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Single Light Emitters in the Confinement of Polymers

Chapter1

General introduction and scope

1.1 General introduction

Swift development in chemistry and chemical technology during the xx™h century has
resulted in the discovery of many new and advanced materials with novel properties, use and
function. Among the materials of the last century plastics have had the most significant
impact on our everyday life. In fact, the second half of the XX™ century has often been
referred to as the “plastics age”. Still, after almost a century of research, our knowledge about
the basic relationships between the macromolecular chain chemical structure, processing and
final thermal or mechanical properties of polymers remains relatively poor. It is recognized
that the understanding of microscopic or nanoscopic processes at the polymer segmental scale
is essential to predict macroscopic materials behavior. Additionally, heterogeneity present in
the material (both structural and dynamic) can greatly impact the materials final, macroscopic
properties.

Development of experimental techniques able to combine non-ensemble averaging with
intrinsic nanoscale probing is therefore on the forefront of the scientific research. Within the
last 15 years technological barriers for observing and manipulating single molecules have
been overcome. Scanning Tunneling Microscopy (STM) and Atomic Force Microscopy
(AFM) represent a major breakthrough in surface science and analytical techniques.
Individual atoms, molecules or larger molecular assemblies like macromolecules or
dendrimers can be visualized and addressed while present on surfaces. These techniques have
grown beyond imaging and become enabling platform in nanotechnology for studies of
properties as well as for use in nanofabrication.

New optical techniques, not confined to investigate only surface properties, were developed
and optical properties of condensed matter can now be probed with unprecedented resolution.
In the optical domain, Near-Field Scanning Optical Microscopy (NSOM) has beaten the
diffraction limit. Observation of emission of light by single light emitters embedded in a solid
or liquid host has become possible. Rapid progress in the field of photon detection devices
and other optical instrumentation made single molecule fluorescence detection to grow into a
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significant research tool and soon additional single molecule techniques like Scanning
Confocal Microscopy (SCM) or Wide-Field Microscopy (WFM) have been developed.

The ability to probe optical properties of condensed matter with nanometer resolution
triggered new exciting developments in the field of optics. More generally, photonics as the
field of all-encompassing optical science and technology, has impacted scientific -
technological progress and our everyday life from information technology, via advanced
materials, to medical care. Recent breakthrough discoveries in optical instrumentation,
materials chemistry and nanotechnology have brought the length scale in photonics down to
the nanometer range: NanoPhotonics was born. Single molecules can be watched to emit
light, and quantum mechanical processes can be observed in real time thanks to the enabling
tools and approaches in NanoPhotonics.

This relatively young field of science has already resulted in significant progress. By
employing related, advanced optical tools and techniques to observe and manipulate
individual fluorescent molecules embedded within a solid, or immersed in a liquid,
breakthrough advances have been reported regarding interactions between light and matter on
the nanoscale, and on the matter nanoscale structure and dynamics. New physical
phenomena, on the level of individual molecules, otherwise hidden, were revealed and
separated from ensemble-averaged behavior, which is usually probed using other techniques.
The use of single molecule optical labeling methods improved our knowledge of basic
biological processes like molecular transport through cell membranes or structure and
dynamics of single functional biological entities (e.g. proteins or DNA). The ability to follow
single proteins on a cell surface or to monitor the path of single particles within a cell is the
requirement for future developments of site-specific drug delivery or targeted repair of single
cells within a living organism.

Engineering of photonic properties of single light-emitters has been achieved by tailoring the
environment of the emitters on the nanoscale. Careful shaping of matter present near-by the
emitter, at different length scales (ranging from micro- to nanometers) would ultimately serve
as a means to gain control of the optical properties of the chromophores (e.g. to optimize
quantum efficiency, photostability or radiative decay rates), without the necessity to change
their chemical structure or spatial conformation. Molding the flow of light using
nanostructured matter together with preprogrammed properties of single light-emitting
species is pushing us towards new, emerging technologies for information processing.
Development of devices with ultra-fast operational speed at a low cost, fabricated using
polymers, in combination with basic knowledge acquired from NanoPhotonic research will
be aggressively pursued in the XXI* century.
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1.2 Scope of this thesis

The research described in this thesis is concerned with three main objectives. The first
objective is to develop and apply new experimental techniques based on single molecule
fluorescence detection and spectroscopy to probe polymers on the nanoscale without
ensemble averaging. Different single molecule fluorescence detection methods are applied to
look at single molecules diffusing in a polymeric host or to look at the segmental scale
relaxation processes below the polymer glass transition temperature. The second objective of
this thesis is to establish a relation between polymer properties and degree of polymer chain
confinement. To this end probing polymeric materials in the bulk, in thin films, and in
cylindrical geometry of a polymer fiber is performed. The third goal of this thesis is to
evaluate how the presence of a polymer matrix influences the optical properties of the single
light emitters. The investigation of radiative decay rates in polymer thin films and polymer
fibers is carried out.

Chapter 2 and Chapter 3 serve as introductory chapters. Introduction to topics in polymer
physics is presented in Chapter 2. A special accent is put on the reviewing of the current
status in the investigations of the dynamic properties of polymers at interfaces and in
different degree of confinement. In Chapter 3 single molecule fluorescence methods are
introduced and their application in polymer studies is reviewed. The need for the
development of new experimental techniques to investigate polymers on the nanoscale is
underlined. Techniques based on optical single molecule detection are shown to be the most
promising candidates to resolve the controversies present in the polymer field concerning
segmental scale dynamics or heterogeneous dynamics near the glass transition.

Single molecule detection, localization, and tracking are used to obtain information on the
dynamics present in the polymeric system and are presented in Chapter 4. Wide-field single-
molecule methods are employed to study the heterogeneous dynamics in polymers present at
different experimental conditions. It is also shown how the photodynamics of the single
molecule probes embedded in the polymer can be used to obtain information on the static
heterogeneities present in the polymer below the glass transition temperature.

In Chapter 5 we demonstrate how the monitoring of the fluorescence lifetime of individual
probes embedded in different polymer is used to obtain the information on the local,
segmental scale, density fluctuations in the polymer matrix. Applying the Simha-Somcynsky
equation of state theory we obtain the number of polymer segments taking part in the
rearranging volume around the probe (Ns). Ns is found to be dependent on temperature and to
decrease for higher temperatures.
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In Chapter 6 we investigate the fluorescence lifetime of single molecules in thin polymer
films. The electromagnetic boundary conditions influences the radiative decay rate through
feeding back to the molecule the emitted electromagnetic field and changing the density of
state in the molecule surroundings. Data shows that the excited state lifetime depends on the
distance and orientation of the molecule with respect to the interfaces. We demonstrate that
single molecule investigations based on monitoring of the radiative properties of fluorescence
probes should carefully estimate and take into account the effect of the structured
surroundings. It is also shown that the effects related to the electromagnetic boundary
conditions are not to play a major role in the investigation of polymer dynamics in thin films
below the glass transition temperature.

In Chapter 7 we make use of method described in Chapter 5 to probe the polymer segmental
scale dynamics in thin polymer films. Fluorescent molecules were embedded into a polymer
confined into thin films with thickness values ranging from 10 to 200 nm. We investigate
how the dynamics of the polymer segments changes when decreasing the polymer film
thickness. Changes in the polymer dynamics observed are attributed to the effect of the
interfaces with increased dynamics, which propagates deep into the thin film sample even far
below the glass transition temperature. We estimate that the width of the surface region with
enhanced dynamics is around 10 nm. Additionally, we show that the dynamics in films with
thickness lower than 100 nm is more heterogeneous than in thicker polymer films. To
discriminate between local effects connected with density fluctuations and global effects
connected with thin film geometry we make use of the knowledge acquired in Chapter 6.

Luminescent nanofibers prepared by electrospinning are the subject of Chapter 8. We show
that one can prepare hybrid luminescent structures by embedding fluorescent molecules or
nanoparticles (quantum dots) into the fibers. Fluorescence lifetime is used to monitor the
effects a cylindrical geometry can have on the spontaneous emission rates of the
chromophore. Single molecule imaging techniques serve to evaluate the structure of the
electrospun fibers, in particular to obtain information on the internal structure of polymer
beads formed during electrospinning.

In Chapter 9 we present a brief outlook of the possible future research directions.
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Chapter 2

Introduction - topics in polymer physics

2.1 Introduction

The wide range of properties one can achieve by manipulating chemical constitution, chain
length, and molecular architecture makes polymers ideal for numerous applications [1-3].
These properties can be tailored by the primary chemical composition, which — in turn —
together with the thermo-rheological history or processing determines the morphology and
structural hierarchy. It is useful to divide polymers into two main classes: amorphous and
semicrystalline. A low degree of symmetry in the chain structure will generally suppress
polymer crystallization. Polymers with an irregular primary structure when cooled from the
melt form glasses. Upon cooling, glass-forming polymers grow increasingly viscous, until the
viscosity becomes so large that they fail to flow on experimental time-scales. While glasses
remain microscopically disordered, like liquids, with no long-range molecular order present,
they retain the mechanical properties more common to solids. The microscopic disorder
remains essentially unchanged as the polymer transforms from the glassy state to the liquid
state. In contrast to semicrystalline polymers, the glassy polymers will show no sharp Bragg
reflections in the X-ray diffractograms. From organic and inorganic liquids, through proteins
to synthetic polymers, almost any material can in fact form a glassy state. Amorphous
materials have been subject of intense investigations not only in the polymer field. New
classes of materials having amorphous structures, like metallic glasses [4] or amorphous
semiconductors, have emerged. The amorphous structure of these materials resulted in unique
thermal, mechanical or electronic properties.

Despite the great technological relevance of polymeric glasses, our knowledge of the
amorphous state remains very incomplete. The relationship between the primary chemical
structure of the polymer chain to the structural, thermal and mechanical properties of the
resulting amorphous material is still under investigation. Although a wealth of experimental
data exists, it is fair to say that our knowledge about the microscopic mechanisms underlying
the glass transition, the transition from the liquid to the glassy state, is still relatively poor [5-
8]. It may come as a surprise after decades of intensive scientific research, that there is still
no theory, which offers a description of all aspects of the dynamics of glass forming
materials. Several theories were developed throughout the years, successfully describing parts
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of the phenomena, however they have been proven to fail in certain specific aspects of the
glass formers dynamics. For example, the mode coupling theory of Sjorgen and Gotze [9]
successfully describe the dynamics of glass formers at high temperatures, however it failed to
describe the dynamics at temperatures close to the glass transition.

In this Chapter we present the main, still unresolved, issues regarding the structure and
dynamics of glassy polymers. In particular, the topics of the microscopic structure and
dynamics of polymer glasses are addressed. Mobility of polymers at interfaces and in
confinement is also presented and the related literature is reviewed. Most of the concepts
reviewed in this part of the thesis will be used in the subsequent chapter.

2.2 Structure of glassy polymers

Knowledge of the static structure at different length scales is essential for the understanding
of the physical and chemical properties of liquids and amorphous solids [10]. However, since
the long range correlation between structural units in these materials is totally absent,
therefore, the accurate determination of the structure by means of known diffraction methods
is difficult because the interference function obtained is only a one-dimensional
representation of a three dimensional structure. Nevertheless there were widespread attempts
to obtain some information on the structure of polymeric glasses by using wide-angle X-ray
scattering (WAXS) [11], small angle X-Ray scattering (SAXS) [12], and small angle neutron
scattering (SANS) [13]. Also relaxation techniques like nuclear magnetic resonance (NMR)
were used to study the amorphous state [14].

Although the structure of glasses is believed to be statistical in nature [15] there is still a
discussion in the literature about the possibility that there is a certain degree of order on the
nanoscale [16]. Figure 1 shows different models of the amorphous state each including a
certain degree of short-range order. It should be noted that the experimental evidence makes
it difficult to distinguish between macromolecules that have either a random coil (Figure 1a)
or locally folded chain conformations. The issue of the microstructure of macromolecules in
the amorphous state is far from being resolved and new experimental evidence is needed.
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@@

b) V.P. Privalko and

a) P.J. Flory Y.S. Lipatov
c) G.5.Y. Yeh

d) W. Pechhold et al.

Figure 1. Various models of the amorphous state. a) Flory’s random coil model [17]. b) Privalko and Lipatov’s
randomly folded chain conformation [18]. ¢) Yeh’s folded chain fringed-micellar model [19]. d) Pechhold’s
meander model [20]. Figure adopted from ref [2].

2.3 Polymer mobility and the glass transition

In Figure 2 we present the main transitions of amorphous polymers. The dependence of the
Young’s modulus (E) as a function of temperature shows several characteristic regions,
where the polymer exhibits different physical and mechanical behavior. At low temperatures,
amorphous polymers are hard, glassy and brittle (region 1). In this region the value of the
modulus is in the order of 10° Pa for most common glassy polymers. As the temperature
increases, the polymer softens, the modulus drops by several orders of magnitude in a narrow
temperature range and the polymer undergoes a glass-rubber transition — the glass transition
(region 2). This transition happens at temperatures at which the polymer softens because of
the onset of long-range molecular motion. Whereas the molecular motion in the rubbery
(region 3) and liquid states (region 5) involves many polymer units, molecular motion in
glasses is restricted to vibrations, rotations and motions of relatively short parts of polymer
chains. The temperatures for which the glass transition occurs varies depending on many
parameters like the polymer chemical structure, molar mass, tacticity or pressure among
others. It is important to emphasize that the glass transition temperature is by far the most
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LogE[Pa]
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Temperature
Frequency

Figure 2. Idealized Young modulus dependence on temperature (and frequency) for amorphous polymers. Main

regions and transitions are indicated by numbers and explained in the legend and in the text.

important property used to characterize amorphous polymers and most applications of glassy
polymers depend on this parameter. Due to time-temperature superposition, the effects of
increasing temperature or decreasing frequency result in similar changes of the mechanical
properties.

In the rubbery plateau region (region 3), for linear polymers, the modulus will drop slowly.
The molecular motion in this region is governed by the principles of self-diffusion and
reptation. The reptation model for polymer chain diffusion was developed originally by
Edwards [21] and deGennes [22]. In this model the individual polymer chains can move by
local Brownian motion, however they are restricted in their movement by topological
constraints of the neighboring chains. This model of polymer chain motion within a
hypothetical “tube” defined by the entanglements of the chain with other chains was
confirmed experimentally for the bulk [23,24] and at the single macromolecule level [25].

At higher temperatures the rubbery flow region is reached (region 4). In this region the
material displays elastic or flow properties depending on temperature or time-scale
(frequency) of the experiment. Finally, after increasing the temperature even further, the
polymer start to flow displaying liquid-like mechanical properties.

The temperature (or frequency) behavior of the type presented in Figure 2 is one of the main
factors, which determine the final application of an amorphous polymer. It is therefore of
great interest to understand and more importantly predict this behavior and establish
structure-property relationships for glassy polymers. Despite the great technological
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significance of such knowledge, one can still find many scientific challenges in the physics of
the glassy state or in the glass transition phenomena.

Despite the fact that the glass transition has been studied for many years, it is still a
challenging subject of interest from a scientific and technological point of view. Common
methods used to observe the glass transition are dilatometry, various types of thermal (like
differential thermal analysis - DTA), mechanical (e.g. dynamic mechanical spectroscopy —
DMS) or dielectric methods. The main question concerning the glass transition is how
molecular motion is arrested in the glassy state to result in slow dynamics. At high
temperatures the viscosity (77) of polymers follows the well-known exponential Arrhenius
behavior:

7o exp(%} , (1)

where AFE is the energy barrier associated with polymer flow. If crystallization of the polymer
cannot take place, upon cooling a supercooled liquid is obtained. When decreasing the
temperature further, measurements of the temperature dependence of viscosity (7) and related
time-scales involved in long-range polymer motion show non-Arrhenius behavior known as
the Vogel-Fulcher law:

B
=7, ex , 2
=1, p(T_TO] )

where 77y is the viscosity at the 7 temperature (the Vogel-Fulcher temperature) and B is an
empirical parameter. At the glass transition temperature (7,) the viscosity increases by orders
of magnitude and the polymer chain motion become slow compared with the experimental
time-scales i.e. the liquid forms a glass. Additionally, the glass transition is marked by
discontinuities in the thermodynamic quantities which are the second derivatives of free
energy i.e. entropy, heat capacity and volume. Therefore, the glass transition is reminiscent of
a second-order thermodynamic phase transition. Entropy is not an experimentally measurable
quantity, however determination of the heat capacity and volume changes during thermal
treatment is a common way to evaluate the glass transition temperature by calorimetry or
dilatometry.

Unlike ordinary phase transitions, occurring at a well-defined temperature, the glass
transition temperature depends on the time-scale of the experiment. It is usually defined in
terms of the viscosity, which at 7, reaches a value of 10'* Pa s. The size of polymer chains
implies a large number of degrees of freedom, which can give rise to molecular motion
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encompassing many decades of time units and happening on a broad range of length scales.
Relaxation of polymers is often interchangeably used with molecular motion. The relaxation
phenomena involve environmental friction resistance and polymer bond rotational motions.
The relaxation time is in this respect referred to the time it takes for the polymer chains to
respond to temperature, pressure changes or external mechanical perturbations. At 7, defined
above by viscosity, the relaxation times associated with the main-chain long-range motions,
connected to viscous flow (the so called a—relaxation processes), are in the range of 10
seconds. When cooling a glass forming liquid to below 7,, the system no longer reaches
thermodynamic equilibrium on the experimental time-scale. Although main-chain long-range
molecular mobility (a-relaxation) is relatively suppressed in polymers below 7, still, small-
scale backbone fluctuations are possible through main chain rotations, vibrations or flips (like
the Schatzki crankshaft rotation). Such secondary relaxation processes, commonly referred to
as the Johari-Goldstein S relaxation, are usually associated with the motion of polymer side
groups rotating around the bond linking them to the main chain and to the localized motions
of subunits within the side groups [26]. The frequency dependence of the « and /S processes
in polystyrene is presented in Figure 3. For the a process responsible for the glass transition
one can obtain the usually reported glass transition temperature of 100 °C by taking the
defined 10 s relaxation time at 7,. The secondary relaxations are believed to involve a non-
cooperative molecular motion and the assignment of a particular secondary relaxation process
(like B, y etc.) to a specific type of motion will depend on the polymer used. Such short-
scale, localized motions can have profound influence on the macroscopic properties of
polymers below the glass transition temperature like toughness, impact strength and influence
polymer aging.

Temperature ['C]

150 120 100 80 60 40 20
5 ]
LN, _

5 N
3+ R .
x =) v

FL1/s]
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1

Log10
[ ]
. “
x § 2
L ]
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TX101K]

Figure 3. Frequency dependence of the « and f transitions as a function of temperature for polystyrene.

Different symbols indicate work of different researchers. Figure adopted from Sperling [2].
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Above the glass transition temperature the secondary f-relaxation process splits from the o.-
relaxation process and follows an Arrhenius behavior below T, at which the o-relaxation
processes are frozen. Until now there is no satisfactory explanation of the splitting of one
high temperature relaxation process into two processes: the & or cooperativity process and the
local g or Johari-Goldstein process [27]. Some interpretations based on the potential energy
surface concepts have been put forward [5], however no experimentally proven mechanisms
are known to date.

As mentioned, at present there is still no generally accepted theory of the glass transition.
Several attempts to describe the glass transition include the free volume concept, kinetic and
thermodynamic treatments. The mode-coupling theory and models that consider segmental
cooperativity are widely discussed [9]. However, as mentioned in the introduction the mode-
coupling theory appears to be useful only at temperatures tens of Kelvins above 7, and breaks
down at molecular time-scales of orders of 107 s.

The idea behind cooperativity models, introduced by Adam and Gibbs [28], oscillates around
the assumption of the existence of a certain characteristic length scale for which the
relaxation may take place only when a number of particles rearrange collectively. Close to 7,
this length scale is estimated to be in the range of 1-2 nm for polymers [29]. The increase of
relaxation time observed as the glass transition temperature is approached from above comes
from the increase in size of the cooperatively rearranging regions (CRR). To ensure a Vogel-
Fulcher dependence of the relaxation time and viscosity of the system, 7 and 7 should depend
on the number of particles, or chain segments, which have to move within the cooperatively
rearranging regions. Specifically Adam and Gibbs proposed that at the molecular level the
dependence of the viscosity or relaxation time is given by:

n(T),o(T) = Cexp(z k fr“ J 3)

where C is a constant — a frequency factor, Z" is the number of molecules in CRR and Auis
the energy barrier for the single molecule to move. The non-Arrhenius behavior is a direct
consequence of the increasing size of the CRR at low temperatures. In the absence of
cooperativity (Z*Zl) equation 3 reduces to the Arrhenius equation (equation 1).

In close connection to CRR are the so-called dynamical heterogeneities in supercooled
liquids [30,31]. For times shorter than the structural relaxation time (a-relaxation) the
polymer systems are found to be composed of dynamically distinct regions of highly
correlated motion. In other words, the dynamics in one region in space can be different than
in another located a few nanometers away. In fact, the upper limit for the size of the CRRs is

11
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considered to be the length scale of the dynamic heterogeneity. As the temperature decreases,
the size of dynamic heterogeneities as well as CRR increases. One of the consequences of
such a picture of polymer dynamics near 7, is the nonexponential character of the ensemble
averaged relaxation processes resulting in a KWW (Kohlrausch-Williams-Watts) response
function @(1):

o(r) = exp- (/)] | (4)

where [ is the nonexponentiality parameter related to the distribution of relaxation times.
Spatially heterogeneous dynamics was witnessed experimentally by NMR [30] or by
dielectric hole burning [32]. However, the time and length scales associated with the spatially
heterogeneous dynamics and its relation with the CRRs still remain a main topic of

investigations.

The concept of free volume was widely used in interpreting phenomena associated with the
glass transition and polymer dynamics [33-35]. Free volume theories are based on the
assumption that liquids contain a certain amount of excess space unoccupied by the polymer,
which is available to permit thermal motion of polymer chains. Free volume (V}) is usually
defined as the difference between the total volume (V;) and the occupied volume (V) by the
polymer molecules:

L=V, -V, (3)

It should be noted here that there is a lack of a precise definition of the occupied volume.
This makes a quantitative application of free volume difficult. One of the definitions of V, is
that it is the fluctuation volume swept by the center of gravity of the molecules as a result of
thermal motion [36]. The important aspect of the free volume concept is that it can confer
upon the amorphous polymer a large mobility even after the polymer is turned into a glass
upon cooling. It is argued that the fractional free volume V;/ V; can be written as a simple
linear function of temperature

V

V—f:fg+af(T—Tg), (6)

where f, is the fractional free volume at the glass transition 7, and ¢ is the expansion
coefficient of the free volume. If there is a simple relationship between the free volume and
viscosity 77 of the form (the Doolittle equation):

12
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7 =aexp[beJ, )
V,

where a and b are constants, then the Vogel-Fulcher relationship can be recovered.

Early work by Simha and Boyer led to the suggestion that the glass transition point is an iso-
free volume state. For infinite molecular weight the free volume could be expressed above T,
as:

Vf:K+(aR—aG)T, (8)

where K is the free volume at 0 K, and ar and ag are the volume expansion coefficients in
the rubbery and glassy states, respectively. According to Simha and Boyer, at 7, the free
volume can be defined as:

V=V, =(Vor +agT). 9)

By substituting the quantity:

Vi=Vor +aT, (10)

into equation 9, Simha and Boyer concluded that the free volume at the glass transition
temperature is a constant.

(crp — )T, =K, =0.113. (11)

From a number of experiments K; was evaluated to be equal to 11.3 %. However, this value
is relatively large and in fact the largest proposed in the literature. Other numbers for the free
volume fraction at the glass transition include 0.025 (from the Williams-Landel-Ferry
equation) or 0.08 (from the work of Hirai and Eyring). The large discrepancies between the
reported values indicate the need for further studies of amorphous polymer microstructure. At
the moment free-volume theories of the glass transition, although appealing, need to be
refined and new theoretical concepts should be developed.

A natural extension of the concept of free-volume is to consider the distribution of free
volume size resulting in nonuniform local density and subsequently to local density
fluctuation, which can be detected for example by X-ray scattering techniques [37]. Such
treatment allowed explaining for example the experimentally observed isothermal volume
relaxation in polymers.
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Figure 4. a) Free volume distributions as determined by PALS and photochromic probes studies. Figure adopted
from Liu et al. [38]. b) Free volume distribution determined by fluorescent probes at different locations along

the polymer chain. Figure adopted from Yu et al. [39].

To estimate the amount of free volume in glassy polymers, different techniques like small
angle X-ray scattering [37,40], light scattering (both through thermal density fluctuations
[41,42]), photochromic probes and labels [39,43], fluorescence spectroscopy [44],
dilatometry [34], positron annihilation lifetime spectroscopy (PALS) [45-48], specific
volume experiments [49] or theoretical model calculations [50] were employed. The size of
free volume in polystyrene was found to be of the range of 4 to 4000 A°, depending on the
technique used in the investigations. The free volume size distributions in polystyrene were
investigated by using photochromic and fluorescent probes [51,52] and positron annihilation
lifetime studies [38]. In Figure 4a we show the comparison of the free volume distributions
obtained with two different techniques (PALS and fluorescence probe). There is a quite
obvious discrepancy in the measured values. The free volume measured by PALS was found
to be much smaller than that measured by fluorescent probes. Yu et al. [39] have additionally
found that the free volume associated with different sites along a polymer chain can be
different (Figure 4b), therefore adding an additional level of complexity involved in the free
volume distributions and pointing towards the necessity to locally probe the free volume
properties of amorphous polymers without being obscured by ensemble averaging.

In summary, the results of the reported free volume studies have contributed to a qualitatively
self-consistent free volume concept, yet quantitative aspects of the free volume, its
distribution and local dynamics still remain to be solved. Also a more direct knowledge of the
microstructure of amorphous polymers is needed to verify the main assumptions made in the
derivations of the free volume theories. To resolve the questions related to the free-volume
concepts new experimental techniques are needed.
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2.4 Polymers at interfaces

2.4.1 Interfaces

Surfaces and interfaces are unavoidable attributes of materials. To design a highly
functionalized surface it is usually necessary to control surface structure, and to reveal the
degree of molecular motions near the surface regions, which in turn can be very different than
in the bulk [53-55]. The physical properties at the solid substrate interface, or at the free
surfaces of glassy polymers, are important for many materials engineering applications like
coatings, adhesives, biomaterials or microelectronics among many others [56-60]. One of the
well-known examples is the buffing process of polyimides widely used as components in flat
panel displays [61]. X-ray scattering experiments demonstrated that the polyimide chains
near the surface are very well aligned after the buffing. However, the glass transition
temperature for this polymer is equal to 350 °C and the buffing is usually done at room
temperature. The fact that any orientation of the polymer chains was found and that this
orientation propagates at most 100 A into the film suggest that for polyimides the properties,
especially the mobility, at the surface are different form the bulk. Enhancement of the
mobility is an indication that the relaxation times for the system are changed and that the
surface exhibits different thermal properties than the bulk.

2.4.2 Polymer dynamics near free interfaces

In 1992 Meyers et al. [62] in their report entitled: “Is the molecular-surface of polystyrene
really glassy?” investigated pattern formation on a polystyrene surface when scanned with an
AFM tip. They concluded that the polystyrene near the surface behaves more like a material
exhibiting rubber elasticity than like one in the glassy state and postulated that the polymer
chains possess an extra degree of freedom at the surface. A fundamental question however
remains: How does the lack of mirror symmetry at a polymer interface influence the
conformation and/or dynamics of the polymer chains?

A series of experiments employing various techniques based on Atomic Force Microscopy
aiming at evaluating the dynamics at polymer surfaces were reported [63-65], however no
conclusive results were found [66]. Kajiyama et al. used scanning viscoelasticity microscopy
(SVM) and lateral force microscopy (LFM) [69] techniques where the dynamic properties at
the sample surface can be evaluated by measuring the amplitude of the modulated
deformation of the sample and the phase lag between the modulation-signal. These authors
found that 7, at the surface decreases with a decrease of the polymer chain length and that
this dependence is stronger than that found for 7, in the bulk. Similar results were obtained
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by lap shear and friction force measurements [70]. These reported results have clearly shown
that the polymer properties at their interfaces are different than in the bulk.

It is not clear, however, how far into the sample the surface effects could propagate, mainly
because there are only few techniques that could be used to perform depth-dependent studies.
Molecular dynamics simulations of free surfaces of glassy polymers showed [71] surface
enhancement in bond and atomic mobilities compared to the bulk, and sigmoid density
profiles decaying over a 0.7 nm thick region were observed. X-ray photoelectron
spectroscopy studies (XPS) showed that the 7, at the surface of PS was lower than the bulk
value and decreased as the analytical depths came closer to the outermost surface [72].
Contradictory results were found in the investigations of polymer surfaces by positronium
annihilation lifetime spectroscopy (PALS). The measurements of Xie et al. [73] showed no
indication of surface-enhanced mobility. However, subsequent reports by DeMaggio et al.
showed [74] a reduction in the void expansion during thermal treatment, which was
correlated to a reduction in the apparent 7, as film thickness decreased. Similar work was
performed by Jean et al. [75], who calculated the depression of the glass transition at the
surface from the WLF equation. Relating the free volume fraction obtained by PALS, to the
T, by a semi-empirical equation, they found a depression of several tens of degrees for the 2-
20 A top surface layer. The same research group used another method of positron
annihilation, Doppler broadening of energy spectra (DBES) of annihilation radiation coupled
with a slow positron beam, to investigate 7, near the surface of PS [76]. The DBES study
showed significant T, depressions from 50 A to about 500 A from the surface.

The amount of experimental evidence for modified surface dynamics is still sparse. Careful
depth profiling on the segmental scale was not performed due to the lack of appropriate
experimental techniques, as mentioned. Due to the high impact of the properties of polymer
surfaces in technological applications, especially in the microelectronic industry using thin
polymer photoresist films, in-depth examination of the possible gradients in polymer
properties from the surface to the bulk should be performed. Results obtained from such
investigations will help to understand the behavior of glassy polymers when confined into
nanometer-scale structures.

2.5 Polymers in confinement

The number of applications of polymers with structures possessing dimensions in the
nanometer range is steadily growing. Although the trend is generally towards the preparation
of geometrically complex structures, our understanding of the influence of the dimensions of
the particular system on the polymer structure or dynamics remains relatively poor. For many
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applications it is important to perform a check whether the nanoscale material will differ
substantially in properties from the bulk values. For example, the stability of polymer films
will limit the thickness of polymer resist films for photolithography in the semiconductor
industry. Polymer nanospheres are attractive materials for medical or advanced photonic
applications. Nanoscale polymer fibers are used in separation technologies, in sensing,
electronics and tissue engineering. Also for these materials it is important to assess
dimension-dependent properties. Finally, the glass transition behavior for single, isolated
macromolecular chains is of great interest in the physics of protein folding (for a review see
[77]). Du et al. [78] showed on a cubic lattice model that the way proteins approach their
native state can depend on the underlying geometry in the semicompact globular state after
passing the freezing transition. Therefore, confining proteins into specific geometries might
strongly influence the folding mechanism and/or kinetics.

400

380

360

340

Glass transition temperature [K]

320 . —
10 100
Film thickness [ hm ]

Figure 5. Glass transition temperatures of thin supported PS films compiled from many different studies. The
results obtained by Wallace et al. [79] are also presented as open triangles. The dashed line indicates the bulk
glass transition temperature. The solid line is the fit to the empirical equation obtained by Keddie et al. [80]

(equation 12).

17



Chapter 2. Introduction — topics in polymer physics.

From all properties investigated, the glass transition in thin polymer films received the most
attention. The large number of experimental studies of polymer behavior in thin film
geometries was dictated mainly by the technological relevance of thin polymer films. Thin
films can be prepared with a broad range of thicknesses ranging from several nanometers to
micrometers using, for example, spin-coating techniques. The thickness of the resulting films
can be easily adjusted to cross the radius of gyration of the polymer chains, therefore thin
film geometry allows one to study the chain confinement effects. In a pioneering work
Keddie et al. measured the glass transition temperature of thin polystyrene films as a function
of film thickness [80]. When the films were thinner than about 100 nm, substantial reductions
in T, were apparent (Figure 5). Films made of PS with molar masses from 120 kg/mol to
2900 kg/mol were investigated, however no dependence of the 7, reductions on the molar
mass was found. Thus, the reduction of the 7, for supported Ps films could not be associated
directly with the polymer chain dimensions e.g. to the radius of gyration of the polymer
chains. The results obtained by Keddie et al. could be described by a single empirical relation
of the form:

¢
T,(h)=T, (bulk){l - (—j } , (12)

where T,(h) is the measured glass transition temperature for a film with thickness 4, and 6, &
are fitting parameters. Because the reduction of 7, was found for films with thickness values
much larger than the size of CRR, the changes in 7, could not be related to finite size effects.
Such effects are believed to play a substantial role when the investigated system is confined
into dimension close to the CRR size e.g. in porous glasses [81] or layered silicates [82]. It
was suggested that the observed reduction in 7, is rather the result of the existence of a
polymer surface layer with a characteristic size, where the chain dynamics is enhanced
compared to the bulk. The size of the liquid-like layer was estimated to be 80-130 A.

A similar decrease of 7, for thin supported films was also found for many different systems
like poly(methyl methacrylate) (PMMA) on hydrophobic glass substrates [83], polycarbonate
[84] or polysulfone [85] and by using a number of different techniques like ellipsometry [86],
positron annihilation [74] or dielectric techniques [87]. A compilation of the results for thin
PS films is presented in Figure 5. It should be noted that not all experiments showed a
decrease of the glass transition for PS in thin films. Wallace et al. used X-ray reflectivity [79]
to measure the thermal expansion of thin polystyrene films, and reported observations of
elevation of the 7, when decreasing the film thickness. The results of their study are plotted
also in Figure 5 for comparison. Soon it became clear that the chemistry of the substrate
surface and therefore the strength of interactions between the substrate and the polymer might
substantially influence the glass transition [88]. Strong adsorption of the chains can lead to a
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highly distorted chain conformation, which would influence the chain mobility and
expansion. Monte-Carlo simulations [89] of the influence of hard walls on the structure of
some polymer glasses have shown that for strongly supercooled melts the perturbation
introduced by the presence of the walls penetrates into the bulk and decays on a length scale
which can be larger than the radius of gyration. To explore the effect of attraction/repulsion
of the surface Keddie and Jones examined films composed of chains covalently attached to
the substrate at one end [90]. They obtained and compared 7 in ultrathin (10 nm) films of PS
on Si0O,, PS-COOH grafted to the substrate and PS-COOH just spin coated onto the substrate.
In case of PS-COOH they observed an increase in 7, with decreasing thickness, regardless of
the substrate. Also for PMMA films deposited onto a native oxide coating of Si wafers the
measured 7, values increased with decreasing film thickness. Strong interaction between
PMMA and the substrate due to hydrogen bonding was assumed to be responsible for the
observed elevation of 7. Poly(2-vinylpyridine) (P(2)VP) on an acid-cleaned Si substrate is
considered as a system exhibiting much more favorable interactions with Si than those for
PMMA on the same substrate. It was found that the magnitude of the shifts to higher glass
transition temperatures for P(2)VP is indeed much larger (>50 °C for a 7.7 nm film) than
those found for PMMA, or any other system [91]. The details of the interaction between the
polymer and the substrate are important. Both a decrease [92] and increase [93,94] of the
glass transition for liquids and polymers confined in nanoscale pores were reported. For pores
with diameters smaller than 2 nm there was no detectable glass transition at all. In many
cases there is evidence that the confined polymer adopts a layered structure normal to the
pore walls. Neutron scattering experiments on the dynamics of poly(dimethylsiloxane)
(PDMS) in nanoscale pores showed two counteracting effects: acceleration of dynamics at
the pore centers and a reduction of the mobility near the walls [95].

If no strong interactions between the polymer and the substrate are present, for supported
polymer films there is a widespread agreement that reduced dimensions of the films will
cause a decrease of the glass transition temperature. Among different explanations of such a
behavior, like changes in polymer density, degree of entanglement or chain confinement
effects, considerable attention was paid to the influence that a free polymer surface would
have on the measured 7, of thin films. For a reliable evaluation of the glass transition in thin
polymer films it is necessary to take into account the effects of individual interfaces, each
influencing the chain dynamics in its own way. We have discussed earlier that there is
experimental evidence that the polymer dynamics at the free polymer surface is different than
the dynamics found in the bulk. The inherent asymmetry of supported thin films is the main
source of concern when one wants to understand the effect of individual interfaces on the
dynamics of polymer films. To investigate finite size effects, without being hampered by the
presence of substrates, the influence of surfaces should be separated from the internal
structural characteristic of the film. One is able to eliminate the substrate entirely and
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measure the 7, of symmetric freestanding films. Such films provide an ideal sample geometry
because they are symmetric with respect to the mid-plane of the film and no substrate-
polymer interactions are present.
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Figure 6. Glass transition temperature for freestanding polymer films [86,96,97]. Note the molar mass
dependence of T, as a function of film thickness. The dashed line indicates bulk 7,. Straight black lines are
linear fits to the data obtained for different polymer molar masses (Equation 13). The gray line is the fit to the
empirical equation obtained by Jones et al. (Equation 12). Solid symbols represent data obtained by ellipsometry

[96] and hollow symbols represent data obtained by BLS [86,97].

Forrest et al performed first measurements of 7, for thin freestanding PS films with thickness
values between 20 an 200 nm [98]. They used the Brillouin Light Scattering (BLS) technique,
which probes the elastic properties through observation of film-guided acoustic phonons [99].
The results obtained for freestanding PS films for different polymer molar masses are shown
in Figure 6. In contrast to supported thin films, the 7, of thin freestanding films below a
certain critical thickness value was a linear function of the film thickness for higher molar
masses and could be described with an empirical relation:

Tg(h)(l —M} h<h,
o,
T, (bulk), h>h

T, (h) = (13)

0
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where 4y is the critical film thickness and p is a fitting parameter. The strong molar mass
dependence observed in these studies revealed also the importance of chain confinement
effects. Additionally, a much larger critical film thickness effect was observed for
freestanding films and the value of 4y was found to be twice as large as in supported thin
films. This effect was attributed to the influence of the free interfaces, now confining the
structure from both sides of the sample. Recently, Sharp and Forrest [100] compared the 7, of
films capped from one and from both sides (Figure 7) and showed that the free surface is
indeed responsible for the decreased glass transition for the case studied. It should be kept in
mind that the use of freestanding polymer structures is rather limited and that supported
polymer films are much more widely used in many different technologically relevant
applications. Nevertheless, freestanding polymer films will remain an attractive choice for
fundamental thin film studies.

Although the amount of experimental data reported for polymer thin films is large, studies of
thermal or dynamic properties of nanoscale polymer fibers or spheres are sparse. Large
surface areas and chain confinement effects thought to be responsible for larger glass
transition depression for freestanding films are also to be excepted for polymer spheres.
Polymer microspheres are usually prepared by microemulsion polymerization (chemical
route) or by atomizer spraying [101] or freeze-drying [102] (physical route).

HOHH
HO

10 100
Film Thickness (nm)

Figure 7. T, values for supported (o) and capped (A) PS films. The presence of free surface causes the

depressions in the glass transition temperature [100].
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Large T, reductions of up to 64 K were found for small (20-60 nm) polystyrene particles
prepared by freeze-drying [101,102]. It has been suggested that these result are due to the
highly nonequilibrium chain conformation present directly after preparation, which causes
the chains to collapse first and then aggregate [102,103]. Early reports on the glass transition
temperature in polystyrene nano- and microspheres showed no significant changes of the 7.
In these studies the 7, was determined by calorimetric methods. Additional exotherms during
the first heating scans were observed, probably due to the loss of surface area due to
coalescence [104-107]. To avoid coalescence, Sasaki et al. [103] presented calorimetric
studies of the glass transition of polystyrene spheres in aqueous suspensions. Although they
found a value of the glass transition temperature close to the bulk 7, the heat capacity jumps
observed at the transition decreased with smaller sphere diameters. The changes in the heat
capacity were attributed to the presence of a liquidlike surface with significantly faster
dynamics. The thickness of this layer was estimated to be 4 nm and was very similar to the
one found for supported [84] or free-standing [108] polystyrene films.

The main problem in investigations of polymer nanofibers is that the fibers after preparation
are usually far away from equilibrium and there is a significant amount of stresses present in
the fibers induced by the preparation technique. Annealing of such structures present a
challenge hard to overcome. Increasing the temperature to above the glass transition, or
melting temperatures causes shape deformation and the system cannot be defined as fibrous
anymore. Kim and Lee [109] reported a lower 7, for a variety of electrospun polyesters,
however they attributed this observation to the decrease of the molar mass of the polymer
chains due to the electrospinning process, or thermal degradation during 7, determination. It
remains a challenge form the experimental point of view to probe such structure and new
experimental techniques are needed.

2.6 Segmental mobility in polymer films

Many investigations of the glass transition temperature in thin films using a number of
different techniques were reported to date. Most of the results obtained showed a similar
trend for a variety of polymers: a decrease of the glass transition temperature with decreasing
film thickness. The changes in 7, were associated usually with the effects of the interfaces.
However, several problems remained unresolved. It is for example unknown how deep the
interfaces can affect the polymer dynamics or whether the transition from the surface to the
bulk is smooth or abrupt. Also the question whether the size of the surface region is a
function of temperature and film thickness is still open [84]. Although for smaller and smaller
structures one can expect that the free surface will have a greater impact on the whole
structure dynamics, the results reported for polymer spheres and single polymer chains do not
give a direct answer to this problem. In particular it is of interest to know how the free
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surfaces affect the segmental scale dynamics in polymers. Measurements of the glass
transition are an indirect probe of the dynamics in polymer films. To study directly the
segmental scale relaxation processes, different approaches have been taken, which will be
briefly reviewed below.

Diffusion of polymer chains is directly related to the segmental relaxation processes.
However, it is important to mention that chain mobility requires much larger motion, e.g.
reptation, than the segmental motion required for the glass transition to occur. Studies of
lateral diffusion of PS chains in thin films performed by Frank et al. [110] using fluorescence
recovery after patterned photobleaching (FRAP) showed a decrease in the lateral diffusion
constant and hence lower mobility for films with a thickness below 1500 A, representing a
distance equal to 25 R, for the polymer studied. The diffusion coefficient fell into two
regimes. For films with thickness values approaching 1500 A from above the diffusion
coefficient was independent from the film thickness with an average value the same as in the
bulk. As the film thickness decreased below 1500 A the diffusion coefficient decreased. For
the smallest thickness investigated (500 A) the diffusion coefficient differed by a factor of
two from the one obtained for the film of 1500 A thickness. These results suggest that the
polymer chain dynamics is suppressed in the films investigated and therefore the glass
transition is increased, in sharp contrast to the previous reports on 7, of thin supported PS
films. However it was stressed that in order to use chain diffusion studies to compare 7,
values, it is the temperature dependence of the diffusion coefficient, which should be
measured because the long-range diffusion of polymer chains might be decoupled from local
segmental mobility for thin films where the chains can be effectively pinned to the substrate.
Such studies have not been performed to date.

Another approach to study the segmental scale dynamics of polymers is to introduce
molecular probes into the polymer matrix. The mobility of the probes is related to the amount
of free volume present in the polymer and to the mobility of the matrix itself, therefore to the
viscosity. The diffusion behavior of the tracers is then translated into polymer dynamics.
However, as simple as it seems, the results obtained by monitoring probe diffusion in thin
films reported in the literature are quite contradictory. Hall and Torkelson [112] used small
molecule probe translational diffusion to study the mobility in thin supported films and found
that the substrate does not affect segmental mobility at distances greater than 400 A. Small-
molecule translational diffusion in thin polymer films studied by fluorescence nonradiative
energy transfer (NRET) [113] also suggested that there is little or no change in diffusion
behavior of the probes as film thickness decreases from 1500 A down to 30 A.
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Figure 8. Diffusion coefficient D of a molecular tracer in PS films as a function of film thickness [111].

However, the results reported by Tseng, Turro and Durning [111] showed that the tracer in-
plane diffusion coefficient, at temperatures above Ty, increases above the bulk values as the
polymer film thickness decreases towards R,. Surprisingly, the changes in the diffusion
coefficients were first appearing in films with thickness of 20 R, (Figure 8), i.e. at a length
scale much larger than the thickness for which any changes in 7, were previously reported
(usually in the range of 3-5 R,). The increase of the diffusion coefficients reported by Tseng
et al. was explained by the segregation of the dyes in the supposed liquid layer at the free
surface. The thickness of the surface layer with dye mobility 10 — 100 times greater than that
in the bulk was estimated to be 1-3 nm. To study the segmental scale relaxation in polymers,
Hall, Hooker and Torkelson [114] employed second harmonic generation (SHG) using non-
linear Disperse Red 1 optical dyes and subsequently monitored the chromophores
reorientation in time. These authors did not observe any trend in the average relaxation time
with the film thickness. Since segmental relaxation is a strong function of 7-T,, they
concluded that there is no change in 7, from the bulk value as thickness decreases from
10000 A to 70 A. However, in the same study a large broadening of the relaxation
distribution functions for thin films (230 A) was observed. This could be caused by changes
in the segmental-scale heterogeneity in the polymer matrix.

Clearly, methods used to estimate the segmental scale polymer dynamics based on tracer

diffusion need more in-depth and systematic investigations. A better insight into molecular
level diffusion processes in polymers is also needed as the probe size, shape and chemical

24



Single Light Emitters in the Confinement of Polymers

structure can play an important role. Additionally, the presence of dynamic heterogeneities,
their characteristic length- and time-scales should also be taken into account.

Fukao and Miyamoto [87] performed an investigation of the relationship between the
thickness dependence of 7, and of the dynamics of the a-process near the glass transition
through dielectric measurements on thin PS films. The thickness dependence of the width of
the dielectric loss peak of the a-process was closely related to 7, and this width was
monotonically increasing with thickness for films below 100 nm. The peak position of the
dielectric loss remained almost constant and started to decrease only after a critical thickness
was reached. This critical film thickness was strongly dependent on the molar mass of the
polymer and was related to the radius of gyration of the bulk polymer coil. These intriguing
observations should be studied further with complementary techniques which are able to
probe the distribution of relaxation functions in thin polymer films.

In studies of the segmental scale relaxation processes in thin polymer films large
discrepancies have been reported. Additionally, no agreement on the critical thickness values
has been reached. Modified dynamics was found for a broad range of film thickness values
ranging from R, to 25 R, depending on the experimental technique used. Clearly, additional
experiments are needed to obtain an adequate insight into the effects a confinement has on
segmental scale dynamics in polymers. Additionally a deeper understanding of molecular
level diffusion in polymer matrices and in thin films is technologically relevant for example
in lithographic applications.

2.7 Conclusions

Despite the large amount of experimental information available, our understanding of the
structure of polymer glasses at the scale of segments remains relatively poor. Additionally,
properties of polymers confined into nanoscale dimensions can be substantially different than
in the bulk. If progress is to be made in our understanding of the structure and dynamics of
amorphous polymers, and of the effects of the confinements, new experimental techniques to
probe polymers on the nanoscale must be developed. Such techniques should not only be
sensitive to the segmental scale polymer mobility but because of the complexity of the
investigated systems it is also required that they must provide results not obscured by the
average properties of the investigated systems. For example, the new experimental
approaches must be capable to depth-profile thin polymer films to investigate the anticipated
free surface effects. It is our intention to show in the next and subsequent Chapters of this
Thesis that single molecule detection is just such a technique.
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Chapter 3

Single molecule fluorescence detection and spectroscopy:
application to polymer research

3.1 Introduction

As we proceed toward a more detailed understanding of polymer structure and dynamics, an
increasing need is felt to develop a microscopic picture of processes underlying polymer
mobility in the melt and in the glassy state. When approaching the glass transition
temperature, the complexity of the relaxation processes increases and local, segmental scale
investigations are needed to understand how glasses are being formed. Needless to say such
knowledge is of primary importance in various technologically relevant applications (such as
in lithography for the microelectronics industry) and can pave the way for better or new
polymeric materials with enhanced properties. However, if substantial progress is to be made
in the field of polymer physics, new experimental techniques with the ability to probe
structure and dynamics of materials on the nanoscale are required.

The high sensitivity of the fluorescence to the changes in the chromophore surroundings has
turned fluorescence spectroscopy into a successful tool for the investigation of various
properties of matter [1]. In particular, fluorescence based techniques have a long tradition in
polymer research [2]. Within the past decade significant breakthroughs have been made in the
field of optical detection, characterization, and manipulation of individual molecules. Single
molecule detection offers the possibility to select, track, sort and manipulate individual light
emitters [20]. The main advantage of single molecule approaches lies in the elimination of
the ensemble average. Both static and dynamic heterogeneities, if present, can be studied by
obtaining, for a given physicochemical quantity, data at the single molecule level, as well as
full distributions, at a given time and by time-dependent studies, respectively. Another
advantage of single molecule experiments is that in the time-domain the need for
synchronization (as in molecule ensembles) is removed. Additionally there is no necessity to
remove the molecules from their original environment. This approach gives the opportunity
to test theories of bulk ensemble behavior by looking at individual members of the
population. Finally, ensemble measurements can obscure processes, hidden, when large
populations are being measured, thus new phenomena and properties might not be revealed.
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Single molecule detection (SMD) is emerging as an indisputably valuable tool across all the
different fields of science such as biology [3-6], chemistry [7-9] and physics [10].
Fluorescence emission has been reported for single chromophores deposited on surfaces [11],
located at interfaces [12], embedded in gels [13], silicate thin films [14], polymers [15,16] in
organic crystals [17,18] and liquid crystals [19]. For detailed information on the single
molecule optical detection the reader is referred to excellent books [20], book chapters
[21,22] and finally to recent review articles [23-27].

It was underlined many times across Chapter 2 of this thesis, that a substantial number of
important issues in the field of polymer physics in general and in the physics of polymeric
glasses in particular have remained unresolved. Among others the issues regarding the free-
volume, molecular level mobility and diffusion processes, polymer relaxation behavior above
the glass transition and the glass transition itself are still under intensive investigation. To
deepen our understanding of polymer dynamics it is necessary to obtain information on the
molecular level processes, simultaneously on both the microscopic and macroscopic levels.

Figure 1. A series of images showing a single macromolecule labeled with fluorescent dyes moving in a
polymer solution. The result of these experiments constituted a direct proof that polymer entanglements do exist

and confirmed the theoretical predictions of the reptation model for polymer diffusion [28].

As an example of the great potential laying in experimental approaches, where one is able to
observe individual members of an ensemble, we recall the experiments reported by Perkins et
al. By labeling a single polymer chain with fluorophores, Perkins et al. [28] showed directly
the tube-like motion of a single macromolecule in an entangled solution of unlabeled
molecules (Figure 1). This allowed one to verify the main assumptions of the reptation model
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introduced by deGennes, Edwards and Doi [29-31]. In this model, the motion of a polymer
chain is governed by one-dimensional diffusion within a tube created by topological
constraints, entanglements, created by the neighboring chains. Although the polymer chains
in the study were stained with a large number of fluorescent molecules, these experiments
were among the first to demonstrate the strength of single (macro)molecule experimental
approaches in polymer science.

3.2 Introduction to fluorescence

3.2.1 Fluorescence and related processes

Various molecular processes involved in absorption and emission of light can be illustrated
by the so-called Jablonski diagram (Figure 2). An electronic transition consists of the
promotion of an electron from an orbital of a molecule in the ground state (Sy) to an higher
energy unoccupied orbital by absorption of a photon (with energy 4vy4). The absorption of
photons is a fast process occurring on the femtosecond timescale. The Frank-Condon
principle says that during the time it takes to absorb a photon, the positions of the nuclei are
not changed. Following photon absorption the molecule is said to be in the excited state (S;).
Since the chromophore will be usually excited to one of the higher vibrational levels it will
rapidly relax to the lowest vibrational level of the excited state, in about 10 sec.

\kISC

Figure 2. The Jablonski diagram for a three-level system [2]. The symbols and transitions are explained

throughout the text.
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Once being in the excited state, the molecule can relax by emission of a photon (radiative
transition) or through a series of transitions where no light emission occurs (non-radiative
transitions e.g. internal conversion). Spontaneous emission of light from electronically
excited species is generally called luminescence. Fluorescence is a particular case of
luminescence, where the deactivation occurs through a singlet-singlet (S;-Sy) transition (spin-
allowed), occurring typically on the nanoseconds time-scale after excitation. Due to the
vibrational relaxation in the excited state and possible interaction of the chromophore with its
surrounding, the fluorescence spectrum is usually shifted towards higher wavelengths with
respect the absorption spectrum (Stokes shift).

Internal conversion
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Figure 3. Schematic picture showing a probe embedded in a polymer matrix (center). After absorption of light
and promotion to the excited state the molecule can undergo a large number of de-excitation processes (left)
competing with fluorescence emission (right). Fluorescence in turn is sensitive to many physical and chemical

parameters characterizing a microenvironment of the probes (right).

Several processes are possible, through which the molecule can decay from the excited state,
other than by emitting a photon (Figure 3). The most significant ones are internal conversion,
energy transfer, intersystem crossing, and photochemical processes. Internal conversion is a
non-radiative transition between two electronic states with the same spin multiplicity. The
excess energy can be transferred by collisions from the excited molecule to the molecules in
the surrounding medium. Intersystem crossing is also a nonradiative transition, however
between states with different spin-multiplicity. Such transitions are spin forbidden, therefore
the intersystem crossing rates (kzsc) are usually very low and the transition from the singlet S;
state to triplet 77 state is relatively rare compared to S-S transition. From the triplet state the
molecule can be deactivated by emitting a photon (of energy hvp) resulting in
phosphorescence. Since the 7;-Sy transition is again spin forbidden, the rate kr associated
with the transition is low and subsequently the time molecules spend in the T; state is long,
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ranging typically from 10 to 10™ seconds for most organic chromophores. The last route of
deactivation is sometimes called photobleaching and means, that the molecule structure was
altered in some way making the molecule not optically active anymore. Photobleaching can
occur from both the singlet S; and the triplet 7 state (after intersystem crossing) through a
variety of mechanisms usually involving reaction with molecular oxygen.

3.2.2 Quantum yield and fluorescence lifetime

Fluorescence quantum yield (QY) is defined as the ratio of the number of emitted photons
(through fluorescence) to the total number of absorbed photons. Quantum yield can be
conveniently expressed in terms of rates of the radiative (k) and nonradiative (k) processes:

k
Y= 1
Q kl" + kﬂ}” ( )

The nonradiative decay rate k, in the above equation is the sum of all possible rates of
deactivation processes, which do not result in fluorescence emission:

M=Zh, (2)

where £; is the rate of a given deactivation process e.g. kssc or kjc, as it can be seen in Figure
2.

Fluorescence lifetime (zr) corresponds to the effective time the molecule spends in the
excited state and can be expressed as:

1

. 3
k, +k, ®

Tr

The rich spectrum of processes and phenomena associated with absorption and emission of
light makes fluorescence studies an attractive choice as analytical tool. For example
fluorescent lifetime is known to be very sensitive to the properties of the surroundings of the
molecule, such as viscosity and polarity. Fluorescent lifetime can also be used to distinguish
between two different chromophores present simultaneously in the investigated system.
Therefore fluorescent probes are a natural choice for use as molecular level reporters of their
surroundings.
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3.3 Single fluorescent molecules as probes

3.3.1 Introduction

Recently, single molecules have become the center of attention as probes of their
surroundings [27]. Such molecular probes report on the static or dynamic properties of their
nanoenvironment by emission of light. All required information needed is therefore contained
in the detected fluorescence photon streams, e.g. one can extract polarization, wavelength or
arrival time of the photons after pulsed excitation. There are many parameters one can extract
from the fluorescence emission. We list them here: molecule position, fluorescence intensity,
fluorescence lifetime, emission dipole moment, absorption dipole orientation, anisotropy
decay and amplitude, intersystem crossing yield, triplet lifetime, photostability, emission
spectrum, and quantum yield (we limit ourselves here to fluorescence, however parameters
connected to phosphorescence emission can be used as well). Cross-correlations may exist
among these parameters in certain cases, i.e. variations in one property may be accompanied
by changes in another (coupled) characteristic, e.g. in the quenching process the total
emission intensity is correlated with fluorescence lifetime. Therefore, cross-correlation
analysis involving a large number of parameters generally adds substantial valuable
information to the range of data [32].

Most of the parameters listed above can be followed in time, therefore allowing one to access
the information in the time-domain. Such measurements are performed wherever system
“dynamics” will have to be probed. Of course, the quality of the extracted information will
depend on the number of detected photons and on the signal to background ratio. The latter
has to be considerably large (at least higher than 1 for the photon collection time considered)
for reliable, single molecule experiments. It is important to remember that a molecule can
emit a limited number of photons during a given time interval, therefore one will have to
trade between accuracy and multiparameter experiments. Usually, most single molecule
experiments are limited to the extraction of few (3-5) observables simultaneously. For
example, simultaneous detection of fluorescence lifetime and emission spectrum requires
splitting the emitted light into two different channels, therefore decreasing the number of
photons in each of the detection channels. In the time-domain, moving toward higher time
resolution and keeping the data fidelity constant requires an increased amount of photons per
time bin. A careful choice of the observable is therefore very important in studies where
molecules serve as probes of their surroundings.
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3.3.2 Single-molecule reporter in a solid host

Fluorescent probes can be incorporated into polymer matrices (Figure 4) as dispersed dopants
by prior mixing in solution or by covalent attachment directly to the polymer chain. Many
spontaneous or photoinduced processes are sensitive to the immediate environment around
the probe. Mechanisms such as spectral diffusion or fluorescence lifetime are linked directly
to fluctuations in the environment [66]. In Figure 3 we show that many environmental
parameters can in principle influence fluorescence emission of the probes: presence of
quenchers, temperature, viscosity, pressure, pH, hydrogen bonds formation, polarity, ions,
electric potential or dipole-dipole interactions. Depending on the chemical structure of the
probes and the surrounding polymer matrix, formation of exciplexes and excimers is also
possible [2].

A number of different techniques has been developed to visualize and probe the dynamics of
single molecules in both room and low temperature studies. Each of the techniques has it own
advantages and disadvantages and the main selection criteria are the temporal and spatial
resolutions one wishes to obtain of the parameter one wants to look at. The prerequisite for
detecting a single light emitter is the reduction of background signals arising from the
surrounding matrix and from impurities. The background signals arise from scattered light
and detector dark counts. Fluorescence and Raman scattering from the surrounding polymer
matrix can be reduced by decreasing the probed sample volume and by operating at
wavelengths close to the red part of the electromagnetic spectrum. The first can be realized
by employing confocal imaging, total internal reflection, or techniques based on near-field
illumination schemes.

Excitation light

Fluorophores Fluorescence

Polymer matrix
Figure 4. A scheme depicting chromophores dispersed in a polymer matrix. Individual dyes can be selected and

optically addressed. Single molecule diffusion processes can be followed and probe photophysical properties

can be studied in the time-domain.
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3.4 Single molecule probing of polymers

3.4.1 Introduction

The number of experimental studies published with the intention to evaluate the physical
properties of polymers using SMD approaches is relatively low compared to the wide spread
of SMD in the biomolecular domain. So far the investigated polymeric systems and the
techniques used are rather diverse. Clearly, the field of single molecule optical probing is still
in its infancy. It is important to mention that the already existing reports provide valuable
insights into polymer dynamics and structure on the nanoscale. Since in single molecule
experiments one is able to avoid the ensemble averaging, studies aiming at the evaluation of
heterogeneities present in the polymer matrix are usually the main target of investigations.
The spatial and temporal variations of the polymer dynamics (and even structure) are of
course important from the technological as well as scientific points of view. The results
discussed in this section will demonstrate the strength of the single molecule approaches in
polymer science.

3.4.2 Polymer dynamics at low temperatures (<10 K)

From a historical point of view we should first mention low temperature (<10K)
investigations on the influence of the polymer matrix on single molecule photophysical
properties. When Orrit and Bernard [33,34] detected single molecule impurities by
fluorescence excitation for the first time, time-resolved experiments revealed fluctuations in
the position of spectral lines of the single molecules. Such spectral diffusion behavior was
believed to be the consequence of relaxation processes of the matrix surrounding the
chromophores. However this study was clearly motivated by physical optics rather than by
materials related issues.

To explain the experimental observations of spectral diffusion, the model of a two-level
system was often invoked. The main ingredient in such approach is the notion that the
potential energy surface of glasses consists of a large amount of energy minima (Figure 5a).
Locally, the transition between two minima in a two-level system (TLS) can describe the
lattice dynamic properties. When the molecule is coupled to an individual TLS by strain or
electric fields the transition frequency of the molecule changes when the TLS jumps from one
metastable well to another (Figure 5b).
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a’ DN SR/ oot

-

laser frequency (GHz)

Figure 5. a) Schematic representation of a probe molecule in a glass interacting with a number of two-level-
systems. The probe molecule is at a distance r; from the i TLS system. b) Spectral diffusion of a single
molecule coupled two three independent two-level-systems. For given integration time a fluorescence excitation

spectrum is recorded (emission intensity is represented by the gray scale) (adopted from [35]).

Donley and Plakhotnik [36] observed a broad distribution of lifetime-limited linewidths of
chromophores in a polymer host at 30 mK. They concluded that this is caused by the inherent
disorder present in the investigated system. The authors introduced a microscopic model
where the linewidth distributions where analyzed taking into account an effective interaction
between voids present in the matrix and the impurity molecules. At such low temperatures
the changes in the configuration of the matrix can be considered to be nonexistent and the
changes in the density can be negligible. This, however, will not be true at higher
temperatures and the fluorescence lifetimes of chromophoric probes can change in time
depending on the timescale of the local density fluctuations. Such single molecule
fluorescence lifetime fluctuations are indeed observed at room temperature for specific
probes and are the subject of Chapter 5 of this thesis.

Although experiments performed at low temperatures gave a valuable insight into the
structure and dynamics of glasses most of the applications of polymeric materials are at room
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temperature (or higher) where most of the phenomena observed at low temperatures can not
be visualized anymore. Nevertheless, low temperature studies were the first to demonstrate
the potential of single molecules to report on the structure and dynamics of matter, and of
glasses in particular.

3.4.3 Probing polymers with single fluorescent molecules

Spatially heterogeneous dynamics close to the glass transition temperature of polymers is
currently a matter of great scientific interest [37,38]. In particular, it is suggested that the
nonexponential nature of the o-relaxation processes at temperatures close to the glass
transition temperature is a direct consequence of the existence of long-lived spatial
heterogeneities [39]. The ensemble techniques can at best provide results averaged over many
different sub-ensembles, or can give an indication of the spread of values through non-
exponential shapes of the relaxation functions of the parameters investigated. Although the
existence of the segmental scale heterogeneous dynamics was confirmed experimentally [37-
39], still many questions regarding the length and time scales associated with heterogeneities
in polymer systems remain unresolved. The need for locally resolved studies without
ensemble averaging is therefore as obvious as challenging.

One of the main attributes of the single molecule detection is the ability to avoid ensemble
averages and obtain the full distributions of the relevant parameters. In contrast to single
molecule methods, ensemble average methods provide instead of distributions only discrete,
average values. Single molecule methods are therefore suitable to study systems with
structural and dynamical heterogeneities. Both spatial (property depending on position) and
temporal heterogeneities (property changing for a given position in time) can be probed and
distributions of static or dynamic properties can be therefore subsequently obtained.
Obviously such distributions contain much more information than the average alone. In many
cases, developing models for the description of a given physical property requires a detailed
knowledge of the full distribution and, in some cases, even the contribution of each member
of the population to the ensemble averaged behavior must be known. In the context of
spatially heterogeneous dynamics in polymer glasses both above and below the glass
transition temperature it is of great interest to follow individual heterogeneous sites for many
individual single molecule probes. This will allow one to discriminate between spatial and
temporal variations in the matrix dynamics. To study the heterogeneous dynamics in
polymeric system using SMD two main approaches have been used. The first was based on
single molecule tracking and observations of probe rotational and translational diffusion. The
second approach relied on the monitoring of the photophysical properties of the probes. Both
the spatial and temporal heterogeneities in the polymer matrix were addressed and we
describe some representative result of these studies below.
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Significant advances in our understanding of polymer dynamics above the glass transition
temperature were made by studies based on single molecule localization and positional and
orientational tracking. In contrast to bulk techniques, single molecule investigations allow
one to follow the motion of an individual Brownian particle and obtain the probability
distribution of the particle displacement as a function of time. Full distributions of the
diffusion coefficients are therefore obtained. On the other hand, even if the ensemble average
behavior could appear as Brownian in nature, single molecule techniques are also able to
resolve anomalous sub-ensembles. Since a single molecule is a dipolar light source, its
orientation can be determined by polarization resolved fluorescence. Thus one can follow
reorientational dynamics of single probes in time and at different locations in the sample and
obtain the full distributions of rotational correlation times. Therefore, SMD approaches are
ideal to obtain the time and length scales associated with the heterogeneities present in the
polymeric systems.
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Figure 6. a) Three different orientational trajectories of single molecules in PMMA at room temperature. ® and
@ are radial and angular axis respectively. b) Histogram of reorientation rates of many different single
molecules. c¢) Single molecule reorientation times (filled circles) and time scales associated with bulk o-
relaxation processes (open circles) as a function of temperature. The full and dashed lines correspond to the

Williams-Landel-Ferry (WLF) and Arrhenius scalings respectively (pictures adopted from [40]).

Below the glass transition temperature Bartko et al. measured [40] the three-dimensional
orientational motion [41] of single fluorescent molecules in poly(methyl methacrylate). The
experiments were performed at room temperature, i.e. tens of degrees below the glass
transition temperature of PMMA, which is at around 105 °C. The authors found a broad
distribution of orientational motion behavior (Figure 6a) and related this to the heterogeneity
present in the polymer matrix below 7,. Additionally they found a signature of hopping-
mediated diffusion processes (such processes are believed to be partially responsible for the
translational-rotational paradox for diffusion in glass-forming liquids [42,43], where the
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rotational dynamics display stronger temperature dependence than the translational diffusion
when approaching the glass transition temperature). Broad distributions of the reorientational
rates were subsequently obtained (Figure 6b) and the average reorientation times were
investigated in function of temperature (indirectly, by changing the molar mass of PMMA)
(Figure 6¢). Extrapolation of both the Williams-Landel-Ferry scaling for temperatures above
T, (obtained from bulk experiments) and of the Arrhenius scaling for temperatures below T,
intersects at 7 = T, indicating that the probe molecules probe the nanoscale dynamics

resulting from a-relaxation processes.
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Figure 7. a) Fluorescence intensity detected for two orthogonal polarization channels for a long-lived single
rhodamine 6G molecule embedded in PMA. Switching between different dynamics characterized with different
time-scales is clearly visible on the time trace [44]. b) Schematic drawing with possible scenarios of the
dynamics of individual molecules near Ty in relation to the regions of different dynamics at two different times.

Possible trajectories of different single molecules in such heterogeneous environment are shown [46].

In a seminal work Deschenes and Vanden Bout [44,45] using a confocal microscope followed
the orientational diffusion of individual rhodamine molecules embedded in poly(methyl
acrylate) above and close to the glass transition temperature (Figure 7a). The authors showed
directly that individual molecules embedded in a polymer matrix can abruptly change their
orientational dynamics in time and that spatial heterogeneities are responsible for the
characteristically nonexponential relaxation dynamics in polymers close to 7, (Figure 7b).
For example, on the two-polarization channel intensity trace shown in Figure 7a one can
clearly see that the molecule starts to rotate much slower after the initial period of 3000 s.
The consequence of such changes is that the orientational relaxation function for the whole
time-trace is nonexponential, indicating a broad distribution of time-scales associated with
the system close to 7,. One is able, however, to identify parts of the trace were the correlation
function displays an exponential decay shape. Such observations demonstrate that spatially
varying environmental heterogeneities are responsible for the non-exponential relaxation
dynamics close to 7,. The lifetime of the heterogeneities could be measured directly from the
traces. As the temperature is lowered (from 7 + 15 K to 7 + 5 K) the time needed to observe
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a change in the probe reorientational dynamics increases and the distribution of the
heterogeneity lifetimes becomes broader. The ensemble average correlation time obtained
from single molecule experiments was the same as obtained from bulk fluorescence
anisotropy decay studies [45].

Bopp et al. [47] monitored the room temperature diffusion of single molecules dispersed in a
poly(vinylbutyral) (PVB) matrix using near-field scanning optical microscopy (NSOM). The
spatial resolution of SNOM is not diffraction limited as it is if far-field techniques are used.
At present the challenges in the fabrication of near-field probes limits the spatial resolution,
however, theoretically sub-molecular resolution can be obtained with the near-field methods.
Bopp et al. found the diffusion of single rhodamine-6G dyes in PVB on the sub-micrometer
scale to be non-random and explained this behavior by the presence of local heterogeneities
in the structure of the polymer matrix. The statistical average over large numbers of diffusion
traces displayed random walk behavior with a diffusion constant in good agreement with the
bulk value.

By using far-field microscopy, Dickson et al. [13] performed room temperature tracking of
single Nile Red molecules solvated in the pores of a poly(acrylamide) gel. The fluorophores
were excited by an evanescent wave generated by total internal reflection (TIR) at the cover
slip/sample boundary. The TIR method with its intrinsic fall-off of the excitation intensity
allowed the authors to estimate the molecule position in the z direction. Their results showed
that, on the time-scale from 0.1 to 1 s, the structure of the gel matrix hindered the Brownian
motion by two orders of magnitude in each direction.

Studies based on monitoring photophysical processes are usually performed in rigid or semi-
rigid macromolecular environments [14], usually below the melting point or the glass
transition of the polymers. One important requirement for such investigations to be reliable is
that the chromophore should be immobile in the polymer matrix during the experiment. Due
to the large degree of mobility above the glass transition temperature, the interpretation of the
data remains difficult and the results cannot be related in a straightforward manner to the host
dynamics [48-50].

The analysis of single molecule fluorescence spectra was used to obtain detailed information
on the polarity and rigidity of molecular scale environments in poly(vinyl alcohol) (PVA) and
poly(methyl methacrylate) (PMMA) by Higgins and coworkers [51]. It was shown that single
molecule spectroscopy using a Nile Red dye as a probe molecule is able to provide detailed
information on both the structure and on the matrix dynamics, simultaneously. For PMMA it
was found that distinct environments exist, for which the polarity is the same but where the
environments can differ in rigidity. In case of PVA the water content in the environment
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influenced matrix rigidity. Experimental methods where the chemical structure and dynamics
can be probed on the nanoscale and can be effectively separated are candidates to study
heterogeneous systems like block copolymers, or biologically relevant macromolecules.

Ye et al. [50,52] and Ishikawa et al. [48] performed a series of experiments, which aimed at
probing the dynamics and structural heterogeneities of a polymer matrix. The experiments
were based on monitoring the fluorescence properties of a dye molecule (in this case crystal
violet — CV) with a flexible molecular structure. Such probes have an effective nonradiative
decay channel, which is very sensitive to the rigidity of the local environment. When
embedded in a poly(methyl methacrylate) matrix, the histograms of fluorescence photocounts
and fluorescence lifetimes of individual crystal violet dyes displayed bimodal distributions
(Figure 8a). The authors attributed this behavior to the existence of two distinct classes of
sites present in the matrix with different relative viscosities. The distributions were found to
be directly responsible for the nonexponential fluorescence decay observed in comparative
bulk measurements. Biju et al. [49] probed the spatially heterogeneous dynamics through
single molecule fluorescence lifetime and obtained information about the ratio between fast
and slow relaxation sites in a poly(vinyl acetate) film near 7,. Upon raising the temperature
from 7, - 8 K to T, + 7 K the slow relaxation component of the distributions decreased and
finally disappeared at 7, + 30 K (Figure 8 b).
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Figure 8. a) Bimodal distribution of CV dye photocounts when embedded in a PMMA matrix (upper
histogram). Single peak distribution of a nonflexible dye for comparison (lower histogram) [50]. b) Histogram
of fluorescence lifetime of single Cy3 molecules in a PVAc film at 7, - 8 K (upper histogram) and at 7, + 30 K
(lower histogram). At high temperatures the higher lifetime component vanishes [49]. ¢) Distributions of single
molecule fluorescence lifetime of TPDI molecules embedded in PMMA (upper histogram) and in PnBMA

(lower histogram) matrices [54].

44



Single Light Emitters in the Confinement of Polymers

In another study, dyes, which could adopt different conformations depending on the
interaction with the polymer matrix, were used [53]. The changes of the dye conformations
were monitored by fluorescence lifetime. For more mobile, or heterogeneous, regions in the
polymer matrix the fluorescence lifetime decay was shown to adopt a stretched exponential
shape. This was explained by time dependent variations in the fluorescence lifetime due to a
varying environment of the probe molecules. For some of the molecules a double-exponential
decay was found which was attributed to an interconversion process between two stable dye
conformations on a time scale of 2 ms and 5 ms for poly(norbornene) (PN) and poly(methyl
methacrylate), respectively. Although the different time scales found for two different
polymers might suggest that the probes are sensitive to the matrix dynamics, the glass
transition temperature for PN is higher than for PMMA. Therefore the matrix influences the
dye also in other way not related to polymer dynamics.

Recently, studies aiming at evaluation of the free volume present in polymers below the glass
transition temperature were performed. Vallée et al. have shown [54] that single molecule
conformational changes can probe directly the local free volume in a polymer matrix. When
the conformation of the used chromophore changed, the fluorescence lifetime of the
chromophores also changed. The volume difference between two different conformations
was equal to 0.201 nm’. Therefore these experiments were able to distinguish between free
volume sizes larger or smaller than 0.201 nm’. By embedding the probes in different
polymers (Figure 8c) the authors found that the free volume available locally for the
chromophores was higher in poly(n-butyl methacrylate) (PnBMA) than in PMMA, in
agreement with literature values. Usually the information about the local free volume and its
distributions is hidden in the ensemble average. Using different probes able to probe different
free volume sizes would allow one to look in more details at free volume distributions and
monitor free volume size and distributions as a function of temperature. Such an experimental
check is of major importance to confirm the main predictions of the free volume theories of
the glass transition.

3.4.4 Covalent attachment of probes to macromolecules

Dye molecules dispersed in the polymer matrix usually report on the dynamics of the
surroundings as a whole without discriminating between particular polymer chains.
Additionally, coupling of the chromophores’ mobility to the matrix dynamics can be very
complex and can depend on probe size or chemistry. In general, single molecule detection
techniques allow one to investigate single polymer chain in solution or in the melt.
Observation of chain conformation and its fluctuations can contribute to a better
understanding of the relaxation processes occurring in the polymer matrix when crossing the
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glass transition. Additionally, by positioning the chromophores at specific locations along the
polymer chain, the degree of the dynamics associated with given chain segments can be
probed. Although such an approach is rather straightforward and very appealing, there are
only few reports on single molecule studies of dyes attached to polymer chains. Although one
can easily ensure that there will be no more than one dye attached to one polymer chain it is
quite difficult to ensure that all unreacted dyes will be removed from the reaction vessel since
this would require single molecule separation sensitivity. This is not easy to achieve and still
remains a challenge.

Bowden et al. [55] reported on the dynamics of various single polymer chains by following
the orientational changes of perylene diimides attached to the chain end and in the middle of
the chain, respectively. The polymers were prepared by free radical polymerization using
perylene labeled initiators. Styrene, butyl acrylate, butadiene and isoprene monomers were
polymerized into various homopolymers and block copolymers. Polybutadiene chains labeled
in the center of the polymer and incorporated into a PMMA matrix were investigated at the
single molecule level. It was found that most of the polymers are frozen in the glassy PMMA
matrix, however 5 % of the investigated molecules exhibited reorientational dynamics on the
time-scale of the experiment (100 ms). The report does not mention how the distinction
between labeled and unlabeled probes could be made to rule out the possibility that unlabeled
probes were visualized or to ensure that only covalently attached dyes were probed.
Nevertheless, approaches based on polymer chain labeling are very promising.

3.4.5 Phosphorescence, triplet lifetime and intersystem crossing yield

Although usually fluorescence is used for monitoring the probe response to the environment,
in some cases also intersystem crossing to the triplet state, triplet state lifetime [56] and single
molecule phosphorescence [57] were employed in polymer studies. English et al. [58]
obtained information on the degree of the static and dynamic disorder in a PMMA film by
monitoring changes in the optical transitions of single Dil molecules depending on the
oxygen content in the environment [59-61]. They estimated the static disorder to be smaller
in a six day old sample compared to a freshly prepared one, indicating that dynamic processes
are taking place in the polymer matrix in time. The dynamic disorder in the polymer matrix
was evaluated by looking at temporal fluctuations of the triplet lifetime and was found to be
relatively small. In contrast, Veerman et al. [62] have shown the dynamic disorder (on the
same timescales) to be much larger. The respective studies were performed at different
oxygen concentrations. It is likely that there was a large contribution of the temporal
fluctuation of the accessibility of the probe to the oxygen controlled by local polymer motion.
Additionally, Veerman et al. have shown that the photophysics of the triplet state of single
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molecules is strongly dependent on the type of the polymer matrix used [62,63]. This was
related to the solubility and diffusion coefficients of oxygen in the respective polymers.
Under argon atmosphere a weak dependence of the single molecule triplet state lifetime on
the polymer matrix type was found [64]. Torsional motion or cis/trans izomerization can be
an additional pathway involved in intersystem crossing between the singlet and the triplet
states [65]. Such changes in molecular conformations, often visible in solutions, are however
relatively rare in a rigid polymer matrix.

Methods based on monitoring single molecule photophysical processes, other than
fluorescence, are relatively unexplored in the context of probing polymer structure or
dynamics. However, the reported studies so far are very promising especially when one
considers the importance of knowing if impurities such as solvent or oxygen are present in
the polymer system. One can think of studies, where on one hand the fluorescence is used to
e.g. study molecule diffusion through single molecule tracking, while processes related to
phosphorescence and the triplet state are used to determine the chemical nature of the
surroundings, e.g. oxygen content. Therefore one can follow two independent parameters
simultaneously without the necessity to change the probes or experimental conditions.

3.5 Conclusions

In this chapter we presented an introduction to fluorescence, single molecule detection and its
application in polymer research. New information on polymer structure and dynamics,
otherwise not attainable by ensemble averaging techniques, can be obtained through single
molecule localization, tracking, or monitoring the photophysical parameters of the molecular
probes. Although the research reported to date gave valuable information on various polymer
systems, the use of SMD in polymer science is still in its infancy.
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Chapter 4

Direct monitoring of single molecule rotational and
translational diffusion in a polymer host

The diffusion of guest molecules within a polymeric matrix provides a wealth
of information about the molecular scale dynamics of the host. Using wide-
field fluorescence microscopy we monitored molecular motion at a single-
molecule level in different polymers at room temperature. Application of
single molecule based techniques offered us the possibility to observe
heterogeneous dynamics and revealed diffusion processes otherwise hidden in
the ensemble average. Far above the glass transition temperature of the
polymeric host (poly(dimethylsiloxane)), the translational diffusion of single
DilC,(5) molecules occurred over micrometer length scales and displayed a
“Brownian” behavior. Close to the glass transition, the translational diffusion
was arrested and reorientational processes dominated the diffusion behavior.
Simultaneous observation of different single 5S-TRITC dye probe molecules in
poly(methyl acrylate) gave a direct evidence for the presence of broad
heterogeneous dynamics in the investigated system. The rotating molecules
displayed a nonexponential relaxation behavior indicating that multiple
timescales were involved in the rotational process. Below the glass transition
no apparent translational or rotational diffusion processes for single probe
molecules in poly(styrene) were present on the experimental time-scale. The
presence of static heterogeneity in the sample was assessed in an indirect way
by observing changes in the photophysical properties of the same set of single

molecules upon oxygen removal.

* Part of this Chapter has been published in: Tomczak, N.; Vallée, R. A. L.; van Dijk, E. M. H. P.; Garcia-
Parajo, M. F.; Kuipers, L.; van Hulst, N. F.; Vancso, G. J. Probing polymers with single fluorescent molecules.
Europ. Polym. J. 2004, 40, 1001.
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4.1 Introduction

Changes in the nanoscale polymer dynamics across the glass transition are a topic of great
current interest in polymer physics [1-3]. The presence of nonexponential relaxation
processes close to the glass transition temperature (7,) and their possible origin from the
spatially heterogeneous dynamics are still under investigation [4-6]. Remarkably, no
microscopic theories able to explain in detail the glass relaxation phenomena at temperatures
T,<T<1.2T, are available. Although diffusion in polymeric and low molecular glasses has
been studied for many years on the ensemble level [7], no conclusive theory has been
established on the nature of diffusion on the microscopic level [8].

Single molecule fluorescence detection with its inherent ability to capture details beyond the
ensemble averages is a perfect candidate to study molecular level processes in liquids or in
solids (for a recent review see for example [9]). Since the advent of optical single molecule
research it has been recognized that single molecule localization, orientation determination,
and tracking have enormous potential as tools for various studies across different fields of
science [10]. In the polymer field it is still under debate whether molecular relaxation
processes close to the glass transition should be described by intrinsically non-exponential
relaxation functions in a homogeneous system or rather by a distribution of exponentials,
each with a characteristic time-scale. Single molecule detection offers the possibility to
observe the heterogeneous processes directly [11-13].

Although there are methods which allow one to obtain information about polymer dynamics
by monitoring the photophysical properties of the probes [11-15], due to the large degree of
mobility above the glass transition temperature the interpretation of the corresponding data
remains difficult and the results cannot be related in a straightforward manner to the host
dynamics [13]. The application of scanning-based methods to study large-scale molecular
motion is rather limited, and only few studies were performed by scanning confocal
microscopy [16] or near-field optical microscopy [17-19]. Fluorescence correlation
spectroscopy [20-22] or fluorescence burst analysis [23,24] was extensively used to study
diffusion in liquids, however both techniques average over a large population of different
single molecules.

A more convenient approach from the experimental point of view is to use wide-field
methods [25-29]. In these methods, a large area of the sample is being illuminated. This
allows one to localize and track many different single molecules simultaneously. Therefore,
the requirements for locality and spatially resolved investigations necessary to obtain
information about the heterogeneous dynamics are met. For example by using far-field
microscopy, Dickson et al. [30] performed room temperature tracking of single Nile Red
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molecules solvated in pores of poly(acrylamide) gel. Their results revealed that, on the time-
scale from 0.1 to 1 s, the structure of the gel matrix hindered the Brownian motion.
Investigations on the influence of the specific structure of the surroundings on the Brownian
motion of single molecules or nanoparticles [31] were also performed for nanoporous
networks made of sol-gel glasses [32], in fluid lipid membranes [33-35] or in cytoplasmic
membranes of living cells [36].

Upon approaching the glass transition temperature, the translational diffusion processes slow
down. Reorientation of the chromophore mixed into the polymer provides a means to
characterize the range of the segmental scale dynamics [37-39]. At the single molecule level
Deschenes and Vanden Bout [40,41] used scanning confocal microscopy to follow the
orientational diffusion of single rhodamine molecules embedded in poly(methyl acrylate)
above the glass transition temperature of the polymer. Non-exponential correlation functions
of the molecular reorientation processes were found and broad distributions of characteristic
time-scales for diffusion were obtained. It was shown that the nonexponential behavior
resulted from a superposition of many different exponential processes at shorter time-scales.
Additionally, their study gave substantial evidence for the spatially heterogeneous dynamics
near the glass transition.

Below the glass transition temperature, Bartko et al. measured [42] the three-dimensional
orientational motion of single molecules in poly(methyl methacrylate). They found a
signature of hopping-mediated diffusion processes. Such processes are believed to be
partially responsible for the different temperature dependencies of the translational and
rotational diffusion in glass-forming liquids close to the glass transition [43,44]. To obtain
full three-dimensional information about the molecular orientation, the use of more
sophisticated, dedicated, optical setups combined with advanced pattern analysis are required.
The orientation of the emission dipole moment for all three coordinates was estimated by
introducing specific aberrations into the optical path [45-47] or by slightly defocusing the
optics [48,49]. The absorption dipole moment orientation was obtained by recording the
excitation rate of the chromophore as it was raster scanned through an inhomogeneous field
generated by near-field optical probes [50,51] or by employing the so-called anullar
illumination scheme [52,53]. However, most of the methods described required fitting of the
single molecule fluorescence images captured to physical models. To obtain reliable patterns,
long integration times are needed, which limits these methods to study processes with rather
slow dynamics. Additionally, for such methods post-acquisition analysis is usually time-
consuming. For systems with high mobility present it is therefore more convenient to use
circularly polarized light for excitation and resolve the orientation of the emission dipole
moment in two-polarization channels.
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In this Chapter we describe single molecule investigations of polymer dynamics by using
wide-field microscopy. Far above the glass transition temperature we follow translational
diffusion of single molecules and for each single molecule we extract translational diffusion
constants. We obtain a distribution of the diffusion coefficients resulting from the presence of
polymer heterogeneities, very likely associated with the presence of interfaces. Close to the
glass transition temperature, by employing a polarization sensitive detection scheme we
follow the reorientational diffusion of single chromophores. Simultaneous investigations of
many different single molecules give a direct evidence of spatially heterogeneous dynamics.
Additionally, the single molecule method used here allowed us to visualize processes
otherwise hidden in the ensemble average. Below the glass transition temperature, we show,
through indirect studies, that there is a static heterogeneity in the polymer structure. The
methods described in this Chapter open a new platform for polymer investigations on the
nanoscale using wide-field microscopy.

4.2 Experimental part

4.2.1 Materials and sample preparation

To investigate the heterogeneous dynamics in polymers, various different dye/polymer
samples were prepared. As host matrices we chose polystyrene (PS, Polymer Standard
Service, molar mass M;=89.3 kg/mol, polydispersity M,/M;=1.06, glass transition
temperature 7, = 100 °C), poly(methyl acrylate) (PMA, Aldrich, M,=120 kg/mol, 7, = 8 °C)
and poly(dimethylsiloxane) (PDMS, Sylgard 184, Dow Corning, 7, = -150 °C). All
experiments were performed at room temperature. Therefore, for different polymers we were
able to perform experiments at a different distance from their respective glass transition.
The probes wused in this study were DiD  (1,1’dioctadecyl-3,3,-3,3’-
tetramethylindodicarbocyanine  perchlorate, ~Molecular  Probes D-307), DilCy(5)
(1,1°,3,3,3°,3’-haxamethylindodicarbocyanine, Molecular Probes, D-307) and 5-TRITC
(tetramethylrhodamine-5-isothiocyanate, G isomer, Molecular Probes T-1480). The chemical
structures of the chromophores and polymers are presented in Figure 1. Solutions of dyes in
toluene (for DiD and DilCI1(5)) or tetrahydrofuran (THF, for 5-TRITC) containing various
amounts of polymers were spin-coated at 3000 rpm for 60 s onto a cleaned glass cover slides
(with a diameter of 10 mm or 20 mm, Fisher Scientific) to produce uniform thin coatings
with thickness values ranging from 300 to 500 nm. Prior to spin coating, the glass cover
slides were cleaned using a Piranha solution (mixture of 1:4 of 30% H,O, and concentrated
H,S0,), rinsed with Milli-Q water and ethanol, and finally dried in a stream of nitrogen gas.
Caution! Piranha solution is a very strong oxidant, reacts violently with organic materials,
and should be handled with utmost care! The concentration of the dyes in the resulting films
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Figure 1. Chemical structures of fluorescent probes and polymers used in this study. Probes: DiD (a), DiIC(5)
(b), 5-TRITC (c) and polymers: polystyrene (d), poly(methyl acrylate) (e), poly(dimethylsiloxane) (f).

was kept low (10°-107' M) to ensure adequate spatial separation for optical single molecule
observations. The PS samples were subsequently annealed in vacuum, first for 12h at 60 °C
and subsequently for 3h at 105 °C. PMA and PDMS samples were annealed at room
temperature in vacuum for 12h.

4.2.2 Wide Field Microscopy (WFM)

Light from a CW Ar'-Kr" ion laser at wavelengths of 531 nm and 647 nm or from a HeNe
laser at a wavelength of 632 nm was used for excitation. A circularly polarized laser beam
passed through a beam expander and was focused onto the back aperture of a high NA
objective (Zeiss, NA=1.4, oil immersion) (Figure 2b). The fluorescence photons emitted from
the illuminated area were collected by the same objective and after passing through emission
filters were split into two orthogonal polarization channels using a Wollaston prism (Linos
037808) and subsequently imaged with a lens (Linos 063827) onto an intensified charged
coupled device (CCD camera, Pentamax GEN IV) (schematic picture of the setup is shown in
Figure 2a). The rate of the camera data acquisition was set to 50 or 100 ms/frame. An
example of a fluorescence frame obtained with WFM is shown in Figure 2c. The images from
the camera were processed by custom LabView software. Information regarding intensity and
polarization for each pixel on the frame was obtained simultaneously. Fluorescence images
were collected for at least 60s. The position of the molecules was determined by the brightest
pixel method, or by fitting a two-dimensional Gaussian function to the molecule intensity
pattern. No difference between the two methods in the calculated diffusion coefficient was
found.
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Figure 2. a) Schematics of the wide field setup. b) By focusing the excitation light on the back focal plane of the
objective a large area is excited. A 22x22 um’® fluorescence intensity frame of single DiIC;(5) molecules

embedded in polystyrene is shown in (c).

4.3 Results and discussion

4.3.1 Single molecule translational diffusion far above the glass transition

It is expected that the polymer relaxation processes far above the glass transition temperature
are homogeneous and the resulting distributions of the polymer diffusion coefficients are
narrow. To estimate the amount of mobility present in the polymer matrix one can follow the
diffusion of molecular tracers. The probe will be coupled with the polymer relaxation
processes and report on the polymer matrix dynamics. We mixed DilC;(5) molecules into
PDMS and investigated them by means of wide-field microscopy. Figure 3 shows fifteen
10x10 pm? fluorescence intensity frames (out of the total 400 subsequent frames) obtained by
wide-field microscopy. The time delay between every subsequent frame is 5 seconds.
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Figure 3. Sequence of fifteen 10x10 pm?” fluorescence intensity frames obtained with a wide-field microscope

(reading from left to right in subsequent rows, from top to bottom). The frames integration time is 100 ms and
the time difference between the frames is 5s. Translational diffusion of individual DilC,(5) molecules in PDMS

is clearly visible.

It is apparent form the frame sequence that many molecules undergo translational diffusion.
Some of the molecules appear and disappear from the field of view. The main reasons for this
are photobleaching, diffusion of the molecules away from the focal plane, and possibly strong
fluorescence quenching due to interaction of the dye with the glass substrate.

Once the molecules have been localized and tracked, one can estimate the molecular
diffusion coefficients. To obtain qualitative and quantitative information about the diffusion
process for each molecule, first we extract a set of space-time coordinates {x(z,), y(t;), ti},
where x, y is the position of the molecule, ¢ is time and the index i is the discrete observation
time point. This allows us to obtain 2D projections of the single-molecule trajectories.
Several examples of such trajectories are shown in Figure 4a. Although in general the traces
appear to display a random walk behavior, there is always a question whether the diffusion of
the single molecules monitored is indeed isotropic. To check whether directional bias due to
flow, mechanical drifts or anisotropy of the prepared samples occurred, all position shifts
were plotted to produce a scatter plot of step sizes and directions (Figure 4b).
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Figure 4. a) Diffusion trajectories for different single DilC;(5) molecules embedded in a PDMS matrix. b)
Scatter plot of the position shifts for the time-traces shown in (a). ¢) Plots of the calculated mean square
displacement as a function of time-lag. Linear relationship between the mean square displacement and time
shows that the molecules display a Brownian-like diffusion. The solid lines are fits to equation 2. d) Histogram

of single molecule diffusion coefficients obtained for 111 single DilC,(5) molecules.

The distribution of the displacement direction (Figure 4b) shows that the diffusion is isotropic
in two X, y dimensions on the length scale of 20 um x 20 um and that there is no constant
instrumental drift present. From the obtained single molecule trajectories we calculated the
mean square displacement (MSD) for every time lag (ti,e=ndt, ot is the frame integration time,
n is the number of frames) in the form of:

MSD =< (xi+n _xi)2 +(yi+n _yi)2 > (1)
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where i ranges from 1 to N-n, N is the total number of molecule positions recorded, n takes on
values 1,2,3...N/2. The linear behavior of MSD as a function of the time lag shows that the
translational diffusion of single DilC;(5) molecules in PDMS far above its glass transition
temperature is Brownian in nature [57].

Because we observe only the projections of the emission dipole moments into the focal plane
of the objective, an evaluation of the diffusion traces is performed using the theory for two-
dimensional diffusion (derived from the Einstein diffusion equations) leading to the
relationship:

MSD =4Dt,,, (2)

Using equation 2 and obtaining the slopes of the MSD plots (Figure 4c) we calculated the
single molecule diffusion coefficient D. Figure 4d shows the histogram of the diffusion
coefficients for 111 individual DilC,(5) molecules. The mean diffusion coefficient was found
to be equal to (2.6 + 0.1) x10™'° cm?/s. However, the diffusion coefficients of single DiIC,(5)
translating inside the PDMS matrix can be different from each other by a factor of 4. The
broadening of the distribution is not caused by the experimental accuracy but rather by the
presence of heterogeneities in the sample. Broadening towards both higher and lower values
can be due to diffusion of the molecules near the polymer/substrate or polymer/air interfaces.
The thickness of the polymer films was estimated to range from 300 to 500 nm and the
trajectories presented in Figure 4a show that the molecules translated many micrometers
during the observation time. That means that the molecules could spend significant amount of
time close to the interfaces. Also, when focusing very close to the glass substrate we
observed large populations of molecules with diffusion coefficients low enough to categorize
them as immobile (within the experimental time scale). Such molecules are not present in the
deeper parts of the samples (further away from the substrate). Additionally, certain portion of
molecules showed deviations from the linear dependency of mean square displacement with
time. Such behavior is an indication of anomalous diffusion [54, 55]. We attribute this
observation to the adsorption of the chromophore to the glass substrate and to time dependent
interactions of the probes with the glass substrate causing the nonlinear behavior.

We have shown in this section that wide-field microscopy is a suitable technique to follow
long-range molecular diffusion processes occurring in a polymer melt. Our setup has also the
capability to resolve the polarization of the fluorescence emission. In the case of DilC,(5)
molecules in PDMS we observed that the rotational diffusion of the chromophores occurs on
time-scales much shorter than the integration time and therefore the molecules could rotate
many times between two consecutive frames. This did not allow us in this study to determine
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the characteristic time-scales associated with the rotational diffusion for the investigated
system (DilC,(5) in PDMS at room temperature).

4.3.2. Single molecule rotational diffusion near the glass transition

For most polymers, different theories predict an arrest of the homogeneous viscous flow at a
temperature 7., well above the glass transition temperature. Also the spatially heterogeneous
dynamics is believed to set on at T, [56-59]. For single 5-TRITC molecules embedded in
poly(methyl acrylate) at room temperature, the translational diffusion slowed down the point
where it was not possible to observe probe diffusion on the time scale of minutes and over
distances larger than the spatial resolution of the setup (~100 nm) [60]. Even though the long-
range molecular diffusion processes were suppressed at these temperatures, still the
molecules were free to rotate. If the rotation is on the time-scale of the observation time, it
can be visualized directly and single molecule rotational behavior can be extracted. The
single molecule rotational behavior can serve as a basis to characterize the environment of the
probe molecule.

As it was already mentioned in the experimental section, WFM allows one to obtain 2-D
fluorescence images (“frames”) of many single molecules simultaneously (Figure 2c). By
placing a Wollaston prism in the detection path we were able to resolve the emission into two
orthogonal polarization channels [61]. Polarization resolved detection allowed us to obtain
fluorescence intensity traces for the two independent polarization channels for each pixel, or
group of pixels. Figure 5a shows a time-trace for a single 5-TRITC molecule embedded in a
thin (~100 nm) PMA film at room temperature. The total fluorescence intensity fluctuates in
time, reflecting the changes in the time-dependent emission properties (e.g. fluorescence
lifetime [62], triplet excursions [63,64], dark state statistics [65], or absorption and emission
spectra [66]) of the molecule and/or the out-of-plane rotational motion of the molecule.
Because the excitation rate is proportional to the out-of-plane orientation of the absorption
dipole moment of the chromophore, in case of purely out-of-plane reorientation of the probe
the signals in the two polarization channels will be correlated. In some parts of the trace (one
of them indicated by the arrows), anticorrelated intensity levels in the two polarization
channels are also observed. Since the total intensity level for the part indicated by arrows in
Figure 5a remained constant, the molecule undergoes in-plane rotational motion. Excitation
with circularly polarized light ensures an excitation independent of the in-plane orientation
and ensures the best signal to noise ratios throughout the trace.
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Figure 5. (a) Total fluorescence intensity (gray connected rectangles) and the intensities in the two orthogonal
polarization directions (gray and black) for a single 5-TRITC molecule embedded in PMA. (b) The degree of
polarization (P) was calculated using equation 3. The arrows in (a) and (b) indicate where in-plane rotational

motion occurred for this molecule. (c) Static distribution of P values taken from the time trace displayed in (b).

To estimate the orientation and orientational motion of the probes from single molecule
fluorescence intensity time-traces, values of the degree of polarization (P) are calculated
(Figure 5b):

L -1,0) 3)

PO oL’

where /; and I, are the intensities in the two orthogonal polarization channels, respectively,
and ¢ is time.
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Such a treatment of data ensures that the orientational diffusion probed is not affected by
laser intensity fluctuations, or triplet excursions. Additionally, the knowledge of the full
three-dimensional orientation is not required because it is contained already in the
fluctuations of the polarization. The values of P can range from —1 to +1 with extreme values
attainable through a in-plane rotation of 90°. The time-trace of P presented on Figure 5b
shows directly that the probe reorients in different directions while being embedded within
the polymer matrix. For molecules diffusing out-of-plane, there will be a substantial coupling
to both of the channels due to the use of a high NA objective. Therefore the values of P will
attain the extreme (—1 and 1) values only when the diffusion is isotropic and occurring on
time-scales longer than the integration time.

Not all investigated probes showed clear molecular reorientations. To quantify the extent of
molecular mobility of the probes first we classified the molecules as “fixed” or “rotating”,
during the collection time, by looking at the widths of their static distributions of P (Figure
5¢) [67]. As a reference for the “fixed” species we chose the width of the distribution found
for DiD molecules in a PS matrix at room temperature (80 degrees below the 7, of PS in the
bulk). Scanning confocal experiments described in Chapter 5 of this thesis showed that for
such conditions the molecules do not show any orientational diffusion in the polymer matrix
on the timescale of our measurements (minutes).

For 5-TRITC embedded in PMA at 22 °C we found that 30 % of the investigated molecules
could be termed as “fixed” and 50% of molecules were termed as “rotating”. For the
remaining 20% of the molecules, extensive hopping was observed and the corresponding
time traces exhibited a more complex behavior. We will discuss these time traces later in this
Chapter.

To extract the typical time-scales of the rotational diffusion for the molecules which did not
show extensive “hopping”, the autocorrelation function C(?) of P was calculated

ET:P(t')P(t'H)
C0="% ©
ZP(t')P(t')

A typical plot of C(?) is presented in Figure 6. The first point representing the noise was
removed from the plot. For all molecules investigated the autocorrelation function deviated
significantly from a single exponential decay function. In the framework of spatially
heterogeneous dynamics there can be two reasons for the observed nonexponential behavior.
Firstly, the dynamics of the probes is nonexponential in nature.
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Figure 6. Autocorrelation function of the degree of polarization and the fit to the KWW equation for one single
5-TRITC molecule in PMA.

The second reason for the nonexponential shape of the correlation function might be that the
probe dynamics is changing in time along the trace, a feature often called rate exchange or
“heterogeneity lifetime” [68]. To address these issues we looked at the rate of the molecular
reorientation. The emission intensities in the two channels for isotropic excitation are:

I, =1 cos’ ¢
o (5)
I,=1,sin" ¢

where /) is the total emission intensity and ¢ is the in-plane dipole angle. For the diffusing
molecule, for each time-interval, the in plane angle can be calculated:

[ 4@
1,()

o(t) =tan” (6)

In Figure 7a we plot the degree of polarization and in Figure 7b the absolute value of the first
derivative of the orientation angle (dg/dt) with respect to time. Parts of the trace clearly show
that the orientational behavior of the molecule is changing in time and subsets of the trace
where the reorientational behavior is substantially different from the average (faster or
slower) can be identified. Unfortunately, the time scale of such subsets is too short to perform
more detailed analysis and check whether the processes within the subsets are purely
exponential. Nevertheless, it is obvious that the presence of exchange times shorter than the
total observation time will be the cause of the nonexponentiality present in the
autocorrelation function. Many processes found in Nature (e.g. relaxation behavior of glass
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Figure 7. a) The degree of polarization and b) the absolute value of the first derivative of the in-plane emission

dipole moment orientation angle (dg/dt) for a single DiC;(5) as a function of time.

forming materials near the critical temperature) cannot be expressed in terms of an
exponential relaxation process with one relaxation time [69,70]. As a consequence, empirical
fitting functions are being applied, one of the functions being the Kohlrausch-Williams-Watts
(KWW) distribution function [71]:

C(t) = expl-(t/ 7 )| . (7)

where C(?) is the autocorrelation function and 7k is the characteristic time describing the
process. The fitting parameter £ determines the shape of the autocorrelation function. This
parameter is often called the stretching parameter and its value reflects the breath of the
relaxation spectrum (0</<1; /=1 for a single exponential process). The advantage of using
such a fitting is that one does not need to make assumptions about the nature of the relaxation
process (incorporating single or multiple time-scales). As shown in Figure 6 the KWW
equation describes our experimental data well. The average rotational correlation time (zz)
can be calculated by directly integrating C(?) but it can be also obtained by making use of the
fitting parameters g and S [71]:

Tp = TC(t)dt = Texp[—(

0

B
J ]dtszwf(“/”), (8)
B

TKWW

where 7 stands for the Gamma function. In Figures 8a and 8b we show the histograms of zz
and S values obtained from many different single molecule observations. The subset of 5-
TRITC molecules, which were called “rotating”, exhibit a broad range of rotational time-
scales when embedded in the same polymer matrix. The mean relaxation time of the

distributions <zz>= 3.81 s is in excellent agreement with the reported literature values
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obtained by other authors (3.3 s for Rhodamine 6G in PMA at 18 °C) [75]. The £ parameter
distribution shows that for almost all molecules investigated, the exchange times are much
shorter than the total observation time (from seconds to minutes). It seems to be quite clear
that bulk ensemble experiments performed on the same system will result in f parameters
which are substantially lower than 1, i.e. the relaxation process will show nonexponential
behavior. The main advantage of our wide-field approach is the ability of spatially mapping
the heterogeneous molecular dynamics inside the polymer, above the glass transition directly.
Although we are able to follow the differences form molecule to molecule, due to the far-
field characteristic of the detection method, our experiments do not allow us to determine
accurately the size of the “domains™ [5] that could be characterized with one relaxation

behavior.
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Figure 8. Histograms of 7z (a) and S (b) parameters obtained for different single 5-TRITC molecules embedded

in the same PMA matrix at room temperature (12 degrees above Ty).

As mentioned earlier, not all molecules could be termed as rotating and 20 % of all molecules
investigated exhibited more complex behavior. As an example of a P time-trace one such
molecule is presented in Figure 9a. Regions of slow and fast rotational motions can be
distinguished and a significant frequency of orientational “jumps” is observed. The static
distribution of P (Figure 9b) is also broad in this case meaning that the molecule probes many
different orientations during the investigation time. However, the distribution does not show
one broad peak but rather can be described as a multi-modal distribution. The lines in Figure
9a indicate the values, which correspond to the peak positions in the histogram (Figure 9b). A
time-trace of P presented in Figure 9a might suggest that not only the rotational diffusion of
DilC,;(5) molecules in poly(methyl acrylate) is mediated by consecutive hopping from one
spatial position to another but that the rotational diffusion is also the result of hopping
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Figure 9. a) Time trace of the degree of polarization for a single 5-TRITC molecule in PMA exhibiting a
complex rotational behavior. The black solid lines are guides to the eye. b) Static distribution of P presented in
(a). The peak values of P at positions A, B and C are the same as indicated in (a). The black line is obtained

after FFT smoothing of the data.

between a few different orientations (or “sites’) within the polymer matrix in which the probe
can reside for different amount of times before switching to another “site” or to start to rotate
with different rates.

As suggested by Bartko et al. [42], such small uncorrelated motion including jump-like
behavior at the single molecule level is likely to contribute significantly to the translational-
rotational paradox near 7, observed in the bulk, where the ensemble-measured translation
appears to be orders of magnitude faster than the rotational motion [5,43,44]. Similar hopping
mechanisms [72] were also witnessed for single dye probes incorporated within the gel phase
of supported lipid bilayers [35]. The reason for such a diffusion mechanism was explained by
the presence of a microscopic heterogeneity determined by local arrangements of lipids in the
crystalline packing, which undergo constant dynamics changes. Our single molecule study
shows directly that such pocket-like microscopic regions in the polymer develop already 12
degrees above the glass transition temperature for the system investigated. Additionally,
switching of the dye between similar orientations in space means that the probe environment
displays a rather high degree of rigidity. The molecular motion is therefore a result of the
polymer-defined nanoenvironment combined with the thermal agitation and the flexibility of
the probe. If the polymer freezes further, upon approaching the glass transition, it is likely
that the jump frequency goes down. Below the glass transition the jumps are not frequent and
are governed by the structure of the probe combined with the amount of free volume
accessible to the probe in the matrix [73]. It would be of interest to investigate the size of the
rigid environments above the glass transition by changing the size of the probes up to a few
nanometers.
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It is our intention throughout this Thesis to probe the dynamics of the polymer rather than
that of the probes. It was certainly showed in this Chapter that the degree of mobility in the
surrounding matrix influences the molecular tracers. However, the question about the
coupling between the probe and the polymer dynamics was left unanswered. In bulk [74] and
single molecule experiments [41], it was found that the motion of the probes is coupled to a
certain degree to the a-relaxation of the polymer chains i.e. the probe motion follows the
same temperature dependence. For small probes, however, a substantial decoupling from the
a-relaxation was found starting at temperatures 30 to 50 degrees above the glass transition
[75]. The origins of this behavior are largely unknown but it has been suggested that smaller
probes better couple to the higher order relaxations like the £ or y processes.

The relationship between the relaxation times of the probe (zz) and the time scale for the
relaxation of the polymer chains (z,,;) was described with the relation [76]:

<Tpoz> = Ci<TR >,§, 0<€< 1 )]

where i = o, f, y denotes a given relaxation process and for =1 there is a full coupling to
given relaxation process. The constant C is related to the characteristic length scale of the
given relaxation process and to the size of the probe. In our study the rotational behavior
varied greatly from molecule to molecule within the same sample and even between
molecules, which were collected simultaneously on the same frame. Introduction of
heterogeneous dynamics found in our single molecule experiments (broad A and 1z
distributions) and especially the presence of the hopping mechanism for diffusion, into
equation 9 makes the problem of obtaining one coupling parameter subtler. Describing the
system with only average relaxation time without a proper knowledge of the exact shape of
the distribution of the relaxation times will not allow us to obtain the full picture of the
microscopic diffusion processes of the polymer chains. To be able to describe the polymer
dynamics and reveal the coupling mechanism directly, additional single molecule
experiments should be performed using probes with different dimensions, chemistry and
under different experimental conditions. An approach to overcome the problems of the host-
guest coupling strengths would include covalent attachment and labeling of the polymer
chain by the probe [77]. Molecules with well-defined transition dipole moments could be
incorporated within the polymer chain giving valuable information on the macromolecular
motion. Here, we have opened a new experimental platform for such investigations by using
a single molecule wide-field setup.
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4.3.3 Static heterogeneity below the glass transition

Below the glass transition, DilC;(5) molecules embedded in polystyrene were effectively
trapped in the polymer matrix and did not display any visible rotational or translational
diffusion on the experimental time-scale (minutes). Although our wide-field setup was
successfully applied to observe large-scale molecular dynamics, its application to study slow
molecular motion is limited due to the lack of high spatial resolution and the presence of
setup drift. To determine whether the static heterogeneity in the polymer in the glassy state
can be investigated by single molecule probes, we performed indirect studies based on
oxygen removal. First, the single molecule fluorescence time-traces were recorded when the
sample was in atmospheric environment. We then removed the oxygen from the samples by
placing an environmental chamber above the sample stage and flushing nitrogen through the
chamber for several hours. Subsequently we decreased the nitrogen flux to obtain a laminar
flow through the chamber. After such a procedure the fluorescent intensity was recorded
again for the same set of single molecules. Observations made on the same set of probes
exclude therefore the possibility to sample different regions in the polymer with different
structure and/or dynamics.

It is known that molecular oxygen plays an important role in photochemical processes
common for most of the fluorophores like triplet excursions or photobleaching [78,79].
Reduction of the triplet state lifetime [80] in the presence of oxygen supports the idea that the
formation of the singlet oxygen species occurs through a triplet-triplet annihilation
mechanism between the dye and the oxygen [81-83]. The production of singlet oxygen can
lead to a subsequent photochemical oxidation [78]. Upon removing the oxygen from the dye
surroundings, the triplet lifetimes were found to increase considerably by many orders of
magnitude from tens of microseconds [84,85] to tens of milliseconds for special conditions
[80,81]. Temporal fluctuations of single molecule triplet lifetime were attributed to temporal
fluctuations in the oxygen concentration in the environment of the probe [86]. To obtain
information on the static disorder in a polymer film, English et al. [80] monitored changes in
the photophysical behavior of many different single molecules depending on the oxygen
content. Probing the same molecules after changing external conditions will ensure that the
heterogeneity obtained by English et al. is not due to the dynamic properties of the polymer.
Such experiments were not performed until now.
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Figure 10. Fluorescence intensity frames obtained by wide-field microscopy. The spots are single fluorescent
DilC,(5) molecules imaged in air (a) and in nitrogen atmospheres (b). The same set of molecules present in both
images can be clearly identified. Several molecules bleached during the data acquisition in air and are not
visible in (b).

Figure 10 shows fluorescent intensity frames of single DilC;(5) molecules in polystyrene
obtained with a wide-field microscope. The same set of single DilC;(5) molecules on both
frames can be clearly identified. Several molecules are missing in part (b) because of the
irreversible photobleaching process. For each molecule that persisted and could be imaged in
both conditions we obtained intensity time-traces as presented in Figure 11. On the right side
of the time-traces in Figure 11, intensity histograms for each of the conditions are plotted.
The fluorescence emission of single molecules in part (a) and part (b) of Figure 11 shows a
drastic change upon changing the environment. While being exposed to air, most of the time-
traces had a constant intensity level and the resulting intensity histograms were narrow and
symmetrical. When exposed to nitrogen, the time-traces displayed higher amplitude
fluctuations in the intensity with several excursions to the background level. Since the
reported triplet lifetime is usually much shorter than the integration time of our setup [85,87],
we are not able to obtain quantitative information on the intersystem crossing yield and the
triplet lifetime. However, the changes observed in the time-traces can be qualitatively
explained by longer average triplet lifetimes after the removal of the molecular oxygen. This
is also supported by the fivefold increase of the average time before photobleaching (from
20s in air to 90s in nitrogen) for the different conditions. Therefore, we attribute the changes
in the time-traces to the changes in oxygen concentration in the polymer films. For a lower
oxygen content the probability of probe-oxygen collision is lower, therefore the probability
for triplet quenching is also lower. We performed a check whether the observed behavior
could be caused by the level of humidity, however changes in the relative humidity from 3%
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Figure 11. Fluorescence intensity time traces of individual DilC;(5) molecules embedded in polystyrene at
different imaging conditions i.e. in air and in nitrogen atmospheres, respectively. On the right hand side of the
time traces the histograms of the fluorescence intensity are plotted. Nitrogen flushing had a dramatic effect on
molecules in (a) and (b), while the molecule in (c) was not affected. The time traces in (c) overlap almost

perfectly.

to 80% at room temperature did not cause any significant changes in the single molecule time
traces. Not all of the investigated molecules (10-15%) had a visible change in the intensity
time traces (Figure 11c¢). This can be explained by different rigidity of the polymer matrix or
by different amount of the free volume [88-90] available for the oxygen to diffuse in the
matrix [91,92]. The spatial distribution of molecules not influenced by the experimental
procedure exemplifies the heterogeneous structure and/or dynamics present below the glass
transition. It should be noted that this method probes only the threshold for oxygen diffusion
in the polymeric host. For polystyrene, the oxygen molecules are relatively free to diffuse
(diffusion constant of oxygen in PS at room temperature is equal to ~ 2x107 cm?/s) [93,94],
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therefore only the most rigid polymer surroundings could slow down the diffusion process
[92].

Lower absolute intensity values, large intensity fluctuations and the appearance of long dark
states when imaging under nitrogen were also the reason why the diffusion experiments
described in this chapter where performed in air. For example, blinking processes during
translational diffusion causes shortening of the diffusion traces. Longer triplet lifetimes lower
the total intensity per integration time, therefore worsen the localization accuracy [95].

4.4 Conclusions

The translational and rotational diffusion of single molecules in polymer matrices were
followed in time and the characteristic time scales of related processes were extracted. Above
the glass transition temperature of the polymeric host the translational diffusion displayed
Brownian like behavior. The distribution of the diffusion coefficient obtained from two-
dimensional molecular traces was broad and was influenced by the presence of
heterogeneities in the sample. When approaching the glass transition, the rotational motion
dominated over translational diffusion over lengths scales smaller than the resolution of the
experimental setup. Different populations of diffusion behavior were identified. Rotational
diffusion mediated by hopping was witnessed. Evidence for heterogeneous dynamics was
obtained directly from the single molecule experiments. While in some parts of the sample
the molecules where free to rotate, in others the rigidity of the polymer matrix did not allow
for movement of the probe on the time-scale of the experiments. No rotational and
translational diffusion could be observed below T,. Information about the presence of a static
heterogeneity was obtained with an indirect method based on monitoring the photophysics of
the same individual molecules under different experimental conditions. The results described
in this chapter show that single-molecule detection and tracking are a powerful tool to study
polymer dynamics above and close to the glass transition of polymers.
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Chapter5

Polymer segmental scale dynamics probed by
single molecule fluorescence lifetime fluctuations

Photophysical properties of single fluorophores embedded within a polymer
matrix depend on the structure and dynamics of the chromophore
surroundings. In particular, the fluorescence lifetime of single DiD molecules
embedded in polystyrene or poly(isobutyl methacrylate) matrices is shown to
fluctuate in time. This time-dependent behavior reflects the local density
fluctuations in the polymer matrix. The number of polymer segments taking
part in the rearrangement volume (Ns) around the probes is extracted from the
lifetime data by applying an effective medium approximation together with
the Simha-Somcynsky thermodynamic equation of state. Ns is found to be
dependent on temperature, decreasing for higher temperatures. This trend is
described by a master curve as a function of reduced temperature (7-7,)/T, for
different polymers. Our method is shown to report on the heterogeneous
segmental scale dynamics present in polymer systems below the glass

transition temperature.

" Part of this Chapter has been published in: Vallée, R. A. L.; Tomczak, N.; Kuipers, L.; Vancso, G. J.; van
Hulst, N. F. Single molecule lifetime fluctuations reveal segmental dynamics in polymers. Phys. Rev. Lett. 2003,
91,038301.
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Chapter 5. Polymer dynamics probed by single molecule fluorescence lifetime fluctuations.

5.1 Introduction

Photophysics and photochemistry in polymer science has been one of the central areas of
interest for a long time [1]. Recently developed single molecule fluorescence methods [2-6]
offer two main advantages as compared to bulk techniques, which have been used to probe
polymer structure and dynamics. First, single molecule probes allow one to probe polymers
on the truly microscopic level. Second, single molecule methods offer the possibility to
resolve ensemble averaging, therefore providing a check on how the particular member of a
population contributes to the whole distribution. Such a unique combination of locality and
nonensemble measurements has proven powerful in the investigations of various polymer
systems both at cryogenic and room temperature as reviewed in Chapter 2.

Here, we exploit the fluorescence lifetime to investigate the dynamics of polymeric glasses.
Fluorescence lifetime is a photophysical parameter known to be extremely sensitive to the
dielectric and chemical changes in the surroundings. For a given static situation, the
fluorescence lifetime of the chromophoric probes will have a fixed value. When the
properties of the probe environment fluctuate in time, the changes in the fluorescence lifetime
will reflect the dynamics in the probe surroundings. At low temperatures, the variations in the
configuration of the matrix shell around a chromophore can be neglected and the fluctuations
in the density are negligible. At cryogenic conditions the optical linewidths of chromophores
are lifetime limited. Therefore the observed distributions of linewidths reflect the inherent
disorder present in the investigated system [7]. At room temperature, however, due to the
high mobility present in the polymer matrix, this is not true anymore. Inhomogeneously
broadened spectra are observed, and the fluorescence lifetime of chromophoric probes
fluctuates in time. Monitoring the lifetime of individual probes will give information on the
local, nanoscale, polymer dynamics. Knowledge of such molecular level processes helps to
improve our understanding of structure — property relationships for polymer glasses.

In this chapter we describe our work aiming at monitoring single molecule fluorescence
lifetime fluctuations. We show that the fluctuations are related to the local density
fluctuations present in the polymer matrix. To relate the density fluctuation to polymer
dynamics we combine an effective medium approximation with the Simha-Somcynsky
thermodynamic equation of state [8]. We determine the number of polymer segments (Ns)
taking part in the relaxation processes around the chromophore. We find that Ny depends on
temperature and its value decreases with increasing temperature for two different polymers
investigated. Clearly our method can be used to probe the spatially heterogeneous dynamics
present in polymeric glasses at the segmental scale. Although the exact microscopic
mechanism for the observed density fluctuations is not yet fully elucidated, we compare the
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behavior of Ns for the two different polymers and conclude that the secondary relaxation
processes around the probe are not the main contributors to the density fluctuations observed.

5.2 Experimental section

5.2.1 Materials and sample preparation

As host matrices we chose polystyrene (PS, number average molar mass M,=89300 g/mol,
polydispersity M,/M,=1.06, Polymer Standard Service, 7,=100 °C) and poly(isobutyl
methacrylate) (PIBMA, molar mass M,=67200 g/mol, polydispersity M,,/M;=2.8, custom
made by UV polymerization, 7,=56 °C). The probe used in this study was DiD
(1,1’dioctadecyl-3,3,-3°,3 -tetramethylindodicarbocyanine perchlorate, Molecular Probes D-
307). The choice of the dye was dictated by the fact that it should have a high fluorescence
quantum yield when embedded in polymer matrices, and a large absorption cross-section,
which for DiD is 7.4x10"® cm®. Additionally, DiD molecules in polymer matrices are
relatively more stable compared to other chromophores. Solutions of the dyes in toluene, and
tetrahydrofuran, containing different amounts of polymer were spin-coated at 3000 rpm for
60 s onto a cleaned glass cover slides (with a diameter of 10 mm or 20 mm, Fisher Scientific)
to produce uniform, thin coatings with thickness values ranging from 70 to 200 nm. Prior to
spin-coating, the glass cover slides were cleaned using a Piranha solution (mixture of 1:4 of
30% H,0,; and concentrated H,SO.), rinsed with Milli-Q water and ethanol, and finally dried
in a stream of nitrogen gas. The concentration of the dyes in the resulting films was kept low
enough (10°-10"" M) to ensure adequate spatial separation of the dye molecules for optical
single molecule observations. The PS and PIBMA samples were subsequently annealed in
vacuum. For PS this annealing included a treatment of 12h at 60 °C followed by 3h at 105
°C. For PIBMA the treatment was 12h at room temperature (22 °C) and 3h at 80 °C. The
annealing was performed to remove the residual solvent, relax the remaining stresses
introduced by the spin-coating technique and the two-stage process used helped to avoid
polymer dewetting.

5.2.2 Thin film morphology examined with Atomic Force Microscopy

A NanoScope Illa (Veeco, Digital Instruments, Santa Barbara, USA) Atomic Force
Microscope (AFM) was used to examine the sample surface. The AFM was operating in the
tapping mode using a cantilever with a nominal spring constant of 40-60 N/m. The tip-scratch
method was used to determine the film thickness. AFM was also used to determine the
planarity and roughness (<1nm) of the samples.
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5.2.3 Scanning Confocal Microscopy and time resolved experiments

The scheme of the Scanning Confocal Microscope setup employed in our studies is depicted
in Figure la. Picosecond pulses from a pulsed diode laser (635nm, PicoQuant, 800-B, 100
mW, 80 MHz repetition rate) were used for excitation and time-resolved experiments. The
excitation light was made circularly polarized using a A plate and focused onto the sample
to a diffraction-limited spot using a high NA oil objective (Olympus, NA=1.4, 100x). To
separate the fluorescence emission from the excitation, suitable dichroic mirrors, emission,
and excitation filters were used. Fluorescence photons were collected by the same objective
and sent to two avalanche photodetectors (SPCM-AQ-14, EG&G Electro Optics) placed after
a polarization beam splitter (splitting into two perpendicular components). For time-resolved
experiments an SPC 500 time-correlated single-photon counting card was used to build
photon arrival histograms. The fluorescence lifetime was obtained by a single exponential
decay fit to the histogram. A custom-built piezo-scan table with an active x-y feedback loop
mounted on a commercial optical microscope (Zeiss Axiovert inverted microscope) was used.
The sample was scanned through the focus of the excitation spot at a pixel frequency of 1
kHz, producing two-dimensional fluorescence intensity images (for two independent
polarization channels when required) (Figure 1b). Custom written LabView software was
used to control the scanning process and data acquisition. A custom-made heating stage was
placed between the objective and the sample and the temperature was controlled with an
accuracy of 2 °C during the experiment.

5.3 Methodology

In Figure 1b we show a 10x10 pm?” fluorescence intensity scan of DiD molecules embedded
in a PS matrix. The fluorescence photons were collected in two orthogonal polarization
channels and a false color scale was applied to the normalized intensity difference between
the two detectors at each pixel. The polarization sensitive detection optics provides
information on the in-plane orientation of the emission dipole moment of the embedded
molecules. It should be noted that such a method of determination of the orientation of the
molecule has its limits. Especially in the case when high NA objectives are being used there
is a coupling of the signal to both detectors for molecules which have significant out-of-plane
orientations. However, here, it will be of more importance to monitor the changes in the
molecular orientation and to ensure that there is no rotational diffusion present for the
molecules under investigation, within the experimental time-scale. Each intensity spot visible
on the scan in Figure 1b is attributed to single DiD molecules embedded in the PS film.
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Figure 1. a) Scanning Confocal Fluorescence Microscope setup. For a detailed explanation see text. b) 10x10
um?’ fluorescence intensity scan of single DiD molecules embedded in a 200 nm thick PS film. The false color
scale is related to the in-plane orientation of the emission dipole moments of the chromophores. ¢) Examples of
three arrival time histograms integrated over 100 ms generated for three different molecules (scatter plots). The
histograms were fitted with single exponential decays (solid lines) to obtain the fluorescence lifetime in a 100ms

time interval.

There are several ways, which allow one to determine whether the spots are single emitters.
On the scan the spots have a discrete value of the polarization and the size of the spots
corresponds to a diffraction-limited image of a point-like light source. Later, on the time-
traces the molecules also display step-like intensity excursions to the background level
(blinking) and one-step photobleaching. Such behavior is sufficient to discriminate with
confidence between multiple and single molecule behaviors.

To perform single-molecule time-resolved experiments, each of the molecules was moved to
the excitation focus. At the moment when the fluorophore reached the focus, the recording of
photon arrival times with respect to pulsed laser excitation was started. The arrival times
were integrated over each 100 ms and histograms were built to produce fluorescence decays
(Figure 1c). The decays were fitted to single exponential decay functions using a Levenberg-
Marquadt algorithm. The background fluorescence was taken into account in the fitting
procedure as a constant offset of the fluorescence signal. From the fits the fluorescence
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lifetime was obtained. By repeating such procedures many times for each integration time
interval, fluorescence intensity, orientation and lifetime time-traces were obtained from the
integration over all detected photons, the two polarization channels and the arrival time
histograms, respectively.

5.4 Results and discussion

5.4.1 Fluorescence lifetime fluctuations and distributions

The fluorescence lifetime and intensity time-traces were obtained for many different single
DiD molecules embedded in PS and PIBMA films with thickness values ranging from 70 to
200 nm. Remarkably, the appearance of the time-traces obtained varied from molecule to
molecule. More specifically, large differences appeared in the behavior of the fluorescence
lifetime in time. In Figure 2 we compare the data collected for two different single DiD
molecules embedded in a 70 nm thick PS film at room temperature. For the molecule on the
left (Figure 2a) the values of both the fluorescence lifetime and the emission intensity are
constant in time. The second molecule (Figure 2d) also exhibits constant emission intensity
but there are large variations in the fluorescence lifetime. Peculiar excursions towards longer
values of the lifetime are visible along the time trace and changes as much as 400 % in the
lifetime can be observed. The magnitude and frequency of such fluorescence lifetime jumps
depended on the molecule investigated. The difference between the lifetime traces can be
exemplified by plotting the corresponding histograms of the lifetime values for each of the
molecules (Figure 2¢ and 2f). For a stable fluorescence lifetime the resulting histograms are
symmetric and centered around one mean value of the lifetime (Figure 2¢). Traces, where
frequent lifetime jumps are observed result in a skewed distribution elongated towards higher
lifetime values (Figure 2f).

To evaluate the asymmetries present in the single molecule fluorescence lifetime destitutions,
we obtained fluorescence lifetime time-traces for each of the molecules investigated. From
the lifetime trajectory we built lifetime distributions, which we fit with a gamma distribution
function g(x) = /A ,Bx)a’le’ﬂx /I{e) [9-11] (solid line in Figure 2c¢c and 2f). The first two
moments of the distribution are given by x,, = o/ and <&’ >0 =a/,82 , where o and f are the
shape and the scale parameters characterizing the distribution, /” stands for the gamma
function. The gamma distribution function g(x) is symmetric for large « and develops to an
asymmetric distribution for « approaching down to o =1.
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Figure 2. (a)(d) Fluorescence intensity and lifetime time-traces for single DiD molecules embedded in a PS
matrix. The binning time was 100 ms. (b)(e) Correlation plots between fluorescence intensity and lifetime of
single DiD molecules. (c)(f) Histograms of fluorescence lifetimes from the time-traces presented in (a) and (d).

Solid lines are fits to the histograms with a gamma distribution function.

In the presence of lifetime fluctuations the distributions are asymmetrically broadened
towards higher values (see Figure 2f) and the extent of the asymmetry is described by the
characteristic shape parameter « obtained from the fit. A histogram of « is built from many
different single molecules at a given temperature. Such a distribution is presented in Figure
3a. We observed [12,13] that the distributions of « shift toward lower values when increasing
the temperature (Figure 3b). There are several mechanisms, which could influence the
experimentally determined fluorescence lifetime. Since the investigated chromophores are
embedded in a polymer matrix we will also address the question whether the fluctuations may

arise from the changes in the polymer dynamics.
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Figure 3. a) Distribution of the shape parameter « obtained for DiD molecules embedded in a PS film at room
temperature. b) Distributions of the shape parameter of DiD molecules in PIBMA as a function of temperature.

The distributions shift towards lower values with increasing temperature.

5.4.2 Origin of lifetime fluctuations

For a chromophore embedded in a polymer several processes can influence the excited state
lifetime of the probes including quenching, changes of the photophysical properties of the
dyes due to changes in the dye molecular conformation, effects imposed by the thin film
geometry of the sample and finally changes in the probe environment.

In Chapter 4 of this thesis we demonstrated that the changes in the molecular environment
(changes not necessarily associated with the polymer) have a significant impact on the single
molecule photophysical behavior. The molecules can decay from the excited state both in a
radiative and nonradiative way, where particular decay rates &, and £, are associated with
each of these two processes, respectively. In this study, the experimentally obtained
fluorescence lifetime (7r) corresponds to the effective lifetime of the excited state and can be
expressed as:

1

- 1
k, +k, M)

Tr

Opening of new nonradiative decay channels, quenching, reduces the experimentally
determined lifetime. In such cases a positive correlation between 7 and the measured
intensity should be visible. In Figure 2b and 2e we show that this trend is not observed: no

82



Single Light Emitters in the Confinement of Polymers

correlation between intensity and lifetime is observed regardless of the magnitude of the
lifetime variations. Therefore, the fluorescence lifetime fluctuations are not related to a
quenching process. Additionally, the observed variations in lifetime and deviations from the
average are predominantly towards higher values. DiD dyes were reported to exhibit high
quantum yields, close to unity, when embedded in a polymer matrix. Since the fluorescence
quantum yield (QY) is defined as:

k
y =———, 2
Q k,+k, @

the decay from the excited state for DiD is almost purely radiative in nature. Any lifetime
change can only occur with a substantial reduction of fluorescence. It should be noted that in
fact a few molecules showed a correlation between lifetime and intensity. This was attributed
to the presence of a quencher nearby the chromophores. These few molecules were discarded
from further analysis.

Modification of the transition frequency, or the transition dipole moments can also result in
fluorescence lifetime fluctuations. However, Vallée et al. [14] have investigated a
chromophore with chemical structure similar to the chromophore used in this study (the
conjugated part was the same) and found that in case of dicarbocyanines, the ground and the
excited states have the same configurational structure. Furthermore, changes of the
conformation of DiD molecules caused by thermal agitation at room temperature are
relatively small and are not expected to contribute more than 10 % to any lifetime changes.
Careful observation of Figure 2d reveals lifetime changes of up to a factor of 4. It should also
be kept in mind that the glassy polymeric environment can obscure conformational changes
for which large activation volumes are required. Vallée et al. [14] have shown that already in
the case of small side group twisting (volumes smaller than in case of DiD) such events are
extremely rare. We conclude that conformational changes of the chromophores cannot be
responsible for the observed lifetime fluctuations.

The time averaged fluorescence lifetime level from which the lifetime excursions were
occurring was slightly different from molecule to molecule. This is due to cavity effects
[15,16] introduced by the thin film structure. The effect structures with dimensions smaller
than the wavelength have on the radiative decay rates will be discussed in more detail in
Chapter 6. Here we will only state that such effects are static in nature and unless the
molecule does not translate or reorient itself with respect to the interfaces, these effects do not
play any role in the observed lifetime fluctuations [17-20]. The collection of the emitted
fluorescence was performed in two orthogonal channels to obtain the information on the
molecular orientation. The observation of the degree of polarization during the fluorescence
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lifetime collection clearly showed that for all investigated molecules any orientational or
translational diffusion of the probes in the polymers on the time scale from seconds to
minutes was absent. Therefore “global” cavity effects are not responsible for the lifetime
fluctuations.

5.4.3 Spontaneous emission in dielectrics

It is well known that the characteristics of the spontaneous emission of electromagnetic
radiation of an excited molecule are not only inherent to the molecule but are also strongly
dependent on the molecular environment. The photonic mode density (into which a photon
can be released) in the surroundings mediates this dependency. When the molecule is moved
from vacuum and placed within a homogeneous dielectric, the spontaneous emission rate of
the chromophore changes and becomes dependent on the dielectric constant of the medium
(&) through the following relation [21,22]:

I =+el,, 3)

where /"and 7 are the spontaneous emission rates in free space and in the dielectric medium,
respectively. The local, microscopic electromagnetic field at the location of the
chromophores is often different from the averaged field for the whole sample volume. This
introduces a local field correction factor L and equation (3) transforms into:

I =+/e[,I? (4)

The effect of the local fields [23-25] on the spontaneous emission rates was investigated both
theoretically and experimentally [15,26-31]. Experimental results on the variation of the
radiative decay rate of rare earth ions (Eu’") with the refractive index [32] in supercritical gas
[33], alcohols [34] or glasses [35] are in agreement with the so-called real cavity model. For
the real cavity model equation 4 transforms into the following form:

2¢ +1

=22 ©

Equation (5) clearly shows the relation between the spontaneous emission rates and a
material specific constant, and will serve as a basis in our subsequent considerations.
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Segment / Void /

Figure 4. a) Schematic representation of the disorder present in a glassy polymer matrix. Regions A and B show
that the packing efficiency can be very much different from place to place. In region C, where the probe is
present, the local dielectric constant and therefore the local electric field is different from the average. b) In the
cell model the lattice consists of voids and segments competing for available space. The gray shaded circle in
both figures corresponds to the chromophore. The black circles are polymer segments and the gray lines

correspond to bonds determining the polymer chains.

In Figure 4a we show a schematic drawing of a chromophoric probe embedded in a
disordered, glassy, polymer matrix. A gray shaded circle represents the chromophore and the
other circles represent polymer segments, which are connected to each other (by gray lines).
These connected circles represent covalently bound segments of polymer chains. The number
of polymer segments in a polymer chain is equal for all polymer chains. The visible “length”
of the polymer chains in Figure 4a is different from one chain to another because the polymer
chain can be continued in the out of plane direction. Because of the imperfect spatial packing
of polymers in the glassy state one can identify regions e.g. A, B or C where the segmental
density is substantially different. Such regions will display different dielectric and dynamic
properties. In this schematic picture the probe introduced into the matrix will be affected by
the polymer structure and dynamics in the space around the probe, indicated as region C. It
was shown theoretically [36,37] and confirmed experimentally [38,39] that the spontaneous
emission is able to sense the local refractive index within a sphere with radius in the order of
the wavelength of light [40]. However, this ability decays very fast with distance and the
molecules are primarily influenced by the changes in their near-field regions. Given such a
schematic picture of a polymer as in Figure 4a. one can ask, how particular environments will
affect the chromophore excited state lifetime to produce the observed lifetime fluctuations.
The local conditions for spontaneous decay will vary depending in which region in the
polymer matrix the chromophore is located. Therefore the probes can have different values of
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lifetimes reflecting the static picture of the polymer structure and, as mentioned earlier, the
possible influence of the interfaces. Due to thermal energy the polymer chain segments will
change their position in time and will compete with the voids for available space. If the
polymer environment fluctuates, the local dielectric properties become time-dependent and
the probe will exhibit lifetime fluctuations, which reflect the density fluctuations in the
dielectric surroundings. Figure 4a also shows that the local dielectric constant &,. can be
different from the average over many different polymer environments (<&>) because on the
molecular scale the dielectric cannot be treated as continuum and macroscopic concepts like
the dielectric constant are not applicable in their common forms. Since the chromophores will
be predominantly influenced by changes occurring in their near-field one would ask whether
the fluorescence lifetime will reflect the local density fluctuations. The observed shifts of the
a distribution with temperature towards lower values suggest that this is indeed the case.
Lower values of o mean larger fluorescence lifetime fluctuations, which according to the
discussion above are related to the surrounding matrix through the material constant &.

5.4.4 Effective medium approximation

To relate the fluctuations in the fluorescence lifetime directly to changes in the local structure
of the matrix, first, we make use of the effective medium approximation, where the system is
described as a medium consisting of polymer and voids competing to occupy space. The
local effective dielectric constant in the region nearby the probe can therefore be defined as:

Se_[f = hgvac + (1 - h)gpol b (6)

where &,=1 and &,~=2.5 are the dielectric constant of vacuum and of the polymer
respectively, and /4 is the fraction of voids present in the medium. Therefore, different local
effective dielectric constants are associated with regions A, B and C in Figure 4a. Changes in
the number of voids present in the chromophores polymer surrounding will change its local
dielectric properties, which in turn will influence the radiative decay rates from the excited
state through the magnitude of the local field at the molecule location. The dynamics of void
formation and annihilation through localized motion of polymer segments will cause local
density fluctuations and affect the measured fluorescence lifetime. The reaction field at the
chromophore position will change each time a void is being occupied by a polymer segment
with given polarizability. The effective dielectric constant will therefore also depend on the
number and type of the surrounding dipoles. The effective medium approximation shown
here represents a rather coarse approach. However in the low hole fraction regime (<10%) we
show that the gamma distributed fluorescence lifetimes can be translated into the
corresponding gamma distribution of the fraction of holes where both distributions can be
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described with the same shape parameters (with a maximum estimated error of 4%). In
particular, the expression, which relates the two probability densities of 4 and 7z, is a smooth
linear relationship in the form of:

dThF —ah+b 7)

5.4.5 Simha-Somcynsky equation of state

In the preceeding section we have established a connection between the fluorescence lifetime
and the local dielectric properties of the surroundings. We have also shown that the
fluorescence lifetime distributions can be translated into the corresponding distributions of
fraction of holes present in the system. In polymer physics there is a widespread attempt to
relate directly the density fluctuations present in the polymer matrix to the polymer chain
molecular packing and relaxation behavior. To achieve this, the pressure-volume-temperature
(PVT) behavior of polymer glasses was accurately measured for various polymers. To
explain the PVT behavior of polymers, lattice-hole theories were developed. Here we will
make use of the Simha-Somcynsky cell model developed for the equation of state of polymer
liquids [8,41]. In Figure 4b we showed a cubic lattice of sites, each of which can
accommodate one polymer segment. To account for molecular disorder, a temperature and
volume dependent fraction /4 of vacancies or holes is introduced. Similarly as in Figure 4a the
probe resides in one of the sites. The configurational partition function for a system of N s-
mer polymers, occupying a fraction y of the total number of available sites is given by:

; ®)

Z=gNply, 7.0} exp{%}

where g represents the combinatory factor arising from mixing between the molecules and
unoccupied sites (given by the Flory-Huggins theory), vy is the free volume per each of three
of the total number 3¢ of external degrees of freedom attributed to a chain, and £ is the
potential energy of the system at rest. Assuming Lennard-Jones interaction between
nonbonded segments, Ej is given by:

4 )
2E, = yNgxe*|1.011w —2.4090 } (9)

where gx is the number of the nearest-neighbor segments per chain and &+ is the characteristic

attraction energy per segment, @ = y¥ /v"Ns is the reduced segmental cell volume, V is the

87



Chapter 5. Polymer dynamics probed by single molecule fluorescence lifetime fluctuations.

measured volume of N molecules, and v* is the characteristic volume per segment. The
Helmbholz free energy (F) is related to the partition function Z by:

F =—kT'InZ =~kTn(g(N, y))~ cNkTInlv, (v, y))+ E, (10)

From p=-(JdF/cV)r, and using (JF/dy)y,r = 0 to determine the occupancy fraction y(V,7), an
equation of state can be written as:

- S N )
i:{l—y(ZzyV) 3} +(¥}[2.022(yV)4 —2.409(yV)‘2} (11)
T T

where ;N) = p/p* = psv*¥/(qxes) , V=V = V/(Nsv*), and T =T/T* = ckT/(gxe*), are the
reduced variables of state, with p* V* and T* being the characteristic scaling parameters for
each polymer material. Corresponding values for specific polymers can be found in the

literature [42,43]. If not known, they can be determined by fitting the p, V, T data obtained
experimentally to equation (11) [44].

The motion of polymer segments and the relaxation of polymers in the glassy state will
depend on the local hole fraction as well as on the local fluctuations in the hole fraction. At
equilibrium, the free volume around the probe in Figure 4b is not constant in time and its
mean-square thermal fluctuations from the mean free volume can be calculated from:

N O°F
(on*) = kT ( o j (12)

where oh=h-h,,, h,, being the average hole fraction.

From equation (10), for specific PVT conditions one obtains:

—_ 3 +
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where Ns is the total number of segments. By assuming a number of segments s per chain
sufficiently large, and setting the flexibility ratio s/3c = 1, Ns can be replaced by N, the
number of polymer segments in any size volume in which the fluctuations are desired [45].
Indeed, to build a distribution of free volume one should set a priori the value of Ns. This, in
many cases, is done totally arbitrarily [46].

The single molecule fluorescent lifetime method presented in this chapter reverses the
situation. By assuming a gamma distribution as a distribution of free volume [10,45,47], we
propose to directly relate the number of segments involved in a local rearrangement cell to
the shape parameter. In the case of a gamma distribution Ny has a direct linear relation with
the shape parameter «:

Ny =af (n,V,T) (14)

We can therefore convert our shape parameter distributions into the corresponding
distributions of Ns. We have monitored the changes of Ny as a function of temperature for PS
and PiBMA. In Figure 5 the peak values of Ny distributions are plotted against a reduced
temperature. 7, of 100 °C and 56 °C was taken for PS and PiIBMA respectively and the
dashed line in Figure 5 indicates the reduced glass transition temperature for both polymers.

1 i

T iy : :
|
|

" ?

Z |
7 H PS 70 nm ] i _
gL O PIBMA,70 nm 3 |
5L @ PIBMA, 200 nm I§§ 5 i
al O ps, 110, 160, 200 nm | b}

I I I I l I I
-0.20 -0.15 010 -0.05 0.00 0.05 010

(T-TH Ty

Figure 5. Mean values of the effective number of polymer segments in the rearrangement volume around the
single molecule probes as a function of reduced temperature. A 7, of 56 °C for PIBMA and 100 °C for PS was
taken for calculations. For PS and PIBMA, data for different film thickness are shown.
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The number of segments taking part in the rearrangement volume around the chromophoric
probes decreases with temperature for both polymers studied. Surprisingly, Ns shows a
similar behavior for both polymers. Additionally, at the glass transition temperature the
number of polymer segments taking part in the rearrangement volume seems to be almost the
same for both polymers within the error of our measurement. We will discuss briefly the
origins of the density fluctuations later in this chapter. Here we can say that probably our
molecular probes are able to sense changes in the polymer conformations in a volume
extending further than the nearest polymer chains.

5.4.6 Heterogeneous dynamics below the glass transition

The major strength of single molecule methods is that they offer the possibility to obtain
directly the distribution of parameters rather than their average values and allow one to verify
how the individual members of a large population contribute to the ensemble behavior.
Recently it was experimentally verified that the nonexponential behavior of relaxation
processes near the glass transition has its origins in the spatially heterogeneous dynamics
[48,49]. The dynamics of the polymer chains in one place can be very much different from
the dynamics of the polymer in regions located only several nanometers away. Although
above the glass transition temperature such heterogeneities can be accessed in a relatively
easy way, below the glass transition temperature such attempts are not trivial due to the long
time-scales involved in the polymer dynamics. In Chapter 4 we showed that the static picture
of the structure of the polymer matrix (in this case PS) obtained through changes of the
photophysical behavior of the probes after a change in the environment is far from being
homogenous. Such inhomogeneities were found in many other single molecule polymer
studies [50-53].

In a similar way, the broad distributions of the « parameter and associated Ns presented here
show that the dynamics in the polymer matrix is heterogeneous on the segmental scale. In
Figure 6 a fluorescence intensity scan of single DiD molecules embedded in a PS matrix is
shown. The numbers are the values of Ny assigned to each molecule investigated. Not all
molecules present on the scan could have their Ny assigned due to photobleaching. Figure 6
nicely illustrates the capability of single molecule methods in probing the spatial variations in
polymer dynamical properties. Two important points should be noted. The far-field optical
technique used here limits the spatial resolution to around A/2, A being the wavelength of the
exciting light. There are methods based on near-field detection or specific image analysis
schemes, which allow one to overcome this limit, however their combination with reliable
fluorescence lifetime detection was not shown until now.
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Figure 6. Fluorescence intensity scan of single DiD molecules embedded in a PS matrix. The numbers close to

each of the molecules correspond to the value of the Ny parameter.

The length-scales associated with the spatially heterogeneous dynamics were reported to
range from nanometers to tens of nanometers, therefore our results represent a rather coarse
picture of this phenomenon. Still, we show that the dynamical and spatial heterogeneities in
the local, segmental scale dynamics can be accessed with single molecule fluorescence
methods in a relatively easy way.

5.4.7 Microscopic origins of the detected density fluctuations

Polymer systems exhibit relaxation processes which span a broad range in time and which are
associated with different mechanisms [54]. It is not clear at present which mechanism of
polymer motion is responsible for the density fluctuations sensed by the chromophores in the
present study. For both PIBMA and PS, the main chain relaxation processes (a-relaxation)
occur on time-scales, which are orders of magnitude larger than our experimental time-scale.
It was briefly described in the introductory chapter of this thesis that localized motions, so-
called higher order relaxation processes also exist in the polymer matrix. These “slower”
processes are usually separated from the main a-relaxation process somewhat above 7, and
persist below the glass transition. Additionally, neutron or Raman scattering experiments
identified picosecond range processes, however they showed only weak temperature
dependence.
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It is speculated here, that the density fluctuations detected with our method originates from
simultaneous motion of a number of polymer segments within a large volume around the
probe rather than being the result of the motion of groups located closest to the probe. The
secondary relaxation processes for both polymers studied have different molecular origins
and happen at different time-scales. In case of poly(methacrylates) a £ relaxation process is
identified at 10 °C at 1Hz and attributed to the rearrangement of the -COO- portion of the
side groups by rotation [55,56]. At our experimental conditions we expect therefore large side
group rotations in case of PIBMA. In case of PS Yano and Wada [57,58] found a -relaxation
peak at 77 °C at 10 Hz, which was generally associated with the phenyl ring motion. The
highest experimental temperature in our experiments was 60 °C, therefore no significant
effect of the phenyl rings should be observed. (There are also higher order relaxation
processes present in both polymers, however they occur at temperatures and frequencies,
which are in the range far outside of the range used in this study). Similar slopes of ¢ and Ng
with temperature for PIBMA and PS found in this study mean therefore, that the probe is
sensitive to density fluctuations coming from larger volumes around the probe rather than
being sensitive to localized motions that occur near the probe. To assess which mechanism is
responsible for the fluorescence lifetime fluctuations a microscopic model is needed.
However, one should proceed with caution; in the usually used coupled-dipole models of
polymer chains, which are used in the microscopic description, one should also include all
different time-scale characteristics for a given relaxation processes. In addition, this will
likely be structure dependent. Models used to explain single molecule linewidth broadening
might not be applicable.

5.4.8 Remarks

In this chapter a number of assumptions have been made to obtain the information on the
polymer segmental scale dynamics. We will not discuss all in detail here, but we rather want
to list them for future referencing. We are confident that the general temperature behavior of
Ns for two different polymers indicates that most of the assumptions hold. Nevertheless, we
realize the need to perform additional experiments to sustain our claims.

1. Introduction of the probe into the polymer does not significantly affect the density
fluctuations in the chromophore surroundings.

2. The chromophore QY is constant and close to 1.

3. The fluorescence decay is single exponential for all fluorescence lifetimes for a given
integration time.

92



Single Light Emitters in the Confinement of Polymers

4. The first order effective medium approximation sufficiently well describes the local
dielectric constant.

5. There is no exchange of dynamics around the probe during the time-trace collection.

6. The number of segments s per chain is large enough that the flexibility ratio s/3c =1.

7. The distribution of free volume in the polymer matrix can be accurately described with a
gamma distribution function.

8. (dF/))yr = 0holds. For glasses that assumption might not be entirely true.

9. The polymer was equilibrated long enough after each jump in temperature.

5.5 Conclusions

Density fluctuations in a glassy polymer matrix were observed by monitoring single molecule
fluorescence lifetime fluctuations. This method allowed obtaining the information on the
local, nanoscale polymer dynamics without being obscured by ensemble averaging. To relate
the density fluctuation with polymer physics we introduced an effective medium composed of
segments and voids competing for the available space. We used the Simha-Somcynsky
equation of state theory and determined the number of polymer segments (Ns) taking part in
the elementary segment rearrangement processes around the probe. We have followed Nsin
function of temperature and found that Ns decreased with increasing temperature for the two
different polymers under study. Similar values of dNg/dT for two distinctively different
polymers showed that the probes were not affected primarily by secondary relaxation but
rather sensed fluctuation in density from larger volumes around the probes. A unique
combination of small probed volumes and nonensemble measurements resulted in full
distributions of segmental scale dynamics. The distributions were found to be broad
reflecting the extent of the dynamic heterogeneities present within a glassy polymer matrix.
We will show in Chapter 7 that our method can be successfully applied to studies of the
segmental scale dynamics of thin polymer films.
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Chapter 6

Fluorescence lifetime of single-molecules
embedded in thin polymer layers

The fluorescence lifetime of chromophores is a parameter that is very
sensitive to the chromophore surroundings. We showed (Chapter 5) that the
fluctuations in the radiative decay rates reflect the dynamics in the
surrounding bulk polymer matrix. Before moving towards investigations of
the dynamics in thin polymer films it is important to investigate to what extent
the specific geometry of the system can affect the determined lifetimes. As
shown here, the rate with which the molecule decays from the excited state
can be influenced by the presence of dielectric interfaces. In particular, when
the chromophore is embedded in thin dielectric layers, the orientation of the
chromophore with respect to the interfaces plays a substantial role. Also the
distance to the interfaces can influence the emitter. We show that the
distributions of single molecule fluorescence lifetimes shift towards higher
values of the latter when decreasing the film thickness. We attribute this shift
to the electromagnetic boundary conditions imposed on the molecule by the
thin film structure. We simulate the excited state lifetime of light sources
embedded in thin dielectric films and find a similar trend as in our
experimentally determined lifetimes. We also find that the molecules entering
into the experimentally obtained distributions are mainly oriented in-plane and

lower absolute values of the lifetime are obtained.

* Part of this work has been published in: Vallée R. A. L.; Tomczak, N.; Gersen, H.; van Dijk, E. M. H. P;
Garcia-Parajo, M. F.; Vancso, G. J.; van Hulst, N. F. On the role of electromagnetic boundary conditions in
single molecule fluorescence lifetime studies of dyes embedded in thin films. Chem. Phys. Lett. 2001, 348, 161.
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6.1 Introduction

The radiative properties of fluorophores are not only inherent to the emitters but also depend
on the emitter’s environment [1]. The spontaneous emission of a chromophore from its
excited state depends on the local photonic mode density into which the photon may be
released. In most of the experimental procedures involving fluorophores, the presence of
dielectric or metallic interfaces is inevitable. Therefore it is of great importance to know how
the presence of such electromagnetic boundaries affects the experimental fluorescence
observable.

Modifications of the excited state lifetime, angle-dependent intensity, polarization and energy
transfer efficiencies as a function of distance and orientation of fluorophores to the interfaces
were all reported [1,2-9]. Modification of the spontaneous emission rates of ensembles of
europium ions (Eu’) [10,11] or organic chromophore ensembles [12,13] placed close to a
thin metal mirror were investigated. The theoretical description of these experiments was
performed later by Chance et al. [14]. Enderlein [15,16] investigated theoretically the
influence a metal layer has on single molecule fluorescence and Yokota [17] reported the first
successful detection of single molecules attached to proteins on metal surfaces. Also the
effect of dielectric interfaces on the spontaneous emission rates of chromophores was
investigated both theoretically [18-22] and experimentally [10,23-27] for an ensemble of
emitters. At the single molecule level, Macklin et al. [28] showed that the electromagnetic
boundary conditions imposed on the radiated field of a single molecule deposited on glass
substantially modifies the fluorescence lifetime of the molecule. Furthermore, by monitoring
the fluorescence emission rates they also showed that molecules with out-of-plane dipole
moments indeed have longer lifetimes as was shown earlier by Lukosz and Kunz [25,29] for
ensembles of dyes. Kreiter et al. [30] used annular illumination to obtain simultaneous
information on the out-of-plane orientation of the absorption dipole moment and the
fluorescence lifetime. The fluorescence lifetimes of molecules oriented parallel and
perpendicular to the interfaces were different by a factor of two. The distributions of the
decay rates were broader than statistically expected, which was attributed to the
inhomogeneities present in the surrounding polymer matrix.

In this Thesis we focus primarily on probing the structure and dynamics of polymers.
However, before reaching a conclusion about polymer properties it is important to
discriminate between other possible influences on the experimental parameter than the
polymer specific property in question. In this chapter we present a study on the effect of the
electromagnetic boundaries on the excited state lifetime of single fluorescence molecules.
The extent of the modification of the radiative properties of single DiD molecules embedded
in thin PS films was found to depend on the position and orientation of the molecules with

98



Single Light Emitters in the Confinement of Polymers

respect to the interfaces. We prepared a series of thin polymer films with thickness values
ranging from 10 to 200 nm and obtained a distribution of single molecule fluorescence
lifetimes for each film thickness. We found that the mean values of the fluorescence lifetime
distributions depend on the thickness of the polymer films. For very thin films a steep
increase of the fluorescence lifetime was found, consistent with the increased influence of the
polymer/air interface. The variation of the lifetime between different molecules was much
larger than expected from the film thickness dependence. Consequently we attribute the
broad distributions observed to the orientation of the transition dipole moments with respect
to the interfaces or to the inhomogeneities in the polymer matrix

A deeper understanding of the influence of nanostructured surroundings on the radiative
properties of fluorescent molecules [31-33] will help to design devices with tailored optical
properties for nanophotonics e.g. new generations of lasers [34], organic light emitting diodes
[35], directional antennas [36] etc. Detailed knowledge of the effect of the interfaces is also
relevant whenever identification or investigation of single molecules is performed through
time-resolved fluorescence detection [37-39]. Thus, this chapter is devoted to a description of
the electromagnetic boundary conditions effects on single molecule fluorescence lifetimes in
thin film geometries.

6.2 Experimental part

6.2.1 Materials and sample preparation

To study the influence the film thickness has on the radiative properties of single light
emitters we embedded chromophores in a number of thin film samples with thickness values
ranging from 10 to 200 nm. The probe used in this study was DiD (1,1 ’dioctadecyl-3,3,3",3’-
tetramethylindodicarbocyanine perchlorate, Molecular Probes D-307). The choice of the dye
was dictated by the fact that it has a high fluorescence quantum yield when embedded in
polymer matrices and a large absorption cross-section of 7.4x107¢ cm?. Additionally DiD
molecules in polymer matrices are relatively stable compared to other chromophores. As host
matricx we chose polystyrene (PS, molar mass M, = 89300 g/mol, polydispersity My/M,, =
1.06, Polymer Standard Service, glass transition temperature 7, = 100 °C). Solutions of the
dyes in toluene containing different amounts of polymer were spin-coated at 3000 rpm for 60
s onto microscope glass cover slides (diameter @ = 20 mm, Fisher Scientific) to produce
uniform thin coatings with thickness values ranging from 10 to 200 nm. Changing the
concentration of the polymers in the solution varied the thickness as anticipated [40]. Prior to
spin coating the glass cover slides were cleaned using a Piranha solution (mixture of 1:4 of
30% H,0,; and concentrated H,SO4), rinsed with Milli-Q water and ethanol, and finally dried
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in a stream of nitrogen gas. The concentration of the dyes in the resulting films was kept low
enough (10°-10"° M) to ensure adequate spatial separation for optical single molecule
observations. The PS samples were subsequently annealed in vacuum, first for 12 h at 60 °C
and later for 3 h at 105 °C. Such thermal treatment was performed to remove the residual
solvent, relax the stressed introduced by the spin-coating technique while the two-stage
process used helped to avoid dewetting.

6.2.2 Atomic Force Microscopy

A NanoScope IIla (Veeco, Digital Instruments, Santa Barbara, USA) Atomic Force
Microscope (AFM) was used to examine the sample surface and the tip-scratch method
[41,42] was used to determine the film thickness. To determine the planarity and surface
roughness, the AFM was operating in the tapping mode (when used for imaging) using a
cantilever with a nominal spring constant of 40-60 N/m.

6.2.3 Single molecule fluorescence lifetime detection

A picosecond-pulsed dye laser (635nm, PicoQuant, 800-B, 100mW, 80 MHz repetition rate)
was used for excitation and time-resolved experiments. The excitation light was made
circularly polarized using a %4 A plate and focused onto the sample to a diffraction-limited
spot using a high NA oil objective (Olympus, NA=1.4, 100x). To separate the fluorescence
emission from the excitation, suitable dichroic mirrors, emission, and excitation filters, were
used. Fluorescence photons were collected by the same objective and subsequently focused
onto two avalanche photodetectors (SPCM-AQ-14, EG&G Electro Optics) placed after a
polarization beam splitter. A custom-built piezo-scan table with an active x-y feedback loop
mounted on a commercial optical microscope (Zeiss Axiovert inverted microscope) was used.
The sample was scanned over the focus of the excitation spot at a pixel frequency of 1 kHz,
producing a two-dimensional fluorescence intensity images (for two independent polarization
channels when required) (Figure 1a). For time resolved experiments the detected fluorescence
signal was fed into a time-correlated single photon counting card (TCSPC). Custom LabView
software was used to control the scanning process and data acquisition. For higher
temperature measurements a custom-built hot-stage was placed below the sample and the
temperature was monitored with an accuracy of 2 °C. For each film thickness investigated,
400 molecules were analyzed at two different temperatures (22 °C and 35 °C).
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6.3 Fluorescence emission near interfaces

Since the early experiments of Drexhage et al. [10] it is known that the lifetime of an excited
molecule fluorescing near an interface between two media can be altered substantially owing
to reflection and absorption at the interface. Chance et al. [14] and Lukosz and Kunz [29]
have described this interaction, showing that the field of the dipole is perturbed in the
presence of a second medium. In a simple approximation a dye molecule can be considered
as an oscillating point dipole with a transition dipole moment ,, when driven by the

alternating electric field of the incoming light wave. The dipole acts as a source of a
secondary wave. When surrounded by an isotropic medium, this secondary wave does not
influence the oscillator. The well-known butterfly pattern for the total emitted power W
radiated by the molecule in an isotropic medium can be described by the Larmor fomula:

L2

po'|p

W= (D

127

with p the dipole moment, x the permeability of the considered medium, @ the dipole

emission frequency and c the speed of light. In geometries where interfaces are present, the
interface can produce a reflected field which acts to drive the dipole moment associated with
the emission. Additionally, interference between the directed and reflected parts of the
emitted light wave will occur. If the reflected field is in phase with the source then emission
is enhanced; if it is out of phase then the emission is inhibited [31]. Therefore, the result
depends on the optical properties of the interfaces and on the size of the system.

The reflection of electromagnetic waves at a plane interface can be treated using the classical
Fresnel formulas. This dependence on the reflection coefficients illustrates that the total
radiated power is strongly dependent on the distance d separating the dipole from the air
interface, as well as on the orientation « of the dipole with respect to the air interface. In the
underlying problem the dipole is so close to the interface between the different media that the
exponentially decaying part of the fields play an important role and should be taken into
account. This is performed by taking the complex Fresnel coefficients as a function of the
dielectric constant rather than depending on the angles employed in a more familiar
geometrical optical picture. Lukosz and Kunz [29] calculated the following expression for the
total power radiated by an arbitrarily oriented dipole in the presence of a second medium:

w =cos’ a[w} +sin’ a[w} , (2)
w w1, W
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where the radiated power emitted by the dipole in a homogeneous medium (W) is used to
normalize the result. The determination of the fluorescence lifetime is thus equivalent to
measuring the power radiated in the whole space surrounding the dipole. The ratio of
observed fluorescence lifetimes in two different optical environments is then given by the
inverse ratio of the total power radiated by the fluorescent molecule.

o(d) _ {W(d)? 3)

T w

Where 7 is the fluorescence lifetime in vacuum. In equation 3, 7(d) consists of the
nonradiative and radiative components

111
)z 7 @

nr r

where 7, and 7, are the nonradiative and radiative lifetimes, respectively. Therefore, the
quantum yield (QY) of the fluorescence emission is an important parameter, which has to be
taken into account. Lower quantum yields will generally lower the magnitude of the effects
of the reflecting interfaces [31,32].

6.4 Determination of the fluorescence lifetime

To localize single DiD molecules within the polystyrene matrix, first, fluorescence intensity
images were acquired. Figure la shows a 10x 10 pum® fluorescence intensity scan obtained
with a scanning confocal microscope. The color scale in Figure la indicates the in-plane
orientation of the emission dipole moment of the chromophores. Frequent blinking and one-
step photobleaching are visible on the scan for different molecules, indicating that the
fluorescence spots correspond to single molecules. Each of the single molecules identified
was centered at the laser focus and time-resolved experiments were performed. The
fluorescence lifetime was determined by fitting a single exponential decay function to
experimentally obtained histograms of the arrival times taken after pulsed laser excitation [6].
The fits were repeated for each 100 ms integration time and the lifetime traces of 10 to 30 s
total observation time were obtained (Figure 2b). The total observation time was limited by
photobleaching of the probes. For each single molecule lifetime transient we built lifetime
distributions (Figure 2¢). In Chapter 5 we have shown that many single molecules exhibit
fluorescence lifetime excursions towards higher values, rendering the fluorescence lifetime
distributions to have an asymmetric shape. A question arises about the most appropriate way
to determine the chromophores lifetime for such molecules? Since we would like to
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discriminate between the matrix dynamics and the electromagnetic boundary conditions one
should avoid including data which result from the changes in the molecule’s surroundings.
Therefore, the static and the dynamic nature of the fluorescence lifetime distribution should
be separated as much as possible. Integrating over the whole time-trace duration will result in
non-exponential fluorescence decays influenced primarily by the frequency of the lifetime
jumps, therefore the result will depend on the matrix. Taking into account all lifetime points
from all time-traces into one histogram for a given sample will bias the fluorescence lifetime
towards longer values. To decouple these effects we make use of the same fitting procedure
as in Chapter 5 and determine the average fluorescence lifetime. We fit the obtained lifetime
histograms with a gamma distribution function g(x) = ﬂ(ﬂx}“_]e_ﬂxﬂ" () [43] (solid line in
Figure 2c). The first moment of the distribution, the average, is given by x,, = o/, where
and p are the shape and the scale parameters characterizing the distribution; / stands for the
gamma function.
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Figure 1. a) 10x10 um? fluorescence intensity scan of DiD molecules embedded in a PS film obtained with a
scanning confocal microscope. The color scale indicates the in-plane orientation of the emission dipole moment
b) Fluorescence intensity and lifetime time-traces for a single DiD molecule. ¢) Distribution of the fluorescence
lifetimes. The distribution was fitted with a gamma function (solid line) and the average lifetime (z,,) was

extracted.
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6.5 Results and discussion

To establish whether the electromagnetic boundary condition have an effect on the
experimentally determined fluorescence lifetime we collected the time-traces for about 100
single DiD molecules embedded in polymer films with given thickness values ranging from
10 nm to 200 nm. For each molecule investigated we built the lifetime distributions, fitted
with the gamma distribution function and finally obtained the average fluorescence lifetimes.
By repeating the procedure for all single molecules we obtained distributions of the average
fluorescence lifetime of single DiD chromophores embedded in PS films. We also repeated
the whole procedure for a higher temperature. The variation of temperature was needed as we
will investigate polymer segmental dynamics in thin films in the subsequent Chapter 7 at
these two temperatures. In Figure 2 we show the full fluorescence lifetime distributions
obtained for each sample with different thickness values at two different temperatures. Most
of the distributions peak at a specific fluorescence lifetime value. In some cases, however,
broad distributions with no distinct peak (e.g. the 70 nm thick sample at 22 °C) or asymmetric
distributions (e.g. the 10 nm thick sample at 22 °C) were also found. A possible reason for
this is the presence of heterogeneity in the polymer matrix and the limited number of
investigated molecules. To compare the result for different samples we calculated the mean
fluorescence lifetime, as shown in Table 1. The lifetime data follow a similar trend for the
two temperatures. The values for the 160 nm and 70 nm samples (at 22 °C) are slightly off,
however they are still similar within the error of the measurement.

Film thickness T=22°C T=35°C
[nm] Mean lifetime [ns] Mean lifetime [ns]
200 1.84 +£0.08 1.76 +£0.08
160 2.06+0.10 1.88+0.08
110 1.88 £0.08 1.86+0.10
70 1.57+0.16 1.82 +0.08
55 1.81 +0.08 1.91+0.12
35 1.96 £ 0.10 1.95+0.10
25 2.01 £0.10 2.10+0.10
10 2.75+0.20 2.16 +£0.10

Table 1. The mean fluorescence lifetime obtained for the distributions shown in Figure 2.
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Figure 2. Histograms of the average fluorescence lifetime as a function of film thickness measured at two

temperatures: 22 °C (left column) and 35 °C (right column). The mean values of the distributions were extracted

and are presented in Table 1. For the thinnest films a shift towards higher lifetime values is observed for both

temperatures.
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The possible effect of the electromagnetic boundary conditions for higher film thicknesses is
rather difficult to observe in the data presented in Figure 2. However, the key observation is
that for the lowest film thickness the distribution of the fluorescence lifetime as well as the
mean fluorescence lifetime shift towards longer lifetime values. To check whether the
observed shifts are due to the electromagnetic boundary effects we calculated the
fluorescence lifetime of dipoles embedded in thin dielectric layers. The model and the
relevant data taken for the calculations are shown in Figure 3.

Aire =1 KOL

Polymer ¢ = 2.5
/117777777777 777777 /:// /1177777777

Glass ¢ = 2.3 |

h

Figure 3. Schematic of the three-layer model used in this study. The polymer film is placed between glass and
air. The molecule is represented as a dipolar light source and is placed inside the film at a distance d from the air
interface and is oriented with an angle « relative to the normal of the polymer —air interface. The film thickness

is equal to 4.
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Figure 4. a) Calculated dependence of the fluorescence lifetime as a function of the orientation of the molecule
with respect to the polymer/air interface. The molecule was embedded in a 30 nm thick sample and located 29
nm away from the polymer/air interface. b) The calculated values of the fluorescence lifetimes for all depths and

orientations for a 30 nm thick film. The distance step is 1 nm and the angle step is 3°.
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In Figure 4a we show the calculated values of the fluorescence lifetime as a function of the
orientation of the molecule. When the molecule is orientated perpendicular to the polymer/air
interface, substantially higher values of the fluorescence lifetime are observed. It should be
noted that in this study we preferentially excite in-plane molecules. Due to signal-to-
background reasons only the molecules with significant in-plane orientation could therefore
be investigated. As can be seen in Figure 4a, the lifetime of the in-plane molecules is not so
sensitive to the chromophore orientation for angles ranging from 60 to 90 degrees. Therefore,
we would not expect that the electromagnetic boundary effects will be only associated with
the orientation of the chromophores. As it was mentioned earlier, the fluorescence lifetime of
the molecules is also dependent on the distance to the interfaces. In Figure 4b we plot the
fluorescence lifetime in function of the position of the molecule within the dielectric film for
all orientations. When the molecule is placed closer to the polymer/air interface, the
sensitivity of the fluorescence lifetime to the orientation increases. Also, in general, higher
values of the fluorescence lifetime are observed closer to the polymer/air interface. It is
expected therefore that for the same set of molecules the average fluorescence lifetime will
depend on the total film thickness. By assuming a random arrangement of the molecules
placed in all depths within the polymer films, each with an isotropic distribution of
orientations, we calculate the fluorescence values for each film thickness investigated. In
Figure 5 we plot our results together with the experimentally determined mean fluorescence
lifetimes.
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Figure 5. Mean values of the fluorescence lifetime of single DiD molecules embedded in PS as a function of

polystyrene film thickness. The open triangles represent the calculated values of the fluorescence lifetime.
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For higher film thicknesses the calculated values are, within the error, similar to the
experimentally obtained values. For intermediate film thickness, however, a small offset
towards higher lifetime values is observed. For the thinnest films the calculated lifetime is
again in good agreement with the experiment. The key observation in Figure 4 is that for both
the theoretical and experimental data the fluorescence lifetime follows the same trend i.e. the
lifetime increases with decreasing film thickness. The small discrepancies between the
experiments and calculations can be due to the fact that we probed a larger subset of
molecules with in-plane orientation. In such a case the overall fluorescence lifetime, as seen
from Figure 4a, will be lower.

The electromagnetic boundary conditions effect can indeed reproduce the observed
dependence of the fluorescence lifetime with film thickness. Comparing to the lifetime
fluctuations observed in Chapter 5, these effects for an ensemble of dyes are rather small. It is
expected that the thin film geometry, although shifting slightly the lifetimes towards higher
values, will not change substantially the sensitivity of the molecule to the dielectric
surroundings in cases were the molecule is not rotating or translating with respect to the
interfaces.

6.6 Conclusions

In this Chapter we have shown that the electromagnetic boundary conditions can play an
important role when the fluorescence lifetime is the investigated parameter. We found that
the distributions of the fluorescence lifetime of single molecules embedded in polystyrene
films shift towards higher values, most profoundly for the thinnest films investigated. We
have modeled our samples as a three-level system consisting of a dielectric sandwiched in
between glass and air and we showed that these shifts of the distributions can be explained by
taking account the effects associated with the presence of the optical interfaces. The results
presented in this Chapter should be taken into account when interpreting the fluorescence
lifetime of single molecules in nanoscale surroundings. For the fluorescence lifetime
fluctuation method presented in Chapter 5 we conclude that these effects are not so
significant and will not affect the sensitivity of the method.
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Single Light Emitters in the Confinement of Polymers

Chapter7

Segmental scale dynamics in thin polymer films’

Changes in segmental scale dynamics in polystyrene thin films far below the
glass transition have been investigated using the single-molecule fluorescence
lifetime method introduced in Chapter 4. For film thickness values ranging
from 200 nm down to 10 nm the mean number of polymer segments taking
part in the rearrangement volume was determined. Modified segment
dynamics was found when the polymer was confined into films with thickness
values below 60 nm. This film thickness is larger than the radius of gyration
(Ry) of the polymer chains used (9 nm). Our results point towards the
existence of interfacial regions with enhanced dynamics. The surface effects
were found to propagate into the sample over distances comparable with, but
larger than the R, of the polymer, even at temperatures far below 7.
Monitoring the distributions of segment dynamics showed additionally that
below a critical film thickness the surface dynamics starts to dominate the
overall thin film behavior. Simultaneously, the dynamics became more
heterogeneous than in thick films, indicating that such a transition behavior is
critical for the whole thin film system.

* Part of this Chapter has been published in: Tomczak, N.; Vallée, R. A. L.; van Dijk, E. M. H. P.; Kuipers, L.;
van Hulst, N. F.; Vancso, G. J. Segment dynamics in thin polystyrene films probed by single molecule optics J.
Am. Chem. Soc. 2004, 126, 4748.
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Chapter 7. Segmental scale dynamics in thin polymer films.

7.1 Introduction

Recently, increasing attention is paid to the dynamics of polymers films in the glassy and
viscoelastic states due to their relevance in microelectronics, lithography, membrane
technology, or nanocomposites. Sub-100 nm layers of polymers, as required by the
microelectronic industry, introduce the problem of the integrity or stability of the resist films.
The stability of polymer layers is an essential condition for the coatings industry. In
multilayered systems, where the behavior of the systems depends on the stability of particular
layers and on the interactions between them, the ability to predict the system behavior is of
great importance. Compared to the large amount of available information concerning the
glass transition and polymer chain mobility in bulk polymers [1-4] and in thin films made of
simple liquids [5] relatively little is known about related phenomena at polymer interfaces [6-
8] and in polymeric thin films [9,10]. Polymers have recently been demonstrated to exhibit
different chain dynamic behavior when confined into the geometry of ultrathin films, as
compared to the bulk [11,12]. It was found that the thin film geometry significantly alters
many physical properties of polymers, like crystallization [13,14], microphase separation [15-
18], melting temperature [19], heat capacity [20], tribology [21], aging [22,23] or electronic
properties [24,25]. Investigations of the glass transition temperature (7,) of thin, supported,
polystyrene films by ellipsometry [26], Brillouin light scattering [27], dielectric spectroscopy
[28] or positron annihilation lifetime spectroscopy (PALS) [29], among others, showed large
T, depressions. This behavior is thought to be due to the existence of a surface layer where
the polymer chain dynamics is enhanced over that in the bulk. This layer becomes dominant
for very thin films, thereby shifting the 7, of the films towards lower temperatures. The
existence of such a surface layer is also supported by measurements of 7, for freestanding
polymer films [27] and by a direct examination of the polymer surface by PALS [30].

Also non-polymeric materials which exhibit a glassy transition have been subject of
investigations. One example is the study of the thermal properties of low-k dielectric (carbon
doped silicon dioxide) thin films used in the integrated circuits industry [31-33] or the glass
transition thermodynamics of small organic nanoparticles, like o-terphenyl, or benzyl alcohol
[34-36]. Recently, Steponkus and Shalaev [37] reported a glass transition temperature
depression for sucrose confined in a phospholipid mesophase. The ability of sugars to form a
glassy state is considered to be one of the most important mechanisms of stabilization of
liposomes and biological membranes. The depression of 7, is assumed to be the result of
confinement of the sucrose in one of the phospholipids phase. The understanding of the
behavior of thin films of glassy materials is also important in biopreservation. If a protein-
based drug is mixed with a sugar-based solution and then freeze-dried, the sugars — which
turn glassy as they dry — pull the proteins into a stable state. This can increase the shelf life of
protein- based drugs [38].

112



Single Light Emitters in the Confinement of Polymers

Apart from its biological and technological significance, the study of thin films of glassy
polymers can help to understand glass transition phenomena in the same way as the study of

finite-size effects helped to better understand the critical regions of thermodynamic phase
transition [35,39,40].

Unfortunately, most of the experimental techniques used to study thin polymer films provide
ensemble-averaged information. Single molecule fluorescence detection (SMD) intrinsically
avoids ensemble averaging. SMD is an ideal tool to investigate structure and dynamics of the
probe environment on the nanoscale as it also provides high spatial and temporal resolution.
Using different approaches, SMD has been already employed with success to study
macromolecular systems (see also Chapter 3 of this thesis) [41,42] and inorganic/organic
composite films [43].

In Chapter 5 we have introduced a new single molecule approach based on fluorescence
lifetime fluctuations [44], which gives direct insight into local, nanoscale dynamics of the
polymer matrix on the segmental level. In this Chapter we apply this method to investigate
thin film effects in a glassy polymer system at temperatures far below bulk 7,. We find that
the surroundings of the probe become more dynamic when the constituent macromolecules
are confined into a thin film. The characteristic film thickness, at which this behavior
becomes noticeable, is several times larger than the radius of gyration (R,) of the polymer
chain used. Our results point towards the existence of interfacial regions with enhanced
dynamic behavior and represent the first step towards depth resolved studies of polymer films
on the nanoscale using SMD.

7.2 Experimental methods and procedures

7.2.1 Materials and sample preparation

To investigate the effects reduced dimensions have on the polymer dynamics, a series of thin
film samples deposited on glass were prepared. Glass cover slides (diameter @ = 20 mm,
Fisher Scientific) were cleaned using a Piranha solution (1:4 mixture of 30% H,O, and
concentrated H,SO,), rinsed with Milli-Q water and ethanol, and finally dried in a stream of
nitrogen gas. Samples were prepared by spin-coating polymer solutions containing 1,1°—
dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine (DiD) molecules (Molecular Probes, D-
307) directly onto thin glass cover slides. The polymer used was a monodispersed
(polydispersity M/M,, = 1.06) polystyrene (PS, Polymer Standard Service, molar mass M, =
9x10* g/mol, bulk glass transition temperature 7, 25 =100 °C). The concentration of the dye in
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the resulting PS films was 10 M. The amount of polymer in the spinning solution was used
to control the sample thickness [45]. The resulting sample thickness was controlled from 10
to 200 nm.

7.2.2 Film thickness determination

A NanoScope Illa (Digital Instruments, Santa Barbara) Atomic Force Microscope (AFM)
was used to examine the sample surface and the tip-scratch [46,47] method was used to
determine the film thickness. The AFM was operating in the tapping mode using a cantilever
with a nominal spring constant of 40-60 N/m.

7.2.3 Single molecule fluorescence lifetime detection

A picosecond-pulsed dye laser (635 nm, PicoQuant, 800-B, 100 mW, 80 MHz repetition rate)
was used for excitation and time-resolved experiments. The excitation light was made
circularly polarized using a 7 A plate and focused onto the sample to a diffraction-limited
spot using a high NA oil objective (Olympus, NA=1.4, 100x). To separate the fluorescence
emission from the excitation, suitable dichroic mirrors, emission, and excitation filters were
used. Fluorescence photons were collected by the same objective and subsequently focused
onto two avalanche photodetectors (SPCM-AQ-14, EG&G Electro Optics) placed after a
polarization beam splitter (splitting into s and p components). A custom-built piezo-scan
table with an active x-y feedback loop mounted on a commercial optical microscope (Zeiss
Axiovert inverted microscope) was used. The sample was scanned over the focus of the
excitation spot at a pixel frequency of 1kHz, producing two-dimensional fluorescence
intensity images (for two independent polarization channels, when required). For time
resolved experiments the detected fluorescence signal was fed into a time-correlated single
photon counting card (TCSPC). Custom LabView software was used to control the scanning
process and data acquisition. For higher temperature measurements a custom-built hot-stage
was placed below the sample and the temperature was monitored with an accuracy of +/- 2
°C. For each film thickness investigated, 400 molecules at two different temperatures (22 °C
and 35 °C) were analyzed.
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Figure 1. a) 5 x 5 um’ fluorescence intensity scan of single DiD molecules in a 110 nm thick PS film at 22 °C.
The color scale indicates the polarization of the fluorescence, which is a measure for the in-plane orientation of
the molecules. Constant color confirms that the molecules are not rotating in the matrix. b) Fluorescence decays
of one DiD molecule from which both short (2.5 ns - ©0) and long (6 ns - m) fluorescence lifetimes were
extracted. The red lines correspond to single exponential fits to the data. ¢) Fluorescence intensity and lifetime

traces for a single DiD in PS. Excursions to longer lifetimes (up to 5 ns) are clearly visible.

7.3 Results and discussion

7.3.1 Methodology

In Chapter 5 we demonstrated that single fluorescent molecules can be used as molecular
probes to report on the local density fluctuations in the surrounding polymer matrix. By
applying the Simha-Somcynsky equation of state theory one obtains the number of polymer
segments (Ns) (see Chapter 5) taking part in the cooperatively rearranging volume around the
single-molecule probe. Here we briefly indicate the main methodological steps to obtain
information on the segmental scale dynamics. Using the scanning confocal microscope
technique we located the fluorescent molecules embedded within a solid polymer matrix.
Figure la depicts a 5x5 um’ fluorescence intensity scan of single DiD molecules in a
polystyrene thin film. The color scale indicates the polarization of the emitted photons.
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Characteristic discrete polarization, on-off behavior and single step photobleaching observed
on the scan confirm that the spots on the image correspond to single emitters. Each of the
molecules was parked in the laser focus and time-resolved experiments were performed. By
using the TCSPC card we obtained the fluorescence decays from which we determined the
fluorescence lifetime by fitting a single exponential function to the decays. Examples of
decay curves (two snapshots at different time for the same molecule) are presented in Figure
Ib. The decays were integrated over 100 ms. In this way we obtained the fluorescence
intensity and lifetime time-traces presented in Figure 1c. The time traces usually lasted for 20
to 60 s, and were mainly limited by photobleaching. The accuracy of lifetime determination
was on the order of 300 ps. Changes in the lifetime as a function of time for the same
molecule are clearly visible. When looking at fluorescence dynamics of dyes placed in
geometries that are smaller than the wavelength of the emitted light one should consider the
effect of the electromagnetic boundaries (Chapter 6). However, for a single molecule that
does not move or rotate with respect to the interfaces, these effects cannot be responsible for
large lifetime fluctuations. For each molecule we followed its planar (two polarization
channels in the detection path) and out of plane (mean lifetime) orientations, respectively.
Based on the constant response in time of these parameters we exclude the possibility that the
observed fluctuations are caused by an increased rotational or translational activity of the
probe in thinner films at the experimental temperatures (65 and 80 degrees below the bulk
glass transition temperature (74 ), respectively) [48].

From the lifetime trajectory of each molecule we built lifetime distributions, which were
fitted with a gamma distribution function. From the fitting parameters we determined the
effective number of polymer “segments” (Ns) taking part in the rearrangement volume around
the single probe using the method described in detail in Chapter 5. Ng determined by this
procedure provides direct information concerning local, segmental scale polymer dynamics
and its spatial distribution. The value of Ny is very sensitive to small density fluctuations
around the probe within the probed time interval. Higher values of Ny can be visualized as a
larger collection of polymer segments, which must move cooperatively during segmental
relaxation around the probe, therefore indicating slower system dynamics. In Figure 2 we
show full Ns histograms as a function of film thickness measured at two temperatures: 22 °C
(left column) and 35 °C (right column). The histograms were fitted with a Gaussian
distribution function. The peak values and the widths of the fitted distributions are presented
in Table 1.
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Figure 2. Ng histograms as a function of film thickness measured at two temperatures: 22 °C (left column) and
35 °C (right column). The histograms were fitted with a Gaussian distribution function. The peak values and the
widths of the distributions were extracted and are presented in Table 1. The dashed line is drawn to guide the
eye, centered at Ng= 12.5. A clear shift towards lower Ng values for films with a thickness of 55 nm, and below,

is observed. Note also the broadening of the distributions for films with a thickness of 70 nm and lower.
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Film thickness T=22°C T=35°C

[nm] Ns fwhm [Ng] Ns fwhm [Ng]
200 12.7+0.4 44+0.6 120+ 0.4 4.7+0.6
160 129+0.4 4.0+04 11.4+04 33+03
110 12.6+0.2 3.5+0.3 11.7+0.2 45+03
70 13.2+0.6 74+1.0 11.9+0.6 72+0.7
55 126+ 0.4 7.8+0.7 11.6 £0.6 84+1,1
35 11.6+0.4 73+£0.9 10.1£0.4 6.2+0.7
25 11.0+0.8 6.7+0.7 10.0+0.4 6.5+0.7
10 10.1 +£0.4 4.7+0.6 9.2+0.2 5.7+0.3

Tablel. The values of Ny and the full width at half maximum (fwhm) of Ny distributions shown in Figure 2.

7.3.2 The number of segments in the rearrangement cell as a function of film
thickness

The peak Ny values as a function of film thickness obtained from the histograms are plotted in
Figure 3. For each investigated thickness we observed a decrease of Ny with increasing
temperature [44]. The influence of temperature on Ng is consistent with our earlier results,
presented in Chapter 5. Such behavior was consistent with a picture of increased fluctuation
in the chromophore surroundings, affecting directly the fluorescence lifetime through the
modulation of the local dielectric properties. Interestingly, the behavior of Ny as a function of
film thickness appears different in two thickness regions. One region can be assigned to film
thickness values above a certain threshold value /), where Ny remains essentially constant.
Below 4y, Ns becomes a function of thickness and decreases with decreasing film thickness.
The transition (%9) between the two regions is estimated to be located at around 60 nm. In
Figure 4 we also show the values of the width of the Ny distributions as a function of film
thickness. For thicker films, the Ns distributions are relatively narrow, then broaden
significantly with decreasing thickness starting from the film with a thickness of 70 nm, and
finally the width of the distributions decreases again for the thinnest films. The critical film
thickness where a substantial change in the overall behavior of the polymer film is therefore
found at around 50 - 70 nm. Our experimental results clearly show that the geometry of a
polymer film affects the polymer dynamics on the segmental scale. Several scenarios could
explain the observed influence of the film thickness on the segmental scale dynamics.
Polymer dewetting processes, reduced degree of entanglement, chain confinement effects,
interface effects and chain-end segregation are the ones, which received the most attention.
We will discuss each of these possibilities in the paragraphs below.
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Figure 4. Widths of the N distributions as a function of PS film thickness. The Ng widths increase significantly
for film thickness below 70 nm. Note the decreased width for the thinnest film indicating that the surface effects

propagate into the sample for distances larger than 10 nm.
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The dewetting process [49-55] and especially its thickness dependence observed for thin
films [56] was the first, strong indication that the thin film geometry may change the polymer
properties. Stange et al. [57] using STM and AFM concluded that for a given combination of
polymer, solvent and substrate there is a lower limit on the thickness of a continuous film that
can be obtained with spin coating. Reiter [58,59] studied dewetting of polystyrene (PS) spin
coated on a silicon surface. PS films with thickness values lower than 100 nm, dewetted and
broke up when annealed at temperatures even ~ 25 °C below the bulk 7, (~ 100 °C). Reiter
has also observed that the dewetting temperature of PS increases with increasing film
thickness and with increasing polymer molar mass. To this end we have systematically
verified the potential effect of dewetting on Ng behavior observed in this study. We
performed a series of AFM investigations of our thin films deposited on glass. Before
annealing, we did not observe any visible changes in the thin film morphologies over a period
of months, when stored at room temperature. When the films were annealed far above T,
(130 °C) for more than 24 hours, we indeed observed pinhole formation for the lowest film
thickness, characteristic for the dewetting process. However, when annealing at 105 °C for
only several hours, the pinhole formation could not be observed. Moreover, all our films
remained stable during our single molecule experiments as was evidenced by additional
surface examination after the single molecule experiments had been performed. Therefore we
exclude dewetting as a possible cause of the Ns decrease for the thinnest films.

A reduced degree of entanglement can cause a drop of 7,, decreased viscosity and increased
diffusion [60,61]. Only a few experiments were performed for thin films to check this effect
and quantify its influence on 7, (see Chapter 2). It is believed that the process of spin coating
used to prepare polymer films can produce samples with entanglement concentrations that are
far below the equilibrium value [62]. The rate of reentanglement is related to the reptation
time. In our study we annealed our samples above the glass transition temperature where
reptation times are relatively short. Long annealing times ensure also that the chain
conformations acquire a bulk statistical value for entanglement density.

For the molar mass of the polymer used here, the average radius of gyration (R,) of the
macromolecules is 9-10 nm assuming a chain conformation as in the theta state, i.e. 6 times
smaller than the value of 4, determined from the Ng plot. Thus, chain confinement found for
higher molar mass polymer chains (M, = 5x10° g/mol) [63] is not expected to play a major
role in our case.

Polymer dynamics at the interfaces and its influence on the overall thin film dynamics were
investigated in detail earlier [64-66]. The polymer substrate interface was found to have a
minor effect on polymer mobility in thin polymer films and the substrate’s influence on the
thin film 7, was usually associated with the strength of interaction between the polymer
segments and the substrate [67]. For a system similar to the one used in this study (consisting
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of air/polystyrene/glass), it was reported that the polymer/glass interface does not perturb
significantly the film dynamics [64]. Additionally, the substrate usually decreases the
dynamics of the nearby polymer segments and changes the segmental dynamics only at the
distance of a few segments into the bulk region of the film. Thus, we conclude that for our
system the substrate effects can be neglected.

Air

2Rg

2Rq

Figure 5. Polymer chains in the geometry of a thin film in relation to R,=10 nm and /=60 nm.

We attribute the decrease of Ny for small film thicknesses to modified polymer dynamics
induced by the presence of a free polymer surface [68]. In Figure 5 we show a schematic
picture of the polymer chains in the thin film geometry for a thickness of 60 nm and
assuming the R, of the polymer to be 10 nm. Assuming, that the polymer coils are not
significantly perturbed at the interfaces, the critical thickness estimated from the Ny drop or
from the Ng width increase is the thickness, which is around 6R,. Therefore, each of the
chains in the film has a neighbor, which is located at one of the interfaces. However, from
one side of the sample there is an impenetrable substrate. The widths of the Ny distribution
for the thinnest 10 nm films are as narrow as for thicker films (> 60 nm), indicating that
segmental scale dynamics throughout the polymer film is more homogeneous. This means
that the surface region with enhanced dynamics is larger than 10 nm i.e. is larger than R,. It
also suggests that the transition between surface and bulk dynamics is rather abrupt and not
influenced significantly by the sample thickness.

Several reports suggested that the segregation of the chain ends to the polymer/air interface
could be responsible for increased surface dynamics [69]. Mayes [70] demonstrated via a
simple scaling analysis that chain end localization at the surface can have an enormous
impact on the interfacial properties of amorphous polymers. Several authors reported
experimental evidence for surface chain-end segregation using neutron reflectivity [71] or
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static secondary ion mass spectroscopy (SIMS) [72]. Although the amount of polymer chain
ends for a polymer with a molar mass on the order of 10* g/mol could not influence the
surface dynamics with the magnitude observed in our study, the presence of chain ends at the
surface could induce a sliding mechanism for diffusion as introduced by deGennes [73] and
influence the dynamics deeper inside the samples. It is important to note that the PS dynamics
is modified far below the bulk glass transition temperature (7,,=100 °C as measured by
DSC) even though a large fraction of the macromolecules cannot “sense” the possible effect
of the interfaces nor are they forced to adopt a different conformation due to the confinement
represented by the thin film. Apparently due to the connectivity and interpenetration of
polymer chains, surface induced enhancement of polymer dynamics propagates into the
sample. The temperature dependence of Ny for PS films yields dNydT= - 0.11 [segments
/deg] [44] (see Chapter 5), thus the dynamics in the thinnest film is equivalent to the
dynamics in thicker films (thickness > Ay) if it was observed at temperatures elevated by as
much as 30 °C. Similar depressions of the glass transition temperature for PS on glass (or
silicon oxide) were reported in the literature.

7.4 Conclusions

We used the single molecule lifetime fluctuation technique to study the influence of the film
thickness on local polymer dynamics on the nanometer length scale at temperatures far below
the glass transition temperature. We found modified segmental scale dynamics when the
polymer was confined into films with a thickness below 60 nm, corresponding to 6 times the
radius of gyration of the polymer used. This behavior was attributed to the influence of the
polymer free surface. These effects propagated deep into the polymer sample over distances
larger than the radius of gyration. The broadening of the distributions of the Ng parameter
proves that the interfacial region with modified polymer dynamics broadens significantly
below a critical film thickness pointing towards the existence of different mechanisms for
polymer dynamics in thin films, which are not associated with the polymer chain dimensions.
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Chapter 8

Single light emitters in electrospun nanofibers

Fluorescent 1,1°,3,3,3’,3’-haxamethylindodicarbocyanine (DIIC4(5))
molecules and CdSe/ZnS core-shell semiconductor nanoparticles have been
embedded into poly(ethylene oxide) (PEO) and poly(methyl methacrylate)
(PMMA) electrospun fibers at various concentrations, down to the single
molecule level. The fibers have been characterized by using scanning confocal
and wide-field fluorescence microscopies. The mean fluorescence lifetime of
single DilC(5) molecules embedded in PMMA fibers appeared independent
on the fiber diameter, yet when the diameter of the fibers was below 500 nm,
a significant broadening of the fluorescence lifetime distributions was found.

Possible explanations for the broadening are discussed.

Polymer fibers with a bead-on-a-string morphology have been prepared and
investigated. DilC;(5) molecules in PEO beads are observed mainly at the
bead edges, probably due to the exclusion of the chromophores from the PEO
crystalline phase during crystallization following the spinning process.
Polarized emission of DilC;(5) molecules from PEO beads suggests that the
emitters acquire a well-defined orientation within the beads. Fluorescence
lifetime studies showed that DilC;(5) molecules in PEO beads decay faster
when located at the bead edges compared to the straight parts of the fibers. In
contrast, the decay rate of DilC,(5) at the edges of a PMMA bead is found to
be slower when compared to the bead center. Influence of the fiber geometry
on the fluorescence emission of embedded molecules and its potential

application in radiative decay engineering are discussed.
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8.1 Introduction

Electrospinning of polymer solutions (and melts) is a versatile technique used to fabricate
polymer fibers with diameter ranging from tens of nanometers to several micrometers [1-9].
Electrospinning of various amorphous or semi-crystalline polymers [10], polymer blends
[11,12] or block copolymers [13] have been reported. Recent advances in electrospinning
allowed one to perform controlled co-spinning of coaxial nanofibers made of two different
materials [14,15]. Due to low-cost instrumentation combined with inherent high surface to
volume ratios of the structures obtained, electrospun fibers find applications in drug delivery
[16-18], membranes [19], electronics [11,20], chemical sensors [21-23], photovoltaics [25],
composite materials [9,26-28], and medicine [29,30].

Preparation of micro- and nanoscale materials, made of polymers, for photonic applications is
an ever-growing field of research [31-33]. Simultaneously, there is a strong interest in
studying the behavior of light in wavelength-scale structures. It was shown in Chapter 6, that
relatively simple thin film geometry already modifies substantially the behavior of light
emitters embedded in the films. In principle, one can engineer polymer structures, where
surface to volume ratios are much higher than in thin films and where the confinement of
light occur in more than just one dimension. Electrospinning offers the possibility to obtain
fibers with diameters ranging from A/60 to 104, A being the wavelength of light. An
additional level of complexity can be introduced into the fibers by a careful control of the
spinning conditions. One can obtain new fiber morphologies such as the bead-on-a-string
morphology [34], where a number of dielectric spheres with diameters in the micrometer
range, placed in regular distances, are connected to each other by a thin polymer dielectric
fiber. Although optical properties of dielectric thin films, dielectric spheres or shells are being
studied extensively, the photonic properties of dielectric cylinders remain relatively
unexplored.

Even though the range of applications of electrospun fibers is steadily growing, still little is
known about the fiber structure and mechanical or thermal properties [2,35-39]. For
example, for photonic applications, it is important to know the effects the electrospinning has
on the resulting polymer chain anisotropy. Such artificially induced anisotropies might
change the properties and structure of the crystalline phase of the polymer (for a
semicrystalline polymer), which subsequently will influence the optical properties of the
embedded emitters. Simultaneously mechanical properties e.g. the Young modulus will also
be affected and limit the number of possible end-product applications. Additionally to the
changes induced in structure, the presence of large surface to volume ratios of nanoscale
fibers will influence changes in thermal properties similarly to those found for thin polymer
films (see Chapter 7) [40].
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To carefully investigate the properties of electrospun fibers one needs to prepare defect free
samples with narrow distributions of the fiber diameter. This, however, still remains a
challenge for the electrospinning technique.

Single-molecule detection (SMD) and spectroscopy methods (for review see references [41-
45]) offer the unique possibility to investigate matter at the nanoscale with the simultaneous
ability to resolve the ensemble averages [46-49]. Therefore one can avoid the polydispersity
problem and study the samples at the single fiber level. Additionally, multiparameter
microscopy (e.g. combination of molecular orientation, spectral properties and fluorescence
lifetime) allows one to decipher complex systems and to acquire information about the role of
many parameters simultaneously [50].

Single molecule level studies presented in this chapter are the first steps towards probing the
structure and dynamics of polymer fibers with simultaneous investigations of the resulting
fiber optical properties. First, we show how electrospinning is used to prepare luminescent
micro- and nanofibers. Fluorescent molecules and luminescent semiconductor nanoparticles
(quantum dots) are embedded into polymer fibers with diameters ranging from 50 nm to
several microns and investigated at the single molecule level. Later, we show that the fiber
diameter influences the single molecule fluorescence lifetime distributions of the embedded
chromophores. Finally, we obtain the bead-on-a-string morphology of the fibers and show
that single molecule investigation can simultaneously give information on both the structure
and optical properties of the polymer beads. Throughout the chapter we discuss the potential
of electrospun fibers in radiative decay engineering and photonics applications.

8.2 [Experimental section

8.2.1 Materials and sample preparation

As a substrate in electrospinning circularly shaped glass cover slides (used in microscopy)
were employed. These slides (® = 20 mm, Fisher Scientific) were cleaned using a Piranha
solution (mixture of 1:4 of 30% H,O; and concentrated H,SO,), rinsed with Milli-Q water
and ethanol, and finally dried in a stream of nitrogen gas. Samples of luminescent polymer
fibers were prepared by electrospinning polymer solutions containing 1,1°,3,3,3°,3’-
haxamethylindodicarbocyanine (DilC;(5)) molecules (Molecular Probes, D-307) or
CdSe/ZnS  core-shell semiconductor nanoparticles (source and characteristics of the
nanoparticles can be found in [51,52]) directly onto glass cover slides. The polymers used
were poly(methyl methacrylate) (PMMA, amorphous) and poly(ethylene oxide) (PEO.
semicrystalline).
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Figure 1. Chemical structures of polymers: poly(ethylene oxide) (a) poly(methyl methacrylate) (b) and probes:
DilIC,(5) (c) and CdSe/ZnS quantum dot (d) used in this chapter. The quantum dot was shown schematically as

spherical, although in reality quantum dots are crystalline, facetted and more irregular.
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Figure 2. a) Scheme of the electrospinning setup. b) Optical micrograph of electrospun PEO fibers deposited on

a glass cover slide. The fibers have a diameter of approximately 2-3 um. The scale bar is 50 um.
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The electrospinning device (see Figure 2a) consists of a capillary that includes a wire
electrode, a grounded counter electrode placed at a well-defined distance from the capillary
and a high voltage source. Constant pressure inside the capillary is obtained by a pump. The
potential between the electrodes is adjusted with a high-voltage power supply. More details
about the electrospinning method and the electrospinning device used in this study can be
found elsewhere [5][9]. For efficient collection, the cover slides were placed on the lower
electrode, off-axis with respect to the capillary. The amount of the fibers deposited on the
cover slides was controlled by the spinning time. The total amount of the fibers on the slides
was kept low to ensure that the fibers are laying flat onto the substrate. The diameter and
morphology of the obtained fibers was tuned by the concentration of the polymer in the spun
solutions, by the applied voltage between the electrodes, and by the distance between the
electrodes.

8.2.2 Atomic Force Microscopy

A NanoScope IIla (Veeco, Digital Instruments, Santa Barbara, USA) Atomic Force
Microscope (AFM) was used to determine the height of the electrospun fibers. The AFM was
operated in the tapping mode using a cantilever with a nominal spring constant of 40-60 N/m.
The images were plane-fitted before analysis and the diameter was calculated from the height
of flat-laying fiber assuming a cylindrical cross-section.

8.2.3 Scanning Confocal Microscopy

A picosecond-pulsed dye lasers (635 nm, PicoQuant, 800-B, 100mW. 476 nm, PicoQuant,
800-B, 80 MHz repetition rate) or a CW Ar'/Kr' ion laser (Spectra Physics, Beamlok 2060)
at a wavelength of 514 nm were used for excitation and time-resolved experiments. The
excitation light was made circularly polarized by a A plate and focused onto the sample to a
diffraction-limited spot using a high NA oil objective (Olympus, NA=1.4, 100x). To separate
the fluorescence emission from the excitation, suitable dichroic mirrors, emission, and
excitation filters, were used. Fluorescence photons were collected by the same objective and
split into two paths. The first path went to two avalanche photodetectors (SPCM-AQ-14,
EG&G Electro Optics) placed after a polarization beam splitter (splitting into two orthogonal
components). The fluorescence photons in the second path were directed to a prism and
dispersed on a cooled CCD camera. A custom-built piezo-scan table with an active x-y
feedback loop mounted on a commercial optical microscope (Zeiss Axiovert inverted
microscope) was used. The sample was scanned through the focus of the excitation spot at a
pixel frequency of 1kHz, producing two-dimensional (256x256 pixels) fluorescence intensity
images (including two independent polarization channels, when required). For time resolved
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experiments the detected fluorescence signal was fed into a time-correlated single photon
counting card. The fluorescence spectra were obtained by integrating the arriving photons
over the period of 1s. Custom LabView software was used to control the scanning process,
for data acquisition and to synchronize the CCD camera with the TCSPC card. The
experiments were performed in air under ambient conditions (22+/- 2 degrees). Bright field
images were obtained by placing an intense light source directly above the sample and using
an additional CCD camera placed onto one of the ports of the confocal microscope. The data
acquisition was performed with the help of a commercial software (Hauppauge WinTV2000).

8.2.4 Wide-Field Microscope

Light from a CW HeNe laser at a wavelength of 632 nm was used for excitation. A circularly
polarized laser beam passed through a beam expander and was focused onto the back aperture
of a high NA objective (Zeiss, NA= 1.4, oil immersion). The fluorescence photons emitted
from the illuminated area were collected by the same objective and after passing through
emission filters were split into two orthogonal polarization channels using a Wollaston prism
(Linos 037808) and subsequently imaged with a 500 mm lens (Linos 063827) onto an
intensified charged coupled device (CCD camera, Pentamax Gen IV). The data acquisition
rate was set to 100ms/frame. The images from the camera were processed by custom
LabView software. Simultaneous intensity and polarization information was obtained from
each pixel on the acquired frames. More information about the experimental setup can be
found in Chapter 4.

8.2.5 Bright field imaging

Bright field images were obtained using an Olympus BX 60 light microscope, or by placing
an intense light source above the samples and collecting the transmitted light using a CCD
camera placed on one of the ports of the confocal microscope or using the CCD camera in the
wide-field setup.
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8.3 Results and discussion

8.3.1 Electrospun luminescent fibers

In electrospinning, when a potential is applied between two electrodes, the liquid droplet
suspended at the end of the capillary thins and forms the so-called “Taylor cone” [8]. By
increasing the potential further, the surface tension of the liquid is being overcome and the
liquid is ejected towards the counter electrode. By placing an additional substrate in the way
of the ejected fibers they can be collected for use and further analysis (Figure 2b). The
diameter of the resulting fibers depends on a number of parameters; the most important
parameters are solution viscosity, surface tension, applied voltage and the distance between
the electrodes [5]. We have incorporated DilC;(5) chromophores into fibers made of PEO
(semicrystalline) and PMMA (amorphous) by mixing the components prior to spinning.
Figure 3a shows a 10x10 pum’® fluorescence intensity scan of luminescent DilC,(5)/PEO
fibers. The spinning time was used to control the amount of the deposited fibers, down to the
level, where the fibers where laying flat on the substrate and did not cross each other on the
length scale of several micrometers. Luminescent fibers with diameters ranging from 50 nm
to 2um (as measured with Atomic Force Microscope; not shown here) were prepared. Figure
3a also shows that the fluorescent molecules are rather uniformly and homogeneously
distributed within and along the fibers. Fluorescence spectra taken from individual fibers
confirm that the optical signal comes from the DilC,(5) molecules (Figure 3b). A small red
shift of the emission of about 10 nm when compared to a bulk solution is observed and
attributed to the different dielectric properties (solvent versus polymer) of the surroundings.
We will investigate in more details the effects that a dielectric cylindrical structure has on the
excited state lifetime of the chromophores later in this chapter. The most important point here
is to show that the electrospinning technique offers a unique possibility to prepare fibrous
dielectric structures which can incorporate additional functionality such as light sources.

Semiconductor nanoparticles - quantum dots (QD) — are another class of light sources
[51,52], which can be use to obtain luminescent nanofibers. Investigation of optical
properties of semiconductor nanoparticles at both the ensemble and single-molecule levels is
a very active field of research at present. Quantum dots are particularly interesting as light
emitters because of their size tunable optical properties, narrow emission lines and low
photobleaching rates that make them an attractive choice as luminescent chromophores for
optoelectronics [53], laser applications [54], biological encoding or as probes for
biotechnological applications [55-58].
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We have embedded CdSe/ZnS core-shell semiconductor nanoparticles (Figure 1d) into
electrospun fibers made of PEO and PMMA. There were only two reports to date about
embedding nanoparticles [25,59] into electrospun fibers and we are the first to report
embedding of QDs into such structures. Embedding nanoparticles into the fibers was done the
same way as for organic chromophores. Hybrid polymer/quantum dot luminescent fibers
were prepared by mixing the nanoparticles with the polymer solution prior to ectrospinning.
Figure 4a shows a PEO/QD composite fiber with a high concentration (10° M) of the
quantum dots. The QDs are uniformly and homogeneously distributed over the length and
width of the fiber. Fluctuations in the QD emission intensity visible on the scan are due to
frequent blinking of the quantum dots [60,61]. By decreasing the QD concentration in the
initial spinning solution (10® M) we decreased the amount of the nanoparticles in the fibers
to the level, such that single nanoparticles were separated in the fibers (Figure 4b). In Figure
4b the dashed lines represent the fiber boundaries as estimated from the bright field images
(1.2 pm fiber).
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Figure 3. a) 10x10 pm” scanning confocal microscope fluorescence intensity scan of DilC,(5) molecules (107
M) embedded in PEO fibers. The molecules are uniformly distributed within and along the fibers. The variations
in the intensity are mainly caused by the presence of the fibers at different heights with respect to the focal
plane. b) Fluorescence spectra of DiIC;(5) taken from individual fibers. The emission peak at ~668 nm is

redshifted by 10 nm with respect to the bulk solution spectrum.
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Figure 4. a) 5x5 um’ fluorescence intensity scan of CdSe/ZnS quantum dots embedded in an electrospun PEO
fiber. The fiber diameter is ~ 1 pm. Intensity changes along the fast scanning direction (vertical) caused by
changes in the emission rate of the QDs are visible. b) 5x5 um? fluorescence intensity scan of QDs embedded in
an electrospun 1.2 um PMMA fiber. The dashed white lines correspond to the fiber boundaries estimated from a
bright field image of the same fiber at the same location. Inset: intensity cross-section (indicated on the scan
with a white line) through a single spot. Frequent excursions to the background level (blinking) on the
millisecond timescale are clearly visible on the fluorescence scan indicating that the spots are single quantum
dots. The full width at half maximum of the QD emission envelope (inset) is smaller than 300 nm. From the

image the QD concentration in the fibers is estimated to be 10™ M.

The full-width at half-maximum of the intensity cross-section through an isolated
fluorescence spot (inset of Figure 4b) was equal to ~300 nm, slightly larger than expected for
a diffraction limited spot of ~ 220 nm when imaged with a 1.4 NA objective. The reason for
the broadening can be the size of the focus of the excitation light during imaging.

In Figure 5a we show intensity and simultaneously acquired spectral time-traces obtained by
dispersing the emitted photons over a cooled CCD camera after passing through a prism. The
excitation wavelength was 514 nm, and the integration time used was 1s. The emission peaks
are located around 600 nm at the same wavelength as obtained from a bulk solution of QD in
chloroform (Figure 5b). Compared with the solution spectrum the full width at half maximum
(between arrows) of the emission peak for a single QD is equal to 22 nm and is 78 % of that
found in a chloroform solution. The narrower emission spectrum of single QDs within the
fibers is probably due to the size polydispersity of the QDs causing the solution spectrum to
look broader [62]. The finding that no wavelength shift is observed for the emission spectrum
maximum of a QD as compared to the spectrum in solution, underline the different way the
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Figure 5. a) Spectral and intensity time-traces of a single QD embedded in a 1.3 um PEO electrospun fiber.
Intensity changes on the time scale of seconds are clearly visible. b) Luminescence spectrum of a bulk QD
solution in chloroform. ¢) One of the fluorescence emission spectra taken from the time-trace presented in a).
The excitation wavelength was 514 nm. The full width at half maximum (between arrows) of the emission
remains narrow after embedding the nanoparticles into the fibers and is equal to 22nm. No substantial shifts of

the maximum emission wavelength are present.

organic chromophores and QDs are sensitive to the changes in the properties of their
environments. Organic fluorescent molecules are primarily affected by the chemistry and
structure of the surroundings [63-65]. The structure of the QDs together with a “shielding”
effect of the ligands (TOPO) (Figure 1d) present at the QD surface makes them rather
immune to the chemistry of the environment and only sensitive to the more global dielectric
properties. It was suggested that the QDs emission properties are highly sensitive to the QD
surface chemistry and to the chemistry at the ligand/ZnS interface [66,67]. On the other hand,
it was also shown that for CdSe quantum dots the spontaneous emission rate dependence on
the dielectric constant follows the microscopic model [68], thus the decay rate is mainly
influenced by the interaction of the large excitonic electric dipole with the dipoles of the
surrounding dielectric [69]. Quantum dots are therefore a good candidate for the use as
molecular probes whenever one wishes that the chemistry and structure of the material does
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not influence the probes simultaneously. It would be of interest to investigate, in the future,
whether QDs can be used as probes of e.g. the degree of crystallinity in the surrounding
polymer matrix.

As demonstrated here, the technology to introduce single light emitters into nanoscale
dielectric fibers is readily available. The versatility of the electrospinning process allows one
to obtain fibers were both the polymer and the light emitter can be varied, therefore allowing
for number of interesting applications e.g. as sensor devices or in photovoltaics.

The electrospun polymer fibers with embedded light emitters can find application also in
photonics. For example, fibers described in this Chapter can be applied as single-mode
waveguides [70]. For fibers, a lower limit for the diameter (D), for which the structure will
function as a waveguide exists [71]:

D> 244 , (1)

2 2405
(ny —ny)"rm

where, A is the wavelength of light, n; and ny are the refractive indices of the fiber and the
surrounding medium respectively. For emission around A=600nm (as in the case of quantum
dots in this Chapter) the calculated value of D is equal to 470 nm (n,=1 (air) and n,=1.48 ( for
PMMA)). In principle, electrospinning is able to deliver fibers with diameters from 10 nm to
several microns, therefore crossing the guiding/nonguiding length scale for a combination of
different light sources and polymer materials. Spinning polymeric materials with higher
dielectric constants would allow to decrease the critical fiber diameter. When thinking about
a hypothetical device, smaller fiber diameters would allow the density of the structures per
unit area to be higher. Internal, stable light sources naturally overcome light coupling
problems. For a number of applications QDs would be advantageous over organic
chromophores due to their stability or tunability. Additionally, photon generation can be
achieved through electron injection into QDs. Electrospun polymer fibers are thus a
promising candidate for advanced photonic technologies.

8.3.2 Fluorescence lifetime of single DilC,(5) embedded in electrospun PMMA
fibers

Having developed a method to obtain polymer fibers with embedded chromophores we move
towards more detailed investigations of the optical properties of the obtained structures. One
of the applications of the electrospun fiber is in radiative decay engineering, where the
emission rates of light emitters are controlled through a carefully structured environment.
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a) b)

Figure 6. 10 x 10pm® fluorescence intensity scans of DiIC;(5) molecules embedded in PMMA fibers at 10° M
(a) and 10™"" M (b) concentrations. Blinking and one-step photobleaching of the molecules visible in (b) confirm

single molecule behavior.
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Figure 7. Fluorescence lifetime of DilC;(5) molecules embedded in electrospun PMMA fibers as a function of
fiber diameter. The vertical bars represent the widths of single molecule 7z distributions. The shaded area

indicates the region, where the data was grouped for all fiber diameters below ~400 nm.
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In Chapter 6 we have shown that already a relatively simple geometry of thin films can
substantially change the fluorescence lifetime of single chromophores. Here, we report on the
investigation of the fluorescence lifetime of single molecules as a function of the fiber
diameter. DilC,(5) molecules were successfully incorporated into fibers made of amorphous
PMMA (Figure 6a). By decreasing the concentration of the chromophores in the initial
spinning solution, observations at single molecule levels were achieved (107" M) (Figure 6b).
Frequent blinking of the fluorescence signal and one-step photobleaching are confirmations
of single molecule behavior [72-74]. Such single, spatially separated molecules were used in
further investigations. By parking the molecules at the focus of the excitation, and by using
time-correlated single-photon counting, the fluorescence lifetime of single DilC;(5)
molecules was obtained [48]. A histogram of fluorescence lifetime was build for subsequent
analysis from at least 50 single molecule data for every fiber diameter.

The mean values of the obtained fluorescence lifetime distributions are plotted in Figure 7.
The fiber diameter was estimated from bright-field images. For calibration, we have used
fluorescent polymer lines prepared by soft-lithography, which allowed comparing directly the
length scales in fluorescence and bright-field images. The horizontal error bars in Figure 7
represent the error in estimation of the fiber diameter and are estimated by comparing fibers
of known diameter to the ones seen on the bright-field images. Unfortunately, we were not
able to determine accurately in-situ the size of the fibers in the bright field images when the
diameter of the fibers was lower than ~400 nm. We have grouped all fluorescent lifetime
results for such fibers into one data point and placed it at 225 nm with horizontal error bars
spanning from 50 to 400 nm (indicated in Figure 7 with dashed lines). The vertical bars for
data points in Figure 4 represent the widths of the fluorescence lifetime distributions obtained
by fitting a Lorentzian function to the data. For fibers with diameters above 500 nm the mean
fluorescence lifetime of the embedded DilC;(5) molecules is almost independent on the fiber
diameter and its value is centered around 2.0 -2.2 ns. The widths of the distributions (as
indicated by the bars) are narrow and comparable to the experimental lifetime error. Although
the mean 7z of DilCi(5) in fibers with diameter smaller than 500 nm in diameter is
comparable to the rest of the data points, a significant broadening of the 7z distributions is
observed for low fiber diameters. To appreciate the broadening, we have plotted in Figure 8
the values of 7 of molecules in a fiber with 900 nm diameter and that of molecules in fibers
with a diameter below 400 nm. The broadening is slightly asymmetric towards higher values
and fluorescence lifetimes as high as 4.5 ns were observed.

In the section below we discuss the possible reasons that can explain the broadening of the
single molecule fluorescence lifetime histograms. In principle several effects could contribute
including: influence of the radiative properties by the presence of close-by interfaces, fiber
structure (fiber morphology), and finally a mixture of both of these effects combined with
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induced chromophore orientation by the spinning process. It is known that the presence of
dielectric interfaces influences the radiative transition frequencies and decay rates [75-78].
Longer fluorescence lifetimes were found for ensembles or single molecules closer to the
dielectric/air interface and with transition dipole moments oriented perpendicular to the
interfaces [47-49]. Comparing to single molecule studies in thin films, in the case of fibers
substantially higher amount of molecules (within the distributions) can be present with their
dipole moments perpendicular to the interfaces. Also, for a cylindrical geometry, the
molecules are on average closer to the interfaces for thinner fibers. Therefore, one can relate
the broadening towards higher fluorescence lifetimes to the electromagnetic boundary
condition (EBC) effects described in more details in Chapter 6. It should be mentioned that
the relatively simple EBC arguments cannot explain the broadening towards lower
fluorescence lifetimes and also other effects apparently play a role e.g. quenching processes
will cause broadening towards lower lifetime values. We are not aware of any theoretical
studies of the radiative properties of light emitters placed in cylindrical dielectrics with
diameters presented in this study and to our knowledge we are the first to report single
molecule experimental results. The main advantage of using single molecule technique is that
it avoids ensemble averaging. In case of the investigations of fluorescence lifetime in
electrospun fibers shown in this Chapter the averaging would be performed twofold. The first
averaging is done over a distribution of fiber diameters and possible effects associated with
fiber diameter would not be resolved. Additionally, the results would obviously not show up
the broadening of the distributions.
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Figure 8. Distributions of fluorescence lifetime for individual DilC,(5) molecules embedded in electrospun

PMMA fibers. The distribution is significantly broader for fibers with diameter below 400nm.
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The second averaging is done over all chromophore locations and orientations within the
fibers. Having said this, we realize the need for two main improvements to our experiments.
Firstly, a reliable in-situ method (e.g. Atomic Force Microscopy) to determine the diameters
of the fibers is needed. Secondly, it would be advantageous to determine the location and 3D
orientation of the molecules in the fibers with the highest possible precision. Near-field
optical microscopy can in principle be used to determine the size of the fibers and accurately
obtain the position and orientation of the molecules, however reliable determination of
fluorescence lifetimes still remains a challenge.

Figure 9. Optical micrograph of electrospun PEO fibers exhibiting a bead-on-a-string morphology. The beads

are formed because of fluid instabilities occurring in the liquid jet exiting a capillary.

8.3.3 Light emitters in polymer beads

Complex dielectric structures allow one to control the photonic properties of the embedded
chromophores. The electrospinning method not only allows one to obtain fibers with a broad
range of diameters and made of many different polymeric materials, but also, for specific
experimental conditions, one can obtain other structures like the bead-on-a-string
morphology (Figure 9). The formation of droplets for electrically driven low molecular
weight liquids is due to the capillary breakup by surface tension [34]. In the case of polymers,
the filaments between the droplets instead of breaking are stabilized and a bead structure is
formed. The size and shape of the beads, and the distance between the beads depends mainly
on the polymer concentration (viscosity), solvent used (surface tension) and applied voltage
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[34,79,80]. Figure 10 shows a fluorescence intensity scan of DilC;(5) molecules embedded in
beads formed along a PEO fiber. The color scale represents the polarization of the incoming
fluorescence (See chapter 4). Remarkably, the scanning confocal images show that the dyes
are not uniformly distributed within the beads but are concentrated around the bead edges.
Two possibilities exist to explain this behavior. The first is that the beads are hollow, no
material is present within, and a shell-like structure is being formed. The second possibility is
that the dyes were excluded from the semi-crystalline phase of the PEO during the
crystallization process, which takes place in the central regions of the beads. For comparison
fibers were made of an amorphous polymer - PMMA (Figure 11). When embedding DilC,(5)
in beads of PMMA, the shell-like structure could not be visualized giving support for the
second mechanism. When we compared the concentration of the chromophores in the beads
and in the fiber sections between them, we observed that for PMMA the concentration of the
chromophores within the beads is the same as in the straight parts of the fibers. For PEO,
however, the concentration of DilC;(5) in the beads is approximately two orders of
magnitude smaller than in the straight fibers, when assuming that the PEO beads are
homogeneously filled. This suggests a shell-like structure, since the concentration of the
chromophores per unit volume in the spinning solution is uniform.

a) b)

Figure 10. 10x10 um’ fluorescence intensity scans of PEO fibers. The DiIC,(5) molecules are mostly
segregated near the bead edges. The color scale indicates the orientation of the emission dipole moment of the

molecules. One-color spots visible at the bead edges indicate that the spots are single molecules.

142



Single Light Emitters in the Confinement of Polymers

b)

Figure 11. 5x5 um?® fluorescence intensity scans of DiIC;(5) molecules embedded in PMMA beads. The color-
scale represents the polarization of the incoming fluorescence. The molecules are distributed uniformly within

the beads volume.

In order to verify whether the beads formed along the fibers are hollow or filled with material
we have also performed an additional check by imaging the fibers using wide field
fluorescence imaging. In contrast to confocal microscopy, in wide-field microscopy all
molecules are being excited at the same time (Figure 12a). Figures 12b and 12c show the
fluorescence emitted by DilC(5) molecules embedded in PEO and PMMA fibers,
respectively. PMMA beads are present on the right hand side of Figure 12¢ and a larger bead
is shown in Figure 12d. The images look essentially similar to these obtained with SCM.
Clearly, the PMMA beads are filled with molecules uniformly over their entire volume. An
additional feature on the images of PEO beads is a small fluorescence spot almost exactly in
middle of each bead (Figures 12 e-h). This might be due to the focusing effect of such large,
micrometer-size, dielectric beads as described earlier in the literature e.g. by Barnes et al.
[81]. Beads made of PMMA should also display such focusing effects, however due to the
presence of molecules distributed all over the PMMA bead, such emission spots would be
overshadowed by the overall emission intensity and could not be clearly identified. Indeed,
when bleaching the majority of the chromophores in the bead the center spots come forward.
Wide-field imaging confirmed that depending on the material used one could obtain different
polymer beads with different structure. It is important to investigate further the relationship
between the polymer properties and the final bead structure. This can help to understand the
electrospinning process in more details.
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Back Focal Plane

Higglh NA Objective

Figure 12. (a) Scheme of the wide-field illumination. An area of 380 pum® (22 um in diameter) is being
illuminated simultaneously. Part (b) and part c¢) shows fluorescence from DilC(5) molecules embedded in PEO
and PMMA electrospun fibers, respectively. ¢) PMMA beads formed on PMMA fibers filled entirely with
DilC,(5) molecules are visible on the right hand side of the image. A shell-like emission pattern around the bead
and a wave-like pattern extending outside the bead are visible for all PMMA and PEO beads (d-h). In contrast to
PMMA, there is no significant fluorescence signal coming from within the PEO beads (e-i). Additionally, a
peculiar, almost diffraction limited spot is clearly visible in the center of each PEO bead (e-i). Such emission
pattern can be caused by a focusing effect of a spherical bead [81]. The wave-like pattern around PEO beads is
even more pronounced than in PMMA beads (g-h). The collected fluorescence for PEO beads has a well-defined
polarization even though a large amount of DilC;(5) molecules is embedded within the structure (i). The false
color scale indicates the fluorescence polarization in two orthogonal channels. In the upper-right part of (i) an

extracted polarization pattern is presented.
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Besides the fact that the beads formed along an electrospun fiber are hollow or filled,
depending on the material used to spin, wide-field experiments revealed additionally that the
dye molecules might have a preferred orientation at the bead edges with respect to the
interface. We have used circularly polarized excitation light and employed a Wollaston
prism, which splits the emission path into two orthogonal polarization channels. After
overlaying the two channels, a color scale was applied to display the polarization state of the
incoming fluorescence. Remarkably, our initial results indicate that the emission from
different parts of the bead is strongly polarized (inset of Figure 12i shows the extracted
pattern). More careful investigations of the distribution of orientations of the embedded
chromophores could help to solve, in the future, some questions related to internal structure
of the electrospun fibers at the molecular level.

8.3.4 Fluorescence lifetime of dyes in PMMA and PEO beads

The size (microns) and shape (approximated as spherical) of the beads obtained in this work
suggest that our structures could have interesting optical properties, namely they can exhibit
resonance effects, similar to those found in dielectric microspheres [82,83] or suspended
micrometer liquid droplets [81,84]. We have measured fluorescence lifetimes of DilC;(5)
molecules at different positions in PEO fibers and compared them to the fluorescence lifetime
found for DilC;(5) embedded in a thick PEO film. While the fluorescence lifetime of
DiIC(5) in the straight parts of the fibers (points 1,2,3 in figure 10 b) was essentially the
same as in thick PEO sample (~2.3 ns), the lifetime of molecules embedded at the bead edges
(points 4,5,6,7) was shorter by almost 25% (~1.7 ns). Remarkably, the fluorescence lifetime
of DilC(5) molecules in PMMA beads displayed an opposite behavior. The fluorescence
decay rates of DilC;(5) at the bead center and in the straight parts of the fiber were equal to a
bulk value (~2.2 ns). At the edges of the beads, however, DilC;(5) molecules were decaying
from their excited state almost twice as slower, and the excited state lifetime approached an
average of 4.2 ns. One of the possible explanations is that filled PMMA beads prevent
quenching processes to occur and the fluorescence lifetime is dominated by the presence of
interfaces, and its influence on the excited state lifetime of a perpendicularly oriented
chromophore. In case of PEO the chromophores at the surface sites are more sensitive to
quenching and therefore the fluorescence lifetime is on average lower. Another possible
explanation of such remarkably opposite trend is that in case of PEO cavity effects will
dominate. However, to answer the question whether the reported behavior of the fluorescence
lifetime is due to specific optical properties of the beads or is due to the structure and
organization of the chromophore surroundings will require a more thorough analysis
combined with spectral measurements.
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8.4 Conclusions

Luminescent micro- and nanofibers were prepared by electrospinning. Fluorescent molecules
and luminescent CdSe/ZnS core-shell semiconductor nanoparticles were embedded into
polymer fibers with diameters ranging from 50 nm to several micrometers. The single
molecule approach used in this Chapter to investigate luminescent nanofibers has served two
purposes. Firstly, the chromophores were used to report on the structure of the electrospun
fibers. Bead-on-a-string morphology of PMMA and PEO fibers was obtained. The
chromophores in PEO beads were located mainly at the bead edges. In contrasts to PEO, the
chromophores in PMMA beads where evenly distributed within the beads volume. Secondly,
the chromophores reported how the cylindrical geometry of a dielectric influences the
radiative properties of the embedded light emitters. The fluorescence lifetime of single
DilC,(5) molecules embedded in PMMA fibers was independent on the fiber diameter.
However, significant broadening of the single-molecule fluorescence lifetime distributions
was observed for fibers with diameter below 500 nm. Possible explanation of the observed
broadening was the modification of the radiative decay rates through the effect of the
electromagnetic boundaries and quenching effects at the fiber surface. The feasibility and
relative ease of preparation of the structures presented in this Chapter may lead to fabrication
of advanced optical components for photonics at low-cost.
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Chapter 9

Outlook

9.1 Introduction

We have shown throughout the Chapters of this Thesis that single-molecule based
experimental methods give an unprecedented insight into the structure and dynamics of
polymers. Moreover, we have shown that dielectric structures with dimension smaller than
the wavelength of light affect the radiative properties of the single molecule probes. The
advantage of single molecule methods, as underlined many times, lays in the nonaveraging
over a distribution of properties in combination with the simultaneous ability to look at the
local, segmental scale polymer processes. Such approach gives direct evidence that the
averaged, bulk, macroscopic properties are a manifestation of a broad distribution of
microscopic, short scale, segmental relaxation processes. The results obtained in the course of
this thesis work, are relevant for a broad spectrum of scientific activities ranging from
fundamental and theoretical physics, biology (e.g. protein conformation studies through the
monitoring of fluorescence lifetime fluctuations), to current technological applications (e.g.
solar cells, biomimicry) and possible future technologies based on light as a means of
information transmission and processing.

In this Chapter, we would like to present in a number of points what we think should be the
extension of the studies presented here. We also would like to point out that polymer probing
with single molecules is a method still in its infancy and that an enormous potential is still
waiting to be harvested. We hope that our studies will stimulate further research of
microscopic structure and dynamics in different polymer systems.

9.2 Outlook

1. It should be kept in mind that each of the methods presented in this Thesis deserves an
in-depth follow-up. Having developed a broad platform for single molecule probing
of polymers we realize the need for focused and systematic studies. It is desirable to
extend the presented investigations with experiments, where the probe size,
chemistry, shape and physicochemical parameters are variables rather than constants.
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This would allow one to obtain a more detailed picture of molecular-level processes
inside a polymer matrix. Varying temperature would allow one to obtain the
information on the activation energies involved in various processes. Performing
temperature dependent studies would also resolve the degree of coupling between the
probe behavior and relaxation processes in the polymer matrix. Going one step
further, covalently linking the probes to the polymer chains would allow one to
monitor the polymer chain dynamics directly. Besides amorphous glasses, nanometer-
scale probing of more complex polymer structures like polymer networks, block
copolymers, blends or semicrystalline polymers should be the next step in
investigations using methods presented in this Thesis.

Single molecule based investigations give the possibility to confront the assumptions
of microscopic theories of polymer dynamics directly to experimental observations.
As mentioned across different Chapters, application of bulk definitions, bulk-derived
theories or equations is not always appropriate if not hopeless and misleading.
Resolving the dynamics and structure on the nanometer scale gives new insights into
microscopic theories of molecular diffusion. Looking at full distributions rather than
at the ensemble averaged picture will additionally shed light onto the segmental scale
relaxation near to the glass transition temperature. Additional processes like the
hopping mechanism for diffusion should be included in the theoretical development
of spatially heterogeneous dynamics.

In Chapter 4 we have shown that one can look at long-range molecular diffusion
processes (far above the glass transition) or at rotational molecular motion (close to
T,) by using single light emitters. It would be of great significance for the
understanding of the polymer microscopic relaxation processes near to the glass
transition temperature to study both parameters simultaneously and as a function of
temperature. Such single molecule based investigations will shed light on the reported
rotational-translational paradox for diffusion close to the glass transition.

The sensitivity and responsiveness of the probes to the changes in their environment
(i.e. Chapter 5) motivates also the development of a new class of fluorescent probes
for use in single molecule imaging [1]. We propose to explore the possibility of
semiconductor nanoparticles (quantum dots) as probes. Quantum dots offer several
advantages with respect to usually used organic chromophores, namely stability,
emission wavelength tunability, and narrow optical lines; properties, which organic
chromophores are lacking [2]. Most importantly QDs offer a well-defined chemistry
at the probe/polymer interface, which is independent on the probe size. Investigations
where probe size is a variable are important in studies of e.g. diffusion processes in
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polymers. Additionally, QDs can be used as alternative light sources in radiative
decay engineering.

Investigation of polymers confined into nanometer scale structures is currently an
active field of research. We would extend the experiments presented in Chapter 7 to
study polymer films with thickness in the nanometer range. Also we would employ
the methods presented in Chapter 4 to study the diffusion processes in self-assembled
multilayer films. Such structures are very promising candidates in e.g. various types
of nanofluidic applications. In view of the results obtained in Chapter 7 it is also
desirable to have a more detailed picture of polymer dynamics in polymer fibers and
spheres with the diameters in the range from tens to hundreds of nanometers.

In radiative decay engineering (RDE) the nanostructured environment serves as a
means to control the optical properties of light emitters. Combination of RDE studies
with single molecule methods allows one to obtain a detailed picture of all parameters
influencing the resulting optical properties. The ultimate goal of such studies would
be to engineer nanometer scale polymer structures with chromophores placed at well-
defined positions and with well-defined orientations with respect to the interfaces. It
is also known that polymer-based structures are limited in their use in RDE due to
their dielectric properties. A challenging task will be to combine polymers with
metals to produce composite structures for improved control over the optical
properties of the embedded chromophores. For example, gold nanoshells present
around a fluorescent core can strongly enhance the radiative decay rate of the whole
composite nanoparticle [3].

Finally we would also introduce additional methods, which could be useful in
polymer probing. A technique, which was not used in this thesis, was single molecule
fluorescence resonance energy transfer (FRET) [4]. This technique would allow one
to experimentally verify, for example, the theoretical estimations of the degree of
fluctuations in the end-to-end distance of a polymer or a biomolecular chain and its
collapse above the theta temperature [5,6]. Additionally, one can covalently link
multiple amounts of probes to the polymer chain to perform two- and three-color
FRET [7] in solution or in the melts at different experimental conditions.
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Summary

This thesis presents developments in the field of nanoscale probing of polymers. New
experimental methods based on single molecule fluorescence detection were developed and
applied to polymer studies. Localization of, and communication with individual fluorescent
molecules embedded in a glassy polymer or immersed in a polymer melt have been realized
by using various, optical techniques e.g. Scanning Confocal Microscopy and Wide-Field
Microscopy. Location of single molecules as well as their orientation, emission spectra or
fluorescence lifetime have been followed in time. This allowed us to perform dynamical
studies in the time domain. Since full distributions of single molecule behavior (e.g.
rotational diffusion constants, fluorescence lifetimes) were obtained, systems with
heterogeneous dynamics could be clearly identified and sub-ensembles, which could be
characterized with different dynamic properties, were separated and investigated. Besides
polymer probing studies, it was also shown how relatively simple structures can be prepared
and used to engineer the emission properties of single molecules. In particular, the
fluorescence emission of single molecules in thin polymer films and in electrospun polymer
fibers was shown to depend on the size of the structures. The following paragraphs give a
more detailed summary of the results.

Chapter 2 and Chapter 3 were introductory chapters. Introduction to topics in polymer
physics is presented in Chapter 2. A special accent was put on the reviewing of the current
status in the investigations of the dynamic properties of polymers at interfaces and in
different degree of confinement. In Chapter 3 single molecule fluorescence methods were
introduced and their application in polymer studies was reviewed. The need for the
development of new experimental techniques to investigate polymers on the nanoscale was
underlined. Techniques based on optical single molecule detection were shown to be the most
promising candidates to resolve the controversies present in the polymer field concerning
segmental scale dynamics or heterogeneous dynamics near the glass transition.

Wide-field microscopy was employed to investigate polymer dynamics across the glass
transition and the results of these investigations were presented in Chapter 4. Far above the
glass transition temperature translational diffusion of single molecules was observed and
translational diffusion constant were extracted. At temperatures close to the glass transition,
using light polarization detection scheme, the orientational diffusion of many different single
probes was followed simultaneously. The molecules were shown to be immobile, to hop
between different sites within the matrix, or to diffuse freely on different time-scales. Such
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observations gave a significant insight into the heterogeneous dynamics present in a polymer
host above and near the glass transition temperature. It was also found that the
nonexponential character of the single molecule diffusion processes near the glass transition
was a result of the changes in the probe behavior in time. Below the glass transition
temperature the changes of the photophysical properties of single emitters in response to the
changes in the environment were monitored and gave a valuable insight into the structural
heterogeneity present in a glassy polymer matrix.

In Chapter 5 density fluctuations in a glassy polymer matrix were detected through the
monitoring of single molecule fluorescence lifetime fluctuations. Using this newly developed
method, direct information on the local, nanoscale host dynamics was obtained. From the
experimental data, using the Simha — Somcynsky thermodynamic equation of state, we were
able to obtain the number of polymer segments (Ns) taking part in the elementary
rearrangement processes around the probe. For two different polymers, polystyrene and
poly(isobutyl methacrylate) Ng was a function of temperature and it decreased with increasing
temperature. Interestingly, it was found that Ny has similar temperature dependence for
different polymers when normalized with respect to the glass transition temperature of the
polymer used. A wunique combination of small probed volumes and nonensemble
measurements allowed us to directly visualize the spatially heterogeneous dynamics present
within a polymer matrix below the glass transition temperature. Such a result is otherwise
difficult, if not impossible, to achieve using other experimental techniques.

In planar, stratified media (e.g. glass/polymer/air) consisting of optically different materials
the fluorescence emission of single molecules can be strongly modified due to the near-by
presence of electromagnetic boundaries. The radiative decay rate in these cases should be
dependent on the size of the layers, the distance of the molecule to the interfaces and to the
orientation of the molecule emission dipole moment with respect to the interfaces. Before
starting to investigate segmental scale dynamics in polymer structures with dimensions
comparable to the wavelength of light it is important to perform a check whether the optical
characteristics of the chromophoric probes are not influenced by the electromagnetic
boundary conditions. In Chapter 6 we showed that the fluorescence lifetime of single
molecules embedded in thin polymer films changes depending on the thickness of the films
and increases when the film thickness decreases. Calculations of fluorescence lifetime of
light emitters embedded within layered structures have shown that the presence of the
interfaces is the main actor in the modifications of the fluorescence lifetime. Although
important to realize, such “global” effects were found to not significantly affect the method
presented in Chapter 5 if the chromophores are not reorienting within the polymer matrix or
translating with respect to the interfaces. As shown in Chapter 4 and Chapter 5 this was not
the case for molecules in a polymer like polystyrene at room temperature
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In Chapter 7 we used the single molecule lifetime fluctuation technique to study the influence
of the film thickness on local polymer dynamics on the nanometer length scale at
temperatures far below the glass transition temperature. We found modified segmental scale
dynamics when the polymer was confined into films with thickness below 60-70 nm
corresponding to 6 times the radius of gyration of the polymer used. This behavior was
attributed to the effect of the polymer free surface with enhanced dynamics. The effects of the
interfaces propagated deep into the polymer sample over distances larger than the radius of

gyration.

Investigations of hybrid polymer/light emitter nanofibers made of glassy or semicrystalline
materials (PMMA, PEO) prepared by electrospinning was presented in Chapter 8. Organic
molecules, as well as semiconductor nanocrystals (quantum dots), have been incorporated
into the structures at different concentrations down to the single molecule level. The
electrospinning technique has been proven to be a good and reliable method to prepare quasi
one-dimensional luminescent structures on length scales ranging from tens of nanometers to
several microns. The fluorescence lifetime distributions of single molecules embedded in
PMMA fibers were shown to become broader for fibers with diameters below 500 nm. This
was attributed to the effect of the interfaces on the excited state lifetime of the chromophores.
Bead-on-a-string morphology of electrospun polymer fibers was obtained. The structure of
the beads was found to be dependent on the polymer used to spin. In particular, when a
semicrystalline polymer was used for electrospinning, the fluorescent molecules were
excluded from the bead interior probably due to the growing polymer crystals. Additionally,
there was evidence that the molecules adopt a specific orientation at the bead edges. The
beads displayed also interesting photonic properties, which could be used in future
applications based on advanced polymer structures.

In Chapter 9 a brief outlook into the possible future research directions was presented. The
necessity of an in-depth follow-up of the methods presented throughout the thesis was
underlined. We are confident that the research presented in this thesis will prove to be
powerful in the investigations of various polymers systems or complex polymer structure e.g.
block copolymers or polymer networks.
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Samenvatting

Dit proefschrift beschrijft een onderzoek naar de microscopische eigenschappen van
polymeren op de nanometerschaal. Hiertoe zijn nieuwe experimentele methodes, gebaseerd
op detectie van fluorescentie van individuele moleculen, ontwikkeld specifiek voor
toegepassing in dit polymeeronderzoek. Individuele fluorescerende moleculen worden
ingebed in het te onderzoeken polymeer (glasfase of smeltfase) en vervolgens gelokaliseerd
door gebruik te maken van verschillende microscopische technieken, zoals wide-field en
scanning confocal microscopy. De locatie en oriéntatie van de afzonderlijke moleculen, hun
emissiespectra en fluorescentielevensduur worden in de tijd gemeten. Hierdoor is het
mogelijk om de polymeerdynamica in de tijd te volgen. Dit levert verdelingen van
individueel = moleculaire  parameters, zoals rotatie  diffusie = constanten en
fluorescentielevensduur op. Hierdoor is het mogelijk om zowel systemen met heterogene
dynamica te identificeren als om sub-ensembles, d.w.z. deelverzamelingen met verschillende
dynamische eigenschappen, te isoleren en te onderzoeken. Naast het onderzoek aan de
polymeerdynamica laten we ook zien hoe met relatief eenvoudige polymeerstructuren de
emissieeigenschappen van de moleculen zelf kunnen worden beinvloed. Het
fluorescentiesignaal en de fluorescentielevensduur van individuele moleculen in dunne
polymere lagen en in polymere vezels, verkregen door middel van electrospinning, is direct
gerelateerd aan de afmetingen van de structuren. Hieronder wordt de inhoud van dit
proefschrift per hoofdtstuk in meer detail samengevat.

Hoofdstukken 2 en 3 zijn inleidende hoofdstukken. Een inleiding in polymeerfysische
aspecten wordt gepresenteerd in Hoofdstuk 2. Hierbij is de nadruk gelegd op recente
ontwikkelingen in het onderzoek naar dynamische eigenschappen van polymeren, zowel aan
grensvlakken als in structuren met verdere restricties. In Hoofdstuk 3 worden methodes voor
de detectie van individuele molecuulfluorescentie geintroduceerd en hun toepassing in
polymeeronderzoek besproken. Tevens wordt ingegaan op de noodzaak tot ontwikkeling van
nieuwe experimentele technieken om specifiek polymeren op de nanoschaal te onderzoeken.
Technieken gebaseerd op optische waarneming van enkele moleculen zijn duidelijk zeer
geschikt voor het opnemen en oplossen van heersende controverses in het
polymeeronderzoek, zoals segmentele schaaldynamica en heterogene dynamica nabij de
glasovergang.

Wide-field microscopy is toegepast om de dynamica in polymeren rond de glasovergang te
onderzoeken, waarvan de resultaten in Hoofdstuk 4 worden gepresenteerd. Ver boven de

159



Samenvatting

glasovergang is temperatuur-athankelijke translationele diffusie van individuele moleculen
waargenomen en zijn de translatie diffusieconstanten bepaald. Bij temperaturen dicht bij de
glasovergang is de oriéntationele (rotationele) diffusie van een groot aantal afzonderlijke
probes gelijktijdig gevolgd door gebruik te maken van de polarisatierichting van de
uitgezonden fluorescentie. De metingen laten zien dat de moleculen niet beweeglijk zijn,
verspringen tussen verschillende beschikbare posities in de polymeermatrix of wvrij
diffunderen over verschillende tijdschalen. Deze waarnemingen geven een belangrijk inzicht
in de mate van heterogene dynamica van de moleculen aanwezig in een polymere gastmatrix,
zowel boven als in de nabijheid van de glasovergangstemperatuur. De diffusieprocessen van
afzonderlijke moleculen in de omgeving van de glasovergang vertonen veelal een niet-
exponenti€el karakter, een directe indicatie voor tijdsathankelijke veranderingen in het
gedrag van de moleculaire probe. Ook onder de glasovergangstemperatuur zijn de
veranderingen in de fotofysische eigenschappen van individuele fluoroforen gevolgd, zoals
deze veroorzaakt worden door de heterogeniteit in de structuur van een glasachtige polymere
matrix.

Hoofdstuk 5 behandelt de dichtheidsfluctuaties in een glasachtige polymere matrix door het
volgen van fluctuaties in de fluorescentielevensduur van afzonderlijke moleculen. Deze
methode is in dit project nieuw ontwikkeld en geeft directe informatie over de lokale
dynamica in de polymeermatrix op nanoschaal. Uitgaande van de experimentele data zijn we
in staat geweest het aantal polymere segmenten (Ns) te bepalen, dat bijdraagt aan de
elementaire herordeningsprocessen rond het gekozen “probe” molecuul, waarbij gebruik is
gemaakt van de Simha-Somcynsky thermodynamische toestandsvergelijking. Voor twee
verschillende polymeren, polystyreen en poly(isobutyl methacrylaat), neemt Ny direct af met
een toename in de temperatuur. Opmerkelijk genoeg blijkt Nsg een vergelijkbare
temperatuursathankelijkheid te vertonen voor verschillende polymeren, indien
genormaliseerd wordt naar de glasovergangstemperatuur van het betreffende polymeer. De
unieke combinatie van het kleine “probe” volume en de niet-ensemble metingen stelt ons
voor het eerst in staat om de ruimtelijke heterogene dynamica aanwezig in een polymere
matrix onder de glasovergangstemperatuur in beeld te brengen. Een dergelijk detail is
moeilijk, zo niet onmogelijk te verkrijgen met alternatieve bestaande experimentele
technieken.

In vlakke, gelaagde media met verschillende optische eigenschappen (bijvoorbeeld
glas/polymeer/lucht), kan de fluorescentieemissie van afzonderlijke moleculen door de
aanwezigheid van nabije grensvlakken sterk gemodificeerd worden. De mate van spontane
emissie (fluorescentie) wordt in zulke gevallen afhankelijk van de dikte van de lagen, de
afstand van de moleculen tot de grensvlakken en de oriéntatie van het dipoolmoment van de
fluorescentieemissie t.o.v. de grensvlakken. Bij het bestuderen van segmentele schaal
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dynamica in polymere structuren met dimensies in de orde van grootte van de golflengte van
licht, is het van belang eerst te bepalen in welke mate de optische eigenschappen van de
chromoforen worden beinvloed door de elektromagnetische randcondities aan het grensvlak.
In Hoofdstuk 6 laten we zien dat de fluorescentielevensduur van individuele moleculen
ingebed in een dunne polymeerlaag verandert en toeneemt met afnemende dikte van de
polymere laag. Berekeningen van de fluorescentielevensduur van fluoroforen ingebed in
gelaagde structuren bevestigen dat de aanwezigheid van grensvlakken een dominante rol
speelt in de modificatie van de fluorescentielevensduur. Het is dus belangrijk om rekening te
houden met laagdikte en molecuulorientatie. Toch blijken deze globale effecten de
levensduurexperimenten zoals beschreven in Hoofdstuk 5 niet significant te beinvloeden,
zolang we relatieve levensduurfluctuaties meten en de chromoforen zich niet herschikken in
de polymere matrix of verplaatsen ten opzichte van de grensvlakken. Dit is het geval voor
glasfase polymeren zoals polystyreen bij kamertemperatuur, in Hoofdstukken 4 en 5.

In Hoofdstuk 7 gebruiken we de techniek van fluorescentie levensduurfluctuaties van enkele
moleculen om op de nanometerschaal de invloed van de laagdikte op lokale
polymeerdynamica te  bestuderen, bij temperaturen die ver onder de
glasovergangstemperatuur liggen. De segmentele schaal dynamica verandert voor
polymeerlagen met een dikte onder de 60-70 nm, wat overeenkomt met 6 keer de
gyratiestraal van het gebruikte polymeer. Dit gedrag wordt toegewezen aan het effect van een
vergrote dynamica door het vrije polymeergrensvlak. Het grensvlakeffect werkt duidelijk
diep door in het polymeer over afstanden groter dan de gyratiestraal.

Onderzoek naar hybride nanovezels van interne lichtbronnen in een polymeer, bestaande uit
glasachtige of semi-kristallijne materialen (PMMA, PEO), verkregen door middel van
electrospinnen, wordt gepresenteerd in Hoofdstuk 8. Zowel organische fluoroforen als
halfgeleidende nanokristallen (quantum dots) zijn verwerkt in de structuren, met
verschillende concentraties tot aan het niveau van individuele moleculen. De techniek van
electrospinnen heeft zich bewezen als een goede en betrouwbare methode om quasi
ééndimensionale, luminescerende structuren te fabriceren met dimensies die variéren van
tientallen nanometers tot enkele micrometers. Distributies van fluorescentielevensduren van
individuele moleculen ingebed in PMMA vezels met verschillende diameter zijn gemeten. De
verdeling blijkt verbreed voor vezels met diameters onder 500 nm. Dit wordt wederom
toegeschreven aan de invloed van de grensvlakken op de levenduur van de aangeslagen
toestand. Onder bepaalde electrospincondities wordt een kralenketting-structuur (beads-on-
string) van polymeervezels verkregen. Deze ‘beads’ zijn in detail bekeken d.m.v. lokale
molecuul fluorescentiedetectie. De structuur van de beads is sterk athankelijk van het type
polymeer. Specifiek in het geval van het electrospinnen van een semikristallijn polymeer
worden de fluorescerende moleculen uitgesloten van de beads, waarschijnlijk als gevolg van
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het groeien van polymere kristallen. Tevens zijn er aanwijzingen dat de moleculen op de
oppervlakken van de beads een specificke oriéntatie aannemen. De beads vertonen verder
interessante optische eigenschappen die gebruikt zouden kunnen worden in toekomstige
toepassingen gebaseerd op geavanceerde polymere structuren.

Hoofdstuk 9 geeft een korte vooruitblik op mogelijke toekomstige onderzoeksrichtingen. Het
belang van een gedetailleerd vervolgonderzoek op basis van de methodes gepresenteerd in dit
proefschrift wordt toegelicht met het oog op verschillende polymeersystemen en complexe
polymeerstructuren, zoals bijvoorbeeld blok copolymeren en polymere netwerken.
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Jagoda and Patrycja, you are the source of constant inspiration, strength, hope and good
spirit. Ewa, thank you for your constant and unconditional support. Without you these four
years in Enschede would have never been the same. Kochana Ewo, Ty najlepiej wiesz ile jest
Twojej pracy i ofiarnosci w tym doktoracie. Dzigkuje Tobie za te cztery lata spedzone razem
w Enschede. Kocham Cig bardzo, cale zycie jest jeszcze przed nami.

I would like to thank my wonderful parents Elwira and Leonard Tomczak for their constant
support and for giving me the freedom to choose whatever I would like to do in my life.
Kochani rodzice, dzigkuje wam bardzo za ciagle wsparcie jakie otrzymuj¢ przez cate moje
zycie. Dzigki wam moglem osiagna¢ to o czym marzytem.

I wish all the best for all of you,

Nikodem
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