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Foreword

The ACS SYMPOSIUM SERIES was founded in 1974 to provide a
medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that, in order to save time, the
papers are not typeset but are reproduced as they are submitted
by the authors in camera-ready form. Papers are reviewed under
the supervision of the Editors with the assistance of the Series
Advisory Board and are selected to maintain the integrity of the
symposia; however, verbatim reproductions of previously pub-
lished papers are not accepted. Both reviews and reports of
research are acceptable, because symposia may embrace both
types of presentation.
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Preface

SIGNIFICANT QUESTIONS ARE ARISING as the field of polymer science
continues to develop. Many of these questions can be addressed only at the
most fundamental levels.

Polymer photophysics has evolved over the past two decades, providing
the polymer scientific community with a viable tool for probing polymer
structure on a molecular scale. Herein lies its true value. By investigating
photophysical phenomena of polymer systems, we can develop an accurate
picture of how polymers exist in solution and in solid phases.

The chapters in this book are designed to provide scientists who are
engaged in basic and applied polymer research with a clear understanding
of the current status of polymer photophysics. The concepts developed in
this volume should stimulate others to apply photophysical techniques in
their own research.

We thank the authors for their outstanding response. The cooperation
of each contributor has made assembling this book an unexpected pleasure.
We also thank Patricia Linton and Susan Barge for their efforts above and
beyond the call of duty.

[ (CEH) thank Fred Lewis and James Guillet for introducing me to the
world of photochemistry and photophysics. I also thank my family for their
patience and understanding in allowing me to spend precious time
preparing this book. This demonstration of love by Karen, Abbie, and
Austin makes this book invaluable.

A special acknowledgment is extended to the Petroleum Research
Fund, administered by the American Chemical Society, and to the ACS
Division of Polymer Chemistry, Inc., for their generous support. Their
financial contributions allowed several foreign contributors to participate in
the ACS meeting upon which this book is based.

CHARLES E. HOYLE
University of Southern Mississippi
Hattiesburg, MS 39406-0076
JOHN M. TORKELSON
Northwestern University
Evanston, IL 60201
August 4, 1987
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Chapter 1

Overview of Polymer Photophysics

Charles E. Hoyle

Department of Polymer Science, University of Southern Mississippi,
Hattiesburg, MS 30406-0076

In order to write a complete review of polymer photophysics, one
would need a series of books dedicated to each of the important
aspects of this continually developing field. There are already a
number of excellent collections and reviews (1-17) on polymer
photophysics to which the reader is referred. The book by Guillet
(1) s particularly instructive as an overview of polymer
photophysics and for that matter to the whole field of polymer
photochemistry and is highly recommended to anyone who wishes to
gain a rapid, but thorough introduction to the area.

This introductory chapter is designed to introduce the reader
to the current status of polymer photophysics. By analogy with
small molecule photophysics, Tuminescence can be classified as
fluorescence or phosphorescence depending on whether emission occurs
from a singlet state or a triplet state, respectively. Polymer
photophysics, both in its historical development as well as its
current practice, can be divided into relatively few categories:
excimer formation, luminescence anisotropy, luminescence quenching,
luminescent probes and excited state energy migration. After
introducing each of these basic categories, this chapter is
concluded by a short analysis of the future of polymer photophysics.
The fundamental and/or applied aspects of polymer photophysics will
be noted where appropriate in each section.

Excimer Formation

Excimers are excited state complexes which consist of two identical
species, one of which is in the excited state prior to complexation
(See Scheme I). The subject has been thoroughly reviewed for
polymers in a recent article by Semerak and Frank (4). Briefly
(Scheme 1), an excited monomer species M¥ combines with an identical
ground state molecule M to produce an excimer E¥. Both excited
species M* and E* may undergo the normal processes for deactivation
of excited states, i.e., non-radiative decay, radiative decay, or
product formation,

0097-6156/87/0358-0002$06.00/0
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1. HOYLE Overview of Polymer Photophysics

KomiMl
hy w__ NOMIMI _  »
M E

Km ke

M+ hv' 2M +hy"
+ heat ¢+ product 4 heat + product

Scheme I

In Photophysics of Polymers; Hoyle, C., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



4 PHOTOPHYSICS OF POLYMERS

In the publications on excimer formation in polymers to date,
the vast majority have concentrated on homopolymers or copolymers
having pendant aromatic chromophores such as phenyl or naphthyl
groups. Polymers and copolymers based on l1-vinylnaphthalene,
styrene, 2-vinylnaphthalene and N-vinylcarbazole have probably
received the most attention while polymers based on vinyltoluene,
acenaphthalene, vinylpyrene, 2-naphthylmethacrylate, and a number of
other monomers have also been studied, but to a lesser extent.
Excimer formation in such polymer systems is especially favorable
when the interacting species are "nearest neighbors” pendant to the
polymer backbone and separated by three carbon atoms. However,
excimers have also been reported for copolymer systems where the
interactive chromophores are separated by a larger number of atoms.

Theories dealing with the photophysics of excimer formation and
decay involving the "isolated monomer" and “energy migration"
concepts have been developed in order to explain the complex
fluorescence decay curves observed for polymer systems (5).
Application of these fluorescence decay laws continues to be a topic
of interest as will be demonstrated in chapters throughout this
book.

Luminescence Anisotropy

If a randomly distributed ensemble of anisotropic fluorescent
chromophores absorbs light which is linearly polarized, the
resultant fluorescence will retain, to a degree, the polarization of
the exciting light source. The "depolarization" of the emission is
dependent on several factors including the inherent degree of
anistropy of the fluorescent chromophore, the degree of energy
migration, and the rotation of the chromophore during its excited
state lifetime. From steady-state and transient emission
anisotropic measurements, rotational relaxation times can be
deduced. Depending on the location of the anisotropic chromophore
in the polymer, attached as a pendant group or incorporated as an
integral part of the polymer backbone, the rotational relaxation
times reflect either main chain or side group rotational properties.
Since rotational relaxation times are directly related to rotational
diffusion coefficients, luminescence anisotropic measurements
provide information on conformational states, chain dynamics and
microviscosity which might otherwise be difficult to acquire. In
general, luminescence anisotropic measurements are extremely
important in evaluating critical properties of both synthetic and
natural polymers. Examples are presented throughout this book.

Luminescence Quenching

Luminescence quenching involves deactivation of either an excited
singlet (fluorescence quenching) or triplet state (phosphorescence
quenching) by long range or short range interaction with a quencher
molecule. The quenching process efficiency is determined by a
variety of factors which include both orientational and interactive
(electron transfer, dipole-dipole, etc.) parameters. In general,
quenching can be described as a process in which two participating
species {(the excited state molecule and the gquencher) interact
either by a diffusion (collision) controlled (Stern-Volmer kinetics)
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1. HOYLE  Overview of Polymer Photophysics 5

or a static mechanism (Perrin kinetics) (see Ref. 1 for details).
In polymer systems, it is possible for the excited state chromophore
and the quencher to exist in several combinations. The following
are representative of the combinations one might expect to encounter
in quenching experiments involving polymers:

(a) The luminescent species is attached to the polymer
and the quencher is a small molecule.

(b) The luminescent species is detached from the polymer
and the quencher is bound to the polymer,

(¢) Both the luminescent species and the quencher are
attached to the same polymer.

(d) The luminescent species and the quencher are attached
to different polymer chains.

Depending on the particular combination, quenching studies generate
detailed data concerning energy migration in polymers, degree of
interpenetration of polymer chains, local quencher concentration,
diffusion of small molecules in polymer networks, and phase changes.

Excited State Energy Migration

Upon absorption of a photon of light by a particular chromophore on
a polymer chain, one option of the resulting excited state species
is to transfer its energy to an equivalent neighboring group in the
ground state. This second species may then transfer its energy to
another group. The probability of the transfer process occurring
(versus deactivation) is dictated by, among other factors, its
proximity to an equivalent neighbor in the ground state and the
orientation of the two species involved in the energy transfer step.
The sequential transfer of excited state energy from one chromophore
to the next can result in energy migration over a large number of
equivalent groups. This energy migration phenomenon has been
compared to the antenna effect in photosynthesis (1). Theories to
describe singlet and triplet energy migration in polymer systems
have been developed and are included in several chapters 1in the
book.

Luminescent Probes

One of the basic goals in polymer science is to identify the nature
of the local environmental domains (viscosity, hydrophobicity, etc.)
domains within a polymer solid or solution. This may be
accomplished by using a variety of photophysical techniques all of
which involve mixing or covalently attaching a small amount of a
luminescent molecule (probe) into a polymer system. The probe
molecule is designed such that one or more of its photophysical
properties is directly dependent on some aspect of its environment.
For example, both the fluorescence lifetime and the relative
intensities of the vibrational structure of pyrene are altered when
exposed to an aqueous, as opposed to a hydrophobic, medium.
Polyelectrolytes such as poly(acrylic acid), under the proper
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PHOTOPHYSICS OF POLYMERS

conditions of pH and added electrolyte, have hydrophobic domains
which are capable of solubilizing pyrene. The net result is pyrene
molecules which behave photophysically as though they are in a
hydrophobic environment, even though the primary medium is water.
The techniques utilized to study hydrophobic domains in polymer
solutions are derived, in part, from the large body of literature
dealing with luminescent probes in micellar solutions (11). Other
examples of the use of luminescent molecules to probe micro-
environments in polymer systems are listed below.

(a) Molecules with twisted excited states can act as
sensitive probes of polymer microviscosity.

(b) Highly anisotropic luminescent molecules can be used
as probes to investigate orientational effects in
stretched films or fibers.

(c) Bichromophoric small molecules for which the rate of
excimer formation is viscosity dependent can be used to
detect the local microviscosity of polymer solutions.
Such probes can also be used to monitor viscosity changes
which occur during polymerization.

(d) Luminescent chromophores whose excited state
properties are solvent polarity or viscosity dependent can
be dincorporated as part of the polymer during
polymerization and thereby act as a direct probe of the
local environment. (An anisotropic probe bound to the
polymer has already been discussed in an earlier section
as one example of this phenomenon).

(e) Small charged molecules which change their
luminescent properties upon complexation with
polyelectrolytes in aqueous media can be used to probe the
effect of polymer conformation on binding.

One can certainly imagine other uses for luminescent probe molecules
(either attached or free) in addition to those listed. This area is
advancing rapidly and examples are given in individual chapters in
the book.

Conclusions and Future

As the contents of this book will attest, the field of polymer
photophysics continues to expand. The first decade of research in
polymer photophysics was primarily, but certainly not entirely,
directed toward characterization of the basic excited state
properties of macromolecules. During the past ten years there has
been an intensified effort to employ photophysics to solve basic
questions about the nature of polymer systems. There is certainly
no reason to suspect anything other than an increasing use of
polymer photophysics as a fundamental tool to investigate phenomena
such as blending, microviscosity, hydrophobic domains, polymer
conformational structure, diffusion, and polymerization, Polymer
photophysics appears to have evolved from an academic curiosity into
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1. HOYLE Overview of Polymer Photophysics 7

a useful discipline capable of solving both fundamental and applied
problems in the polymer field. It is hoped that the collection of
articles presented in this book will furnish the reader with an
appreciation for polymer photophysics and the potential it has for
contributing to the future development of polymer science.
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Chapter 2

Study of Complex Polymer Materials

Fluorescence Quenching Techniques

Mitchell A. Winnik

Department of Chemistry and Erindale College, University of Toronto,
Toronto M5S 1A1, Canada

Fluorescence quenching techniques (1) provide a battery
of useful tools for the study of morphology in complex
polymer systems. One of the most important applications
of these techniques is to the study of interfaces and
interphases in polymer systems.

Many polymer materials contain polymer—polymer interfaces. These
include polymer blends, interpenetrating networks, core-shell
polymer colloids, and polymer micelles. The properties of these
materials depend, one believes, on the nature of the interface and
on factors which operate within very short distances (50A - 100A) of
the interface. These are the dimensions of polymer molecules, which
means that a proper understanding of the performance of these
materials requires understanding of the interface at the molecular
level.

Among the tools that permit one to obtain molecular information
about interfaces [e.g., x-ray and neutron scattering, solid state
nor (2)], fluorescence quenching methods (3) offer some important
advantages. They are sensitive. The equipment is readily available
and relatively inexpensive. There is scope and versatility to those
methods. There are many sources in the literature one can turn to
for ideas for new experiments to study systems composed of synthetic
polymers, because of the wide—spread applications of fluorescence
techniques in the biological sciences (4). This chapter provides a
brief introduction to some applications of fluorescence quenching to
study interfaces in polymer systems.

STRATEGY

Mechanism. Fluorescence quenching is defined operationally as any
interaction between a species F* in an electronically excited state
and another species Q which leads to a decrease in the fluorescence
intensity or fluorescence decay time of F*. This definition
encompasses all quenching mechanisms.

0097-6156,/87/0358-0008$06.00/0
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2. WINNIK  Fluorescence Quenching Techniques 9

All fluorescence quenching processes between non—-diffusing
pairs of excited states and quencher molecules are characterized by
rate constants kq(r) which are a function of the distance r between

them. Orientation may also be important. The sensitivity of each
quenching process to distance and orientation depends upon the
quenching mechanism. Energy transfer by dipole coupling (5,6)
(Férster energy transfer) can occur over distances up to 100A.
Electron transfer (6) can occur over 15A to 20A. Quenching by
paramagnetic species requires orbital overlap and is a short range
process (6).

A convenient way of classifying these processes is to define a
parameter R, which represents the distance at which the quenching
rate (for randomly oriented F/Q pairs) equals the unquenched decay
rate of F*. R, is a measure of the span of the quenching process.
The value of R, will depend upon the details of the quenching
mechanism and the particular F/Q pair under consideration. A
selection of R, ranges for different quenching processes is
collected in Table I.

Table I. Bimolecular Excited State Quenching Processes

interaction effective

mechanism distancea'b

1. Energy transfer by

dipole coupling 10A to 100A
electron exchange 47 to 15A
reabsorption as far as emission reaches

2. Electron transfer 4A to 25A

3. Exciplex formation 4A to 15A

4. Excimer formation ca. 4A

5. Non-emissive self-quenching 4A to 15A

6. Heavy atom effect ca. 4A

7. Chemical bond formation ca. 2A to 4A

8The minimum interaction distance is arbitrarily taken to be 4A
except where new chemical bonds are formed.

bEach pair of chromophores, for each interaction mechanisms, has its

own characteristic distance R, at which the interaction rate equals
the decay rate of the unquenched excited state. These values are
estimates of the range of R, for randomly oriented non-diffusing
pairs of species.

The experimenter chooses the quenching process and F/Q pair
according to the distance scale he or she wishes to explore. For
example, in the study of simple polymer blends, energy transfer
(here R, = 22A) was much more sensitive than exciplex formation
(Ry = ca. 7 to 10A) at detecting small amounts of chain
interpenetration at the interface (7,8).

In Photophysics of Polymers; Hoyle, C., et al.;
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10 PHOTOPHYSICS OF POLYMERS

Synthesis. Chemical synthesis is an essential part of any
application of fluorescence quenching to the study of interfaces.
Three quite different approaches have been described in the
literature. First, one can label polymer-1 with F and polymer—2
with Q. In a blend of the two polymers F* and Q interact only at
the interface between the polymers. Second, polymer—2 may
fortuitously quench fluorescence of a dye F attached to polymer-1.
For example, poly(vinylmethyl ether) [PVME] quenches anthracene
fluorescence (8). This lucky observation has been used in
conjunction with anthracene-labelled polystyrene [PS—-Ant] to map out
the phase diagram of mixtures of PS with PVME and to study spinodal
decompostion kinetics (9). Finally, one can label either polymer-1
or polymer-2 with F, and choose as a quencher a small molecule which
is preferentially soluble in one of the polymers. Examples of this
approach are described below. This approach works best when one of
the polymers is in the glassy state and the other is rubbery.

Span. The span of a quenching experiment is the distance scale
sensed by the experiment. It represents the resolution of the
measurement. There are in fact two quite different distance scales
involved in fluorescence quenching experiments. One is determined
by R,. In experiments in which diffusion is unimportant, R, is the
only important distance scale. If diffusion of F or Q occurs over a
distance comparable to or larger than R, on a time scale of the
lifetime of F*®, the span will be somewhat larger that R,.

In some experiments, mixing or demixing occurs on a much longer
time scale. Here, where one studies changes in fluorescence
intensity (I) over a period of minutes or hours, the relevant
distance scale of the experiment is much larger. For demixing of
PS—-Ant and PVMF (9), the span is larger than the dimensions of
individual macromolecules and probably reflects the size of the
initially formed phase domains. In sorption experiments of a small
molecule Q into a thin film or small particle labelled with F, the
span is the film thickness or particle radius (10).

EXAMPLES

The examples which follow are chosen from my laboratory. I do not
wish to imply that they are the most interesting or most important
experiments which use fluorescence quenching applications to rather
complicated materials. They represent a prototype of the kinds of
experiments and the kinds of materials one would study in an
industrial laboratory.

The materials we studied are non—aqueous dispersions of polymer
particles. Colloidal stability of these particles in hydrocarbon
solvents is conferred by a surface covering of a highly swollen
polymer (the stabilizer) on a second polymer, insoluble in the
medium (the core polymer), which comprises 80*% of the material
(11). These particles are prepared by dispersion polymerization :
polymerization of a monomer soluble in the medium to yield an
insoluble polymer, carried out in the presence of a soluble polymer
which becomes the stabilizer. In the examples discussed here, the
core polymer is formed by free radical polymerization. Hydrogen
abstraction from the soluble polymer present in the reaction medium
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2. WINNIK  Fluorescence Quenching Techniques 1

leads to formation of a graft copolymer. In this way we have
prepared poly(methyl methacrylate) [PMMA] particles stabilized by
polyisobutylene [PIB] (12,13) and poly(vinyl acetate) [PVAc]
particles stabilized by poly(2-ethylhexyl methacrylate) [PEHMA]
(14,15).

PMMA Particles. PIB-stabilized PMMA particles were prepared
containing naphthalene [N] groups covalently attached to the PMMA
chains. This was effected quite simply by adding l-naphthylmethyl
methacrylate to the MMA polymerization step of the particle
synthesis. From reactivity ratios, one knows that the N groups are
randomly distributed along the PMMA chains. The particles were
purified by repeated centrifugation, replacement of the supernatant
serum with fresh solvent (isooctane) and redispersion. A
fluorescence spectrum of the dispersion was typical of that of a
l-alkyl-naphthalene. Chemical analysis indicated a particle
composition IB/MMA/N of 13/100/10.

When small amounts of anthracene [bulk concentration ca.

1 x 10~ M] were added to particle dispersions, energy transfer from
N* to Ant could be observed (cf. Figure 1)(12). At first we thought
this occurred only from N groups near the particles surface. When
the concentration [Ant] was altered, the fluorescence decay time of
the N* also changed (12,13). Light penetrates into these 2 im
diameter particles to a depth equal to at least its wavelength (ca.
3000A). If the lifetime of all the N groups is decreased by Ant
added outside the particle, the Ant groups must have diffused into
the particle interior during sample preparation.

This curious observation is at odds with a solid core structure
for the particle. One can estimate the translational diffusion
coefficient of Ant in PMMA (<10~ '*® cm?® sec~!) (16) and predict that
it would take years for Ant to penetrate so deeply into a solid PMMA
core. Here the span of the experiment is the range of Ant
penetration, limited by the depth of light penetration into the
particle.

The change in IN(t) as [Ant] is varied fits the Stern—Volmer

expression for these particles. Here ™ is the lifetime measured

1
= =

ﬂlr—d
t
ﬂ'»—a

= - + k [Ant]a (1)
N A N 1

for N* in the presence of a bulk concentration [Ant] of quencher.

Ta is the component of the Ant™ decay due to energy transfer (some

Ant absorbs light at 280 nm.) The term « is the partition
coefficient of Ant inside the particle. For diffusion controlled
quenching, kq can be related to the mutual diffusion coefficient D

of the reactants.
In a typical experiment, ™ = 40 ns, [Ant] =1 x 10°* M and

akq =1x 10° M~! s~!, If a is approximately unity, one calculates

a diffusion coefficient D = ca. 1 x 10°®* cm* sec™®. Since N is
bound and Ant is free to diffuse, we associate D with Ant diffusion.
In 40 ns, Ant diffuses on average 20A. This distance is comparable
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12 PHOTOPHYSICS OF POLYMERS

to R,, equal to 22A for Forster energy transfer for this pair of
chromophores. We measure IN(t) over several lifetimes. The span of

this experiment is thus on the order of 100A.

To explain these results, my co-workers and I proposed a
"microphase" or "interpenetrating network" model for the particle
structure (13). A sketch of this model is given in Figure 2. We
envision that much of the PIB stabilizer is trapped inside the
particle where it forms an interconnecting network of channels.
These are swollen with isooctane when the particles are dispersed.
Ant is presumably quite soluble in this phase and moves readily
throughout these channels. If DAnt is on the order of

1 x 10°* cm? sec!, it would take only seconds for Ant to reach the
particle center; but much longer to diffuse out of the PIB phase
into the (glassy) PMMA phase. Consistent with this model, chemical
analysis by thin layer chromatography indicates that most of the PIB
is covalently grafted to PMMA.

This morphology has also been confirmed by X-ray scattering
studies on particles containing as a probe a heavy metal derivative
introduced specifically into the PIB phase (17).

In these experiments, the gross morphology of the particles was
elucidated primarily from the sorption rate of Ant into the particle
as determined by fluorescence quenching. The experiment was
effective because R, of the energy transfer process was large enough
to permit the quencher Ant to communicate with N* across the phase
boundary. More detailed information is possible by comparing these
results with those of a quenching process characterized by a much
smaller R, value.

Oxygen Quenching in Poly{(vinyl acetate) Particles. In order to
study a system in which fluorescent groups could be introduced into
both the stabilizer and core polymers, we turned our attention to
poly(vinyl acetate) [PVAc] particles sterically stabilized by
poly(2-ethylhexyl methacrylate) [PEHMA] (14,15). Phenanthrene [Phe]
was chosen as the fluorescence sensor. It was introduced into the
stabilizer by mixing a small amount (ca. 1%) of S-phenanthrylmethyl
methacrylate 1 with EHMA in the synthesis of PEHMA. It was
introduced into the core polymer by mixing a trace {(ca. 0.01%) of 1
with VAc in the presence of unlabelled PEHMA in the particle
synthesis step.

Phe fluorescence is relatively insensitive to its environment,
and Phe has little tendency to form excimers. As a consequence, its
fluorescence decay I(t) normally has a simple exponential form.
This property contributes two important features to the experiment.
First, the fluorescence decay time 7° (in the absence of quencher)
is a well-defined quantity, facilitating interpretation of steady
state fluorescence experiments. Second, in complex systems,
non—exponential decay traces may be observed. These can be
interpreted in terms of a non-uniform distribution of quenchers in
the system.

The particles we prepared were relatively small, with mean
diameters of ca. 300 nm. The chemical composition was 5.6 monomer
mol% PEHMA and 94.4% PVAC.

Information about the particles is obtained by comparing four
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Figure 1. Fluorescence decay profile of N* (lower curve,
measured at 337 nm) and Ant® (upper curve, 450 nm) for
dispersions of PIB-stabilized PMMA particles, labelled with N
in the PMMA phase, in isooctane containing 2 x 10°* M Ant.

Figure 2. Our conception of the "microphase" or
"interpenetrating network” model for non-aqueous dispersion
morphology.
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14 PHOTOPHYSICS OF POLYMERS

systems. First, in order to establish a benchmark, one looks at a
small molecule, here 9-phenanthrylmethyl pivalate, 2, as a model for
Phe-SP to establish the behavior of the polymer—-bound dye. These
form the basis for interpreting experiments on the two particle
systems: that labelled in the stabilizer [SLP-Phe] and that
labelled in the core [CLP-Phe].

Exposure of solutions of the model compound 2 and the copolymer
Phe-SP to various oxygen concentrations causes both I and r to
decrease. The data in Figure 3 follow the Stern-Volmer
relationship. Oxygen quenching is diffusion controlled. The
decrease in slope for the copolymer is due to its smaller diffusion
coefficient compared to 2. When the stabilizer-labelled particles
are exposed to oxygen, the data also follow Equation 1. This result
is somewhat unexpected, since I(t) here, in the presence of oxygen,
deviates from an exponential form, implying a distribution of oxygen
solubilities and mobilities in the stabilizer layer of the particle.
The data recover their simple form when one calculates mean
lifetimes <r> from the I(t) measurements and plots them according to
Equation 1 (15). One can conclude from the particle data in Figure
3 that the entire region containing the stabilizer polymer is highly
permeable to oxygen. Oxygen quenching is almost equally effective
for the particle-bound stabilizer as for the free Phe-PEHMA
copolymer in soluton.

One would anticipate no quenching of Phe fluorescence by oxygen
in the core-labelled particle. Not only does one predict this
result — the solubility and diffusion of oxygen are both
substantially reduced in PVAc compared to cyclohexane - but
measurements on films of PVAc containing Phe show no more than 1%
quenching by oxygen (18).

In the dispersions of CLP-Phe we observe substantial oxygen
quenching. The Stern-Volmer plot is curved (Figure 4, top),
implying that some Phe are more accessible to quenching than others.
The obvious interpretation is that some Phe are protected against
quenching by virtue of being enclosed in a PVAc environment. The
others are exposed to oxygen because they lie at the interface or
are incorporated into a more extensive solvent-swollen interphase
(15).

Quantitative data are available by fitting the data to the
fractional quenching model (15). The Stern-Volmer model is modified
by assuming that only a fraction fa of the fluorophores can be

quenched. The remaining (l_fa) are protected:

S S
£k, 7olQ]

(2)

1

I°-I f

a
When our data are replotted according to Equation 2, Figure 4b, we
obtain a straight line with an intercept of ca. 2. Hence 50% of the
Phe groups in these particles are protected against oxygen
quenching. Those that are exposed to oxygen are quenched with great
effectiveness. If Phe is statistically distributed in the PVAc
chains and serves as a marker for the location of those chains, we
conclude that 50% of the PVAc is incorporated into the interphase.
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Figure 3. Plots of I°/I and r°/r vs. bulk oxygen concentration
for: the small molecule 2 (top line); the labelled PEHMA
copolymer [Phe-SP, middle line]; the labelled particle
[SLP-Phe, bottom line].
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Figure 4. Fluorescence quenching by oxygen of the
core-labelled particle CLP-Phe in cyclohexane. Top curve:
plot of data according to Equation 1; bottom curve: plot of
data according to the fractional quenching model, Equation 2.

In Photophysics of Polymers; Hoyle, C., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



16 PHOTOPHYSICS OF POLYMERS

When these experiments are repeated on dry powder samples of
the particles, we observe much less quenching (18). For SLP-Phe,
exposed to pure oxygen, 20% of the Phe® are quenched, compared to
80% for the dispersions in cyclohexane. these data also fit the
Stern-Volmer equation. For CLP-Phe, only 5% of the Phe" are
quenched in the presence of pure 0, at 1 atm. These results
emphasize the role of the solvent penetration in determining the
properties of the interphase.

In the dry particles, oxygen uptake occurs on a measurable time
scale (minutes). Here the span of the experiment is the particle
radius. Such experiments hold the promise of providing sorption
rates into the stabilizer phase and into the interphase. We are
investigating whether it is in fact possible to obtain information
in sufficient detail to measure the magnitude of the interphase in
the dry particles and to obtain the solubilities and diffusion
coefficients of various sorbents within the various individual
rhases of the material.

SUMMARY

There are many different ways of using fluorescence quenching
techniques to study the morphology of polymer materials, even those
of rather complicated composition. Important considerations are (i)
the use of synthesis to introduce the dye as a sensor into a
specific phase of the material; (ii) the spectroscopic
characteristics of the dye and the details of the quenching
mechanism; and (iii) the span of the experiment. The span can be
determined by the R, characterizing the quenching mechanism, the
diffusion distance of the quencher during the fluorescence decay
time of the sensor, or the penetration distance of a
sorbent~quencher into the system.
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Chapter 3

Morphology in Miscible
and Immiscible Polymer Blends

Interplay of Polymer Photophysics
with Polymer Physics

Curtis W.Frank and Wang-cheol Zin

Department of Chemical Engineering, Stanford University,
Stanford, CA 94305

Applications of excimer fluorescence as a molec-
ular level probe of chain configuration for isolated
polymer chains and as a morphological tool for the
study of phase separation are reviewed. In the first
section, previous studies on the use of a strictly
one-dimensional random walk model to describe energy
migration in miscible blends are critically examined
for blends of polystyrene (PS) with poly(vinyl methyl
ether) (PVME) and poly(2-vinyl naphthalene) (P2VN)
with either poly(cyclohexyl methacrylate) (PCMA) or
polystyrene. The apparent energy migration efficiency
is two orders of magnitude higher than expected, lead-
ing to the conclusion that energy migration in dilute
blends is at best quasi-one-dimensional with a non-
negligible amount of cross-loop hopping. In the
second section, the PS/PVME phase diagrams for mono-
disperse PS of molecular weights 100,000 and 1,800,000
blended with PVME of number average molecular weight
44,600 and M /M =1.4 are determined. A temperature
and concentration dependent binary interaction param-
eter is evaluated from the cloud point data and used
to generate spinodal curves. Previous fluorescence
results on spinodal decomposition in PS/PVME are re-
interpreted using this new phase diagram to yield good
agreement with the deGennes-Pincus theory. In the
final section, annealing experiments for blends cast
from tetrahydrofuran, chlorobenzene and toluene are
used to demonstrate that toluene casting leads to the
equilibrium binary blend morphology.

It has been estimated that 15 to 20 percent of all engineering
plastics produced in the United States today are polymer blends or
alloys, which are physical mixtures of homopolymers and/or copoly-

A serious problem exists, however, in that the bulk prop-

erties of the blend will depend on the degree of mixing achieved.
Such mixing is difficult to accomplish on the molecular level and

0097-6156/87/0358-0018%06.00/0
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3. FRANK ANDZIN  Morphology 1n Polymer Blends 19

existing experimental techniques exhibit widely varying sensi-
tivities to the distance scale over which inhomogeneities are
detectible. A major objective of research in our laboratory has
been to establish excimer fluorescence as a quantitative photophys-
ical tool for the elucidation of morphology and dynamics in polymer
blends. An extensive review of the photophysics of excimer forma-
tion in the aryl vinyl polymers has been published. [1]

The application of this technique as a morphological tool re-
quires that there be a close coupling between polymer photophysics
and polymer physics. In the photophysical studies described in this
paper emphasis will be placed on the development of analytical
models for electronic excitation transport (EET). The areas of
polymer physics that we will consider involve the configurational
statistics of isolated chains and phase separation in multicomponent
polymer systems. The polymer system of primary interest is the
blend of polystyrene (PS) with poly(vinyl methyl ether) (PVME).

Here excimer fluorescence from phenyl-phenyl interactions in PS is
the main experimental observable. This blend was selected because
it has been demonstrated by numerous other techniques that miscible
one-phase blends may be prepared by solution casting from toluene
solvent. [2,3] Moreover, the blend may be forced to phase separate
by thermal means, leading to a two phase system. In addition, we
will consider results for blends of poly(2-vinyl naphthalene) (P2VN)
with low molecular weight poly(cyclohexyl methacrylate) (PCMA) and
polystyrene (PS).

There is general agreement that delocalization of electronic
excitation energy may occur in solid solutions of aryl vinyl poly-
mers as a result of dipole-dipole interactions between aromatic
rings covalently bound to the polymer chain. [4] In fact, the EET
process is exceedingly complex with several modes of energy migra-
tion possible. Since the polymer chain contains a locally high
concentration of aromatic groups, with separation distances between
rings on adjacent repeat units of the order of five to seven
Angstroms, one migration channel will be along the contour of the
polymer chain. If the test chain of interest is totally isolated
from identical chains, and if the chain is immobilized in a
thermodynamically good matrix such that it exhibits an expanded con-
figuration, it is possible that the energy migration could take on a
one-dimensional character. As the concentration of the aryl vinyl
polymer is increased, energy migration between chromophores on
different chains is expected; this will approach a three-dimensional
process at sufficiently high concentration.

In the first section of this paper we review a strictly one-
dimensional random walk model developed by Fitzgibbon. [5] The model
treats excitation migration on a finite size lattice with randomly
distributed excimer forming sites acting as traps. It has been ap-
plied to explain the efficiency of trapping at excimer forming sites
in three sets of apparently miscible systems. We first consider a
series of PS/PVME blends in which the PS is at low concentration but
of variable molecular weight. We then examine two other classes of
blends in which the aryl vinyl polymer of interest is P2VN and
blends are prepared with PCMA or PS as the host polymer. By con-
trast to the PS/PVME system, which is thermodynamically compatible
over the whole concentration range and for all molecular weights of
the two components, the P2VN blends are miscible only as a result of
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20 PHOTOPHYSICS OF POLYMERS

the low molecular weight of the host polymer. Our objective is to
provide a critical assessment of the application of the strictly
one-dimensional random walk model to the solid state blends.

In concentrated systems such as in films of the pure aryl vinyl
polymer or in domains rich in the fluorescent polymer for a phase
separated system it is likely that EET between rings on different
chains could be as likely as between rings on the same chain. In
the limit for which there is no anisotropic bias for energy
migration along the chain, the EET may be considered to be three-
dimensional. Two EET models have been developed to treat the prob-
lem of three-dimensional migration to pre-formed excimer sites in
solid polymers. The first is a spatially periodic lattice model
that restricts migration to nearest neighbors and does not permit
the excitation to re-visit any earlier locations occupied during the
random walk. [6] The second is a more sophisticated many-body EET
theory that was originally developed by Loring, Andersen and Fayer
(referred to as the LAF model) to treat isotopically doped molecular
crystals with no restrictions on the chromophores sampled during the
migration process. [7] Semerak has recently applied both the spa-
tially periodic lattice model and the LAF theory to analyze excimer
fluorescence in pure PS and P2VN. [8)

Although the theoretical study of EET in polymer systems has
led to considerable recent advances, we choose in the second section
of this paper to take a somewhat more pragmatic approach to the
study of phase separation kinetics. To do so, we temporarily set
aside any consideration of the details of any particular EET model
and simply rely on a fundamental relationship between the ratio of
the excimer to monomer emission intensities, ID/I , and the
probability M that an absorbed photon is eventual%y emitted by a
radiative or nonradiative process of the monomer. Use of this
general relation along with experimental data for the effect of
concentration on excimer fluorescence in a miscible blend allows M
to be determined experimentally. We will present a simple morph-
ological model that combines the miscible blend results with an ex-
perimentally determined phase diagram to relate the absolute value
of the I_/I  ratio to the local concentration of chain segments con-
taining aromatic groups. Our objective is to re-examine earlier
data on spinodal decomposition for the PS/PVME blend using a more
accurate phase diagram determined in the present study.

The preceding studies on the configuration of aryl vinyl poly-
mer chains in dilute, miscible blends and on the kinetics of phase
separation in concentrated blends were based on the implicit assump-
tion that the initial solvent cast blend represented an equilibrium
state. In the final section of this paper we explore this question
with new data on the effect of the casting solvent on the fluores-
cence behavior of PS/PVME blends. Our objectives are to determine
first whether the fluorescence observables are sensitive to differ-
ences in as-cast films and then to identify the true equilibrium
state.

Experimental

In order to improve the gquantitative interpretation of the
earlier studies on phase separation kinetics performed in our
laboratory, [9,10] a new phase diagram was determined with narrower
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3. FRANK AND ZIN  Morphology in Polymer Blends 21

distribution PVME and an improved turbidimetric light scattering
apparatus. The PVME was first fractionated by a precipitation
procedure and the molecular weight distribution was determined on a
Waters Model 244 gel permeation chromatograph having microStyragel
columns. The resulting PVME had M /M =1.4 with M =55,000. This is
to be compared with the starting material having polydispersity of
about 1.9.

The cloud point curves were measured using a newly designed
sample chamber that may also be used for the fluorescence measure-
ments. This chamber has excellent thermal control and can be
evacuated and back-filled with nitrogen or argon in order to
minimize oxidative degradation of the sample. The sample was illum-
inated by a 5 mW He-Ne laser in the backface mode with the film at
45 degrees to the laser axis. The light scattered at right angles
to the incident beam was passed through an attenuator and detected
by an RCA 1P28 photomultiplier. Cloud point temperatures were
determined by heating at a slow rate until commencement of phase
separation, as evidenced by a rapid increase in the scattered light
from the sample. The temperature was then decreased by several
degrees and the decrease in scattering intensity monitored. This
was followed by a temperature jump, smaller than the preceding
temperature drop, and the process was repeated a sufficient number
of times such that equilibrium was ensured. This could take many
hours for the high PS concentration blends.

Results and Discussion

Isolated Chain Statistics in Miscible Blends. Early work on
the application of fluorescence spectroscopy to the study of polymer
blends in this laboratory emphasized the correlation of variables
expected to influence the free energy of mixing with changes in
R=I /I.. These studies included the effects of solubility parameter

: M

dlfgerences between the fluorescent guest polymer, generally poly(2-
vinyl naphthalene), and the nonfluorescent host polymer matrix,
[11,12] guest concentration, [12-14] molecular weight of both host
and guest, [15-18] and the temperature at which the polymer blend is
solvent cast [13]. In each case, an increase in R was interpreted
as an increase in the local segment density, and could be rational-
ized on the basis of equilibrium Flory-Huggins thermodynamics.

These early studies demonstrated that excimer fluorescence is a
useful addition to the battery of experimental tools available to
study solid state polymer blends. However, the longer range goal of
explaining the significance of the absolute value of R was not
realized because there was insufficient companion information about
the thermodynamics of the blends. The PS/PVME blend does not suffer
from this limitation, and thus provides an excellent system for
characterization of the photophysics under conditions for which
miscibility or immiscibility are firmly established. 1In this
section we examine results for PS/PVME as well as more recent work
on dilute blends containing P2VN that are believed to be miscible.

The first stage of the development of excimer fluorescence as a
quantitative morphological tool was to understand the photophysics
of miscible blends. We began with a consideration of the tempera-
ture and molecular weight dependence of R for blends containing low
concentrations of PS. As noted in the Introduction, energy migra-
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tion in an isolated aryl vinyl polymer chain may be idealized as a
one-dimensional random walk between adjacent pendent chromophores.
[5] At each step in the walk, the excitation can be lost radi-
atively or nonradiatively from an isolated excited chromophore.
Alternatively, the excitation can be trapped at an excimer forming
site (EFS) composed of two adjacent chromophores suitably aligned in
a coplanar sandwich configuration, leading to radiative or nonradi-
ative emission from the excimer. The overall probability that an
excitation absorbed anywhere in the chain will eventually be dissi-
pated through radiative or nonradiative decay through a monomer
channel is given by the quantity M and through an excimer channel by
1 - M. M may be predicted analytically, and is related to the
experimental observable R through the expression

Q. 1-M
R= D &)

Qq M

where Q and Q, are the intrinsic quantum yields for excimer and
monomer emission.

M is a complex function of composition, molecular weight and
temperature. Two analytical approaches have been directed toward
obtaining expressions for M. The simplest one goes back to Levinson
who treated a one-dimensional random walk on an infinite lattice
with randomly distributed traps. [19] Although this is clearly
unrealistic for real, finite length polymer chains, it does help to
set certain critical concepts. Thus, we spend some time on it
before considering the results applicable to real polymers.

In the hypothetical case of an infinitely long polymer chain,
the analytical expression for M is the relatively simple form

o0
M=1-q. - 2 (1 - q* tanh( Tx) (2
tanh(T) x=1
1/2
where ' = 0.5 1n L+ 28+ (1 +4F)

2E

In this expression the first critical parameter is g, the
fraction of chain dyads that are suitable excimer forming site
traps. At the low PS concentration for which this model may be
appropriate, q. is simply the intramolecular site fraction
calculated from rotational isomeric state theory. The second
parameter E is a measure of the energy transfer efficiency, being
the product of the single step energy migration rate W and the
lifetime of the excited monomer state 7.

A more recent and exact solution to the one-dimensional,
nearest neighbor transport and trapping problem has been given by
Movaghar. [20] Its predictions for M are indistinguishable from the
series solution. [21] In Figure 1 we present the dependence of M,
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calculated for q, = 0.027, on the energy transfer parameter E.
Simply interpreted, the model shows that facile energy migration
(large E) leads to extensive sampling of the aromatic rings such
that the probability of finding an EFS trap is large (M is small).

From consideration of molecular models and the geometric re-
quirements for excimer formation, we have concluded that the trans,
trans meso rotational dyad is the predominant EFS in the aryl vinyl
polymers. [5,22] The identification of the EFS trap with a partic-
ular rotational dyad state was a critical factor because it opened
the way to utilize the powerful rotational isomeric state theory of
Flory [23] to calculate the EFS population for the isolated PS
chains. This trap population is relatively small in polystyrene.
For example, assuming that an atactic PS chain has 45% meso dyads,
the EFS concentration at 300 K was determined to be of the order of
0.026. [22] Since the EFS dyad configuration is at higher potential
energy than the preferred ground state meso configurations, an in-
crease in temperature will lead to an increase in the EFS population
as long as conformational equilibrium may be maintained. At a fixed
temperature only a slight molecular weight dependence of the EFS
concentration was calculated. [22]

Although the extension of the infinite lattice model to the fi-
nite lattice corresponding to real polymer chains is straightforward
in principle, the analytical expression for M is algebraically
complex [5] and will not be reproduced here. It is of interest,
however, to consider the predictions for the dependence of the ef-
ficiency of sampling of EFS, represented by the function (1 - M)/M,
on the molecular weight of the aryl vinyl polymer. This is shown in
Figure 2. [24]

The one-dimensional random walk model predicts that there
should be a strong dependence of the observed R on the molecular
weight of the aryl vinyl polymer. At very low molecular weights,
there will be many chains that contain no EFS traps and there will
be very little excimer fluorescence. As the PS chain length in-
creases, the probability of finding an EFS trap within the ensemble
of chromophores that is sampled by the random walking exciton will
increase and the value of R will increase. At high molecular
weights, however, the chain is sufficiently long such that not all
chromophores may be sampled by the hopping excitation during the
excited state lifetime. This will lead to a saturation effect with
the value of R leveling off at some plateau characteristic of the
trap concentration within some photophysically equivalent chain
segment length.

Three sets of experiments have been analyzed in terms of the
cne-dimensional excitation migration model. First, the random walk
model predictions were compared with fluorescence spectra of dilute
PS/PVME blends containing monodisperse PS with molecular weights
ranging from 2200 to 390,000. Measurements of R were made at temper-
atures between 286 and 323 K. [22] A good fit was found to the
experimental results for blends examined at temperatures of less
than or equal to 300 K, but a consistent positive deviation of R
above the high molecular weight plateau value was observed for the
highest molecular weights.

In the second set of experiments solvent cast films containing
0.1 to 1.0 weight percent P2VN of molecular weight 70,000 and 0.0 to
2.0 weight percent 2-ethyl naphthalene (2EN) in poly(cyclohexyl
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Fig. 1. Dependence of the probability M that an absorbed photon

will eventually lead to radiative or nonradiative decay
from an isolated aromatic ring on the energy transfer
efficiency E. (Reproduced from Reference 21. Copyright
1985 American Chemical Society.)
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Fig. 2. Effect of molecular weight of the aryl vinyl polymer on

the probability that an absorbed photon leads to excimer
decay (1-M) divided by the probability of monomer decay
M. This is directly proportional to the observed ratio
of integrated excimer to monomer intensities. Reproduced
from Reference 24.
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methacrylate) (PCMA) were examined. [21] The PCMA is of low
molecular weight and is believed to be miscible with P2VN, based on
differential scanning calorimetry measurements. [25] At the concen-
trations of interest in the fluorescence experiments, EFS traps
should be formed in the polymer but not among the 2EN model com-
pounds. In addition, energy migration is expected to occur between
the model and the polymer and within the polymer coil but not among
the model compound rings. Photophysical analysis leads to an
expression for R in terms of Q./Q,, M and a factor describing the
probability of eventual energy migration from the model to the poly-
mer. Using the value of M determined from these experiments in the
analytical expression of Equation (2), we determined that E = 5900
1800 for the P2VN/PCMA blend. [21] This result is surprisingly
large compared to the value of 51 estimated earlier for P2VN by
Semerak for simple Forster transfer. [1].

The third set of experiments that have been analyzed using the
strictly one-dimensional random walk model were for 0.3 weight
percent P2VN(70,000) and P2VN(265,000) blended with PS(2200). [8]
Here the viscosity average molecular weight is in parentheses. The
P2VN(70,000)/PS(2200) blends were earlier confirmed to be miscible
for P2VN concentrations at least up to 35% by weight using DSC.
[17,18] The situation was somewhat ambiguous for P2VN(265,000)/
PS(2200). [18] Nevertheless, at the very low concentration examined
here, this blend could be considered to be marginally compatible.
Application of the l-dimensional EET model led to values of E = 2400
and 4500 for the P2VN(70,000) and P2VN(265,000), respectively. As
was true for P2VN/PCMA this is much more efficient than expected
from the simple Forster transfer calculation. Similar analysis of
earlier PS/PVME data gave E = 600, compared to 2.7 from the Forster
analysis. (8]

Each of the three experiments described above supports the
general conclusion that energy migration in dilute blends does not
proceed via a strictly one dimensional random walk. In the case of
the PS/PVME blends this may be attributed to a decrease in the PS
coil dimensions with increasing temperature as a result of adverse
thermodynamic interactions with the PVME matrix upon approach of the
phase separation binodal. As the local chromophore density in-
creases due to incipient coil collapse, the excitation almost
certainly will cease to follow a strictly one-dimensional random
walk and frequent cross-loop hops could take place. This will lead
to an increase in the dimensionality of the walk and an improved
efficiency of sampling the existing EFS traps. In addition, it is
likely that there will be additional EFS traps generated as the
local chain segment density increases.

For the P2VN blends that are known to be incompatible at high
host molecular weights and for high P2VN concentrations, it is quite
possible that the P2VN chains are contracted with the blend close to
phase separation on the scale of an individual chain. It may be
significant to note that the P2VN(265,000)/PS(2200) blend, which is
expected to be less thermodynamically compatible than
P2VN(70,000)/ PS(2200), [17,18] has a higher value of E. Resolution
of this problem will require development of a quasi one-dimensional
model, perhaps ba:. ‘d on a random walk on a fractal lattice. Re-
search along these lines is being pursued by Webber. [26]
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Phase Separation Kinetics. The one-dimensional random walk
analysis that was earlier applied to the 5% PS/PVME and the lower
concentration P2VN/PCMA and P2VN/PS blends is not expected to be
valid as the concentration of the aryl vinyl polymer increases.
Assuming that a three-dimensional random walk process would apply at
high concentrations, we developed a simple spatially periodic lat-
tice model to calculate the probability function M. [6] This worked
quite well to fit R data for PS/PVME blends at PS concentrations
greater than 60%. For pure PS and pure P2VN we have applied both
the spatially periodic lattice model and the LAF model to determine
the total concentration of EFS traps in the solid state. [8] The two
models yielded surprisingly good agreement, in spite of their dif-
ference in sophistication. The EFS trap fraction was found to be
about 0.3 for PS and 0.1 for P2VN. This total EFS population is to
be compared with the intramolecular EFS concentration of 0.027,
taken to be the population of trans, trans meso dyads as predicted
by rotational isomeric state theory. [6] These results suggest that
pairwise interactions between aromatic rings are quite probable in
PS. The reduced EFS concentration for P2VN seems reasonable by
comparison due to the increased ring size and consequent additional
steric hindrance.

Although the success of the photophysical predictions is cer-
tainly encouraging, we prefer to emphasize the polymer physics in
this section and will describe a method to examine phase separated
systems without any consideration of which energy migration model is
more appropriate. This more pragmatic approach requires that data
for R as a function of concentration first be obtained for a misci-
ble blend. The probability function M is then determined ex-
perimentally through use of Eq. (1). A typical plot of M as a
function of the volume fraction of PS is shown in Figure 3 for a
PS(100,000)/PVME blend. [9] The solid line is simply a smooth curve
through the data. The significant qualitative feature is that the
probability of monomer emission decreases rapidly with increasing PS
concentration. This is a consequence of the increase in the number
of EFS traps, which is considerable in the case of PS, and the
expected increase in efficiency of excitation migration due to the
increased dimensionality of the random walk. The combination of
these two effects leads to considerable nonlinearity.

Once curves like that of Figure 3 have been established from
fluorescence measurements on miscible blends, they may be used in
multiphase photophysical models. For example, if a blend has phase
separated into two phases of compositions rich in PS, ¢_,, and lean
in PS, ¢_, Figure 3 may be used to determine the corresponding M
function %or the rich, , and lean, , phases. To proceed
further, we need two additional items: a morphological model that
prescribes how the fluorescence from the individual phases contrib-
ute to the overall experimental observable R and a phase diagram
that presents the equilibrium compositions as a function of tem-
perature and polymer molecular weight.

The simplest possible model is to assume that the volume frac-
tions of PS in the rich and lean phases are independent of the bulk
concentration and that there is no energy migration between phases.
[6] This allows one to calculate the individual contributions to
the excimer and monomer fluorescence from PS chains in both the rich
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and lean phases. The resulting expression relates the concentration
of PS in the rich phase, to the observed R.

I, Q (K- M)+ (1 - X - M)] 3

Iy (XMt (1 - XM, ]
bp (b5 - B

where XR =
bpldy - 8 + 6 (p - 45

and ¢, is the bulk composition.
%olymer blends typically show a decrease in miscibility with
increasing temperature. [27] McMaster has used a modified Flory
equation of state thermodynamic model to show that the existence of
a lower critical solution temperature (LCST) is caused mainly by
differences in the pure component thermal expansion coefficients.
[28] The phase diagram may be characterized by two types of curves.
The binodal, defined as the locus of points for which the chemical
potentials of each component are equal in both phases, separates the
stable one-phase region from the region in which two phases coexist
at equilibrium. The spinodal, which is the locus of points for
which the second derivative of the Gibbs free energy of mixing
equals zero, divides the two-phase region into metastable and
unstable portions.

The mechanism of the phase separation depends upon the region
of the phase diagram that is occupied immediately after a tempera-
ture jump above the LCST. [27]In the metastable region between the
binodal and spinodal curves small fluctuations in volume fraction
decay with time. Only if there is a large fluctuation leading to
formation of a nucleus of critical concentration will phase separa-
tion take place; this is referred to as the nucleation and growth
mechanism. In the unstable region within the spinodal there is no
thermodynamic barrier against phase separation and small fluctua-
tions in concentration may grow with time; this is the spinodal
decomposition mechanism. It is this mechanism that has been of our
primary interest for the PS/PVME blend.

Interpretation of the phase separation fluorescence results
requires that accurate values of the equilibrium binodal composi-
tions for a particular temperature be available. These are
necessary in order to calculate the volume fraction of the rich
phase in the two component system. This volume fraction is assumed
to be constant during the early stages of spinodal decomposition.
Two earlier attempts were made in our laboratory to measure the
PS/PVME phase diagram using light scattering turbidity measurements.
In the first study [9] we determined the phase diagram simply by
reporting the minimum temperature at which a given blend showed
visual signs of phase separation after fifteen minutes of annealing
in an oil bath. In our second paper on phase separation kinetics,
the initial cloud point measurements were improved by using the same
sapphire substrate as for the fluorescence measurements and by
taking the cloud point temperature as the point at which the first
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signs of visual opalescence occurred upon linear heating of the
films at 5 K/min. Unfortunately, it is quite difficult to ensure
that equilibrium is achieved for PS/PVME blends at high PS concen-
trations due to the high T of the PS. It is quite possible, for
example, that time lags geHerated by slow macroscopic diffusion
could lead to phase separation temperatures that were higher than
actual for the high molecular weight PS at high concentrations. In
fact, the cloud point curves for the two PS molecular weights were
superimposable above PS concentrations of 60%, [10] a result that
would be unexpected on thermodynamic grounds.

For this reason we determined in this study, for the third time
and with the highest accuracy of our studies to date, the cloud
point curves for PS(100,000)/PVME and PS(1,800,000)/PVME blends.
Using the turbidimetric technique described in the Experimental
Section, we determined cloud point temperatures for each of the PS
molecular weights over the whole concentration range. The results
are shown in Figure 4, where the solid points represent the experi-
mentally determined cloud point temperatures. As proof of the
closer approach to equilibrium for these measurements as compared to
the previous determinations, both sets of data were approximately
parallel to each other and did not cross at high PS concentration.

An important extension of the experimental analysis for this
phase diagram determination was the evaluation of an expression for
the PS/PVME binary interaction parameter from the cloud point
curves. This was done by assuming a functional form for the inter-
action parameter and then calculating the binodals using a free
energy of mixing calculated from the Flory-Huggins configurational
entropy of mixing combined with an enthalpy of mixing term based on
the assumed interaction parameter. The criterion for the fit was
that the same expression for the interaction parameter should yield
binodal curves that passed through both sets of cloud point curves
for the two PS molecular weights. Although we initially attempted
to use an expression that was only temperature dependent, as was
done in the previous work [9,10], we found that inclusion of a small
concentration dependent term was essential to obtain good fits.

The result of the analysis was that the binary interaction
parameter may be represented as

AV
x= __ (4
RT

where V_ is the reference volume taken to be the smaller of the two
polymer repeat units and A is given by

A = -0.3067 + 0.000833T - 0.0086C (5

with temperature T in K and concentration C in weight fraction. It
is of interest to examine the magnitude of the temperature dependent
and concentration dependent contribution to the interaction
parameter. For example, at a polystyrene weight fraction of 0.5 and
temperature of 400K, the concentration dependent term is only
slightly greater than one percent of the temperature dependent term.
Since the concentration dependence is small, it may be useful for
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some purposes to use the following approximate expression for the
interaction parameter.

x = 0.04165 - 15.5/T (6)

We note from this expression that x will become zero at a tempera-
ture of 372K. Thus, one would expect that two phase behavior would
be observed for mixtures of very high molecular weight PS and PVME
at temperatures greater than 372K.

Once an expression for the interaction parameter was deter-
mined, we then calculated the spinodal curves for each PS series.
These curves are shown as dashed lines in Figure 4. The phase
diagram thus determined has the expected increasing asymmetry as the
difference in molecular weights becomes larger. The critical con-
centrations at which the spinodal and binodal curves coincide are
about 0.3 and 0.1 for the PS(100,000)/PVME and PS(1,800,000)/PVME
blends, respectively. As an approximate check on these numbers, we
may apply the relationship due to Scott [29]

(XB)l/Z
(G = (7N

A’cr

M gt

where x. refers to the degree of polymerization of component i.

From out earlier paper [1l0] we obtain the degrees of polymerization
to be 769 for the PVME and 1650 and 29,800 for the two PS samples.
These lead to critical PS concentrations of 0.41 and 0.14 for the
PS(100,000) /PVME and PS(1,800,000)/PVME blends, respectively. These
are reasonably close to the experimental values.

Two sets of experiments on phase separation kinetics have been
performed. The first series of experiments was designed to demon-
strate the feasibility of using excimer fluorescence to test Cahn’s
kinetic treatment of the early stages of spinodal decomposition.
[30] This is a linearized theory that predicts that the volume
fractions of the two phases remain constant with time while the
compositions change gradually. This is in contrast to the nuclea-
tion and growth mechanism in which the composition of the growing
phase remains constant but the phase itself increases in size.
Analysis of the very early stages of the phase separation allowed
estimation of the.macrgscopjc diffusion coefficient, found to be of

gipacrgscort
the order of -10 cm sec . [9]

Cahn’s linearized theory of spinodal decomposition was extended
recently by deGennes [31} and Pincus [32] through scaling techniques
applied to polymer blends in the melt. A critical feature of the
modified analysis is the proposal by Pincus [32] that the growth
rate of the concentration fluctuation that controls the kinetics
during the early stages of decomposition is proportional to the melt
reptation diffusion coefficient. As a result, the kinetics of the
early region of spinodal decomposition is predicted to depend
strongly upon molecular weight. Our second study on phase sep-
aration kinetics of PS/PVME blends was designed to test this
prediction. {10}
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Since the deGennes-Pincus analysis was developed for blends in
which the two components are the same molecular weight, we made a
scaling modification of their theory to account for the fact that
our experimental blends have different PS and PVME molecular
weights. Thermally induced phase separation was followed in the
same manner as previously [9] for 10% and 50% PS blends of both
molecular weights. It is significant to note that excimer fluor-
escence is a more sensitive measure of phase separation at short
times because films annealed for about one minute showed no visual
signs of opalescence while R increased between 10 and 50% for the
different blends.

Using the phase diagram established in the present study, we
re-evaluated fluorescence kinetic data determined in the earlier
phase separation work. [10] Before examining the results, it is
worthwhile to look more closely at Figure 4. We note that the phase
separation experiments were intended to be done under conditions
such that the mechanism of phase separation was spinodal decompo-
sition, not nucleation and growth. This may be accomplished most
easily for a particular blend by selecting a system at the critical
composition. At that point there would be the minimum tendency for
nuclei to form during the time necessary to perform the temperature
jump. As we have shown, however, the critical composition is dif-
ferent for the two sets of blends. An optimum PS concentration that
would minimize the extent of the metastable region that must be
traversed during the temperature jump would be in the region of 0.3
to 0.4 PS weight fraction. Thus, of the two sets of available data,
the 0.5 concentration should be more appropriate to test the
deGennes-Pincus theory.

On this basis, we redetermined the rate of growth of the fast-
est growing concentration fluctuation, an important parameter for
spinodal decomposition, for each blend series. The growth rate for
the PS(100,000)/PVME blend is predicted to be 3.9 times larger than
that for the PS(1,800,000)/PVME blend; the experimentally observed
factor is 2.7, which is quite reasonable agreement and is consider-
ably better than earlier work using the previously determined phase
diagram. [10] The remaining difference could be attributed to the
slight polydispersity of the PVME in which the presence of short
unentangled PVME chains that can diffuse rapidly during the early
stages of phase separation is expected to weaken the molecular
weight effect.

Nonequilibrium Effects in Solvent Casting. The third major
objective of this paper is to consider the influence of the casting
solvent on the morphology of the resulting blend. To do so, we
examined blends cast from tetrahydrofuran and have compared the re-
sults to blends prepared from toluene and chlorobenzene. The first
indication of possible kinetic limitations to the attainment of
thermodynamic equilibrium was the observed dependence of the optical
appearance on the rate of solvent evaporation from the THF casting
solution. Rapid drying yields very cloudy films while slow drying
produces films with extremely finely dispersed domains such that the
films appear almost clear. We note that the former case might lead
to a polymer "skin" being formed on the surface of the casting
solution, which could actually impede the solvent evaporation and
lead to more entrapped solvent than in the latter case. The rapid
and slow cast films were kept under vacuum at room temperature for
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five days before measurement of the fluorescence spectra. We first
consider I /I for the slow-cast THF and toluene cast films which is
presented as a function of PS concentration in Figure 5. Additional
experiments with chlorobenzene as the casting solvent gave results
identical to the toluene. THF cast films gave R values that were
higher than the toluene cast blends suggesting that the local con-
centration of phenyl rings was higher for blends prepared from THF.
Of course, this is consistent with the observed inhomogeneous nature
of the film from the qualitative observations of optical clarity.
Although such information is often difficult to interpret, the
occurrence of cloudiness is definite evidence for phase separation;
conversely, optically clear films could be miscible or immiscible.
[13] The observation that casting from THF leads to phase separa-
tion is similar to that reported earlier by Gelles and which was
analyzed using the two phase morphological model. [10]

A second spectral parameter that receives much less attention
than R is the excimer band position. In Figure 6 we present excimer
band position data relative to that for the toluene cast films after
three days of annealing at 393K for 30% PS and 70% PS blends. For
the moment we focus only on the excimer band pos%iion of the as-cast
film and note that, the THF cast blend was 700 cm ~ larger for the
30% PS and 900 cm ~ larger for the 70% PS blend. Although this is
difficult to interpret in the absence of information on the binding
energy for the excimer complex, it does suggest that the excimer
forming site is less stable for blends cast from THF than for those
cast from toluene.

In order to determine whether the effects of the THF could be
removed by annealing, the films were placed under vacuum for 10
hours at 383 K and then sealed between two sapphire plates before
annealing an additional 1 1/2 days at 383 K. This led to a very
slight reduction in R for the toluene and chlorobenzene cast films
but the initially clear THF cast films dropped sharply to almost
equal the toluene results, as shown in Figure 5. By contrast,
whereas the initially cloudy THF cast films did become clear upon
annealing and the R value did decrease to about 1/3 of its initial
value, it was still 30 to 100% higher than the toluene or chloro-
benzene results. At the same time time the excimer band position
shifted red leveling out at about 500 cm ~ higher energy than the
toluene and chlorobenzene films. Further annealing did not change
either R or the excimer band position. However, when the top
sapphire plate was removed exposing the film again to the ambient
atmosphere and the films annealed for two more days at 383 K, the R
value and the excimer peak position for all films, regardless of
casting solvent and processing history, came to within 15% of common
values. Similar results were obtained for a fresh set of samples
cast from THF and annealed for three days under vacuum without any
cover seal at 383 K.

Two qualitative conclusions may be drawn from these fluores-
cence results. The first point is related to whether there is
residual casting solvent that might affect the morphology of the
film. It is not possible to comment on the presence of residual
chlorobenzene or toluene from the results of this study because of
the lack of any dramatic change in R or excimer band position upon
annealing. No separate gravimetric studies of solvent evaporation
were conducted in this work, although such experiments have been
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performed previously for room temperature casting of blends in which
the host polymer was either polystyrene or poly(methyl methacryl-
ate). [18] Although the initially clearxr THF cast films did change
to become almost identical to the other blends, it is not possible
to separate any residual solvent effects from local equilibration
consisting of short chain segmental motion as well as large scale
cooperative diffusion. The situation is less ambiguous for the THF
cast films that were prepared by a rapid evaporation process and
that were initially cloudy. The fact that the approach of R and the
excimer band position toward the values exhibited by the toluene
cast films was retarded when the blend was sealed between the two
sapphire plates, but which proceeded to completion when the top
plate was subsequently removed, suggests that there indeed was
residual THF in the ten micron thick PS/PVME films even after ten
hours annealing under vacuum at 383K. Thus, even highly volatile
solvents can be retained in the film, particularly if there is some
source of specific interaction between the solvent and one of the
polymers. We have considered this point separately. [33]

The major conclusion regards the true equilibrium state of the
binary PS/PVME blend. This seems the most straightforward and prob-
ably the strongest result of this study on nonequilibrium casting
effects. From the lack of any significant change in the fluores-
cence behavior of the toluene cast results upon annealing, and from
the tendency of the THF results, whether initially for clear or
cloudy films, to approach the toluene cast films, we conclude that
toluene casting leads to the equilibrium morphology. Since there
are no large specific interactions of the toluene with either of PS
or PVME or, more importantly, the interactions that exist are not
asymmetric, the presence of residual toluene does not differ appre-
ciably from the situation in the casting solution. This is in
distinct contrast to the THF case for which the interactions are
quite asymmetric.
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Chapter 4

Applications of Fluorescence Techniques
for the Study of Polymer Solutions

Herbert Morawetz

Department of Chemistry, Polytechnic University, Brooklyn, NY 11201

Intramolecular excimer emission, the polarization of
fluorescence, nonradiative energy transfer and the

use of medium-sensitive fluorophores has been used to
study the conformational mobility of polymers in dilute
solution, the interpenetration of chain molecules, the
association of polymers with each other or with small
species and the cooperative transition of certain poly-
carboxylic acids from a compact to an expanded state.

The use of fluorescence techniques for the characterization of
the behavior of chain molecules in solution offers a number of
important advantages: (a) Since fluorescence can be detected at
extreme dilution of the emitting species, labeling polymers with
fluorophores need not result in significant modifications of their
other properties. (b) Since the lifetime of the excited chromophore,
‘t, is generaily of the order of 10 ns, the kinetics of fast pro-
cesses whose relaxation times are comparable to T may be studied by
tluorescence techniques. (c¢) The phenomenon of nonradiative energy
transfer over relatively long distances may be used to characterize
the spatial relation of donor and acceptor labeled chain molecules.
(d) The medium sensitivity of the emission from the "dansyl" label
has been used to study poiymer complex formation and the transition
of chain molecules from a contracted to an expanded state.

Conformationai Mobility.

in considering the rate at which a flexible chain melecule
changes its shape in dilute solution, we are facing a conceptual
difficulty illustrated in Figure 1. If a hindered rotation around
a bond in the middle of the chain takes place with no change in the
other internal angles of rotation or bond angles, then a long segment
of the chain would have to swing through the viscous solvent with a
prohibitive expenditure of energy. If, on the other hand, we avoid
this by having two hindered rotations take place simultaneously in
what has been called a "crankshaft-like motion"”, then two potential
energy barriers have to be surmounted in the transition state and
this was intuitively believed to lead to a doubling of the activation
energy.1 With such strict simultaneity of the passage over the two
energy barriers hindered rotations in the backbone of long chain

0097-6156/87/0358-0037$06.00/0
© 1987 American Chemical Society

In Photophysics of Polymers; Hoyle, C., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



38

PHOTOPHYSICS OF POLYMERS

(a)

Figure 1.

in a flexible chain molecule. (a)
rotation. (b

Schematic representation of conformational transitions
A single hindered
Two correlated rotations in a
"crankshaft—like motion".
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molecules would be expected to be at least a hundred times slower
than in analogous small molecules where only a single energy barrier
has to be passed and even if the condition of simultaneity is some—
what relaxed, a substantial difference in the rate of conformational
change of polymers and their analogs might have been expected.

The question whether hindered rotation around a given type of
bond is siowed down when this bond occurs in the middlie of a long
chain may be resolved unambiguously by the use of a structure
containing two aromatic residues which may be made to lie parallel
to each other by a single conformational transition. If this tran-
sition occurs during the lifetime of the excited chromophore,
excimer emission will be observed. Dibenzylacetamides substituted
in the para positions are suitable for such an experiment:

R R R
+/\ ANEIA
9 99
KN/\_ K N /
¢o [\ﬁﬁk co
CH3 iHa
“monomer" emission excimer emission

It was found that excimer emission was reduced only by 277 when the
dibenzylacetamide was built into the center of a long polyoxyethy-
lene chain as compared to the low molecular weight analog im which
R were methyl groups.2 This proves that hindered rotation in long
polymer chains takes place at similar rates as in small molecules.

A powerful method for the study of conformational mobility of
polymers utilizes polymer chains carrying at their ends pyrene
residues. Although excimer emission from molecules containing two
phenyl residues is observed only if these phenyls are separated by
three atoms, no such restriction exists with molecules containing
two pyrene moieties, since the excited pyrene has a much longer life
time. Thus, if one of the pyrenes at the end of a polymer chain is
excited, "monomer" emission will be reduced if the two chain ends
meet each other during the excited life time to form an excimer.
This principle was used to derive the dependence of the rate con-
stant of chain cyclization on the length of the polymer chain®:% and
the solvent power of the medium.?

Ancther method for the study of the conformational mobility of
polymers utilized the dependence of the polarization of the emitted
light on the rotational diffusion of the fluorophore. This tech-
nique was pioneered by Anufrieva and her collaborators® who used
polymers with anthracene built into the chain backbone. They showed,
for instance, that conformational mobility in polymethacrylates is
much smaller than in polyacrylates.

Polymer_ Chain_Entanglements_in_Semidilute Solutions.

Since entanglements of flexible chain molecules in solution
lead to a decrease of configurational entropy because of the inter—
dependence of the chain conformations, such interpenetration is
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strongly resisted in dilute solution. As the concentration of
the solution increases, a point is eventually reached where the
swollen polymer coils can no longer be accommodated without
interpenetration. This concentration is generally designated by
c* and it is said to divide dilute from "semidilute" solutions,
marking characteristic changes in the concentration dependence of
thermodynamic and hydrodynamic properties.7

While c* may be related to the dimensions of polymer chains
derived from light scattering or intrinsic viscosity, estimates of
the degree of chain interpenetration at concentrations beyond c*
present a more difficult problem. We approached it by employing
the phenomenon of nonradiative energy transfer. If a system con-
tains two fluorophores such that the first (the "donor™) has an
emission spectrum which overlaps the absorption spectrum of the
second (the "acceptor"), then the excitation energy of the donor
can be transferred to the acceptor over relatively long distances.
The efficiency of this transfer is given by 8

Eff. = RE/(RE + r®) (1)

where r is the distance between donor and acceptor and Rg is propor-
tional to the "overlap integral” of donor emission and acceptor
absorption spectra. If a solution of a mixture of polymers labeled
with donor and acceptor, respectively, is rapidly frozen, it may be
assumed thal the degree of chain entanglement is not changed during
the freezing process. If the frozen solvent is now removed by
subiimation and the polymer pressed into a pellet, the fluorescence
spectrum of the sample will reflect the proximity of donor and
acceptor labels and, therefore, the extent of polymer chain inter—
penetration which existed in the solution from which the sample was
derived.

After establishing the feasibility of the methodg, we have
recently applied it to monodisperse polystyrene in good and poor
solvents® using carbazole as the donor and anthracene as the
acceptor. With these labels R, = 2.75 nm. The ratio of anthracene
and carbazole emission intensities, I,/1s, in the freeze-dried sample
was compared with this ratio in films cast from solutions containing
the two labeled polymers, (I,/JTs)g, where it could be assumed that
the two polymers were randomly mixed.

Typical results are illustrated in Figure 2. In very dilute
solutions polymer chains do not interpenetrate and the freeze-dried
sample consists of globules, each containing one polymer chain.
Energy transfer is minimal, 1,/I. very small and independent of the
solvent in which the polymer had originally been dissolved. I,/I¢
begins to increase when the original solution concentration was
close to 1/0lnl), which is frequently taken as a measure of c¢*. The
surprising aspect of our results was the leveling off of the I1,/Is
at around 3/[n), suggesting that at this point a strong resistence
is encountered to the penetration of the molecular chains into the
inner core of other molecular coils. It is particularly significant
that this behavior is also seen with samples derived from cyclo-
hexane solutions which are close to the theta point. In the Flory/
Krigbaum theory of the second virial coefficient of flexible chain
po]ymers11 the polymer chains are modeled as clouds of disconnected
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ch. in segments, so that the excluded volume vanishes when it is zero
for the isolated chain segment. This has led to the general assump-
tion’? that polymer coils are "freely interpenetrating” in theta
sclvents. However, a computer simulation study by Olaj and
Pelinka!® has shown that the vanishing excluded volume of chain
molecules under theta conditions is due to a compensation of the
effect of an attractive potential for small chain interpenetrations,
due to the attraction between the chain segments, and a repulsive
potential for deep interpenetration where the unfavorable entropy,
due to the interdependence of the chain conformations, is the
dominant effect. Our study seems to have provided an experimental
verification of this concept.

1 1 1 ] 1 1

2 4 6
ORIGINAL SOLUTION CONCENTRATION

(grsdL)

Figure 2. Ratio of anthracene and carbazole emission intensities
from freeze-dried mixtures of monodisperse polystyrene
(M = 410,000) carrying 0.0092 moles/kg of the labels,
relative to this ratio in films cast from solutions of
a mixture of these polymers. Excitation at the
carbazole absorption peak at 294 nm. Original solution
in benzene (A); dioxane () and cyclohexane (0). Arrows
indicate 1/Cn] in the various solvents.
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Formation of Polymer Association Complexes.

Polycarboxylic acids have long been known to associate in
aqueous solution with polymers acting as hydrogen bond acceptors
such as polyoxyethylene (POE) or poly(N-vinyl pyrrolidone)(PVP).
Since such association leads to reduced mobility, such processes
can be monitored by the change in the polarization of fluorescence
of a label attached to one of the interacting polymerss. In a more
striking experiment, a "complex interchange" was followed by the
decreasing polarization of the emitted light when the fluorophore
labeled component of the complex was displaced by an uniabeled
polymeri4,

We have studied polymer association in solution both by the
increase in the energy transfer between donor and acceptor labels
of interacting species15 and by use of the medium—-sensitive
"dansyl"” label. This chromophore fluoresces strongly in organic
media but very weakly in water solution. Thus, when dansyl-labeled
polytacrylic acid) associates in aqueous solution with POE or PVP,
water is displaced from the microenvironment of the label and the
emission intensity increases sharply. This phenomenon allowed us to
study the extent and the nature of such associations.®:17  This
technique can also be used to follow the kinetics of complex inter-—
cnangel® and with the use of a stopped-flow apparatus the much
faster complex formation can also be studied!®,

Cooperative Transitions of Polycarboxylic Acids.

When alternating copolymers of maleic acid and alkyl vinyl
ethers are ionized, the expansion of the chain, due to the eiectro-
static repulsion of the anionic charges, is strongly resisted by
the hydrophobic bonding between the alkyl substituents if they
contain at least four carbons. If the copolymer is labeled by
dansyl groups, this effect can be observed by the rapid decrease
of fluorescence intensity accompanying chain expansion as shown by
Strauss and his collaborators'®:20, A similar transition from a
compact to an extended conformation takes place in poly(methacrylic
acid) at a critical charge density along the polymer chain. In
this case also the chain extension which removes the shielding of
dansyl labels, attached to the chain backbone, from the water mole-
cules leads to a decrease in the fluorescence intensity. We have
shown?! that this effect can be utiiized for a study of the kinetics
of the conformational change in a stopped-flow apparatus.

Recently, we have investigated by fluorimetry the association
of poly(methacrylic acid) with the cationic dye Auramine O. Oster
showed many years ago22 that such association Jeads to a strong
fluorescence of the dye which emits only very weakly in the free
state. Anufrieva et al.2® found that the strong fluorescence is
characteristic of the binding of the dye to the contracted form of
the polymeric acid and suggested that this be used as a tool for the
study of the transition from the contracted to the expanded state.

In studying the association of Auramine O with poly(methacrylic
acid) kinetically in a stopped-flow apparatus?? we found an
unexpected effect. With the polymer in large excess, the approach
of the fluorescence intensity to its equilibrium value was inde-
pendent of the polymer concentration. This suggested that the
association of the dye to the polymer does not by itself lead to the
increase in emission intensity. This seems to be the result of a
contraction of the polymer chains for which the adsorbed dye acts
as a nucleus, so that the process is monomolecular.
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Chapter 5

Spectroscopic Investigation
of Local Dynamics in Polybutadienes

L. Monnerie, J. L. Viovy, R. Dejean de la Batie, and F. Laupretre

Laboratoire de Physicochimie Structurale et Macromoleculaire, associe au
Centre National de la Recherche Scientifique, ESPCI, 10 rue Vauquelin,
75231 Paris, Cedex 05, France

ge fluorescence anisotropy decay technique and

C spin-lattice magnetic relaxation have been
used to investigate the local dynamics of bulk
polybutadienes at temperatures at least 60K higher
than the glass-rubber transition temperature. The
orientation autocorrelation function required to
account for the experimental data agrees with the
Hall-Helfand expression proposed for the local
dynamics of polymer chains. In addition, the
elementary motions, observed via the considered
spectroscopic techniques, have a temperature
dependence of their correlation times which is close
to the prediction of the William, Landel, Ferry
equation, proving that they are involved in the
glass~-rubber transition phenomenon of the polymer.

The local dynamics of polymers in solution have been extensively
studied during the last decade. On the other hand, for polymer melts
many questions are still unanswered, such as, for example, the
nature of the orientation autocorrelation function (OACF) which is
involved, and the relationship of the segmental motions occuring at
high frequency in the melt with the elementary processes responsible
for the glass~rubber transition.
Spectfgscopic techniques such as fluorescence anisotropy decay
(FAD), and "~C spin-lattice magnetic relaxation (T, NMR) are
well suited to investigation of the local dynamics of polymer melts.
In this paper we present results recently obtained in our
laboratory on bulk polybutadienes.

MATERIALS AND METHODS

Polybutadiene Firestone "Diene 45 NF" with the following
microsgructure, % cig = 37, % trans=59, % 1-2 = 12, and Mn =
1.7.107, Mw = 4,1.10” was used as a matrix for FAD
experiments. An anthracene labeled polybutadiene with the same
microstructure was synthetized by anionic polymerization as

0097-6156/87/0358-0046$06.00/0
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5. MONNERIEET AL.  Local Dynamics sn Polybutadienes 47

previously reported for polysgyrene ( 1 ). Monofunctional "living"
chains of molecular weight 10~ were prepared and deactivated by
9,10-bis (bromomethyl)anthracene. The resultant chains of molecular
weight 2,107 contain a dimethylene anthracene fluorescent group

in their middle, as shown in Figure 1, Because the fluorescence
transition moment (represented by a double arrow in Figure 1) lies
along the chain axis, fluorescence anisotropy will be insensitive to
the rotation of the label around the 9,10 axis of the anthracene
moiety and reflect only the motions of the backbone., The labeled
polybutadiene (1 % by weight) and Diene 45 NF (99 7Z) were mixed in
solution, then the solvent was removed by evaporation. The optical
density of the films was less than 0.1 to avoid energy transfer and
reabsorption. The polymer films were placed in a cell specially
designed for elastomers ( 2 ). A sequence of molding and stoving
operations in an argon atmosphere was carried out to avoid bubbles,
to ensure perfect adhesion at the interfaces and to relax stresses.

Polybutadiene Bayer Uran the microstructure of which is Z%cis =
?g, Ztrans = 1, %2 1-2 = 1 and Mn=323000, Mw=1096000 was used for

C NMR experiments.

FAD measurements were performed on the cyclosynchrotron
LURE-ACO at Orsay (France). The apparatus is described elsewhere
( 3 ). The continuous spectrum from the synchrotron allowed for the
matching of the last absorption peak of the dye (401 nm). This
excitation wavelength was selected by a double holographic grating
with 2-nm slits, and the most intense emission peak (435 nm) was
selected by a single holographic grating with 2-nm slits. This
procedure greatly improves the rejection of spurious fluorescence,
which is one of the major problems of fluorescence studies in bulk
polymers. The negligible level of spurious fluorescence was checked
by using blank samples of the unlabeled matrix. The transmission of
the emission monochromator was calibrated in both polarization
directions with a 0,57 precision.

The polarized emission spectra and the apparatus response
(recorded at emission wavelength) were sampled with a 0.12 ns
channel width by the single-photon counting technique. Thanks to the
stability of the pulses, the short-time limit of the experimental
window is about 0.1 ns. The upper limit, imposed by the repetition
rate of the pulses and the lifetime of the dye, is ?3 ns.

Spin-lattice magnetic relaxation times T1 on “C
nuclei were measured at 25.15 MHz and 62.5 MHz using Jeol PS 100 and
Bruker WP 250 spectrometers respectively, DMSO-d6 was used as an
external lock. T, was obtained from the 180°-t-90° sequence with
an accuracy of 7°7.

FLUORESCENCE ANISOTROPY DECAY

Under the action of a suitable electromagnetic field, polarized
along the P direction as shown in Figure 2, the absorption of light
is proportional to the scalar product of the incident electric field
and the transition moment. In the same way, the emission of light is
proportional to the scalar product of the direction of the analyzer
and the transition moment. Thus, excitation of an isotropic
population of fluorescent species by polarized light generally
creates a temporary anisotropic population of excited molecules.

Molecular motions promsesﬁé/shy cﬁg}:ﬁf)a'arrwaotropy and affect
Library
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Figure 1. Polybutadiene with anthracene in the middle of the
chain. The transition moment of anthracene is represented by a
double arrow.

EXCITATION
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Figure 2. Polarized absorption and fluorescence emission : P,
polarizer; A, analyzer.
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the polarization of the reemitted fluorescence light. The quantity
of interest, the fluorescence anisotropy, r, is defined as :

r= (Iv - Ih)/(Iv + 2 Ih) n

where I and I, correspond to fluorescence intensities for

analyzer direcgion parallel and perpendicular respectively to the
vertical polarization of the incident beam. In this expression

(I. + 2 I,) represents the total fluorescence intensity. The
fluorescence anisotropy emitted at time t will progressively
decrease as a function of time and finally reach a zero value. A
complete analysis of the phenomenon ( 4 ) shows that the evolution
of r(t) as a function of time is directly proportional to the second
moment of the OACF of the transition moment :

r(t) = M,(t) =<3 cos” O(t) = 1 >/2 ()

where O (t) is the angle through which the vector under consideration
(the transition moment in FAD) rotates during time t, the brackets
mean an ensemble average.

The time interval t during which the evolution of M,(t)
can_?s recorggd is directly related to the fluorescence lifetime
(10 to 10 ~ s)3 expgyimentally Mz(t) can be obtained
until approximately 10 ° s (100 ns).

It should be pointed out that FAD is virtually unique in its
ability to obtain the OACF.

A detailed study of the FAD of anthracene labeled
polybutadiene in a matrix of Diene 45 NF has been performed in the
temperature range 240K-353K ( 2 ).

At 335.7K, the FAD curve shown in Figure 3 is particularly
suitable for comparison with various molecular models of local chain
dynamics. Indeed, at this temperature the decay is not too fast, in
such a way that an accurate comparison with the models can be made
over the full time window available, but nevertheless the FAD curve
goes close to zero. It appears that the isotropic model (single
exponential for the OACF) does not fit the data and that OACF
expressions specifically proposed for polymer dynamics (for a review
of them, see Ref. 3 and 5 ) are required. The specific behavior
of polymer chains is due to the chain connectivity requirement and
the description of local dynamics requires consideration of the
following features:

- "elementary motions" with a characteristic time, 1.,
which diffuse along the chain sequence and lead to a non-eXponential
short time term in the OACF.

- a damping or a truncation of this diffusion, which yields in
the OACF an exponential loss, with a characteristic time 1 (1, > Tl)

For bulk polybutadiene, the best fit, shown in Figure 3, is
reached in using the OACF expression proposed by HALL and HELFAND
(6):

Mz(t) = exp( - t/TZ) exp( - t/Tl)Io(t/Tl) (3)

where Io represents the modified Bessel function of order O.
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Figure 3. Comparison of the best fit obtained from the
Hall-Helfand expression reconvoluted by the measured instrumental
function (excitation pulse) (continuous line) with the
experimental anisotropy (dots) of labeled polybutadiene at
335.7K. The excitation pulse is plotted as a dash-dot line
(arbitrary scaled). The upper graph represents the weighted
residuals.
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It is worth noting that this expression also gives the best
fit for FAD curves of labeled polystyrene in solution ( 5 ).

In bulk polybutadiene, the ratio 1,/t, does not vary
significantly with temperature and remaifis rather high (=30). This
implies that the processes responsible for the damping in
polybutadiene are slow compared to the diffusive ones.

The temperature dependence of T, has been studied in the
range 240K~ 353K. It is interesting to compare this dependence with
the prediction of the well-known William, Landel, Ferry
time-temperature superposition equation ( 7 ) which can be written
as :

log 1, = Cte + ¢% c&/(1-1 ) (4)
T, = Tg - C5

where Tg is the glass-rubber transition temperature (172K for Diene
45 NF) and C g’ ng are phenomenological parameters

taken from 16w fréquency viscoelastic measurements (For Diene 45 NF,
€,® = 11.2 and C,® = 60.5K ( 7 )). In Figure 4, the

correlation time“r, is plotted versus 1/(T~T ) and the dash-line
corresponds to the W.L.F. equation. The experimental data
satisfactory fit a linear dependence with a slope fairly close to
the predicted one. This means that the local reorientation processes
observed by FAD are involved in the glass-rubber transition
phenomenon.

It should be pointed out that a comparison of the FAD curves of
labeled polybutadiene to the ones obtained for free 9,10 (dialkyl)
anthracene probes in a Diene 45 NF matrix led to the conclusion
( 8 ) that the local motions observed by the FAD experiments
performed on labeled polybutadiene involve about 6 butadiene units.

CARBON 13 N.M.R.

The local dynamics of polymer chains can be studied by 13C NMR
through measurements of Ege spin-lattice magnetic relaxation time,
Tl' The spin of a given C relaxes by dipolar relaxation
méchanism with the bonded "H so that the corresponding T, is
related to the reorientation motion of the involved CH internuclear
vector through the following expression ( 9 ) :

2 2
L. o Yo LT ) + 3 Jw) + 6 I *w)]  (5)
T - T5 = W [
T 42 10 o0 BC ¢ BoC
CH
[ee]

Jw) = s M) e g

where h is the Planck c?gstant, Y~ and y,, are the
gyromagnetic ratios of ~~C and 'H respec gvely,wc and

are the Larmor resonance frequencies of ~~C and ~'H, J(w) is
the spectral density at the frequency w of the OACF of the CH

motion, and Tey is the length of the CH bond.
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a/ 1. determined from FAD for labeled polybutadiene in a

Diene 45 NF matrix. 3

b/ T, determined from ~~C T, measurements for

poly%utadiene Uran, Dashed 1ines correspond to Equation 4 using

in each case the coefficients appropriate to the considered
matrix.
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The main interest of 13C NMR spectroscopy is that it
allows one to investigate the local motions performed by the various
groups of the polymer chain. Thus, it yields more detailed
information than other techniques. On the other hand, to derive the
correlation times of the motions from the T, measurements, it is
necessary to use an "a priori" expression of the OACF, M (t).

In the case of polymer melts at temperatures higher than
(Tg+60K), the segmental mobility is high enough to get narrow
resonance lines in the NMR spectrum and thus to perform the T
measurements on the same spectrometers which are commonly useé for
high resolution NMR in liquids.

Polybutadiene Uran has been studied at 25.15 MHz and 62.5 MHz
in the temperature range 224 K - 358 K.

The nT, values obtained for CH and CH, groups of Uran,
whgre n =1 %or CH and n = 2 for CH,, are s%own as a function of
10°/T in Figures 5 and 6. On the safie figures are plotted the
best fits obtained by using the Hall-Helfand OACF expression. It
clearly appears that the experimental values of T, at the
minimum are much higher than those expected from this OACF
expression. It should be noticed that the comparison would be even
worse with the single exponential OACF corresponding to an isotropic
motional model. Secondly in the whole temperature range, the ratio
Tl(CH)/Tl(CHZ) is different from the expected value of
2, its value“lies around 1.5 at both observation frequencies.

These two discrepancies can be accounted for by considering,
in addition to the damped diffusion of elementary motions along the
chain sequence (which leads to the Hall-Helfand expression for the
OACF), either a Brownian motion of the CH bonds inside a cone of
half angle O, or a specific anisotropic motion of the cis 1,4
sequences of the polybutadiene chain ( 9 ). In both cases, the
resulting OACF can be written as :

Mz(t) = (1 - a) exp( - t/TZ) exp( - t/Tl)Io(t/Tl)

+ a exp( - t/ro) exp( - t/Tl)Io(t/Tl) (6)

where the parameter a describes the contribution of the anisotropic
motion with correlation time T . The best fits (shown on Figures
5 and 6) are obtained with Tl/q =150, T /T1 2 600
and a(CH) = 0.27, a(CHz) = 0.46% These va%ues indicate that the
additional anisotropic motion (characterized by T ) is very fast
as compared to the elementary segmental motions (8escribed by
T, ). In the exg}?red temperature rggge, T should be
shiorter than s at 224K and 10 s at 358K.

Recent "~C T, measurements performed on various bulk
polymers with low +g. such as polyisoprene, polyisobutylene,
polyvinylmethylether and polypropyleneoxide, have shown that the
experimental value of T, at the minimum is always much higher
than the prediction from Hall-Helfand expression. Thus, this
discrepancy cannot be assigned to a specific motional anisotropy of
the cis 1,4 sequences of the polybutadiene chain. It seems more
likely to assign it to a fast anisotropic motion of the CH bonds
inside a cone. In the case of polybutadiene, the corresponding half
angle of the cones should be 26° and 36° for CH and CH2
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respectively. This result is quite satisfactory, the constraints due
to the size and the rigidity of the double bond decreasing the
amplitude of the libration motion of the CH bonds relative to that
of the CH, groups which are linked to the chain backbone through
single bofids only.

Another interesting feature deals with the high value obtained
for the ratiot,/T,. This means that in high cis content
polybutadiene, "the damping of the diffusion of the elementary
motions along the chain sequence is very weak.

The correlation,time 1, derived from T, values of Uran
is plotted vs (T-T )~ on Figure 4. A satisfactory agreement is
found with the pregﬁction of Equation 4, using the appropriate
coefficients (T, = 101K, C,® = 11.35, C.8 = 59.6K
( 7)). Thus, the elementaig motions of %he polybutadiene chain
which are investigated by "~~C NMR are involved in the
glass-rubber transition phenomenon.

COMPARISON OF THE CORRELATION TIMES

The spectroscopic techniques which have been used to investigate the
segmental motions of bulk polybutadiene in a temperature range far
enough from the glass-rubber transition show that these motions are
involved in the glass-rubber transition phenomenon. Thus, it is
interesting to go further in comparing the absolute values of the
obtained correlation times. At a given (T—Tw)3interval, for example
192.3K corresponding to a value of 5.2 for 10°/(T-T.), the
correlatiog time of the anthracene label in the middle of the chain
is 6.5x10 “s. At the same temperature the value of T 13
corresponding to the_?}ementary motions responsible %or C
relaxation is 4.4x10 "“s. Thus, there is about 2 decades of
difference in the correlation times.

It is worthnoting that such a difference in correlation time
values does not originate from the difference of microstructure
between Diene 45 NF and Uran. Indeed, preliminary measurements have
shown that for the same (T-T ) interval, similar T, values are
found for bot? polymers. ® 1

3

As the "7C T, measurements do not imply any labeling,
the corresponding correlation time has to be considered as the
actual characteristic time of the elementary motions of the
polybutadiene chain. The longer correlation time observed with FAD
for anthracene labeled polybutadiene might originate either from an
inertial effect of the anthracene group or, more likely, from the
larger volume which is required to rotate significantly the
anthracene transition moment lying along the local chain axis,
compared to the voluge which is involved in the conformational
changes leading to "~C spin-lattice relaxation. Such a statement
is consistent with the result ( 8 ) that about 6 monomer units are
involved in the motions observed by FAD for labeled polybutadiene.

CONCLUSION

In this paper we have investigated the segmental motions of bulk
polybutadiene, in a temperature range hig?gr than (Tg + 60K), by
using fluorescence anisotropy decay, and ~~C spin-lattice
magnetic relaxation time, Tl'
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The FAD technique has shown that the orientation
autocorrelation function of local motions in a polymer chain does
not correspond to the single exponential associated with isotropic
rotation., On the other hand, the Hall-Helfand expression which
accounts for the chain connectivity requirement leads to a very
satisfactory agreement. Thus the segmental dynamics of polymer melts
should be described by elementary motions undergoing a damped
diffusion along the chain sequence, in a similar way to that is
found in polymer solutions. This indicates that the same types of
conformational changes are involved in both cases, the slowing down
of these jumps in polymer melts, compared to the case of polymer
solutions, arises from the intermolecular constrainiﬁ.

In addition to these elementary motions, the "C T
measurements have shown that a much faster anisotropic motion
occurs, correfgonding to a libration motion of the CH bonds inside a
cone. Recent "7C T, measurements ( 10 ) performed on bulk
polybutadiene containing both c¢is 1,4 and trans 1,4 sequences have
shown a lower mobility of the trans sequences relatiYg to the cis
units., This result illustrates the main interest of ~~C studies,
allowing one to reach more detailed information on the dynamics of
each group in the polymer chain and thus yielding a way of setting
up a relationship between the chemical structure and the dynamic
behavior of bulk polymers.

Another important result deals with the temperature dependence
of the correlation times of the elementary motions, which agrees
fairly well with the prediction of the William, Landel, Ferry
equation, using the phenomenological coefficients obtained from low
frequency viscoelastic measurements. TT%S means that the elementary
motions which are observed by FAD and “°C T1 are involved in
the glass-rubber transition phenomenon.

In this paper, the considered spectroscopic techniques have
been applied to bulk polybutadiene. Similar studies on other polymer
chains are under progress.
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Chapter 6

Excluded Volume Effects
on Polymer Cyclization

Mitchell A. Winnik

Department of Chemistry and Erindale College, University of Toronto,
Toronto M5S 1A1, Canada

Recent theory suggests that cyclization phenomena (1)
are much more sensitive to excluded volume effects than
other properties of polymer chains. Intramolecular
fluorescence quenching processes in molecules contain-
ing appropriate end groups permit one to study both

the dynamics and thermodynamics of end-to-end cycliza-
tion. As a consequence, the sensitivity of polymer
cyclization to excluded volume can be examined.

Excluded volume effects (2) in polymers are defined as those effects
which come about through the steric interaction of monomer units
which are remotely positioned along the chain contour. Each
individual interaction has only a small effect, but, because there
can be many such interactions in a long polymer, excluded volume
effects become very large. One consequence of excluded volume is to
expand the polymer coil dimensions over that predicted from simple
random walk models. The "unperturbed"” values of the
root-mean-squared end-to-end distance RF° and radius of gyration R,°

G
for ideal (random walk) chains expand (to R, and RG) in the presence

F
of excluded volume.

In solution, excluded volume effects on a polymer can be
suppressed by decreasing the quality of the solvent for the polymer.
Shrinkage of the mean dimensions occur. At various individual

combinations of solvent and temperature, RGZ, as measured from light

or neutron scattering, exactly equals (HG°)2. In these

"theta-solvents,” other properties of polymers are expected to
follow ideal behaviour.

Recent theory suggests that cyclization equilibria are doubly
sensitive to excluded volume effects (3). Not only does chain
expansion increase the mean chain end separation, but a second
factor due to pair correlations also acts to decrease the
probability of the chain ends being in proximity: The two chain

0097-6156/87/0358—0057$06.00/0
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ends cannot, obviously, occupy the same space. In addition, the
adjacent segments on the two chain ends also interfere with each
other. Their positions are correlated with those of the chain ends.
These effects sum up in such a way as to make it very difficult for
the chain ends even to get near one another.

In poor solvents, unfavorable solvent-polymer interactions lead
to net attraction between the chain ends and their adjacent
segments. This tends to overcome excluded volume repulsion. At the
theta—point, these two factors should be exactly in balance. The
chain should recover ideal behaviour.

Ideal behaviour for chain conformation is represented by a
Gaussian distribution W(r) of end-to-end distances. Excluded volume
effects give a much different end distance distribution function,
Figure 1, with the biggest differences operating on chains which
happen to have their chain ends in proximity (4).

Cyclization probability depends upon the radial distribution
function

2.3/2

W(0) = lim dmr?W(r) = dmr®(3/2nR] 1)
r=0o
For ideal chains W(0) should decrease as chain length N‘3/2. For

very long chains experiencing full excluded volume, the exponent is
predicted to take the value -1.82. Measurements of cyclization
equilibria should allow these predictions to be tested. The theory
of cyclization dynamics is less advanced. The prediction of the

classic treatment of Wilemski and Fixman (5) suggests that the
diffusion-controlled cyclization rate constant k1D ~ N_l'5 in the

absence of excluded volume. The following sections of this chapter
examine experimental results about excluded volume effects on
experimental values of the cyclization equilibrium constant Kcy and

the rate constant for end-to-end cyclization kl (6).

The Polymer. The focus here is on the cyclization behaviour of

polystyrene in dilute solution (ca. 2 x 10“6 M) as studied through
measurements of intramolecular excimer formation in 1 (7) and
exciplex formation in 2 (8).

@ (CH2 ) 3COZCHzCHz—~ ( CHCH2 )m ( CHZCH) n—CH20H2020 ( CH2 ) :

%O 1 PyPsPy %O
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Figure 1. A plot of the end-distance distribution function
W(0) vs. the ratio of the end separation divided by RG for a

Gaussian chain and for self-avoiding walk [SAW, full excluded
volume], following Ref. 4.
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CH3CH— ( —CHZCH— ) x_CHZCHZOZC (CH2 ) 3 :

oo

2 DMT-PS—-Py
Samples to be discussed range in molecular weight from 3000 to
30,000 and have quite narrow molecular weight distributions
(Mw/Mn < 1.15).

Data are interpreted in terms of Scheme I below (8,9).
Cyclization (diffusion controlled) is described by kl; ring opening
to regenerate the locally excited Py is denoted by k_l. The terms
kM and kE represent the reciprocal lifetimes of the monomer and

excimer [1] or exciplex [2]. At short times, transient effects will
contribute to kl, but these are neglected here. Since kl is very

sensitive to chain length and all our polymer samples have a finite
polydispersity, experimental values of <k1> represent an average
over this molecular weight distribution. kM is taken to be the
reciprocal lifetime of a model polymer containing Py at one end, but
no quencher at the other.

SCHEME I
. N .
=
h i, / kg
Py Q

Q = Py- or DMT-

Rate constants are obtained from fluorescence decay analyses of
the monomer decay profile IM(t) and the excimer/exciplex profile
IE(t). These are fit to sums and differences of two exponential

terms, respectively, and analyzed in a manner previously described
in detail (7,9,10). Steady state measurements of IE and I, are

M
related to <k.>

1
I _ kep  <Kp> -
Ty Koy (k_; + kg)

where (ka/ka) is the ratio of the radiative rate constant of the

excimer (or exciplex) to that of the monomer. This expression is
particularly useful under conditions that one knows or can assume
that k_1 and kE remain invariant.
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Exciplex Formation in Cyclopentane. This section begins on a
cautionary note. Fluorescence decay measurements on the two lowest
molecular weight samples of DMT-PS-Py [M = 3000, 5000] give data
that differ in one key respect from the predictions in Scheme I.
The long component from the exciplex decay always has a longer
lifetime than that from the monomer decay (10). <k1> values depend

on which decay time is used in the calculation, with <k1>M larger
than <k1>E. The former falls on the line defined by a plot of log
<k1> vs log N for other samples, and is arbitrarily chosen as the

proper value for the discussion which follows. The general trends
raised in the discussion are not affected by this difficulty.
Nevertheless, these differences point to problems in Scheme I for
short chains, which we hope eventually to be able to sort out. At
short times kl ought to show a time dependence. We have some

indication that this transient contribution is particularly
important for short chains.
Log-log plots of <k1>, k_l

of M = 3000 to 28,000 in cyclopentane at 35° and at 50° are shown in
Figure 2. Straight lines can be fitted through each set of data
points. The rate constants k_l and kE are approximately constant

and kE determined for samples of 2

with increasing chain length for M > 5000. At the lower temperature
k—l is known with relatively poor precision, since it is determined

by a subtraction step and is nearly ten—fold smaller than kE. As
the temperature is raised, k—l increases markedly whereas kE does

not change.
At 22° the slope of the log <k1> vs log N plot is -1.48, within

experimental error of the value predicted from theory (5) for
cyclization dynamics of polymer chains in the absence of excluded
volume.

Upper and lower theta-temperatures. Many polymers precipitate from
solution when heated. This "lower critical solution temperature"
[LCST] lies above the normal (1 atm) boiling temperature for the
solvent. The phenomenon is observed for samples in sealed tubes.
For polystyrene in cyclopentane (bp 49°) the LCST occurs at ca.
150°C (11). The exact temperature varies with molecular weight.
Many scientists believe that the LCST in the limit of very high
molecular weight corresponds to a second theta temperature. Because
of experimental difficulties, there is not much evidence of this
point.

The lower theta temperature corresponds to the minimum solution
temperature extrapolated to infinite chain length. Polymer
precipitation at low temperatures comes about because of a poor heat
of mixing between polymer and solvent. In a sealed tube at high
temperatures, solvent volume expands much more than that of the
polymer. Entropic factors make mixing more difficult when there is
a large free volume mismatch between solute and solvent. One
believes that the polymer dimensions contract as the LCST is
approached. Phase separation occurs when it is exceeded.
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Figure 2. Log—log plots of <k and kE vs. chain length

1 kg
for samples of 2 in cyclopentane at 35° and at 50°.
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For polystyrene in cyclopentane, one predicts that there should
be two theta-temperatures, at 22° and 150° respectively. 1In the
intermediate temperature range, cyclopentane should be a good
solvent for PS.

These temperature effects on solvent quality of cyclopentane
for polystyrene should have interesting consequences on the
cyclization behaviour of the polymer. We carried out experiments on
DMT-PS—Py over a wide temperature range. These are the same samples
shown in Figure 2. Since the polymer concentrations in these
samples were so low, they could be studied at temperatures where
higher concentrations would precipitate from solution. At each
temperature, plots of log <k1) vs log N were linear.

The slopes of these plots (-7) change with temperature. At the
lowest and highest temperatures, <k1> varies as N_1'4. In the
intermediate range of temperatures, <k1> is most sensitive to chain
length, varying as N—l'6 at 63°. This behaviour is shown in
Figure 3.

The most significant feature of this plot is the maximum in the
¥ vs temperature plot. The increase in ¥ is anticipated, since
there is good evidence that above 22° cyclopentane becomes a
reasonably good solvent for PS. In a very good solvent such as

-1.8

toluene, <k1> varies as N Here the maximum absolute value

found is 1.6. The plot in Figure 3 indicates that above 75°,
cyclopentane becomes a progressively poorer solvent for PS. The
excluded volume effects that lead to an increase in ¥ in the

expression kl ~ N7 become suppressed as the solutions are heated

toward the upper theta-temperature.

Excimer Formation in Mixed Solvents. The term "cosolvency" is used
to describe the principle whereby mixtures of certain pairs of poor
solvents for a polymer can act as a good solvent for that polymer
(12). The preferred explanation is that the heat of mixing of the
two solvents in unfavorable. The presence of the polymer leads to a
solution in which the number of contacts between solvent 1 and
solvent 2 molecules can be minimized. This in turn leads to more
polymer—solvent contacts and fewer polymer—polymer contacts than
would occur for polymer solutions in either individual solvent. We
are interested in examining the influence of cosolvency on PS
cyclization.

Acetone is a very poor solvent for PS. High molecular weight
samples of PS will not dissolve in acetone at room temperature.
Intrinsic viscosity measurements on samples of PS indicate that mix-
tures of acetone with cyclohexane lead to expanded coil dimensions
(13). Two theta compositions are found, one containing 5 mol % and
one containing 83 mol % acetone. In the intermediate range of con—
centrations, the mixture behaves as a good solvent for PS.
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A fluorescence spectrum of a sample of Py-PS-Py of Mn = 4500 is

shown in Figure 4. There is less excimer emission in the mixed
solvent than in either pure solvent (14). In Figure 5 values are
presented for <k1> (here corrected for solvent viscosity 5 effects)

for this sample and one of Mn = 25,000. Cyclization rates decrease

in mixed solvents. A curious feature of these data is that acetone
as a poor solvent seems to have a much larger accelerating effect on
the higher molecular weight polymer. We attribute this (14)
difference in behaviour to the larger relative importance of end
group solvation by acetone in the sample of M = 4500.

The most important observation is that k—l increases in the

mixed solvents: good solvents both retard ring-closure dynamics and
promote ring-opening. Large effects should be found for the
cyclization equilibrium constant <Kcy> = <k1>/ k—l .

In Figure 6 values of Kcy are plotted as a function of solvent

composition. These go through a minimum in a solvent composed of
50 mol % acetone. The decrease in Kcy over that in pure

cyclopentane is a factor of 2.0.

One anticipates that cyclization probability will decrease as
coil dimensions increase. Older theory, which neglects pair
correlation effects, predicts that

W(0) ~ RG’3/2
and

-1
Kcy ~ (7]

3/2

since the intrinsic viscosity (] varies as RG We can use the

data of Maillols et al. (13) on intrinsic viscosity measurements in
acetone-cyclohexane measurements to estimate the change in [g]

between theta- and good solvent limits for PS of ﬁn = 4500. These
data predict a decrease in Kcy of not more than 30%. We observe a
much larger change in Kcy' Some other factor is responsible. We

attribute this to the pair correlations effects cited by recent
theory (3,4) and illustrated in Figure 1. These experiments provide
one of the few experimental verifications of the validity of this
prediction of the theory.

SUMMARY

Cyclization is much more sensitive to excluded volume effects than
other properties of polymer chains. These effects operate both to
retard ring-closure dynamics and to accelerate the ring—opening step
of cyclized chains.
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Figure 3. The cyclization exponent from the expression

<k1> = aN | as a function of temperature for samples of 2 in

cyclopentane.

100 T T T T

T T T T T

o PY-PS4500-PY 4

INTENSITY
I8
(@]
I

360 480 600
WAVELENGTH/ nm

Figure 4. Fluorescence spectra of Py-PS-Py (Mn = 4500) in

cyclopentane [1], acetone [2], and a 1:1 mixture [3] of these
solvents.
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Figure 5. Viscosity corrected <k1> values for Py-PS-Py
samples of Mn = 4500 and 25,000 as a function of solvent

compostion in cyclopentane—acetone mixtures.
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Chapter 7

Time-Resolved Optical Spectroscopy
as a Probe of Local Polymer Motions
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2Department of Materials Science, Toyohashi University of Technology,
Toyohashi 440, Japan

A picosecond holographic grating technique has been
used to observe the local segmental dynamics of
anthracene-labeled polyisoprene in dilute hexane,
cyclohexane, and 2-pentanone solutions. The
transition dipole of the anthracene label 1lies along
the chain backbone, assuring that only backbone
motions are detected. The experimental observable,
the orientation autocorrelation function of a
backbone bond, is compared with theoretical
predictions. The observed correlation functions are
consistent with models proposed by Hall and Helfand
and by Bendler and Yaris. The effects of temperature
and solvent viscosity upon the local dynamics of
polyisoprene are investigated. The activation energy
for the observed local segmental motions is

~ 7 kd/mole.

The relationship between the structure of a polymer chain and it
dynamics has long been a focus for work in polymer science. It is
on the Jocal level that the dynamics of a polymer chain are most
directly Tinked to the monomer structure. The techniques of time-
resolved optical spectroscopy provide a uniquely detailed picture
of local segmental motions. This is accomplished through the
direct observation of the time dependence of the orientation
autocorrelation function of a bond in the polymer chain. Optical
techniques include fluorescence anisotropy decay experiments(l:ﬁ)
and transient absorption measurements(7). A common feature of
these methods is the use of polymer chains with chromophore labels
attached. The transition dipole of the attached chromophore
defines the vector whose reorientation is observed in the
experiment. A common labeling scheme is to bond the chromophore
into the polymer chain such that the transition dipole is rigidly
affixed either parallel(1-7) or perpendicular(8,9) to the chain
backbone. - -
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Time-resolved optical experiments rely on a short pulse of
polarized 1ight from a laser, synchrotron, or flash lamp to
photoselect chromophores which have their transition dipoles
oriented in the same direction as the polarization of the exciting
Tight. This non-random orientational distribution of excited state
transition dipoles will randomize in time due to motions of the
polymer chains to which the chromophores are attached. The precise
manner in which the oriented distribution randomizes depends upon
the detailed character of the molecular motions taking place and is
described by the orientation autocorrelation function. This
randomization of the orientational distribution can be observed
either through time-resolved polarized fluorescence (as in
fluorescence anisotropy decay experiments) or through time-resolved
polarized absorption.

The transient absorption method utilized in the experiments
reported here is the transient holographic grating technique(7,10).
In the transient grating experiment, a pair of polarized excitation
pulses is used to create the anisotropic distribution of excited
state transition dipoles. The motions of the polymer backbone are
monitored by a probe pulse which enters the sample at some chosen
time interval after the excitation pulses and probes the
orientational distribution of the transition dipoles at that time.
By changing the time delay between the excitation and probe pulses,
the orientation autocorrelation function of a transition dipole
rigidly associated with a backbone bond can be determined. In the
present context, the major advantage of the transient grating
measurement in relation to typical fluorescence measurements is the
fast time resolution (~ 50 psec in these experiments). In
transient absorption techniques the time resolution is limited by
Taser pulse widths and not by the speed of electronic detectors.
Fast time resolution is necessary for the experiments reported here
because of the sub-nanosecond time scales for local motions in very
flexible polymers such as polyisoprene.

In this paper, we report measurements of the orientation
autocorrelation function of a backbone bond in dilute solutions of
anthracene-labeled polyisoprene. The anthracene chromophore was
covalently bonded into the chain such that the transition dipole
for the lowest electronic excited state 1ies along the chain
backbone. This assures that only backbone motions are detected.
Our experimental measurements of the orientation autocorrelation
function on sub-nanosecond time scales are consistent with the
theoretical models for backbone motions proposed by Hall and
Helfand(11) and by Bendler and Yaris(12). The correlation
functions observed in three different solvents at various
temperatures have the same shape within experimental error. This
implies that the fundamental character of the local segmental
dynamics is the same in the different environments investigated.
Analysis of the temperature dependence of the correlation function
yields an activation energy of ~ 7 kJ/mole for local segmental
motions.

Experimental Section

Experimental Apparatus. Figure 1 shows a block diagram of the
apparatus used in these experiments. A Q-switched, mode-locked
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Figure 1. Q-switched, mode-locked Nd:YAG laser with two
synchronously pumped dye lasers: PC = Pockels' cell; POL =
polarizer with escape window; DL1, DL2 = cavity dumped dye
lasers; PMT = photomultiplier tube. (Reproduced

from Ref. 7. Copyright 1986 American Chemical Society.)

In Photophysics of Polymers; Hoyle, C., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



7. WALDOWETAL.  Time-Resolved Optical Spectroscopy 71

Nd:YAG laser synchronously pumps two dye lasers. One of the dye
lasers (DL1) is operated at a wavelength of 649 nm. A cavity-
dumped single pulse from this dye laser is frequency summed with a
single pulse of the YAG fundamental (1064 nm) to produce the
excitation wavelength of 403 nm. This pulse is beamsplit to form
the grating. A second dye laser (DL2) provides the probe pulse
(588 nm) which is sent down an optical delayline before entering
the sample at the Bragg angle relative to the grating formed by the
excitation beams. Varying the position of a retroreflector on the
optical delayline varies the timing between the excitation and
probe pulses and thus provides the time base for the experiment.
The diffracted probe beam is detected by a photomultiplier and a
lock-in amplifier. A microcomputer controls the data acquisition
by varying the probe polarization and monitoring the diffracted
signal strength and the delayline position. The sample temperature
during any given measurement was constant to * 0.1°C.

Experimental Technique. The picosecond transient grating technique
has been extensively utilized to study electronic excitation
transfer(13,14), rotational reorientation of small molecules{10),
and acoustic phenomena(15). On longer time scales, the same
concept is utilized in Forced Rayleigh scattering experiments to
measure translational diffusion(16). In a transient grating
experiment, optical interference between two crossed laser pulses
creates a spatially periodic intensity pattern in an absorbing
sample. This results in a spatial grating of excited states which
then diffracts a third (probe) beam brought into the sample at some
later time. The two observable experimental quantities are the
intensity of the diffracted signal for the probe beam polarized
parallel (Ty(t)) and perpendicular (T (t)) to the polarization of
the excitation beams.

Figure 2 shows Ty(t) and T (t) for anthracene-labeled
polyisoprene in dilute hexane solution. The sharp rising edge in
the data indicates the time when the excitation pulse enters the
sample. At times very soon after this, there is a large difference
between the diffracted signal for the two different probe
polarizations. Ty(t) is larger than T (t) since a larger number
of excited state transition dipoles are oriented parallel to the
excitation pulse polarization. As molecular motions of the polymer
occur, the excited state transition dipoles randomize their
orientations, and the difference between Ty(t) and T (t) goes to
zero. Both curves continue to decay due to the excited state
lifetime {~ 8 nsec). Quantitatively, the shapes of Ty(t) and T (t)
are given in terms of the orientation autocorrelation function
CF(t) and the excited state decay function K(t) as follows:

Ty(t) {K(t)(1+2r(t))}2 (1)

2
T1(t) {K(t)(1-r(t))} (2)

In these equations, r(t) is the time-dependent anisotropy function,
which is proportional to CF(t) as

r{t) = r(0)CF(t) (3)
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Figure 2. Transient grating decays for 9,10-bis{(methylene)-
anthracene labeled polyisoprene in dilute hexane solution. Ty
and T; are the diffraction efficiencies of the grating for the
probe beam polarized parallel and perpendicular to the excitation
beams (see Equations 1 and 2). The two curves are initially dif-
ferent because the excitation beams create an anisotropic orien-
tational distribution of excited state transition dipoles. As
backbone motions occur, the transition dipoles randomize and the
two curves coalesce. Both curves eventually decay due to the
excited state lifetime. The structure of the anthracene-Tabeled
polyisoprene is also displayed, with the position of the tran-
sition dipole indicated by a double arrow. (Reproduced

from Ref. 7. Copyright 1986 American Chemical Society.)
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where r(0) is the fundamental anisotropy for the transition being
observed. r(t) can be obtained from the transient grating signals
by the following manipulation:

Vi“(t) - Vi_{_zt)
r(t) = (4)
vi“it) + 2”_1_“2)

The experimental anisotropy contains information about molecular
motion, but is independent of the excited state Tifetime. Equation
4 indicates that the orientation autocorrelation function can be
obtained directly and unambiguously (within the multiplicative
constant r{0)) from the results of a transient grating experiment.

By setting the time delay between the excitation and probe
beams to a given value and then alternating the polarization of the
probe beam, the experimental anisotropy r{t) for time t can be
obtained using Equation 4. In this mode of data acquisition, the
experimental anisotropy is obtained at a relatively small number of
time points but with quite good precision at each point. The
results of suc