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Abstract

Defocused wide-field fluorescence microscopy was used to follow the 3D molecular rotational diffusion of a fluorescent probe molecule in a

polymer thin film. The technique allows for visualizing the molecular reorientation both in-plane and out-of-plane. The local environmental

change driven by heterogeneous dynamics of the polymer can be probed on a scale of 1 mm as demonstrated by parallel imaging of several

molecules. A multi-component rotational diffusion decay is observed which might reflect both different relaxation regimes of the polymer as well

as rapid changes of the local environment.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Over the last 15 years, single molecule spectroscopy (SMS)

has been established as a new tool in the ever expanding range

of spectroscopic methods. SMS is especially useful to study

inhomogeneous systems [1–7]. Biological systems are by their

nature highly heterogeneous and as such perfect targets for

SMS. From this it is clear that, next to biological samples,

polymers form a study object of SMS as polymers are very

often heterogeneous in their behavior [5–7]. Many theories that

describe polymer properties are based on a microscopic picture

[8,9] that now can be evaluated experimentally by applying

single molecule techniques. A variety of polymers and several

SM techniques have been exploited for these studies [10–19].

Some groups focused their attention on unraveling the complex

photophysics of conjugated polymers and tried to establish a

relationship between single polymer chain conformation,

interaction with the surrounding inert matrix and the observed
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photophysics [10–13]. Other groups devoted effort in testing

and validating, on a microscopic level, the theories developed

to describe the physical properties of polymers. Especially the

behavior close to the glass transition temperature of the

polymer under consideration has drawn a lot of attention. In

order to validate theories describing this transition, probe

molecules are embedded in the polymer. One approach consists

of measuring changes in the radiative lifetime of a single

molecule below or close to the glass transition temperature

[14,15]. According to the free volume theory, the free volume

that can be thought of as sub-nanometer holes caused by

structural disorder in the polymer, fluctuates around the probe

molecule both in time and in space. This in turn causes changes

in the local density around the probe molecule and subsequent

changes in the radiative lifetime. Alternatively, segmental

relaxation above Tg can be probed by the rotational motion, of a

probe molecule, induced by the relaxation process [16–19].

The rotation of single molecules is typically followed by

measuring the degree and orientation of linear polarization of

fluorescence, resulting from the projection of the emission

dipole orientation on a two-dimensional plane. This usually

leads to a loss of the out-of-plane information of the molecule

under investigation.

However, several detection schemes were developed

for measuring the 3D orientation of single molecules via
Polymer 47 (2006) 2511–2518
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the orientation of their transition dipole moment [20–30].

Scanning near field optical microscopy [21,22] as well as

confocal microscopy, eventually modified by using annular

beams [23,24], have been used for this goal. Also, fluorescence

wide-field microscopy has been applied to get information

about the angular distribution of single molecule’s fluorescence

emission (and hence 3D orientation) by defined image

defocusing [25,26,29] or by introducing aberrations [27]. The

latter approach was used by Dickson and co-workers in their

study of polymer (poly(methyl methacrylate)) below Tg. Here

we use defocused wide-field imaging in combination with an

extremely robust perylendiimide dye (Fig. 1) to study

rotational motion of the dye in a polymer with a Tg close

to room temperature. Defocused imaging offers several

advantages: it allows for highly parallel data collection by

looking at many molecules in the field of view and it gives

exact information on the 3D orientation as mentioned before

[25,26]. Furthermore the photostability of the dye used allows

imaging for an extended period of time (more than 30 min). In

this way, spatial and temporal inhomogeneities of the

rotational movement of the dyes could be demonstrated. The

high quality of the images allows for a decomposition of the

movement in the x–y plane and the z-plane. We could

demonstrate both static and temporal heterogeneity in polymer

relaxation, in good agreement with previous literature reports.

Furthermore, the full 3D rotational diffusion can be analyzed

using a model for an isotropic rotor. The detailed analysis
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Fig. 1. (a) The chemical structure of compound 1. (b) 3D representation of 1

from different view points; along the vertical axis of the plane of the

perylenediimide core (left) and along the long axis of the perylenediimide

core (right).
suggests the existence of different relaxation regimes for the

polymer used.

2. Experimental

2.1. Defocused imaging and analysis

Defocused imaging of a single molecule was performed

using a wide-field fluorescent microscope consisting of an

inverted optical microscope (IX71, Olympus) equipped with

1.3-N.A., 100! oil immersion objective (Plan Fluorite,

Olympus) and a highly sensitive cooled CCD camera with

512!512 pixels (cascade 512B, Princeton Instruments Inc.)

with a pixel size of 16!16 mm2. For excitation, the 532 nm

light from a diode-pumped solid state laser (CDPS532M-50,

JDS Uniphase Co.) was used. The wide-field illumination for

excitation was achieved by focusing the expanded and

collimated laser beam onto the back-focal plane of the

objective (Köhler illumination mode). The polarization of

excitation light in the sample plane was carefully tuned to be

circular using zero-order l/4 and l/2 waveplates in order

to compensate for polarization shift of the dichroic mirror.

The power density in the plane was usually adjusted to

1–10 kW/cm2. Emission is collected by the same objective and

imaged by the CCD after passing through a dichroic mirror

(z532rdc, Chroma Technology Co.) and an additional spectral

filter (HQ542LP, Chroma Technology Co.) removing the

excitation light. The image was further magnified 3.3 times

with a camera lens before the CCD camera, resulting in a

maximum field of view of 24.6!24.6 mm2 (48!48 nm2 per

pixel). The imaging was performed under N2 atmosphere to

reduce the effect of photobleaching. All measurements were

done at 295G2 K.

By taking defocused images, the angular distribution of the

emitted fluorescence of a single molecule is mapped as a spatial

distribution of intensity, which reflects 3D molecular orientation

[25,26]. To obtain the images, the sample was positioned by

w1 mm toward the microscope objective from the focus using

a piezoelectric transducer (PI5173Cl, Physik Instrumente).

Integration times per frame vary between 200 ms and 1 s,

depending on the excitation power used. The obtained defocused

images were analyzed using a routine written in MatLab

software, in order to determine molecular orientation in each

image frame. The images were first analyzed using a pattern

matching routine to determine roughly the molecular orientation

in each image frame [25,26], and then fitted precisely by a non-

linear least-square algorithm, which determines the molecular

dipole orientation and its position coordinate with an accuracy

limited by the finite signal-to-noise ratio of experimentally

measured images. The images were filtered for high-frequent

noise by a low-pass filter to improve accuracy of the fitting.

2.2. Sample preparation

Thin polymer films (thickness of 50–100 nm) were prepared

on cleaned glass cover slips by spincoating from 0.5 to 1.0 wt%

solution of poly(methyl acrylate) (PMA, bulk Tgw281 K,
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MnZ11,340 g/mol, Mw/MnZ3.65, purchased from Aldrich

and used without further purifications) containing 1–10 nM of

a perylene diimide substituted with polyphenylene groups in

the bay positions (compound 1,MwZ2601.25, see the structure

in Fig. 1) in toluene. The number-average molecular weight

(Mw) and polydispersity index (Mw/Mn) was estimated using

size exclusion chromatography (SCL-10Avp, Shimazu Co.).

The films were put in vacuum at room temperature for more

than 2 h in order to remove residual solvent. All samples were

kept in vacuum before the experiment and measured within

1 day after preparation. Note that the glass transition

temperature of a thin film can be lower than the glass transition

temperature measured in bulk [31].

3. Results and discussion

Fig. 2 shows a typical defocused image of 1 embedded in a

thin PMA film at an excitation power of 1 kW/cm2 with 1 s

integration. Although various emission patterns are observed,

the majority of spots show a clear two-lobe pattern. As can be

seen in the picture, 25% of the molecules show a substantial

out-of-plane contribution (molecules indicated by the dashed

white circles). The fluorescence intensity varies from molecule

to molecule. Especially molecules oriented out-of-plane are not

excited efficiently [28] and, therefore, show lower emission

intensity. The center position of the defocused pattern

corresponds to the spatial coordinate of the corresponding

single molecule, and can be determined by the image analysis.

No translational mobility could be observed. The center part of

the defocused pattern (the bright two-lobe) is imaged with

22!22 pixels so that the pattern of a single molecule occupies

an area of about 1!1 mm2 on the image. Thus, molecules

separated by this distance can be analyzed by our analytical

method. For precise analysis of the out-of-plane orientation,
Fig. 2. A typical defocused image of 1 embedded in a 50 nm film of PMA with

1 mm defocusing toward the sample. The white dashed circles indicate

molecules, which are substantially oriented out-of-plane. The white square are

the molecules discussed in Figs. 5–7.
the ideal separation between molecules is 1.5 mm, because the

outer rim of the pattern is very helpful for the analysis

(see below).

Fig. 3 shows examples of calculated emission patterns for

different out-of-plane orientations (q) of the transition dipole

moment of a single molecule (defocusing depth 1 mm, for

details on the calculations see [25,26]). The in-plane

orientation of the transition dipole moment was kept constant

during the calculation. In order to demonstrate the changes in

calculated patterns for different out-of-plane orientations, the

patterns are calculated for changes in q of 108. Clearly the

bilaterally symmetric two-lobe pattern at 908 (completely in-

plane orientation) changes into asymmetric ringed pattern as

the out-of-plane angle (q) decreases. At 08 (complete out-of-

plane), the pattern has a symmetric circular ring shape. The size

of the inner lobe part and the symmetry of the outer rim are

crucial in addition to the shape for the analysis. The size of lobe

is very sensitive to the out-of-plane angle. The symmetry of the

rim is often helpful to determine the in-plane angle, especially

for images with a low signal-to-noise ratio. Note that it

becomes progressively harder to distinguish patterns with an

out-of-plane angle of less than 508.

The sequence shown in Fig. 4(a) consists of snapshots of

an individual molecule showing rotational diffusion in a

PMA film as function of time. An image is shown every

1.4 s (with 1 s integration and 0.4 s interval time). The

sequence A represents experimental data, the sequence B
Fig. 3. Calculated defocused patterns of a single molecule for 10 different out-

of-plane orientations. These values of q are the same as those used in

pre-analysis using the pattern-matching.



Fig. 4. (a) Snapshots of experimentally observed emission patterns (sequence A) and corresponding computed patterns (sequence B) as a function of time. Transition

dipole orientation trajectories and their first time derivatives are shown for the in-plane (b) and out-of-plane component (c), respectively.
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shows the corresponding calculated patterns. By fitting each

emission pattern as function of time, transition dipole

orientation trajectories are obtained (Fig. 4(b)). The first

derivative of such trajectory clearly shows that the

rotational diffusion is not unidirectional but random instead.

This is to be expected since the dynamics of the probe

molecule are driven by polymer segmental motions and

hence result from relaxations of the polymer chains, which

should be random.

Fig. 5(a) shows three molecules that are relatively close to

each other in space. Fig. 5(b)–(d) shows the projection maps

for molecules 1–3 shown in Fig. 5(a), respectively. The

defocused images were obtained with 1 s integration and 0.4 s

interval time. Two different types of behavior can be observed

in the maps. Molecule 2 (Fig. 5(c)) exhibits fast rotations with

no preference for any orientation. On the other hand,

molecules 1 and 3 are temporarily locked in one orientation

and occasionally jumps to a completely different orientation

occur. For example, molecule 1 is first oriented in the region

indicated by the black line but undergoes a jump in

orientation, indicated by the red line, after 970 s. Molecule

3 shows an even more complex behavior: though it is locked

in three different orientations for 1760 s, it starts rotating in

rather wide range of angles afterwards. From that point on,

completely different rotational dynamics are observed. This

clearly reflects temporal heterogeneity of polymer relaxations.

Most interestingly, molecule 3 passes through the initial

region on the projection map, observed between 0 and 190 s

and indicated in black, when jumping from the green region

into the red region after 890 s. These results clearly indicate

temporal heterogeneity and may point to a memory effect in

polymer relaxation at the dimension of the probe molecule,

meaning approximately 3 nm.
A more quantitative evaluation of the phenomena seen in

the projection maps can be obtained by constructing time

trajectories of the dipole orientation and analyzing the

observed fluctuations by correlation functions. Fig. 6 shows

the time trajectories of the dipole orientation and their first

derivatives for the three molecules in Fig. 5(a). Several

important observations can be made for these molecules. First,

the analysis of the rotational movement of these molecules

clearly indicates spatial heterogeneity on a micrometer scale

(Fig. 5(a) and video 1 in Supporting information). Secondly,

molecule 1 (Fig. 6(a)) shows no large changes in rotation rate

during the observation time of 2500 s. The behavior of

molecule 2 (Fig. 6(b)) is in striking contrast with the behavior

of molecule 1. Clear changes in the rotational rate can be

observed, both for the in- and the out-of-plane part of the

rotation. This difference between these molecules is also

reflected in the correlation function of the rotational movement

(vide infra). Molecule 3 (Fig. 6(c)) shows a wide variety of

behaviors. Changes of the rotation rate for both in- and out-of-

plane rotation components occur after 1800 s. These changes

correspond to the wide angular distribution observed in the

projection map in Fig. 5 after 1800 s, indicated in blue. Note

that for the kind of polymer matrix used, temporal heterogen-

eity is expected on a time scale of about 500 s at room

temperature [18].

In order to evaluate our experimental technique and in order

to compare the results obtained with data reported earlier in

literature, we first estimate the in-plane component of the

rotational diffusion using a similar analysis as reported in [18].

The autocorrelation function was calculated using

CðtÞZ
hAðt 0ÞAðt 0 C tÞi

hAðt 0ÞAðt 0Þi
(1)



Fig. 5. Spatial and temporal heterogeneity of dynamics at 295 K. (a) A zoom of

the three molecules indicated by the white square in Fig. 2. Molecules are

separated byw1.5 mm. (b)–(d) Projection maps for molecule 1–3, respectively.

The red lines indicate the x–y image plane and blue line is the optical (z) axis:

0–960 s (black) and 960–2380 s (red) in (b), 0–190 s (black), 190–895 s

(green), 895–1763 s (red), and 1763–2940 (blue) in (d).
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where AðtÞZcosð2fðtÞÞ. The decay of C(t) is then fitted with

Kohlrausch–Williams–Watt (KWW) stretched exponential

function:

CðtÞZ
X
i

exp K
t

ti KWW

� �bi KWW

$ %
(2)

The averaged time scale of rotational diffusion (tc) is

estimated by tcZ
ÐN
0

CðtÞdt. The correlation functions and the

fitting results of the three molecules in Fig. 5(a) are illustrated

in Fig. 7. The individual molecules show significantly different

behavior. The correlation function of molecule 1 and 3 can be

fitted with a stretched exponential decay with a bKWW close to

one. The tc was estimated to be 164 and 230 s for molecule 1

and 3, respectively. These values are more than twice slower

than the correlation times of rhodamine 6G and rubrene

embedded in PMA in the earlier reports [18,32]. This is not

surprising since it is known that rotation of large probes is more

hindered and can deviate from the collective relaxation of

surrounding matrix, resulting in high-bKWW value and large

tKWW [32]. On the other hand, molecule 2 shows a much faster

average decay of tcZ47 s actually consisting of two

components, yielding t1 KBBZ4.2 s (b1 KBBZ1.0) and

t2 KBBZ44 s (b2 KBBZ0.7). This smaller value of t2 KBB can

be related to spatially heterogeneous dynamics present in

polymers, especially in the very poly-disperse PMA matrix

used. However, interfacial effects at the air/polymer or

polymer/glass interfaces where the probe molecule might

exhibit different dynamics cannot be excluded. The t1 KBB

might represent a shorter second relaxation regime of the

polymer. Note that the mismatch between the correlation

function and the exponential at the initial part of molecule 1

might also indicate the presence of this faster polymer

relaxation regime. However, it was recently argued that for

the approach described above, e.g. analyzing a 3D rotation by

only considering the in-plane contribution by calculating the

linear dichroism, even an isotropic rotational diffusion can lead

to non-exponential correlation functions [33]. If so, the

obtained stretched exponential behavior of the correlation

functions might be the result of a complex mixture of an

analysis artifact and polymer dynamics. Indeed, assume one is

interested in the probability that the dipole orientation, within

time t, changes its polar angle from q0 to q1, and its in-plane

angle by f, as shown in the Fig. 8.

For an isotropic rotator, the associated probability distri-

bution is given by:

Pðq;f; tjq0ÞZ
XN
nZ0

Xn
mZKn

2nC1

4p

ðnKjmjÞ!

ðnC jmjÞ!

Pm
n ðcos qÞP

m
n ðcos q0Þexp½imfKnðnC1ÞDrott�

(3)

where Pm
n are associated Legendre polynomials. Drot is the

rotational diffusion constant. Knowing this distribution, one



Fig. 6. Transition dipole orientation trajectories in-plane and out-of-plane and their time derivatives for molecule 1 (a) and (d), 2 (b) and (e), and 3 (c) and (f).

Fig. 7. Correlation function of the in-plane transition dipole orientation of

molecule 1 (a) (tcZ164 s, tKBBZ160 s, bKBBZ0.95), 2 (b) (tcZ47 s,

t1 KBBZ4.2 s, b1 KBBZ1.0 and t2 KBBZ49 s, b2 KBBZ0.65), and 3 (c) (tcZ
231 s, tKBBZ169 s, bKBBZ0.65).
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can compute the average of the cos 2f as

hcos 2fiZ

ðp
0

dq sin q

ðp
0

dq0 sin q0

ð2p
0

dfPðq;f; tjq0Þcos 2f

Z

ðp
0

dq sin q

ðp
0

dq0sin q0

XN
nZ2

2nC1

2

ðnK2Þ!

ðnC2Þ!

!P2
nðcos qÞP

2
nðcos q0Þexp½KnðnC1ÞDrott�

Z 8
XN
nZ1

ð4nC1Þ
ð2nK2Þ!

ð2nC2Þ!
exp½K2nð2nC1ÞDrott�

(4)

which is a complicated infinite series of exponential decays. As

stated above, it is difficult to interpret the physical meaning.

A very recent report claims, however, that the above

mentioned effect is minimal when one uses high NA objective

lenses [34]. The authors state that to best compare to ensemble

measurements of reorientation dynamics it would be ideal to

measure the full three-dimensional orientation of the molecule.

They also mention that single molecule techniques able of

measuring the 3D orientation require many photons to

determine the orientation and thus limit the length of

trajectories and impair useful correlation analysis. Here, we

demonstrate measurements of long trajectories of the full 3D

orientation with high signal-to-noise ratio that allow corre-

lation analysis.

The 3D rotational diffusion equation for an isotropic

rotational diffusion with diffusion constant Drot on the other

hand is simply is given by

vhðJ; tÞ

vt
ZDrot

1

sin J

v

vJ
sin J

vhðJ; tÞ

vJ
(5)

where h(J, t) is the orientation distribution function. J is

angular change as defined byJZarccosðnt$ntCdtÞ, where nt is

the unit orientation vector of the molecular dipole moments at
time t. The average of hcosðJÞi over J as function of time,

hcosðJÞiZ

ðp
0

dðJÞsinðJÞhðJ; tÞcosðJÞZ expðK2DrottÞ (6)

shows a single exponential decay. The relaxation time is given

by tZ1=2Drot

We analyzed 54 of the molecules shown in Fig. 9 using the

mathematics for a 3D isotropic rotor as outlined above (Eqs. (5)



Fig. 10. (a) Typical autocorrelation functions (B) and bi-exponential fits (solid

line) for four molecules from Fig. 9. (b) The distribution of diffusion

coefficients for 40 of the molecules in Fig. 9.

Fig. 8. Schematic representation of the angular changes in a time interval t for a

3D rotational diffusion of the transition dipole. The in-plane projection of the

transition dipole is also shown.
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and (6)). The images were taken with 200 ms integration time

and no interval time between the different frames. Although in

this contribution trajectories are analyzed with 1000 data points

(200 ms integration time per image) to demonstrate the

method, it is possible to obtain trajectories with more than

10,000 data points if one uses integration times of 50 ms. Note

that the image in Fig. 9 a sample film of more than 100 nm was

used to rule out the earlier discussed interfacial effects.

Fig. 10(a) shows typical decays and fitting results. Again,

two different time scales were found in the correlation

functions. The best fitting could be obtained by using bi-

exponential decays. The obtained values of the diffusion

coefficients for 40 of the 54 molecules, showing a clear bi-

exponential decay, are shown in Fig. 10(b). Note that the

difference between the fast and the slow rotational component

is nearly two orders of magnitude. The fast component of most

molecules is distributed between 0.1 and 10 s and the slow

decay between several hundreds to thousands of seconds. From

a phenomenological point of view, it is well know that fast

local rearrangements of a polymer (referred as Johari–

Goldstein b process, or secondary relaxation) are followed by

the main slower relaxation, commonly termed as a process.

This process involves cooperative molecular motions. The

observed relaxation time scale may reflect different relaxation

regimes of polymer relaxation dynamics. Namely, the observed

fast relaxation of molecular rotation might reflect the b-process
polymer relaxation and the slower rotational diffusion could

reflect the collective polymer motion. The tentative assignment

made here to different relaxation regimes will be further

investigated in detail by using a variety of fluorescent probes
4 µm 

Fig. 9. A defocused image used for the statistical analysis of 54 of the

molecules in view. The images were taken with 200 ms integration and no

interval time between frames.
with different sizes and aspect ratios in well-defined mono-

disperse polymer matrixes.
4. Conclusions

We demonstrated the potential of defocused wide-field

fluorescence microscopy to monitor molecular rotational

diffusion in a glassy polymer. Due to the good signal-to-

noise ratio of the fluorescence images, 3D reorientation of

molecular dipole moment could be followed. Using the full 3D

rotation avoids the introduction of analysis artifacts. The data

clearly evidence non-directional molecular rotation, resulting

from random polymer relaxation. We showed that the

autocorrelation function for the rotation of different probe

molecules can vary greatly, resulting in large differences in

rotational correlation times. This is due to the highly poly-

disperse PMA matrix used. The advantage of wide-field

imaging (parallel data collection of many molecules) allows

us to prove spatially heterogeneous dynamics on the sub-1 mm
scale, which is a promising result for investigating local

environmental changes in phase separation processes or for

investigating changes in viscosity during polymerization

reactions. The 3D rotational correlation function could only

be fitted bi-exponential. This might relate to different

relaxation regimes predicted by polymer theories. In order to

evaluate this hypothesis, experiments in better-defined, mono-

disperse polymers will be conducted.
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