tammann
behavior.
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