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Relaxation in Thin Polymer Films Mapped across the Film Thickness
by Astigmatic Single-Molecule Imaging
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ABSTRACT: We have studied relaxation processes in thin supported films
of poly(methyl acrylate) at the temperature corresponding to 13 K above the
glass transition by monitoring the reorientation of single perylenediimide
molecules doped into the films. The axial position of the dye molecules
across the thickness of the film was determined with a resolution of 12 nm
by analyzing astigmatic fluorescence images. The average relaxation times of
the rotating molecules do not depend on the overall thickness of the film
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between 20 and 110 nm. The relaxation times also do not show any

dependence on the axial position within the films for the film thickness between 70 and 110 nm. In addition to the rotating
molecules we observed a fraction of spatially diffusing molecules and completely immobile molecules. These molecules indicate
the presence of thin (<5 nm) high-mobility surface layer and low-mobility layer at the interface with the substrate.

Polymers show different physical properties when their
physical dimensions are reduced from bulk to the
nanoscale level. Such changes are of interest both from the
point of basic polymer physics and from the point of
technological applications. One of the parameters that changes
upon downscaling is the glass transition temperature (T,) and
the related polymer relaxation processes. Interest in this
phenomenon has been spurred by the observation by
ellipsometry that T, in thin supported film of polystyrene
(PS) decreases together with decreasing film thickness." Other
experiments by different groups confirmed deviation from bulk
T, in supported and free-standing polymer thin films. >¢ The
trend in the T, can be both decreasing as a result of the
prevailing effect of free surface or increasing if the interaction
on the interface with the substrate is dominant. The effect of
the free surface has been described in terms of a liquid-like layer
in which the polymer chains have higher mobility compared to
the film interior and the thickness of which increases with
increasing temperature.””® Detailed studies on the T, profile in
supported and free-standing PS and other films showed that
there is a gradient of the enhanced mobility extending from the
surface into the film and that the length scale of the surface
effect is on the order of tens of nanometers.””'' The
continuous change from the fast relaxation at the surface into
the bulk-like dynamics within the ﬁlm has been also reproduced
by molecular dynamics simulations.'” On the other hand, there
are studies that do not support the above picture. A much
thinner (<7 nm) high mobility layer at T, in free-standing PS
films has been found independent of the total film thickness."
Other methods did not find evidence of T, deviation larger
than 3 K in a wide range of the film thlckness 1S

One of the main difficulties in studying the effect of the
surface in thin polymer films is that most of the methods probe
the film as a whole without quantifying and controlling the
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studied position with respect to the surface. Even methods that
do have some extent of resolution along the film thickness
either probe only the topmost layer (<3 nm) such as the
scanning force microscopic techniques,' or their resolution is
limited by the minimum thickness of a labeled intermediate
layers in multilayer composite films.”~"" A method that has in
the past 20 years attracted attention because of its ability to
remove spatial and temporal averaging is single molecule
spectroscopy (SMS). As such, SMS is an ideal tool for the study
of highly heterogeneous systems such as glasses, amorphous
polymers, and other types of soft matter.'” ' Examples from
the fields of synthetic polymers include the diffusion of labeled
polymers®® or small molecular probes* in an unlabeled
polymer matrix, studies of glass and polymer relaxation
processes near T, by monitoring molecular probe reorienta-
tion,”* > or the study of polymer segmental motion by
detecting changes in a single probe molecule fluorescence
lifetime.”" These studies have confirmed the existence of
dynamic heterogeneities in relaxation of glass forming solids
and indicated lateral spatial heterogeneities on scales of the
order of optical resolution.

In this study, we employ a recently demonstrated SMS
technique® that uses controlled astigmatism in the detection
path of single-molecule fluorescence to determine axial position
of the probe molecule along the thickness of polymer film.
Compared to the diffraction-limited focal depth of conventional
fluorescence microscopy which is on the order of hundreds of
nanometers, astigmatic imaging provides axial resolution
beyond the diffraction limit*® and has been successfully used,
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for example, to image specific proteins inside live bacterial
cells.** In our experiments, the astigmatism is combined with
polarization detection which enables to monitor rotational
motion of the probe molecules via the measurement of
fluorescence linear dichroism. We use the technique to study
position-dependent relaxation dynamics in supported films of
poly(methyl acrylate) with thickness ranging from 20 to 110
nm.

Samples were prepared by spin-coating toluene solution of
poly(methyl acrylate) (PMA, Aldrich, M,, = 40 000 g/mol, T, =
281 K) on cleaned coverslips to achieve film thicknesses of 20,
70, and 110 nm. The polymer solution has been doped with the
dye N,N,-dioctyl-3,4,9,10-perylenedicarboximide (PDI, Al-
drich) at the concentration of 1 X 107! M to 1 X 107> M.
The films were dried in a vacuum oven for 3 h and used
immediately for experiments.

The scheme of the experimental setup which is based on an
inverted fluorescence microscope (Olympus IX71) is shown in
Figure la. The fluorescence is excited by a circularly polarized
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Figure 1. (a) Scheme of the experimental setup; (b) typical single-
molecule astigmatic images taken in the two orthogonal polarization

detection channels; (c) histogram of the z-position determined by
averaging 10 consecutive positions for each molecule.

488 nm laser line of an Ar—Kr ion laser and collected using an
oil-immersion lens (Olympus UPlanFLN100X02, 100X, NA =
1.3). The astigmatism is introduced in the detection path by
inserting a cylindrical lens (focal length S00 mm) in an image
splitter (Optosplit II, Cairn Research) placed at the side port of
the microscope. The image is split by wire-grid polarizing
beamsplitter into two orthogonal polarization paths which are
reimaged onto an electron multiplication charge-coupled device
(CCD) camera (Andor, iXon+).

In typical experiments 2500 consecutive CCD camera images
are recorded with an integration time of 200 ms per frame. An
example of the two orthogonal polarization images taken with
the cylindrical lens are shown in Figure 1b. The astigmatic
images were analyzed by fitting with asymmetric two-
dimensional Gaussian functions. The fitting provides a ratio
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of the two dimensions of the elongated image of a single PDI
molecule. The position of a particular molecule along the z-axis
(perpendicular to the sample plane) is obtained by comparing
this ratio value with a calibration curve. Details of the
experimental procedure can be found in the Supporting
Information. The position accuracy along the z-axis was
evaluated by plotting a histogram of z-positions of a large
ensemble of molecules, each taken as an average position
obtained from 10 consecutive images. The histogram (shown in
Figure 1c) is well fit with a Gaussian distribution with a
standard deviation of 12.2 nm which can be taken as a measure
of the z-axis resolution.

A majority of the PDI molecules studied showed dynamic
behavior due to reorientation (rotation) in the polymer matrix.
The reorientation is analyzed by plotting fluorescence intensity
time traces for both orthogonal polarizations I,(t) and I|(t) for
each molecule. An example of such traces is shown in Figure 2a.
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Figure 2. (a) Typical fluorescence intensity time traces of a single
molecule; black, s-polarization; blue, p-polarization; (b) example of a
linear dichroism autocorrelation function (black symbols) fitted with
the KWW stretched exponential (red); (c) Histograms of the average
relaxation times 7. obtained for the (from top to bottom) 20 nm, 70
and 110 nm films.

As expected, the two intensity traces are anticorrelated except
for periods of fluorescence blinking. The traces of each
molecule were further used to calculate the fluorescence linear
dichroism A(t) as

_ L) - 1)
L(t) + I(t) (1)

and the linear dichroism autocorrelation function C(7) = (A(t)
A(t + 7))/{A(t)A(t)), an example of which is presented in
Figure 2b. The autocorrelation function was then fit with the
Kohlrausch—Williams—Watt (KWW) stretched exponential

C(z) = €, exp(~1/3)"

A(t)

@)

in which C, is a coeflicient, 7, is the relaxation time, and the
parameter S is related to the inhomogeneity of the relaxation
process. The fitting parameters 7, and f obtained for each
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molecule were used to calculate the average relaxation time 7,
as

5ty
B AP

where I is a gamma function.

The average relaxation times 7, obtained in the PMA films of
different thickness are summarized in histograms in Figure 2c.
The obtained values of the f coeflicients show distributions
with peaks between 0.6 and 0.8. The distributions are presented
in the Supporting Information. Independent of the thickness
the three films show very similar distributions of the relaxation
times, with mean values (calculated as means of the
distributions) of 1.41 s for the 20 nm film, 1.28 s for the 70
nm film, and 1.12 s for the 110 nm film. The slightly larger
mean value of the 20 nm film is due to the presence of the long
tail of the distribution toward longer relaxation times. Overall,
however, the mean times are in very good agreement with those
reported for other PMA films.***®

The relaxation times 7. are shown as a function of the z-
position of the molecules within the film in the Figure 3a. Since
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Figure 3. (a) Average relaxation times 7, plotted as a function of the z-
position of the molecule within the film for the 70 nm film (top) and
the 110 nm film (bottom); (b) schematic proposal of the structure of
the supported thin PMA film.

the z-resolution is comparable to the thickness of the 20 nm
film, only data for the 70 and 110 nm films are plotted in the
figure. The color shaded areas represent the position of the
substrate and air, respectively. The reliability of the z-position
determination is supported by the fact that only 9% of the total
of 112 molecules in the 70 nm film and 5% of the 145
molecules in the 110 nm film are found outside of the film z-
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position range (i.e,, either in the substrate or in the air). The
fact that some of the molecules are displaced by a large amount
from the area of the film is a consequence of the normal
distribution of the z-position determination as shown in Figure
Ic. It is apparent from the Figure 3a that there is no obvious
trend in the values of the relaxation time along the thickness of
the sample and the times are evenly distributed across the film.

As mentioned above, reorienting (rotating) PDI molecules
represent the majority of the observed single molecules.
However, apart from these there is also a fraction of molecules
in each film which show changes of position with time. An
example of such spatially diffusing molecule is shown in Figure
4. The fraction of the diffusing molecules depends on the film
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Figure 4. Spatial positions of a diffusing molecule at different detection
times and the total diffusion trace (yellow line).

thickness and decreases from 0.17 for the 20 nm film to 0.02 for
the 110 nm film. The fact that the molecules are diffusing does
not allow reliable determination of their z-position. We may,
however, assume that these molecules are located in the surface
layer with higher chain mobility. Further, assuming that all PDI
molecules are dispersed homogeneously in the film, we can
estimate the thickness of the surface layer between 2 and 4 nm.
Given the large error it is more meaningful to estimate the
surface layer thickness at <5 nm, independent of the film
thickness. It has been shown before that the onset of translation
motion for single molecules in PMA films is approximately at
1.2T,** This result allows us to estimate that the high-mobility
surface layer finds itself at an effective temperature of T, + SO
K

Apart from the rotating and diffusing molecules we also
observed a very small fraction of molecules that do not exhibit
any dynamic behavior within the time interval of the
measurement. In these molecules the specific emission pattern
of a single dipole emitter is not averaged as in the case of
rotating molecules, and this pattern introduces further
inaccuracy in determining its z-position. The only information
that we were able to obtain from the position determination of
these immobile molecules is that they tend to be located more
toward the interface with the substrate. In analogy with the
surface layer, we may assume the existence of an interface layer
characterized by lower mobility, the thickness of which would
be <5 nm. The assumption of the lower mobility layer is
supported by the fact that in the 20 nm film we have found
(next to the immobile molecules) also the relatively largest
fraction of molecules with longer relaxation times, as seen in
the long tail of the distribution in Figure 2c.

To summarize the experimental observations, we measured
relaxation times of single PDI molecules in thin PMA films at a
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temperature corresponding to T, + 13 K. It has been shown
before that the reorientation dynamics of a single dye molecule
doped into a polymer film directly reflects the polymer
relaxation process™ even though it does not provide the
same relaxation time values.”” This is in agreement with results
from ensemble methods which established long ago that dye
reorientation in polymer melts or glasses provides information
about the segmental motion of the polymer.>>™>’ Here we
found that in thin PMA films the relaxation time does not
depend on the film thickness between 20 and 110 nm. In each
film there is a high mobility layer at the surface with a thickness
of less than 5 nm which is independent of the total film
thickness. There is also possibly an immobile layer of less than
S nm at the interface with the substrate. The relaxation times
within the films do not depend on the position across the film
thickness, and we observed no gradient in the relaxation
process going from the surface to the substrate. These results
which are schematically shown in Figure 3b should be viewed
in the context of reports on thickness-dependent relaxation
processes. It has been found for supported PS’ and poly-
(methyl methacrylate) (PMMA) ' films that the glass transition
or the related relaxation processes change gradually from the
surface (or substrate) into the film interior and that this gradual
change can span lengths of tens of nanometers. Gradients in T,
on similar scales have been found also for free-standing PS
films."" The results of a recent single-molecule diffusion study
in supported PS films well above the T, were also interpreted in
terms of a gradient in glass transition across the film.>' In
comparison, our results on supported PMA films indicate a very
thin surface (and possibly interface) layers with an abrupt
change of dynamics between these layers and the bulk of the
thin film. Mapping of local dynamics across thin films by
monitoring reorientation and spatial diffusion of single dye
molecules is a potentially direct and powerful tool to study
polymer relaxation processes. Further experiments on temper-
ature dependence of the relaxation which would include
localization of molecules that started reorientation motion at
particular temperature will help to obtain more information on
the surface and interface regions and explain some of the above
controversies.
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Experimental procedure for determining the axial z-position by
astigmatic imaging of single molecules; histograms of
coefficients . This material is available free of charge via the
Internet at http://pubs.acs.org.
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