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Foreword 
The A C S S Y M P O S I U M SERIES was founded in 1974 to provide a 
medium for publishing symposia qu ick ly in book form. The 
format o f the Series parallels that of the continuing A D V A N C E S 
IN C H E M I S T R Y S E R I E
papers are not typese  reproduce y
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance o f the Series 
Adviso ry Board and are selected to maintain the integrity of the 
symposia; however, verbat im reproductions o f previously pub
lished papers are not accepted. Both reviews and reports o f 
research are acceptable, because symposia may embrace both 
types of presentation. 
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Preface 

SIGNIFICANT QUESTIONS A R E ARISING as the field of polymer science 
continues to develop. M a n y 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 communi ty 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 exis
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Chapter 1 

Overview of Polymer Photophysics 

Charles E. Hoyle 

Department of Polymer Science, University of Southern Mississippi, 
Hattiesburg, MS 39406-0076 

In order to write a complete review of polymer photophysics  one 
would need a series o
aspects of this continuall
number of excellent collections and reviews (1-17) on polymer 
photophysics to which the reader is referred. The book by Guillet 
(1) is par t i cu lar ly 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, luminescence 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 ar t ic le by Semerak and Frank (4). Br ief ly 
(Scheme I), 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 3 
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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 Ί-vinylnaphthalene, 
styrene, 2-vi nyl naphthalene and N-vi nylcarbazole have probably 
received the most attention while polymers based on vinyl toluene, 
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 involv ing the " i so la ted monomer" and "energy migration" 
concepts have been developed in order to explain the complex 
f luorescence decay curve
Application of these fluorescenc
of interest as wi l l be demonstrated in chapters throughout this 
book. 

Lumi nescence An i sotropy 

If a randomly d i s t r ibuted ensemble of anisotropic fluorescent 
chromophores absorbs l i g h t which is l i n e a r l y po lar ized , the 
resultant fluorescence wil l retain, to a degree, the polarization of 
the exciting l ight 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 i ts excited 
state l i f e t i m e . From steady-state and t r a n s i e n t emiss ion 
an isotrop ic measurements, rotat iona l re laxat ion 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 ref lect either main chain or side group rotational properties. 
Since rotational relaxation times are direct ly related to rotational 
d i f f u s i o n c o e f f i c i e n t s , luminescence an isotrop ic measurements 
provide information on conformational states, chain dynamics and 
microviscosity which might otherwise be d i f f i c u l t to acquire. In 
general , luminescence an isotrop ic measurements are extremely 
important in evaluating c r i t i c a l 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 t r ip le t state (phosphorescence 
quenching) by long range or short range interaction with a quencher 
molecule. The quenching process eff iciency i s 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 quencher) in terac t 
either by a diffusion (col l is ion) controlled (Stern-Volmer kinetics) 
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1. HOYLE Overview of Polymer Photophysics 5 

or a static mechanism (Perrin kinetics) (see Réf. 1 for deta i ls) . 
In polymer systems, i t 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. 

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

(d) The luminescent species and the quencher are attached 
to different polyme

Depending on the particular combination, quenching studies generate 
detailed data concerning energy migration in polymers, degree of 
interpénétration 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 l ight by a particular chromophore on 
a polymer chain, one option of the resulting excited state species 
is to transfer i ts energy to an equivalent neighboring group in the 
ground state. This second species may then transfer i ts energy to 
another group. The probability of the transfer process occurring 
(versus deactivation) is dictated by, among other fac tors , i t s 
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 (]_). Theories to 
describe singlet and t r i p l e t energy migration in polymer systems 
have been developed and are included in several chapters in 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 w i t h i n a polymer s o l i d or s o l u t i o n . This may be 
accomplished by using a variety of photophysical techniques a l l 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 i ts photophysical 
properties is direct ly dependent on some aspect of i ts environment. 
For example, both the f luorescence l i f e t i m e 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 p o l y ( a c r y l i c ac id) , under the proper 
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β PHOTOPHYSICS OF POLYMERS 

conditions of pH and added electrolyte, have hydrophobic domains 
which are capable of solubi l iz ing 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 ut i l ized to study hydrophobic domains in polymer 
solutions are derived, in part, from the large body of l iterature 
dealing with luminescent probes in mi ce l lar solutions (1J_). Other 
examples of the use of luminescent molecules to probe micro-
environments in polymer systems are l isted 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 inves t igate or ientat iona l e f fec ts in 
stretched films o  f ibers

(c) Bichromophori
excimer formation is viscosity dependent can be used to 
detect the loca l microviscosity of polymer solutions. 
Such probes can also be used to monitor viscosity changes 
which occur during polymerization. 

(d) Luminescent chromophores whose e x c i t e d s t a t e 
properties are solvent polarity or viscosity dependent can 
be i n c o r p o r a t e d as par t of the polymer d u r i n g 
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 earl ier section 
as one example of this phenomenon). 

(e) Small charged molecu les which change t h e i r 
luminescent p r o p e r t i e s upon c o m p l e x a t i o n w i t h 
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 l i s ted . This area is 
advancing rapidly and examples are given in individual chapters in 
the book. 

Conclusions and Future 

As the contents of this book wil l attest, the f ie ld of polymer 
photophysics continues to expand. The f i r s t decade of research in 
polymer photophysics was primarily, but certainly not entirely, 
d i rected toward character i zat ion 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 discipl ine capable of solving both fundamental and applied 
problems in the polymer f i e l d . It is hoped that the collection of 
art ic les presented in this book wil l furnish the reader with an 
appreciation for polymer photophysics and the potential i t 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 fo
polymer systems. On
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 - 100Â) 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 
nmr (2)], fluorescence quenching methods (3) offer some important 
advantages. They are sensitive. The equipment is readily available 
and relatively inexpensive. There i s scope and ver s a t i l i t y 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 i s 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 a l l quenching mechanisms. 

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

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

q 
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) 
(Fôrster energy transfer) can occur over distances up to 100A. 
Electron transfer (6) can occur over 15À to 20A. Quenching by 
paramagnetic species requires orbital overlap and is a short range 
process (6). 

A convenient way of classifying these processes i s to define a 
parameter R0 which represents the distance at which the quenching 
rate (for randomly oriented F/Q pairs) equals the unquenched decay 
rate of F*. R0 i s a measure of the span of the quenching process. 
The value of R0 w i l l depend upon the details of the quenching 
mechanism and the particula
selection of R0 ranges
collected in Table I. 

Table I. Bimolecular Excited State Quenching Processes 

interaction effective 
mechanism distance0'** 

1. Energy transfer by 
dipole coupling 10A to 100A 
electron exchange 4A 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 

aThe minimum interaction distance is a r b i t r a r i l y taken to be 4A 
except where new chemical bonds are formed. 
^Each pair of chromophores, for each interaction mechanisms, has i t s 
own characteristic distance Rp at which the interaction rate equals 
the decay rate of the unquenched excited state. These values are 
estimates of the range of R0 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 R0 = 22A) was much more sensitive than exciplex formation 
(R 0 = ca. 7 to 10A) at detecting small amounts of chain 
interpénétration at the interface (7,8). 
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10 PHOTOPHYSICS OF POLYMERS 

Synthesis. Chemical synthesis i s 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 (9). 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 i s in the glassy state and the other i s rubbery

Span. The span of a quenchin
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 i s determined 
by R0. In experiments in which diffusion is unimportant, R0 is the 
only important distance scale. If diffusion of F or Q occurs over a 
distance comparable to or larger than R0 on a time scale of the 
lifetime of F*, the span w i l l be somewhat larger that R0. 

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 
i n i t i a l l y formed phase domains. In sorption experiments of a small 
molecule Q into a thin film or small particle labelled with F, the 
span i s 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 s t a b i l i t y 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 90*X 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 i s 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 11 

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

PW1A Particles. ΡIB-stabilized PMMA particles were prepared 
containing naphthalene [N] groups covalently attached to the PMMA 
chains. This was effected quite simply by adding 1-naphthylmethyl 
methacrylate to the MMA polymerization step of the particle 
synthesis. From reactivity ratios, one knows that the Ν groups are 
randomly distributed along the P̂ f!A 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 
1-alkyl-naphthalene. Chemical analysi  indicated  particl
composition IB/NWA/N o

When small amount
1 χ 10"4 M] were added to particle dispersions, energy transfer from 
N* to Ant could be observed (cf. Figure 1)(12). At f i r s t we thought 
this occurred only from Ν 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 μια 
diameter particles to a depth equal to at least i t s wavelength (ca. 
3000Â). If the lifetime of a l l the Ν groups i s decreased by Ant 
added outside the particle, the Ant groups must have diffused into 
the particle interior during sample preparation. 

This curious observation i s at odds with a solid core structure 
for the particle. One can estimate the translational diffusion 
coefficient of Ant in PWA (<10"1* cm2 see" 1) (16) and predict that 
i t would take years for Ant to penetrate so deeply into a solid P̂ WA 
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 I N ( t ) as [Ant] i s varied f i t s the Stern-Volmer 
expression for these particles. Here is the lifetime measured 

i - = i - = * Q + k[Ant]a (1) 
Ν TA Ν q 

for N* in the presence of a bulk concentration [Ant] of quencher. 
r A is the component of the Ant* decay due to energy transfer (some 
Ant absorbs light at 280 nm.) The term α is the partition 
coefficient of Ant inside the particle. For diffusion controlled 
quenching, k can be related to the mutual diffusion coefficient D 
of the reactants. 

In a typical experiment, = 40 ns, [Ant] = 1 χ 10"4 M and 
ak^ = 1 χ 10e M"1 s" 1. If a is approximately unity, one calculates 
a diffusion coefficient D = ca. 1 χ 10"* cm2 sec" 1. Since Ν is 
bound and Ant is free to diffuse, we associate D with Ant diffusion. 
In 40 ns, Ant diffuses on average 20Â. This distance is comparable 
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12 PHOTOPHYSICS OF POLYMERS 

to R0, equal to 22Â for Forster energy transfer for this pair of 
chromophores. We measure Ij^(t) over several lifetimes. The span of 
this experiment is thus on the order of 100Λ. 

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 i s trapped inside the 
particle where i t 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 D^j. i s on the order of 
1 χ 10"' cm2 sec" 1, i t 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 t

This morphology ha
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 R0 of the energy transfer process was large enough 
to permit the quencher Ant to communicate with N* across the phase 
boundary. More detailed information i s possible by comparing these 
results with those of a quenching process characterized by a much 
smaller R0 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 s t e r i c a l l y 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 9-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 i t s environment, 
and Phe has l i t t l e tendency to form excimers. As a consequence, i t s 
fluorescence decay I(t) normally has a simple exponential form. 
This property contributes two important features to the experiment. 
First, the fluorescence decay time τ° (in the absence of quencher) 
is a well-defined quantity, f a c i l i t a t i n g 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 i s obtained by comparing four 
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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 i t s 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 
so l u b i l i t i e s and mobilities in the stabilizer layer of the particle
The data recover their simpl
lifetimes <r> from the I(t
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 i s 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 l i e at the interface or 
are incorporated into a more extensive solvent-swollen interphase 
(15). 

Quantitative data are available by f i t t i n g the data to the 
fractional quenching model (15). The Stern-Volmer model is modified 
by assuming that only a fraction f of the fluorophores can be 
quenched. The remaining (1-f ) are protected: 

-JL— = _ + Ξ (2) 
I°-I f f ok r°[Q] a a q L 

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 s t a t i s t i c a l l y 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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o i .  1 
O 2

[OXYGEN] (Mx10 ) 
Figure 3. Plots of I e/I and τ°/τ 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 lin e ] . 
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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. 
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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 f i t the 
Stern-Volmer equation. For CLP-Phe, only 5* of the Phe* are 
quenched in the presence of pure 0 2 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 i t 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 sol u b i l i t i e s and diffusion 
coefficients of various sorbents within the various individual 
phases 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; ( i i ) the spectroscopic 
characteristics of the dye and the details of the quenching 
mechanism; and ( i i i ) the span of the experiment. The span can be 
determined by the R0 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 

Application
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 f i rs t 
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 Mw/Mn =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. 

I t has been estimated t h a t 15 to 20 percent of a l l engineering 
p l a s t i c s produced i n the United States today are polymer blends or 
a l l o y s , which are p h y s i c a l mixtures of homopolymers and/or copoly
mers. A se r i o u s problem e x i s t s , however, i n that the b u l k prop
e r t i e s of the blend w i l l depend on the degree of mixing achieved. 
Such mixing i s d i f f i c u l t to accomplish on the molecular l e v e l and 
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e x i s t i n g experimental techniques e x h i b i t widely v a r y i n g s e n s i 
t i v i t i e s to the distance s c a l e over which inhomogeneities are 
d e t e c t i b l e . A major o b j e c t i v e of research i n our l a b o r a t o r y has 
been to e s t a b l i s h excimer fluorescence as a q u a n t i t a t i v e photophys
i c a l t o o l f o r the e l u c i d a t i o n of morphology and dynamics i n polymer 
blends. An extensive review of the photophysics of excimer forma
t i o n i n the a r y l v i n y l polymers has been published. [1] 

The a p p l i c a t i o n of t h i s technique as a morphological t o o l re
q u i r e s that there be a c l o s e c o u p l i n g between polymer photophysics 
and polymer p h y s i c s . I n the photophysical s t u d i e s described i n t h i s 
paper emphasis w i l l be placed on the development of a n a l y t i c a l 
models f o r e l e c t r o n i c e x c i t a t i o n t r a n s p o r t (EET). The areas of 
polymer physics that we w i l l consider i n v o l v e the c o n f i g u r a t i o n a l 
s t a t i s t i c s of i s o l a t e d chains and phase s e p a r a t i o n i n multicomponent 
polymer systems. The polymer system of primary i n t e r e s t i s the 
blend of polystyrene (PS) w i t h p o l y ( v i n y l methyl ether) (PVME)
Here excimer fluorescenc
the main experimental observable
i t has been demonstrated by numerous other techniques that m i s c i b l e 
one-phase blends may be prepared by s o l u t i o n c a s t i n g from toluene 
s o l v e n t . [2,3] Moreover, the blend may be fo r c e d to phase separate 
by thermal means, l e a d i n g to a two phase system. I n a d d i t i o n , we 
w i l l consider r e s u l t s f o r blends of p o l y ( 2 - v i n y l naphthalene) (P2VN) 
w i t h low molecular weight p o l y ( c y c l o h e x y l methacrylate) (PCMA) and 
polystyrene (PS). 

There i s general agreement that d e r e a l i z a t i o n of e l e c t r o n i c 
e x c i t a t i o n energy may occur i n s o l i d s o l u t i o n s of a r y l v i n y l poly
mers as a r e s u l t of d i p o l e - d i p o l e i n t e r a c t i o n s between aromatic 
r i n g s c o v a l e n t l y bound to the polymer chain. [4] I n f a c t , the EET 
process i s exceedingly complex w i t h s e v e r a l modes of energy migra
t i o n p o s s i b l e . Since the polymer c h a i n contains a l o c a l l y h i g h 
c o n c e n t r a t i o n of aromatic groups, w i t h s e p a r a t i o n d i s t a n c e s between 
r i n g s on adjacent repeat u n i t s of the order of f i v e to seven 
Angstroms, one m i g r a t i o n channel w i l l be along the contour of the 
polymer chain. I f the t e s t c hain of i n t e r e s t i s t o t a l l y i s o l a t e d 
from i d e n t i c a l chains, and i f the cha i n i s immobilized i n a 
thermodynamically good matrix such t h a t i t e x h i b i t s an expanded con
f i g u r a t i o n , i t i s p o s s i b l e that the energy m i g r a t i o n c o u l d take on a 
one-dimensional character. As the co n c e n t r a t i o n of the a r y l v i n y l 
polymer i s increased, energy m i g r a t i o n between chromophores on 
d i f f e r e n t chains i s expected; t h i s w i l l approach a three-dimensional 
process at s u f f i c i e n t l y h i g h c o n c e n t r a t i o n . 

In the f i r s t s e c t i o n of t h i s paper we review a s t r i c t l y one-
dimensional random walk model developed by F i t z g i b b o n . [5] The model 
t r e a t s e x c i t a t i o n m i g r a t i o n on a f i n i t e s i z e l a t t i c e w i t h randomly 
d i s t r i b u t e d excimer forming s i t e s a c t i n g as t r a p s . I t has been ap
p l i e d to e x p l a i n the e f f i c i e n c y of t r a p p i n g at excimer forming s i t e s 
i n three sets of apparently m i s c i b l e systems. We f i r s t consider a 
s e r i e s of PS/PVME blends i n which the PS i s at low c o n c e n t r a t i o n but 
of v a r i a b l e molecular weight. We then examine two other c l a s s e s of 
blends i n which the a r y l v i n y l polymer of i n t e r e s t i s P2VN and 
blends are prepared w i t h PCMA or PS as the host polymer. By con
t r a s t to the PS/PVME system, which i s thermodynamically compatible 
over the whole c o n c e n t r a t i o n range and f o r a l l molecular weights of 
the two components, the P2VN blends are m i s c i b l e only as a r e s u l t of 
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the low molecular weight of the host polymer. Our o b j e c t i v e i s to 
provide a c r i t i c a l assessment of the a p p l i c a t i o n of the s t r i c t l y 
one-dimensional random walk model to the s o l i d s t a t e blends. 

In concentrated systems such as i n f i l m s of the pure a r y l v i n y l 
polymer or i n domains r i c h i n the f l u o r e s c e n t polymer f o r a phase 
separated system i t i s l i k e l y t hat EET between r i n g s on d i f f e r e n t 
chains c o u l d be as l i k e l y as between r i n g s on the same chain. I n 
the l i m i t f o r which there i s no a n i s o t r o p i c b i a s f o r energy 
m i g r a t i o n along the chain, the EET may be considered to be three-
dimensional. Two EET models have been developed to t r e a t the prob
lem of three-dimensional m i g r a t i o n to pre-formed excimer s i t e s i n 
s o l i d polymers. The f i r s t i s a s p a t i a l l y p e r i o d i c l a t t i c e model 
th a t r e s t r i c t s m i g r a t i o n to nearest neighbors and does not permit 
the e x c i t a t i o n to r e - v i s i t any e a r l i e r l o c a t i o n s occupied during the 
random walk. [6] The second i s a more s o p h i s t i c a t e d many-body EET 
theory t h a t was o r i g i n a l l y developed by L o r i n g , Andersen and Fayer 
( r e f e r r e d to as the LA
c r y s t a l s w i t h no r e s t r i c t i o n
m i g r a t i o n process. [7] Semerak has r e c e n t l y a p p l i e d both the spa
t i a l l y p e r i o d i c l a t t i c e model and the LAF theory to analyze excimer 
fluorescence i n pure PS and P2VN. [8] 

Although the t h e o r e t i c a l study of EET i n polymer systems has 
l e d to considerable recent advances, we choose i n the second s e c t i o n 
of t h i s paper to take a somewhat more pragmatic approach to the 
study of phase s e p a r a t i o n k i n e t i c s . To do so, we te m p o r a r i l y set 
aside any c o n s i d e r a t i o n of the d e t a i l s of any p a r t i c u l a r EET model 
and simply r e l y on a fundamental r e l a t i o n s h i p between the r a t i o of 
the excimer to monomer emission i n t e n s i t i e s , ^/Ι^» a n <* t n e 

p r o b a b i l i t y M that an absorbed photon i s e v e n t u a l l y emitted by a 
r a d i a t i v e or n o n r a d i a t i v e process of the monomer. Use of t h i s 
general r e l a t i o n along w i t h experimental data f o r the e f f e c t of 
con c e n t r a t i o n on excimer fluorescence i n a m i s c i b l e blend allows M 
to be determined experimentally. We w i l l present a simple morph
o l o g i c a l model t h a t combines the m i s c i b l e blend r e s u l t s w i t h an ex
p e r i m e n t a l l y determined phase diagram to r e l a t e the absolute value 
of the Ïp/Ijj r a t i o to the l o c a l c o n c e n t r a t i o n of ch a i n segments con
t a i n i n g aromatic groups. Our o b j e c t i v e i s to re-examine e a r l i e r 
data on sp i n o d a l decomposition f o r the PS/PVME blend u s i n g a more 
accurate phase diagram determined i n the present study. 

The preceding s t u d i e s on the c o n f i g u r a t i o n of a r y l v i n y l poly
mer chains i n d i l u t e , m i s c i b l e blends and on the k i n e t i c s of phase 
s e p a r a t i o n i n concentrated blends were based on the i m p l i c i t assump
t i o n t h a t the i n i t i a l s o lvent cast blend represented an e q u i l i b r i u m 
s t a t e . I n the f i n a l s e c t i o n of t h i s paper we explore t h i s question 
w i t h new data on the e f f e c t of the c a s t i n g s o l v e n t on the f l u o r e s 
cence behavior of PS/PVME blends. Our o b j e c t i v e s are to determine 
f i r s t whether the fluorescence observables are s e n s i t i v e to d i f f e r 
ences i n as-cast f i l m s and then to i d e n t i f y the true e q u i l i b r i u m 
s t a t e . 

Experimental 

In order to improve the q u a n t i t a t i v e i n t e r p r e t a t i o n of the 
e a r l i e r s t u d i e s on phase s e p a r a t i o n k i n e t i c s performed i n our 
la b o r a t o r y , [9,10] a new phase diagram was determined w i t h narrower 
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d i s t r i b u t i o n PVME and an improved t u r b i d i m e t r i c l i g h t s c a t t e r i n g 
apparatus. The PVME was f i r s t f r a c t i o n a t e d by a p r e c i p i t a t i o n 
procedure and the molecular weight d i s t r i b u t i o n was determined on a 
Waters Model 244 g e l permeation chromatograph having m i c r o S t y r a g e l 
columns. The r e s u l t i n g PVME had M /M =1.4 w i t h M =55,000. This i s 
to be compared w i t h the s t a r t i n g m a t e r i a l having p o l y d i s p e r s i t y of 
about 1.9. 

The cloud p o i n t curves were measured u s i n g a newly designed 
sample chamber tha t may a l s o be used f o r the fluorescence measure
ments . This chamber has e x c e l l e n t thermal c o n t r o l and can be 
evacuated and b a c k - f i l l e d w i t h n i t r o g e n or argon i n order to 
minimize o x i d a t i v e degradation of the sample. The sample was i l l u m 
i n a t e d by a 5 mW He-Ne l a s e r i n the backface mode w i t h the f i l m at 
45 degrees to the l a s e r a x i s . The l i g h t s c a t t e r e d at r i g h t angles 
to the i n c i d e n t beam was passed through an attenuator and detected 
by an RCA 1P28 p h o t o m u l t i p l i e r  Cloud p o i n t temperatures were 
determined by h e a t i n g a
s e p a r a t i o n , as evidence
from the sample. The temperature was then decreased by s e v e r a l 
degrees and the decrease i n s c a t t e r i n g i n t e n s i t y monitored. This 
was f o l l o w e d by a temperature jump, smaller than the preceding 
temperature drop, and the process was repeated a s u f f i c i e n t number 
of times such t h a t e q u i l i b r i u m was ensured. This c o u l d take many 
hours f o r the h i g h PS c o n c e n t r a t i o n blends. 

Results and Discussion 

I s o l a t e d Chain S t a t i s t i c s i n M i s c i b l e Blends. E a r l y work on 
the a p p l i c a t i o n of fluorescence spectroscopy to the study of polymer 
blends i n t h i s l a b o r a t o r y emphasized the c o r r e l a t i o n of v a r i a b l e s 
expected to i n f l u e n c e the f r e e energy of mixing w i t h changes i n 
R«I_/I . These s t u d i e s i n c l u d e d the e f f e c t s of s o l u b i l i t y parameter 
d i f f e r e n c e s between the f l u o r e s c e n t guest polymer, g e n e r a l l y p o l y ( 2 -
v i n y l naphthalene), and the nonfluorescent host polymer matrix, 
[11,12] guest c o n c e n t r a t i o n , [12-14] molecular weight of both host 
and guest, [15-18] and the temperature at which the polymer blend i s 
s o l v e n t cast [13]. In each case, an increase i n R was i n t e r p r e t e d 
as an increase i n the l o c a l segment d e n s i t y , and c o u l d be r a t i o n a l 
i z e d on the b a s i s of e q u i l i b r i u m Flory-Huggins thermodynamics. 

These e a r l y s t u d i e s demonstrated t h a t excimer fluorescence i s a 
u s e f u l a d d i t i o n to the b a t t e r y of experimental t o o l s a v a i l a b l e to 
study s o l i d s t a t e polymer blends. However, the longer range goal of 
e x p l a i n i n g the s i g n i f i c a n c e of the absolute value of R was not 
r e a l i z e d because there was i n s u f f i c i e n t companion i n f o r m a t i o n about 
the thermodynamics of the blends. The PS/PVME blend does not s u f f e r 
from t h i s l i m i t a t i o n , and thus provides an e x c e l l e n t system f o r 
c h a r a c t e r i z a t i o n of the photophysics under c o n d i t i o n s f o r which 
m i s c i b i l i t y or i m m i s c i b i l i t y are f i r m l y e s t a b l i s h e d . In t h i s 
s e c t i o n we examine r e s u l t s f o r PS/PVME as w e l l as more recent work 
on d i l u t e blends c o n t a i n i n g P2VN that are b e l i e v e d to be m i s c i b l e . 

The f i r s t stage of the development of excimer fluorescence as a 
q u a n t i t a t i v e morphological t o o l was to understand the photophysics 
of m i s c i b l e blends. We began w i t h a c o n s i d e r a t i o n of the tempera
ture and molecular weight dependence of R f o r blends c o n t a i n i n g low 
concentrations of PS. As noted i n the I n t r o d u c t i o n , energy migra-
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t i o n i n an i s o l a t e d a r y l v i n y l polymer c h a i n may be i d e a l i z e d as a 
one-dimensional random walk between adjacent pendent chromophores. 
[5] At each step i n the walk, the e x c i t a t i o n can be l o s t r a d i -
a t i v e l y or n o n r a d i a t i v e l y from an i s o l a t e d e x c i t e d chromophore. 
A l t e r n a t i v e l y , the e x c i t a t i o n can be trapped at an excimer forming 
s i t e (EFS) composed of two adjacent chromophores s u i t a b l y a l i g n e d i n 
a coplanar sandwich c o n f i g u r a t i o n , l e a d i n g to r a d i a t i v e or nonradi-
a t i v e emission from the excimer. The o v e r a l l p r o b a b i l i t y t h a t an 
e x c i t a t i o n absorbed anywhere i n the cha i n w i l l e v e n t u a l l y be d i s s i 
pated through r a d i a t i v e or n o n r a d i a t i v e decay through a monomer 
channel i s given by the q u a n t i t y M and through an excimer channel by 
1 - M. M may be p r e d i c t e d a n a l y t i c a l l y , and i s r e l a t e d to the 
experimental observable R through the expression 

% 1 - M 

(1) 

where Q D and are the i n t r i n s i c quantum y i e l d s f o r excimer and 
monomer emission. 

M i s a complex f u n c t i o n of composition, molecular weight and 
temperature. Two a n a l y t i c a l approaches have been d i r e c t e d toward 
o b t a i n i n g expressions f o r M. The simp l e s t one goes back to Levinson 
who t r e a t e d a one-dimensional random walk on an i n f i n i t e l a t t i c e 
w i t h randomly d i s t r i b u t e d t r a p s . [19] Although t h i s i s c l e a r l y 
u n r e a l i s t i c f o r r e a l , f i n i t e l e n gth polymer chains, i t does help to 
set c e r t a i n c r i t i c a l concepts. Thus, we spend some time on i t 
before c o n s i d e r i n g the r e s u l t s a p p l i c a b l e to r e a l polymers. 

In the h y p o t h e t i c a l case of an i n f i n i t e l y long polymer chain, 
the a n a l y t i c a l expression f o r M i s the r e l a t i v e l y simple form 

OO 

tanh(r) x = 1 

(1 - q D r tanh( Γχ) (2) 

where 0.5 I n 1 + 2E + (1 + 4E) 1/2 

2E 

In t h i s expression the f i r s t c r i t i c a l parameter i s the 
f r a c t i o n of cha i n dyads tha t are s u i t a b l e excimer forming s i t e 
t r a p s . At the low PS co n c e n t r a t i o n f o r which t h i s model may be 
appro p r i a t e , q D i s simply the i n t r a m o l e c u l a r s i t e f r a c t i o n 
c a l c u l a t e d from r o t a t i o n a l isomeric s t a t e theory. The second 
parameter Ε i s a measure of the energy t r a n s f e r e f f i c i e n c y , being 
the product of the s i n g l e step energy m i g r a t i o n r a t e W and the 
l i f e t i m e of the e x c i t e d monomer s t a t e r. 

A more recent and exact s o l u t i o n to the one-dimensional, 
nearest neighbor t r a n s p o r t and tr a p p i n g problem has been gi v e n by 
Movaghar. [20] I t s p r e d i c t i o n s f o r M are i n d i s t i n g u i s h a b l e from the 
s e r i e s s o l u t i o n . [21] I n Figure 1 we present the dependence of M, 
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c a l c u l a t e d f o r = 0.027, on the energy t r a n s f e r parameter E. 
Simply i n t e r p r e t e d , the model shows that f a c i l e energy m i g r a t i o n 
( l a r g e E) leads to extensive sampling of the aromatic r i n g s such 
t h a t the p r o b a b i l i t y of f i n d i n g an EFS trap i s l a r g e (M i s s m a l l ) . 

From c o n s i d e r a t i o n of molecular models and the geometric r e
quirements f o r excimer formation, we have concluded t h a t the t r a n s , 
trans meso r o t a t i o n a l dyad i s the predominant EFS i n the a r y l v i n y l 
polymers. [5,22] The i d e n t i f i c a t i o n of the EFS trap w i t h a p a r t i c 
u l a r r o t a t i o n a l dyad s t a t e was a c r i t i c a l f a c t o r because i t opened 
the way to u t i l i z e the powerful r o t a t i o n a l isomeric s t a t e theory of 
F l o r y [23] to c a l c u l a t e the EFS p o p u l a t i o n f o r the i s o l a t e d PS 
chains. This trap p o p u l a t i o n i s r e l a t i v e l y s m a l l i n po l y s t y r e n e . 
For example, assuming tha t an a t a c t i c PS cha i n has 45% meso dyads, 
the EFS c o n c e n t r a t i o n at 300 Κ was determined to be of the order of 
0.026. [22] Since the EFS dyad c o n f i g u r a t i o n i s at higher p o t e n t i a l 
energy than the p r e f e r r e d ground s t a t e meso c o n f i g u r a t i o n s  an i n 
crease i n temperature w i l
as long as conformationa
temperature only a s l i g h t molecular weight dependence of the EFS 
co n c e n t r a t i o n was c a l c u l a t e d . [22] 

Although the extension of the i n f i n i t e l a t t i c e model to the f i 
n i t e l a t t i c e corresponding to r e a l polymer chains i s s t r a i g h t f o r w a r d 
i n p r i n c i p l e , the a n a l y t i c a l expression f o r M i s a l g e b r a i c a l l y 
complex [5] and w i l l not be reproduced here. I t i s of i n t e r e s t , 
however, to consider the p r e d i c t i o n s f o r the dependence of the ef
f i c i e n c y of sampling of EFS, represented by the f u n c t i o n (1 - M)/M, 
on the molecular weight of the a r y l v i n y l polymer. This i s shown i n 
Figure 2. [24] 

The one-dimensional random walk model p r e d i c t s t h a t there 
should be a strong dependence of the observed R on the molecular 
weight of the a r y l v i n y l polymer. At very low molecular weights, 
there w i l l be many chains t h a t c o n t a i n no EFS traps and there w i l l 
be very l i t t l e excimer fluorescence. As the PS ch a i n l e n g t h i n 
creases, the p r o b a b i l i t y of f i n d i n g an EFS trap w i t h i n the ensemble 
of chromophores that i s sampled by the random walking e x c i t o n w i l l 
i n crease and the value of R w i l l i n c r ease. At hi g h molecular 
weights, however, the cha i n i s s u f f i c i e n t l y long such th a t not a l l 
chromophores may be sampled by the hopping e x c i t a t i o n during the 
e x c i t e d s t a t e l i f e t i m e . This w i l l l e a d to a s a t u r a t i o n e f f e c t w i t h 
the value of R l e v e l i n g o f f at some p l a t e a u c h a r a c t e r i s t i c of the 
trap c o n c e n t r a t i o n w i t h i n some p h o t o p h y s i c a l l y e q u i v a l e n t c h a i n 
segment length. 

Three sets of experiments have been analyzed i n terms of the 
one-dimensional e x c i t a t i o n m i g r a t i o n model. F i r s t , the random walk 
model p r e d i c t i o n s were compared w i t h fluorescence s p e c t r a of d i l u t e 
PS/PVME blends c o n t a i n i n g monodisperse PS w i t h molecular weights 
ranging from 2200 to 390,000. Measurements of R were made at temper
atures between 286 and 323 K. [22] A good f i t was found to the 
experimental r e s u l t s f o r blends examined at temperatures of l e s s 
than or equal to 300 K, but a c o n s i s t e n t p o s i t i v e d e v i a t i o n of R 
above the hi g h molecular weight p l a t e a u value was observed f o r the 
hig h e s t molecular weights. 

In the second set of experiments s o l v e n t c a s t f i l m s c o n t a i n i n g 
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) i n p o l y ( c y c l o h e x y l 
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F i g . 1. Dependence of the p r o b a b i l i t y M that an absorbed photon 
w i l l e v e n t u a l l y l e a d to r a d i a t i v e or n o n r a d i a t i v e decay 
from an i s o l a t e d aromatic r i n g on the energy t r a n s f e r 
e f f i c i e n c y E. (Reproduced from Reference 21. Copyright 
1985 American Chemical Society.) 
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F i g . 2. E f f e c t of molecular weight of the a r y l v i n y l polymer on 
the p r o b a b i l i t y that an absorbed photon leads to excimer 
decay (1-M) d i v i d e d by the p r o b a b i l i t y of monomer decay 
M. This i s d i r e c t l y p r o p o r t i o n a l to the observed r a t i o 
of i n t e g r a t e d excimer to monomer i n t e n s i t i e s . Reproduced 
from Reference 24. 
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methacrylate) (PCMA) were examined. [21] The PCMA i s of low 
molecular weight and i s b e l i e v e d to be m i s c i b l e w i t h P2VN, based on 
d i f f e r e n t i a l scanning c a l o r i m e t r y measurements. [25] At the concen
t r a t i o n s of i n t e r e s t i n the fluorescence experiments, EFS traps 
should be formed i n the polymer but not among the 2EN model com
pounds. In a d d i t i o n , energy m i g r a t i o n i s expected to occur between 
the model and the polymer and w i t h i n the polymer c o i l but not among 
the model compound r i n g s . Photophysical a n a l y s i s leads to an 
expression f o r R i n terms of Q^/Q^» M a n c i a f a c t o r d e s c r i b i n g the 
p r o b a b i l i t y of eventual energy m i g r a t i o n from the model to the poly
mer. Using the value of M determined from these experiments i n the 
a n a l y t i c a l expression of Equation ( 2 ) , we determined t h a t Ε = 5900 
±800 f o r the P2VN/PCMA blend. [21] This r e s u l t i s s u r p r i s i n g l y 
l a r g e compared to the value of 51 estimated e a r l i e r f o r P2VN by 
Semerak f o r simple F o r s t e r t r a n s f e r . [1]. 

The t h i r d set of experiments t h a t have been analyzed u s i n g the 
s t r i c t l y one-dimensiona
percent P2VN(70,000) an
Here the v i s c o s i t y average molecular weight i s i n parentheses. The 
P2VN(70,000)/PS(2200) blends were e a r l i e r confirmed to be m i s c i b l e 
f o r P2VN concentrations at l e a s t up to 35% by weight u s i n g DSC. 
[17,18] The s i t u a t i o n was somewhat ambiguous f o r P2VN(265,000)/ 
PS(2200). [18] Nevertheless, at the very low c o n c e n t r a t i o n examined 
here, t h i s blend could be considered to be m a r g i n a l l y compatible. 
A p p l i c a t i o n of the 1-dimensional EET model l e d to values of Ε = 2400 
and 4500 f o r the P2VN(70,000) and P2VN(265,000), r e s p e c t i v e l y . As 
was true f o r P2VN/PCMA t h i s i s much more e f f i c i e n t than expected 
from the simple F o r s t e r t r a n s f e r c a l c u l a t i o n . S i m i l a r a n a l y s i s of 
e a r l i e r PS/PVME data gave Ε = 600, compared to 2.7 from the F o r s t e r 
a n a l y s i s . [8] 

Each of the three experiments described above supports the 
general c o n c l u s i o n that energy m i g r a t i o n i n d i l u t e blends does not 
proceed v i a a s t r i c t l y one dimensional random walk. I n the case of 
the PS/PVME blends t h i s may be a t t r i b u t e d to a decrease i n the PS 
c o i l dimensions w i t h i n c r e a s i n g temperature as a r e s u l t of adverse 
thermodynamic i n t e r a c t i o n s w i t h the PVME matrix upon approach of the 
phase s e p a r a t i o n b i n o d a l . As the l o c a l chromophore d e n s i t y i n 
creases due to i n c i p i e n t c o i l c o l l a p s e , the e x c i t a t i o n almost 
c e r t a i n l y w i l l cease to f o l l o w a s t r i c t l y one-dimensional random 
walk and frequent cross-loop hops cou l d take p l a c e . This w i l l l e a d 
to an increase i n the d i m e n s i o n a l i t y of the walk and an improved 
e f f i c i e n c y of sampling the e x i s t i n g EFS t r a p s . In a d d i t i o n , i t i s 
l i k e l y t h a t there w i l l be a d d i t i o n a l EFS traps generated as the 
l o c a l c h a i n segment d e n s i t y increases. 

For the P2VN blends t h a t are known to be incompatible at h i g h 
host molecular weights and f o r high P2VN con c e n t r a t i o n s , i t i s q u i t e 
p o s s i b l e t h a t the P2VN chains are c o n t r a c t e d w i t h the blend c l o s e to 
phase s e p a r a t i o n on the s c a l e of an i n d i v i d u a l chain. I t may be 
s i g n i f i c a n t to note that the P2VN(265,000)/PS(2200) blend, which i s 
expected to be l e s s thermodynamically compatible than 
P2VN(70,000)/ PS(2200), [17,18] has a higher value of E. R e s o l u t i o n 
of t h i s problem w i l l r e q u i r e development of a quasi one-dimensional 
model, perhaps ba:_ ^d on a random walk on a f r a c t a l l a t t i c e . Re
search along these l i n e s i s being pursued by Webber. [26] 
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Phase Separation K i n e t i c s . The one-dimensional random walk 
a n a l y s i s t h a t was e a r l i e r a p p l i e d to the 5% PS/PVME and the lower 
c o n c e n t r a t i o n P2VN/PCMA and P2VN/PS blends i s not expected to be 
v a l i d as the c o n c e n t r a t i o n of the a r y l v i n y l polymer i n c r e a s e s . 
Assuming tha t a three-dimensional random walk process would apply at 
hig h c o n c e n t r a t i o n s , we developed a simple s p a t i a l l y p e r i o d i c l a t 
t i c e model to c a l c u l a t e the p r o b a b i l i t y f u n c t i o n M. [6] This worked 
q u i t e w e l l to f i t R data f o r PS/PVME blends a t PS concentrations 
greater than 60%. For pure PS and pure P2VN we have a p p l i e d both 
the s p a t i a l l y p e r i o d i c l a t t i c e model and the LAF model to determine 
the t o t a l c o n c e n t r a t i o n of EFS traps i n the s o l i d s t a t e . [8] The two 
models y i e l d e d s u r p r i s i n g l y good agreement, i n s p i t e of t h e i r d i f 
ference i n s o p h i s t i c a t i o n . The EFS trap f r a c t i o n was found to be 
about 0.3 f o r PS and 0.1 f o r P2VN. This t o t a l EFS p o p u l a t i o n i s to 
be compared w i t h the i n t r a m o l e c u l a r EFS co n c e n t r a t i o n of 0.027, 
taken to be the p o p u l a t i o n of t r a n s , trans meso dyads as p r e d i c t e d 
by r o t a t i o n a l isomeric s t a t
p a i r w i s e i n t e r a c t i o n s betwee
PS. The reduced EFS co n c e n t r a t i o n f o r P2VN seems reasonable by 
comparison due to the increased r i n g s i z e and consequent a d d i t i o n a l 
s t e r i c hindrance. 

Although the success of the photophysical p r e d i c t i o n s i s cer
t a i n l y encouraging, we p r e f e r to emphasize the polymer physics i n 
t h i s s e c t i o n and w i l l describe a method to examine phase separated 
systems without any c o n s i d e r a t i o n of which energy m i g r a t i o n model i s 
more appropriate. This more pragmatic approach r e q u i r e s t h a t data 
f o r R as a f u n c t i o n of con c e n t r a t i o n f i r s t be obtained f o r a m i s c i 
b l e blend. The p r o b a b i l i t y f u n c t i o n M i s then determined ex
p e r i m e n t a l l y through use of Eq. (1). A t y p i c a l p l o t of M as a 
f u n c t i o n of the volume f r a c t i o n of PS i s shown i n Figure 3 f o r a 
PS(100,000)/PVME blend. [9] The s o l i d l i n e i s simply a smooth curve 
through the data. The s i g n i f i c a n t q u a l i t a t i v e f e a t u r e i s that the 
p r o b a b i l i t y of monomer emission decreases r a p i d l y w i t h i n c r e a s i n g PS 
conc e n t r a t i o n . This i s a consequence of the increase i n the number 
of EFS t r a p s , which i s considerable i n the case of PS, and the 
expected increase i n e f f i c i e n c y of e x c i t a t i o n m i g r a t i o n due to the 
increased d i m e n s i o n a l i t y of the random walk. The combination of 
these two e f f e c t s leads to considerable n o n l i n e a r i t y . 

Once curves l i k e t hat of Figure 3 have been e s t a b l i s h e d from 
fluorescence measurements on m i s c i b l e blends, they may be used i n 
multiphase photophysical models. For example, i f a blend has phase 
separated i n t o two phases of compositions r i c h i n PS, φ^, and le a n 
i n PS, φ , Figure 3 may be used to determine the corresponding M 
f u n c t i o n f o r the r i c h , M^, and lea n , M L, phases. To proceed 
f u r t h e r , we need two a d d i t i o n a l items: a morphological model that 
p r e s c r i b e s how the fluorescence from the i n d i v i d u a l phases c o n t r i b 
ute to the o v e r a l l experimental observable R and a phase diagram 
that presents the e q u i l i b r i u m compositions as a f u n c t i o n of tem
perature and polymer molecular weight. 

The s i m p l e s t p o s s i b l e model i s to assume that the volume f r a c 
t i o n s of PS i n the r i c h and lean phases are independent of the b u l k 
c o n c e n t r a t i o n and that there i s no energy m i g r a t i o n between phases. 
[6] This allows one to c a l c u l a t e the i n d i v i d u a l c o n t r i b u t i o n s to 
the excimer and monomer fluorescence from PS chains i n both the r i c h 
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and l e a n phases. The r e s u l t i n g expression r e l a t e s the c o n c e n t r a t i o n 
of PS i n the r i c h phase, to the observed R. 

*R (*B - *1? 

\ -

(3) 

where 

and 0 i s the b u l k composition. 
Polymer blends t y p i c a l l y show a decrease i n m i s c i b i l i t y w i t h 

i n c r e a s i n g temperature.
equation of s t a t e thermodynami
a lower c r i t i c a l s o l u t i o n temperature (LCST) i s caused mainly by 
d i f f e r e n c e s i n the pure component thermal expansion c o e f f i c i e n t s . 
[28] The phase diagram may be c h a r a c t e r i z e d by two types of curves. 
The b i n o d a l , d e f i n e d as the locus of p o i n t s f o r which the chemical 
p o t e n t i a l s of each component are equal i n both phases, separates the 
s t a b l e one-phase r e g i o n from the r e g i o n i n which two phases c o e x i s t 
at e q u i l i b r i u m . The s p i n o d a l , which i s the locus of p o i n t s f o r 
which the second d e r i v a t i v e of the Gibbs f r e e energy of mixing 
equals zero, d i v i d e s the two-phase r e g i o n i n t o metastable and 
unstable p o r t i o n s . 

The mechanism of the phase s e p a r a t i o n depends upon the r e g i o n 
of the phase diagram t h a t i s occupied immediately a f t e r a tempera
ture jump above the LCST. [27]In the metastable r e g i o n between the 
b i n o d a l and s p i n o d a l curves small f l u c t u a t i o n s i n volume f r a c t i o n 
decay w i t h time. Only i f there i s a l a r g e f l u c t u a t i o n l e a d i n g to 
formation of a nucleus of c r i t i c a l c o n c e n t r a t i o n w i l l phase separa
t i o n take place ; t h i s i s r e f e r r e d to as the n u c l e a t i o n and growth 
mechanism. In the unstable r e g i o n w i t h i n the s p i n o d a l there i s no 
thermodynamic b a r r i e r against phase s e p a r a t i o n and s m a l l f l u c t u a 
t i o n s i n c o n c e n t r a t i o n may grow w i t h time; t h i s i s the s p i n o d a l 
decomposition mechanism. I t i s t h i s mechanism tha t has been of our 
primary i n t e r e s t f o r the PS/PVME blend. 

I n t e r p r e t a t i o n of the phase s e p a r a t i o n fluorescence r e s u l t s 
r e q u i r e s t h a t accurate values of the e q u i l i b r i u m b i n o d a l composi
t i o n s f o r a p a r t i c u l a r temperature be a v a i l a b l e . These are 
necessary i n order to c a l c u l a t e the volume f r a c t i o n of the r i c h 
phase i n the two component system. This volume f r a c t i o n i s assumed 
to be constant during the e a r l y stages of s p i n o d a l decomposition. 
Two e a r l i e r attempts were made i n our l a b o r a t o r y to measure the 
PS/PVME phase diagram u s i n g l i g h t s c a t t e r i n g t u r b i d i t y measurements. 
In the f i r s t study [9] we determined the phase diagram simply by 
r e p o r t i n g the minimum temperature at which a given blend showed 
v i s u a l signs of phase s e p a r a t i o n a f t e r f i f t e e n minutes of annealing 
i n an o i l bath. In our second paper on phase s e p a r a t i o n k i n e t i c s , 
the i n i t i a l c l o u d p o i n t measurements were improved by u s i n g the same 
sapphire s u b s t r a t e as f o r the fluorescence measurements and by 
t a k i n g the c l o u d p o i n t temperature as the p o i n t at which the f i r s t 
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signs of v i s u a l opalescence occurred upon l i n e a r h e a t i n g of the 
f i l m s at 5 K/min. Unf o r t u n a t e l y , i t i s q u i t e d i f f i c u l t to ensure 
that e q u i l i b r i u m i s achieved f o r PS/PVME blends at h i g h PS concen
t r a t i o n s due to the h i g h Τ of the PS. I t i s q u i t e p o s s i b l e , f o r 
example, that time lags generated by slow macroscopic d i f f u s i o n 
c o u l d l e a d to phase s e p a r a t i o n temperatures th a t were higher than 
a c t u a l f o r the h i g h molecular weight PS at hi g h c o n c e n t r a t i o n s . In 
f a c t , the c l o u d p o i n t curves f o r the two PS molecular weights were 
superimposable above PS concentrations of 60%, [10] a r e s u l t t h a t 
would be unexpected on thermodynamic grounds. 

For t h i s reason we determined i n t h i s study, f o r the t h i r d time 
and w i t h the h i g h e s t accuracy of our s t u d i e s to date, the cloud 
p o i n t curves f o r PS(100,000)/PVME and PS(1,800,000)/PVME blends. 
Using the t u r b i d i m e t r i c technique described i n the Experimental 
S e c t i o n , we determined cloud p o i n t temperatures f o r each of the PS 
molecular weights over the whole c o n c e n t r a t i o n range. The r e s u l t s 
are shown i n Figure 4,
mentally determined clou
c l o s e r approach to e q u i l i b r i u m f o r these measurements as compared to 
the previous determinations, both sets of data were approximately 
p a r a l l e l to each other and d i d not cross at high PS conc e n t r a t i o n . 

An important extension of the experimental a n a l y s i s f o r t h i s 
phase diagram determination was the e v a l u a t i o n of an expression f o r 
the PS/PVME b i n a r y i n t e r a c t i o n parameter from the c l o u d p o i n t 
curves. This was done by assuming a f u n c t i o n a l form f o r the i n t e r 
a c t i o n parameter and then c a l c u l a t i n g the b i n o d a l s u s i n g a f r e e 
energy of mixing c a l c u l a t e d from the Flory-Huggins c o n f i g u r a t i o n a l 
entropy of mixing combined w i t h an enthalpy of mixing term based on 
the assumed i n t e r a c t i o n parameter. The c r i t e r i o n f o r the f i t was 
that the same expression f o r the i n t e r a c t i o n parameter should y i e l d 
b i n o d a l curves t h a t passed through both sets of cl o u d p o i n t curves 
f o r the two PS molecular weights. Although we i n i t i a l l y attempted 
to use an expression that was only temperature dependent, as was 
done i n the previous work [9,10], we found th a t i n c l u s i o n of a small 
c o n c e n t r a t i o n dependent term was e s s e n t i a l to o b t a i n good f i t s . 

The r e s u l t of the a n a l y s i s was that the b i n a r y i n t e r a c t i o n 
parameter may be represented as 

AV 
X = l_ (4) 

RT 

where V i s the reference volume taken to be the sm a l l e r of the two 
polymer repeat u n i t s and Λ i s given by 

Λ - -0.3067 + 0.000833T - 0.0086C (5) 

w i t h temperature Τ i n Κ and co n c e n t r a t i o n C i n weight f r a c t i o n . I t 
i s of i n t e r e s t to examine the magnitude of the temperature dependent 
and c o n c e n t r a t i o n dependent c o n t r i b u t i o n to the i n t e r a c t i o n 
parameter. For example, at a polystyrene weight f r a c t i o n of 0.5 and 
temperature of 400K, the c o n c e n t r a t i o n dependent term i s only 
s l i g h t l y greater than one percent of the temperature dependent term. 
Since the c o n c e n t r a t i o n dependence i s s m a l l , i t may be u s e f u l f o r 
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J2 4 .6 .8 
P S V O L U M E F R A C T I O N 

F i g . 3. Dependence of the p r o b a b i l i t y of eventual monomer decay M 
on the co n c e n t r a t i o n of polystyrene i n a PS/PVME blend. 
(Reproduced from Reference 9. Copyright 1982 American 
Chemical Society. 

100 

• MW 100 Κ 
• MW 1800 Κ 

JL _L J - _L _L 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

Weight F r a c t i o n P o l y s t y r e n e 
0.8 0.9 1.0 

F i g . 4. Phase diagrams determined u s i n g a t u r b i d i m e t r i c technique 
f o r PS/PVME blends having monodisperse PS molecular 
weights of 100,000 and 1,800,000 and PVME molecular 
weight of 44,600. 
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some purposes to use the f o l l o w i n g approximate expression f o r the 
i n t e r a c t i o n parameter. 

χ - 0.04165 - 15.5/T (6) 

We note from t h i s expression th a t χ w i l l become zero a t a tempera
ture of 372K. Thus, one would expect th a t two phase behavior would 
be observed f o r mixtures of very h i g h molecular weight PS and PVME 
at temperatures greater than 372K. 

Once an expression f o r the i n t e r a c t i o n parameter was deter
mined, we then c a l c u l a t e d the s p i n o d a l curves f o r each PS s e r i e s . 
These curves are shown as dashed l i n e s i n Figure 4. The phase 
diagram thus determined has the expected i n c r e a s i n g asymmetry as the 
d i f f e r e n c e i n molecular weights becomes l a r g e r . The c r i t i c a l con
c e n t r a t i o n s at which the s p i n o d a l and b i n o d a l curves c o i n c i d e are 
about 0.3 and 0.1 f o r the PS(100,000)/PVME and PS(1,800,000)/PVME 
blends, r e s p e c t i v e l y . A
may apply the r e l a t i o n s h i

( χ Β ) 1 / 2 

( C A ) C R - » (7) 

where x. r e f e r s to the degree of p o l y m e r i z a t i o n of component i . 
From our e a r l i e r paper [10] we o b t a i n the degrees of p o l y m e r i z a t i o n 
to be 769 f o r the PVME and 1650 and 29,800 f o r the two PS samples. 
These l e a d to c r i t i c a l PS concentrations of 0.41 and 0.14 f o r the 
PS(100,000)/PVME and PS(1,800,000)/PVME blends, r e s p e c t i v e l y . These 
are reasonably c l o s e to the experimental values. 

Two sets of experiments on phase s e p a r a t i o n k i n e t i c s have been 
performed. The f i r s t s e r i e s of experiments was designed to demon
s t r a t e the f e a s i b i l i t y of us i n g excimer fluorescence to t e s t Cahn's 
k i n e t i c treatment of the e a r l y stages of spi n o d a l decomposition. 
[30] This i s a l i n e a r i z e d theory th a t p r e d i c t s that the volume 
f r a c t i o n s of the two phases remain constant w i t h time w h i l e the 
compositions change g r a d u a l l y . This i s i n c o n t r a s t to the nuclea-
t i o n and growth mechanism i n which the composition of the growing 
phase remains constant but the phase i t s e l f increases i n s i z e . 
A n a l y s i s of the very e a r l y stages of the phase s e p a r a t i o n allowed 
e s t i m a t i o n of the^macrgscopjc d i f f u s i o n c o e f f i c i e n t , found to be of 
the order of -10 cm sec" . [9] 

Cahn's l i n e a r i z e d theory of spi n o d a l decomposition was extended 
r e c e n t l y by deGennes [31] and Pincus [32] through s c a l i n g techniques 
a p p l i e d to polymer blends i n the melt. A c r i t i c a l f e a t u r e of the 
modif i e d a n a l y s i s i s the proposal by Pincus [32] t h a t the growth 
r a t e of the c o n c e n t r a t i o n f l u c t u a t i o n t h a t c o n t r o l s the k i n e t i c s 
d u ring the e a r l y stages of decomposition i s p r o p o r t i o n a l to the melt 
r e p t a t i o n d i f f u s i o n c o e f f i c i e n t . As a r e s u l t , the k i n e t i c s of the 
e a r l y r e g i o n of spi n o d a l decomposition i s p r e d i c t e d to depend 
s t r o n g l y upon molecular weight. Our second study on phase sep
a r a t i o n k i n e t i c s of PS/PVME blends was designed to t e s t t h i s 
p r e d i c t i o n . [10] 
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Since the deGennes-Pincus a n a l y s i s was developed f o r blends i n 
which the two components are the same molecular weight, we made a 
s c a l i n g m o d i f i c a t i o n of t h e i r theory to account f o r the f a c t t h a t 
our experimental blends have d i f f e r e n t PS and PVME molecular 
weights. Thermally induced phase s e p a r a t i o n was f o l l o w e d i n the 
same manner as p r e v i o u s l y [9] f o r 10% and 50% PS blends of both 
molecular weights. I t i s s i g n i f i c a n t to note t h a t excimer f l u o r 
escence i s a more s e n s i t i v e measure of phase s e p a r a t i o n a t short 
times because f i l m s annealed f o r about one minute showed no v i s u a l 
signs of opalescence whi l e R increased between 10 and 50% f o r the 
d i f f e r e n t blends. 

Using the phase diagram e s t a b l i s h e d i n the present study, we 
re-evaluated fluorescence k i n e t i c data determined i n the e a r l i e r 
phase s e p a r a t i o n work. [10] Before examining the r e s u l t s , i t i s 
worthwhile to look more c l o s e l y at Figure 4. We note t h a t the phase 
s e p a r a t i o n experiments were intended to be done under c o n d i t i o n s 
such t h a t the mechanism
s i t i o n , not n u c l e a t i o n an
e a s i l y f o r a p a r t i c u l a r blend by s e l e c t i n g a system at the c r i t i c a l 
composition. At that p o i n t there would be the minimum tendency f o r 
n u c l e i to form during the time necessary to perform the temperature 
jump. As we have shown, however, the c r i t i c a l composition i s d i f 
f e r e n t f o r the two sets of blends. An optimum PS c o n c e n t r a t i o n t h a t 
would minimize the extent of the metastable r e g i o n t h a t must be 
tr a v e r s e d during the temperature jump would be i n the r e g i o n of 0.3 
to 0.4 PS weight f r a c t i o n . Thus, of the two sets of a v a i l a b l e data, 
the 0.5 c o n c e n t r a t i o n should be more appropriate to t e s t the 
deGennes-Pincus theory. 

On t h i s b a s i s , we redetermined the r a t e of growth of the f a s t 
e s t growing c o n c e n t r a t i o n f l u c t u a t i o n , an important parameter f o r 
s p i n o d a l decomposition, f o r each blend s e r i e s . The growth r a t e f o r 
the PS(100,000)/PVME blend i s p r e d i c t e d to be 3.9 times l a r g e r than 
tha t f o r the PS(1,800,000)/PVME blend; the exp e r i m e n t a l l y observed 
f a c t o r i s 2.7, which i s q u i t e reasonable agreement and i s consider
ably b e t t e r than e a r l i e r work using the p r e v i o u s l y determined phase 
diagram. [10] The remaining d i f f e r e n c e c o u l d be a t t r i b u t e d to the 
s l i g h t p o l y d i s p e r s i t y of the PVME i n which the presence of short 
unentangled PVME chains that can d i f f u s e r a p i d l y d u r i n g the e a r l y 
stages of phase s e p a r a t i o n i s expected to weaken the molecular 
weight e f f e c t . 

Nonequilibrium E f f e c t s i n Solvent Casting. The t h i r d major 
o b j e c t i v e of t h i s paper i s to consider the i n f l u e n c e of the c a s t i n g 
s o l v e n t on the morphology of the r e s u l t i n g blend. To do so, we 
examined blends cast from t e t r a h y d r o f u r a n and have compared the re
s u l t s to blends prepared from toluene and chlorobenzene. The f i r s t 
i n d i c a t i o n of p o s s i b l e k i n e t i c l i m i t a t i o n s to the attainment of 
thermodynamic e q u i l i b r i u m was the observed dependence of the o p t i c a l 
appearance on the ra t e of so l v e n t evaporation from the THF c a s t i n g 
s o l u t i o n . Rapid d r y i n g y i e l d s very cloudy f i l m s w h i l e slow d r y i n g 
produces f i l m s w i t h extremely f i n e l y d i s p e r s e d domains such th a t the 
f i l m s appear almost c l e a r . We note th a t the former case might l e a d 
to a polymer " s k i n " being formed on the surface of the c a s t i n g 
s o l u t i o n , which co u l d a c t u a l l y impede the sol v e n t evaporation and 
l e a d to more entrapped so l v e n t than i n the l a t t e r case. The r a p i d 
and slow c a s t f i l m s were kept under vacuum at room temperature f o r 
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f i v e days before measurement of the fluorescence s p e c t r a . We f i r s t 
c onsider f o r the slow-cast THF and toluene c a s t f i l m s which i s 
presented as a f u n c t i o n of PS co n c e n t r a t i o n i n Figure 5. A d d i t i o n a l 
experiments w i t h chlorobenzene as the c a s t i n g s o l v e n t gave r e s u l t s 
i d e n t i c a l to the toluene. THF cast f i l m s gave R values that were 
higher than the toluene cast blends suggesting t h a t the l o c a l con
c e n t r a t i o n of phenyl r i n g s was higher f o r blends prepared from THF. 
Of course, t h i s i s c o n s i s t e n t w i t h the observed inhomogeneous nature 
of the f i l m from the q u a l i t a t i v e observations of o p t i c a l c l a r i t y . 
Although such i n f o r m a t i o n i s o f t e n d i f f i c u l t to i n t e r p r e t , the 
occurrence of cloudiness i s d e f i n i t e evidence f o r phase separation; 
conversely, o p t i c a l l y c l e a r f i l m s could be m i s c i b l e or immiscible. 
[13] The observ a t i o n that c a s t i n g from THF leads to phase separa
t i o n i s s i m i l a r to that reported e a r l i e r by G e l l e s and which was 
analyzed u s i n g the two phase morphological model. [10] 

A second s p e c t r a l parameter that r e c e i v e s much l e s s a t t e n t i o n 
than R i s the excimer ban
band p o s i t i o n data r e l a t i v
three days of annealing at 393K f o r 30% PS and 70% PS blends. For 
the moment we focus only on the excimer band p o s i t i o n of the as-cast 
f i l m and note that-the THF cast blend was 700 cm l a r g e r f o r the 
30% PS and 900 cm l a r g e r f o r the 70% PS blend. Although t h i s i s 
d i f f i c u l t to i n t e r p r e t i n the absence of in f o r m a t i o n on the b i n d i n g 
energy f o r the excimer complex, i t does suggest th a t the excimer 
forming s i t e i s l e s s s t a b l e f o r blends c a s t from THF than f o r those 
c a s t from toluene. 

In order to determine whether the e f f e c t s of the THF could be 
removed by annealing, the f i l m s were placed under vacuum f o r 10 
hours a t 383 Κ and then sealed between two sapphire p l a t e s before 
annealing an a d d i t i o n a l 1 1/2 days at 383 K. This l e d to a very 
s l i g h t r e d u c t i o n i n R f o r the toluene and chlorobenzene c a s t f i l m s 
but the i n i t i a l l y c l e a r THF ca s t f i l m s dropped s h a r p l y to almost 
equal the toluene r e s u l t s , as shown i n Figure 5. By c o n t r a s t , 
whereas the i n i t i a l l y cloudy THF cast f i l m s d i d become c l e a r upon 
annealing and the R value d i d decrease to about 1/3 of i t s i n i t i a l 
v a l u e , i t was s t i l l 30 to 100% higher than the toluene or ch l o r o 
benzene r e s u l t s . At the same time time tljie excimer band p o s i t i o n 
s h i f t e d red l e v e l i n g out at about 500 cm higher energy than the 
toluene and chlorobenzene f i l m s . Further annealing d i d not change 
e i t h e r R or the excimer band p o s i t i o n . However, when the top 
sapphire p l a t e was removed exposing the f i l m again to the ambient 
atmosphere and the f i l m s annealed f o r two more days at 383 K, the R 
value and the excimer peak p o s i t i o n f o r a l l f i l m s , r e g a r d l e s s of 
c a s t i n g s o l v e n t and processing h i s t o r y , came to w i t h i n 15% of common 
values. S i m i l a r r e s u l t s were obtained f o r a f r e s h set of samples 
ca s t from THF and annealed f o r three days under vacuum without any 
cover s e a l at 383 K. 

Two q u a l i t a t i v e conclusions may be drawn from these f l u o r e s 
cence r e s u l t s . The f i r s t p o i n t i s r e l a t e d to whether there i s 
r e s i d u a l c a s t i n g s o l v e n t t h a t might a f f e c t the morphology of the 
f i l m . I t i s not p o s s i b l e to comment on the presence of r e s i d u a l 
chlorobenzene or toluene from the r e s u l t s of t h i s study because of 
the l a c k of any dramatic change i n R or excimer band p o s i t i o n upon 
annealing. No separate g r a v i m e t r i c s t u d i e s of so l v e n t evaporation 
were conducted i n t h i s work, although such experiments have been 
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IM 

Ο THF 
• Toluene 

open-before 
a n n e a l i ng 

f i l l e d - a f t e r 
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F i g . 5. Dependence of the observed excimer to monomer i n t e n s i t y 
r a t i o on polystyrene c o n c e n t r a t i o n f o r PS/PVME blends 
c a s t from t e t r a h y d r o f u r a n ( c i r c l e s ) and toluene (squares) 
w i t h the fluorescence s p e c t r a measured before (open 
symbols) and a f t e r ( f i l l e d symbols) annealing a t 383 Κ 
f o r 10 hours. 
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F i g . 6. Dependence of the excimer band p o s i t i o n on time of 
annealing at 383 Κ f o r PS/PVME blends c a s t from toluene 
(open symbols) and te t r a h y d r o f u r a n ( f i l l e d symbols) f o r 
polystyrene c o n c e n t r a t i o n of 30% (squares) and 70% 
( c i r c l e s ) . Data are p l o t t e d r e l a t i v e to the excimer band 
p o s i t i o n of annealed toluene c a s t f i l m s . 
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performed p r e v i o u s l y f o r room temperature c a s t i n g of blends i n which 
the host polymer was e i t h e r polystyrene or poly(methyl methacryl-
a t e ) . [18] Although the i n i t i a l l y c l e a r THF c a s t f i l m s d i d change 
to become almost i d e n t i c a l to the other blends, i t i s not p o s s i b l e 
to separate any r e s i d u a l s o l v e n t e f f e c t s from l o c a l e q u i l i b r a t i o n 
c o n s i s t i n g of short chain segmental motion as w e l l as l a r g e s c a l e 
cooperative d i f f u s i o n . The s i t u a t i o n i s l e s s ambiguous f o r the THF 
ca s t f i l m s t h a t were prepared by a r a p i d evaporation process and 
that were i n i t i a l l y cloudy. The f a c t t h a t the approach of R and the 
excimer band p o s i t i o n toward the values e x h i b i t e d by the toluene 
c a s t f i l m s was retarded when the blend was sealed between the two 
sapphire p l a t e s , but which proceeded to completion when the top 
p l a t e was subsequently removed, suggests t h a t there indeed was 
r e s i d u a l THF i n the ten micron t h i c k PS/PVME f i l m s even a f t e r ten 
hours annealing under vacuum at 383K. Thus, even h i g h l y v o l a t i l e 
s o l v e n t s can be r e t a i n e d i n the f i l m  p a r t i c u l a r l y i f there i s some 
source of s p e c i f i c i n t e r a c t i o
polymers. We have considere

The major c o n c l u s i o n regards the true e q u i l i b r i u m s t a t e of the 
b i n a r y PS/PVME blend. This seems the most s t r a i g h t f o r w a r d and prob
a b l y the strongest r e s u l t of t h i s study on n o n e q u i l i b r i u m c a s t i n g 
e f f e c t s . From the l a c k of any s i g n i f i c a n t change i n the f l u o r e s 
cence behavior of the toluene c a s t r e s u l t s upon annealing, and from 
the tendency of the THF r e s u l t s , whether i n i t i a l l y f o r c l e a r or 
cloudy f i l m s , to approach the toluene c a s t f i l m s , we conclude t h a t 
toluene c a s t i n g leads to the e q u i l i b r i u m morphology. Since there 
are no l a r g e s p e c i f i c i n t e r a c t i o n s of the toluene w i t h e i t h e r of PS 
or PVME or, more importantly, the i n t e r a c t i o n s t h a t e x i s t are not 
asymmetric, the presence of r e s i d u a l toluene does not d i f f e r appre
c i a b l y from the s i t u a t i o n i n the c a s t i n g s o l u t i o n . This i s i n 
d i s t i n c t c o n t r a s t to the THF case f o r which the i n t e r a c t i o n s are 
qu i t e 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 conformationa
solution, the interpenetratio
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 f o r the c h a r a c t e r i z a t i o n of 
the behavior of chain molecules i n s o l u t i o n o f f e r s a number of 
important advantages: (a) Since fluorescence can be detected at 
extreme d i l u t i o n of the e m i t t i n g species, l a b e l i n g polymers with 
fluorophores need not r e s u l t i n s i g n i f i c a n t m o d i f i c a t i o n s of t h e i r 
other p r o p e r t i e s . (b) Since the l i f e t i m e of the e x c i t e d chromophore, 
•t, i s g e n e r a l l y of the order of 10 ns, the k i n e t i c s of f a s t pro
cesses whose r e l a x a t i o n times are comparable to t may be s t u d i e d by 
fluorescence techniques. (c) The phenomenon of nonr a d i a t i v e energy 
t r a n s f e r over r e l a t i v e l y long distances may be used to c h a r a c t e r i z e 
the s p a t i a l r e l a t i o n of donor and acceptor l a b e l e d chain molecules, 
(d) The medium s e n s i t i v i t y of the emission from the "dansyl" l a b e l 
has been used to study polymer complex formation and the t r a n s i t i o n 
of chain molecules from a contracted to an expanded s t a t e . 

Conformâti onal ttobj1ity. 
In considering the r a t e at which a f l e x i b l e chain molecule 

changes i t s shape i n d i l u t e s o l u t i o n , we are f a c i n g a conceptual 
d i f f i c u l t y i l l u s t r a t e d i n Figure 1. I f a hindered r o t a t i o n around 
a bond i n the middle of the chain takes place w i t h no change i n the 
other i n t e r n a l angles of r o t a t i o n or bond angles, then a long segment 
of the chain would have to swing through the viscous solvent with a 
p r o h i b i t i v e expenditure of energy. I f , on the other hand, we avoid 
t h i s by having two hindered r o t a t i o n s take place simultaneously i n 
what has been c a l l e d a " c r a n k s h a f t - l i k e motion", then two p o t e n t i a l 
energy b a r r i e r s have to be surmounted i n the t r a n s i t i o n s t a t e and 
t h i s was i n t u i t i v e l y b e l i e v e d to lead to a doubling of the a c t i v a t i o n 
energy. 1 With such s t r i c t s i m u l t a n e i t y of the passage over the two 
energy b a r r i e r s hindered r o t a t i o n s i n the backbone of long chain 
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(α) 

Figure 1. Schematic r e p r e s e n t a t i o n of conformationa] t r a n s i t i o n s 
i n a f l e x i b l e chain molecule. (a) A s i n g l e hindered 
r o t a t i o n , (b) Two c o r r e l a t e d r o t a t i o n s i n a 
" c r a n k s h a f t - l i k e mot io n " . 
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molecules would be expected to be at l e a s t a hundred times slower 
than i n analogous small molecules where only a s i n g l e energy b a r r i e r 
has to be passed and even i f the c o n d i t i o n of s i m u l t a n e i t y i s some
what relaxed, a s u b s t a n t i a l d i f f e r e n c e i n the rate of conformational 
change of polymers and t h e i r analogs might have been expected. 

The question whether hindered r o t a t i o n around a given type of 
bond i s slowed down when t h i s bond occurs i n the middle of a long 
chain may be resol v e d unambiguously by the use of a s t r u c t u r e 
containing two aromatic residues which may be made to l i e p a r a l l e l 
to each other by a s i n g l e conformational t r a n s i t i o n . I f t h i s t r a n 
s i t i o n occurs during the l i f e t i m e of the e x c i t e d chromophore, 
excimer emission w i l l be observed. Dibenzylacetamides s u b s t i t u t e d 
i n the para p o s i t i o n s are s u i t a b l e f o r such an experiment: 

R R R 

*/\ /

Κ0/ Κ^Λ
I L I 
W \ - x

 N Ν 1 

CO ̂ \ CO 
CH_ "* CH ι 3 ι a 

monomer emission excimer emission 

I t was found that excimer emission was reduced only by 27% when the 
dibenzylacetamide was b u i l t i n t o the center of a long polyoxyethy-
lene chain as compared to the low molecular weight analog i n which 
R were methyl groups. 2 This proves that hindered r o t a t i o n i n long 
polymer chains takes place at s i m i l a r r a t e s as i n small molecules. 

A powerful, method f o r the study of conformational m o b i l i t y of 
polymers u t i l i z e s polymer chains c a r r y i n g at t h e i r ends pyrene 
residues. Although excimer emission from molecules c o n t a i n i n g two 
phenyl residues i s observed only i f these phenyls are separated by 
three atoms, no such r e s t r i c t i o n e x i s t s with molecules c o n t a i n i n g 
two pyrene moieties, s i n c e the e x c i t e d pyrene has a much longer l i f e 
time. Thus, i f one of the pyrenes at the end of a polymer chain i s 
e x c i t e d , "monomer" emission w i l l be reduced i f the two chain ends 
meet each other during the e x c i t e d l i f e time to form an excimer. 
This p r i n c i p l e was used to derive the dependence of the rate con
stant of chain c y c l i z a t i o n on the length of the polymer chain 3» 4 and 
the solvent power of the medium.5 

Another method f o r the study of the conformational m o b i l i t y of 
polymers u t i l i z e d the dependence of the p o l a r i z a t i o n of the emitted 
l i g h t on the r o t a t i o n a l d i f f u s i o n of the fluorophore. This t e c h 
nique was pioneered by Anufrieva and her c o l l a b o r a t o r s 6 who used 
polymers wi t h anthracene b u i l t i n t o the chain backbone. They showed, 
f o r instance, that conformational m o b i l i t y i n polymethacrylates i s 
much smaller than i n p o l y a c r y l a t e s . 

Polymer Chain Entanglements i n Semidiiute S o l u t i o n s . 
Since entanglements of f l e x i b l e chain molecules i n s o l u t i o n 

lead to a decrease of configurâtional entropy because of the i n t e r 
dependence of the chain conformations, such interpénétration i s 
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s t r o n g l y r e s i s t e d i n d i l u t e s o l u t i o n . As the concentration of 
the s o l u t i o n increases, a point i s ev e n t u a l l y reached where the 
swollen polymer c o i l s can no longer be accommodated without 
interpénétration. This c o n c e n t r a t i o n i s g e n e r a l l y designated by 
c* and i t i s s a i d to d i v i d e d i l u t e from " s e m i d i l u t e " s o l u t i o n s , 
marking c h a r a c t e r i s t i c changes i n the conce n t r a t i o n dependence of 
thermodynamic and hydrodynamic p r o p e r t i e s . 7 

While c* may be r e l a t e d to the dimensions of polymer chains 
d e r i v e d from l i g h t s c a t t e r i n g or i n t r i n s i c v i s c o s i t y , estimates of 
the degree of chain interpénétration at concentrations beyond c* 
present a more d i f f i c u l t problem. We approached i t by employing 
the phenomenon of nonradjative energy t r a n s f e r . I f a system con
t a i n s two fluorophores such that the f i r s t (the "donor") has an 
emission spectrum which overlaps the absorption spectrum of the 
second (the "acceptor"), then the e x c i t a t i o n energy of the donor 
can be t r a n s f e r r e d to the acceptor over r e l a t i v e l y long d i s t a n c e s
The e f f i c i e n c y of t h i s t r a n s f e

E f f . = Ro /<Rq + r 6 ) ( 1 ) 

where r i s the distance between donor and acceptor and i s propor
t i o n a l to the "overlap i n t e g r a l " of donor emission and acceptor 
absorption s p e c t r a . I f a s o l u t i o n of a mixture of polymers l a b e l e d 
w i t h donor and acceptor, r e s p e c t i v e l y , i s r a p i d l y frozen, i t may be 
assumed that the degree of chain entanglement i s not changed during 
the f r e e z i n g process. I f the frozen solvent i s now removed by 
subl i m a t i o n and the polymer pressed i n t o a p e l l e t , the fluorescence 
spectrum of the sample w i l l r e f l e c t the proximity of donor and 
acceptor l a b e l s and, t h e r e f o r e , the extent of polymer chain i n t e r -
p e n e t r a t i o n which e x i s t e d i n the s o l u t i o n from which the sample was 
derived. 

A f t e r e s t a b l i s h i n g the f e a s i b i l i t y of the method 9, we have 
r e c e n t l y a p p l i e d i t to monodisperse polystyrene i n good and poor 
s o l v e n t s 1 0 using carbazole as the donor and anthracene as the 
acceptor. With these l a b e l s R G = 2.75 nm. The r a t i o of anthracene 
and carbazole emission i n t e n s i t i e s , I A / I C , i n the f r e e z e - d r i e d sample 
was compared with t h i s r a t i o i n f i l m s cast from s o l u t i o n s c o n t a i n i n g 
the two l a b e l e d polymers, ( I a / I c ^ f * where i t could be assumed that 
the two polymers were randomly mixed. 

T y p i c a l r e s u l t s are i l l u s t r a t e d i n Figure 2. In very d i l u t e 
s o l u t i o n s polymer chains do not in t e r p e n e t r a t e and the f r e e z e - d r i e d 
sample c o n s i s t s of glo b u l e s , each containing one polymer chain. 
Energy t r a n s f e r i s minimal, I A / I C very small and independent of the 
solvent i n which the polymer had o r i g i n a l l y been d i s s o l v e d . I A ^ C 
begins to increase when the o r i g i n a l s o l u t i o n c o n c e n t r a t i o n was 
cl o s e to 1/[η], which i s f r e q u e n t l y taken as a measure of c*. The 
s u r p r i s i n g aspect of our r e s u l t s was the l e v e l i n g o f f of the I A / I C 

at around 3/Cη1, suggesting that at t h i s point a strong r e s i s t a n c e 
i s encountered to the pen e t r a t i o n of the molecular chains i n t o the 
inner core of other molecular c o i l s . I t i s p a r t i c u l a r l y s i g n i f i c a n t 
that t h i s behavior i s als o seen with samples derived from c y c l o -
hexane s o l u t i o n s which are cl o s e to the thet a p o i n t . In the F l o r y / 
Krigbaum theory of the second v i r i a l c o e f f i c i e n t of f l e x i b l e chain 
p o l y m e r s 1 1 the polymer chains are modeled as clouds of disconnected 
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ch. in segments, so that the excluded volume vanishes when i t i s zero 
for the i s o l a t e d chain segment. This has l e d to the general assump
t i o n 1 2 that polymer c o i l s are " f r e e l y i n t e r p e n e t r a t i n g " i n t h e t a 
s o l v e n t s . However, a computer s i m u l a t i o n study by O l a j and 
P e l i n k a 1 3 has shown that the vanishing excluded volume of chain 
molecules under the t a c o n d i t i o n s i s due to a compensation of the 
e f f e c t of an a t t r a c t i v e p o t e n t i a l for small chain interpénétrations, 
due to the a t t r a c t i o n between the chain segments, and a r e p u l s i v e 
p o t e n t i a l f o r deep interpénétration where the unfavorable entropy, 
due to the interdependence of the chain conformations, i s the 
dominant e f f e c t . Our study seems to have provided an experimental 
v e r i f i c a t i o n of t h i s concept. 

Figure 2. Ratio of anthracene and carbazole emission i n t e n s i t i e s 
from f r e e z e - d r i e d mixtures of monodisperse polystyrene 
(M - 410,000) c a r r y i n g 0.0092 moles/kg of the l a b e l s , 
r e l a t i v e to t h i s r a t i o i n f i l m s cast from s o l u t i o n s of 
a mixture of these polymers. E x c i t a t i o n at the 
carbazole absorption peak at 294 nm. O r i g i n a l s o l u t i o n 
i n benzene (A); dioxane (13) and cyclohexane (0). Arrows 
i n d i c a t e 1/[η] i n the various s o l v e n t s . 
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Formation of Polymer A s s o c i a t i o n Complexes. 
Polycarfaoxylic acids have long been known to assoc i a t e i n 

aqueous s o l u t i o n with polymers a c t i n g as hydrogen bond acceptors 
such as polyoxyethylene (POE) or poly(N-vinyl p y r r o l i d o n e ) ( P V P ) . 
Since such a s s o c i a t i o n leads to reduced m o b i l i t y , such processes 
can be monitored by the change i n the p o l a r i z a t i o n of fluorescence 
of a l a b e l attached to one of the i n t e r a c t i n g polymers 6. In a more 
s t r i k i n g experiment, a "complex interchange" was fo l l o w e d by the 
decreasing p o l a r i z a t i o n of the emitted l i g h t when the fiuorophore 
l a b e l e d component of the complex was d i s p l a c e d by an unlabeled 
p o l y m e r 1 4 . 

We have s t u d i e d polymer a s s o c i a t i o n i n s o l u t i o n both by the 
increase i n the energy t r a n s f e r between donor and acceptor l a b e l s 
of i n t e r a c t i n g s p e c i e s 1 3 and by use of the medium-sensitive 
"dansyl" l a b e l . This chromophore f l u o r e s c e s s t r o n g l y i n organic 
media but very weakly i n water s o l u t i o n  Thus  when d a n s y l - l a b e l e d 
p o l y ( a c r y l i c acid) a s s o c i a t e
water i s d i s p l a c e d fro
emission i n t e n s i t y increases sharply. This phenomenon allowed us to 
study the extent and the nature of such a s s o c i a t i o n s . 1 6 ' 1 7 This 
technique can also be used to f o l l o w the k i n e t i c s of complex i n t e r 
c h ange 1 6 and with the use of a stopped-flow apparatus the much 
f a s t e r complex formation can a l s o be s t u d i e d 1 8 . 

Cooperative T r a n s i t i o n s of P o l y c a r b o x y l i c A c l a s . 
When a l t e r n a t i n g copolymers of maleic a c i d and a l k y l v i n y l 

ethers are i o n i z e d , the expansion of the chain, due to the e l e c t r o 
s t a t i c r e p u l s i o n of the ani o n i c charges, i s s t r o n g l y r e s i s t e d by 
the hydrophobic bonding between the a l k y l s u b s t i t u e n t s i f they 
c o n t a i n at l e a s t four carbons. I f the copolymer i s l a b e l e d by 
dansyl groups, t h i s e f f e c t can be observed by the r a p i d decrease 
of fluorescence i n t e n s i t y accompanying chain expansion as shown by 
Strauss and h i s c o l l a b o r a t o r s 1 9 * 2 0 . A s i m i l a r t r a n s i t i o n from a 
compact to an extended conformation takes place i n po l y ( m e t h a c r y l i c 
acid) at a c r i t i c a l charge d e n s i t y along the polymer chain. In 
t h i s case a l s o the chain extension which removes the s h i e l d i n g of 
dansyl l a b e l s , attached to the chain backbone, from the water mole
cules leads to a decrease i n the fluorescence i n t e n s i t y . We have 
shown 2 1 that t h i s e f f e c t can be u t i l i z e d f o r à study of the k i n e t i c s 
of the conformational change i n a stopped-flow apparatus. 

Recently, we have i n v e s t i g a t e d by f l u o r l m e t r y the a s s o c i a t i o n 
of poly(methacryl:ic acid) with the c a t i o n i c dye Auramine 0. Oster 
showed many years a g o 2 2 that such a s s o c i a t i o n leads to a strong 
fluorescence of the dye which emits only very weakly i n the free 
s t a t e . Anufrieva et al.23 found that the strong fluorescence i s 
c h a r a c t e r i s t i c of the binding of the dye to the contracted form of 
the polymeric a c i d and suggested that t h i s be used as a t o o l f o r the 
study of the t r a n s i t i o n from the contracted to the expanded s t a t e . 

In studying the a s s o c i a t i o n of Auramine 0 with p o l y ( m e t h a c r y l i c 
acid) k i n e t i c a l l y i n a stopped-flow a p p a r a t u s 2 4 we found an 
unexpected e f f e c t . With the polymer i n large excess, the approach 
of the fluorescence i n t e n s i t y to i t s e q u i l i b r i u m value was inde
pendent of the polymer concentration. This suggested that the 
a s s o c i a t i o n of the dye to the polymer does not by i t s e l f lead to the 
increase i n emission i n t e n s i t y . This seems to be the r e s u l t of a 
c o n t r a c t i o n of the polymer chains f o r which the adsorbed dye acts 
as a nucleus, so that the process i s 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. Lauprêtre 

Laboratoire de Physicochimie Structurale et Macromoleculaire, associe au 
Centre National de la Recherche Scientifique, ESPCI, 10 rue Vauquelin, 

75231 Paris, Cedex 05, France 

The fluorescence anisotrop  deca  techniqu d 
13C spin-lattic

used to investigat
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 s t i l l unanswered, such as, for example, the 
nature of the orientation autocorrelation function (OACF) which i s 
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. 

Spectroscopic 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 
microsjjructure, % cig = 37, % trans=59, % 1-2 = 12, and Mn = 
1.7.10 , 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. MONNERIE ET AL. Local Dynamics in Polybutadienes 47 

previously reported for polystyrene ( J[_ ). Monof unctional " l i v i n g " 
chains of molecular weight 10 were prepared and deactivated by 
9,10-bis (bjromomethyl) anthracene. The resultant chains of molecular 
weight 2.10 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) l i e s 
along the chain axis, fluorescence anisotropy w i l l 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 %) 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 c e l l 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 Baye
%trans - 1, % 1-2 -

C NMR experiments. 
FAD measurements were performed on the cyclosynchrotron 

LURE-ACO at Orsay (France). The apparatus i s 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 s l i t s , and the most intense emission peak (435 nm) was 
selected by a single holographic grating with 2-nm s l i t s . This 
procedure greatly improves the rejection of spurious fluorescence, 
which i s 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 0.5% 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 i s about 0.1 ns. The upper limit, imposed by the repetition 
rate of the pulses and the lifetime of the dye, i s ^ ns. 

Spin-lattice magnetic relaxation times T, on C 
nuclei were measured at 25.15 MHz and 62.5 MHz using Jeol PS 100 and 
Bruker WP 250 spectrometers respectively. DMS0-d6 was used as an 
external lock. T 1 was obtained from the 180°-t-90° sequence with 
an accuracy of 7 %. 

FLUORESCENCE ANISOTROPY DECAY 

Under the action of a suitable electromagnetic f i e l d , polarized 
along the Ρ direction as shown in Figure 2, the absorption of light 
i s proportional to the scalar product of the incident electric f i e l d 
and the transition moment. In the same way, the emission of light i s 
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 ρ Γ 0 |^ρ^Ϊς^^ (^filMlësf ̂ èâ$t$°tT°^ a ^ e c t 
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Figure 1. Polybutadiene with anthracene in the middle of the 
chain. The transition moment of anthracene i s represented by a 
double arrow. 

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, i s defined as : 

r = ( I v - I h ) / ( I v + 2 I h) (,) 

where I y and I, correspond to fluorescence intensities for 
analyzer direction parallel and perpendicular respectively to the 
vertical polarization of the incident beam. In this expression 
( I y + 2 1^) represents the total fluorescence intensity. The 
fluorescence anisotropy emitted at time t w i l l progressively 
decrease as a function of time and fi n a l l y reach a zero value. A 
complete analysis of the phenomenon ( 4̂  ) shows that the evolution 
of r(t) as a function of time i s directly proportional to the second 
moment of the OACF of the transition moment : 

r ( t ) = M 2(t) =< 3 c o s 2 0 ( t )  1 >/2 (2) 

where Θ(t) i s the angle
(the transition moment in FAD) rotates during time t, the brackets 
mean an ensemble average. 

The time interval t during which the evolution of I^Ct) 
can_̂ >g recordgd i s directly related to the fluorescence lifetime 
(10 to 10 s); experimentally M2(t) can be obtained 
until approximately 10 s (100 ns). 

It should be pointed out that FAD i s virtually unique in i t s 
abil i t y 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 i s particularly 
suitable for comparison with various molecular models of local chain 
dynamics. Indeed, at this temperature the decay i s not too fast, in 
such a way that an accurate comparison with the models can be made 
over the f u l l 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 f i t 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 i s due to the chain connectivity requirement and 
the description of local dynamics requires consideration of the 
following features: 

- "elementary motions" with a characteristic time, τ^ι 
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 τ. (τ > τ ) 

For bulk polybutadiene, the best f i t , shown in Figure 2r, i s 
reached in using the OACF expression proposed by HALL and HELFAND 
( 6 ) : 

M 2(t) = exp( - t / T 2 ) exp( - tl τ χ)IQ(t/T1) (3) 

where I represents the modified Bessel function of order 0. 
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100 2 0 0 3 0 0 

C H A N N E L 

4 0 0 

Figure 3. Comparison of the best f i t 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 i s plotted as a dash-dot line 
(arbitrary scaled). The upper graph represents the weighted 
residuals. 
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It i s worth noting that this expression also gives the best 
f i t for FAD curves of labeled polystyrene in solution ( 5_ )· 

In bulk polybutadiene, the ratio ^2^τ\ ^ o e s n o t v a r Y 
significantly with temperature and remains 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 has been studied in the 
range 240K- 353K. It i s 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 : 

l o g τ Τ = Cte + cj/ ( T - T J (4) 

Too = T g - c: 

where Tg i s the glass-rubbe
45 NF) and C^, C 2 8 are phenomenological parameters 
taken from low frequency viscoelastic measurements (For Diene 45 NF, 
ϋ χ

8 = 11.2 and C 2
g = 60.5K ( ]_ )). In Figure 4, the 

correlation time i s plotted versus Ι/ζΤ-Τ^) and the dash-line 
corresponds to the W.L.F. equation. The experimental data 
satisfactory f i t a linear dependence with a slope f a i r l y 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. 
13 

The local dynamics of polymer chains can be studied by C NMR 
through measurements of J^e spin-lattice magnetic relaxation time, 
T^. The spin of a given Ĉ relaxes by dipolar relaxation 
mechanism with the bonded Η so that the corresponding T^ i s 
related to the reorientation motion of the involved CH internuclear 
vector through the following expression ( 9. ) : 

9 2 2 

Ύ Ύ 
J . = _ 9 _ H 1 [ J ( u ) ω j + 3 j ( w ) + 6 J ( ( i ) + uO] (5) 1 4 IT 10 r H C C 

CH 
oo 

J (ω) = / M„(t) e " i u ) t dt ο I 

where h i s the Planck constant, and γ„ are the 
gyromagnetic ratios of C and ''H respecγjvely and ^ 
are the Larmor resonance frequencies of C and Ĥ, J(o)) i s 
the spectral density at the frequency ω of the OACF of the CH 
motion, and r r„ i s the length of the CH bond. 
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Figure 4 . - Logarithmic plot of the correlation time τ- vs 
( T - T m r 1 . 
a/ determined from FAD for labeled polybutadiene in a 
Diene 45 NF matrix. ^ 
b/ τ determined from C T 1 measurements for 
polyButadiene Uran. Dashed lines correspond to Equation 4 using 
in each case the coefficients appropriate to the considered 
matrix. 
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The main interest of A JC NMR spectroscopy i s that i t 
allows one to investigate the local motions performed by the various 
groups of the polymer chain. Thus, i t yields more detailed 
information than other techniques. On the other hand, to derive the 
correlation times of the motions from the T, measurements, i t i s 
necessary to use an "a p r i o r i " expression 01 the OACF, M2(t). 

In the case of polymer melts at temperatures higher than 
(Tg+60K), the segmental mobility i s 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 used for 
high resolution NMR in liquids. 

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

The nT, values obtained for CH and 0Η« groups of Uran, 
wh^re η = 1 tor CH and η = 2 for CH 2 > are shown as a function of 
10 /T in Figures 5 and 6  On the same figures are plotted the 
best f i t s obtained by usin
clearly appears that th
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 
T 1(CH)/T 1(CH 2) i s different from the expected value of 
2, i t s value l i e s 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 Θ, or a specific anisotropic motion of the cis 1,4 
sequences of the polybutadiene chain ( £ ). In both cases, the 
resulting OACF can be written as : 

M 2(t) = (1 - a) exp( - exp( - t / T ^ I ^ t / ^ ) 

+ a exp( - t/τ ) exp( - t/τ })IQ(t/T χ) (6) 

where the parameter a describes the contribution of the anisotropic 
motion with correlation time τ . The best f i t s (shown on Figures 
5 and 6) are obtained with τ /τ > 150, τ /τ > 600 
and a(CH) = 0.27, a(CH"2) = 0Î46? These values indicate that the 
additional anisotropic motion (characterized by τ ) i s very fast 
as compared to the elementary segmental motions (described by 
T- ). In the explored temperature range, τ should be 
snorter than J§ s at 224K and 10 s at §58K. 

Recent C T, measurements performed on various bulk 
polymers with low Tg, such as polyisoprene, polyisobutylene, 
polyvinylmethylether and polypropyleneoxide, have shown that the 
experimental value of T^ at the minimum i s 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 i t 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 CH? 
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H « « « ô- ~~ 
4.5 4 35 3 1 0 3 / Τ 

13 
Figure 5. Temperature dependence of C T^ at 25.15 MHz 
and 62.5 MHz for CH of Uran polybutadiene. Dots are experimental 
data. The dash-dot lines correspond to the Hall-Helfand f i t 
(Equation 3). The dashed lines are the best f i t obtained by using 
Equation 6. 

nT, (s) 

4.5 4 3.5 3 1 0 3 / τ 

13 
Figure 6. Temperature dependence of C T^ at 25.15 MHz 
and 62.5 MHz for C ^ of Uran polybutadiene (same 
representation as in Figure 5). 
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respectively. This result i s quite satisfactory, the constraints due 
to the size and the rig i d i t y of the double bond decreasing the 
amplitude of the libration motion of the CH bonds relative to that 
of the CH2 groups which are linked to the chain backbone through 
single bonds only. 

Another interesting feature deals with the high value obtained 
for the ratioT2/T^. This means that in high cis content 
polybutadiene, the damping of the diffusion of the elementary 
motions along the chain sequence i s very weak. 

The correlation^time derived from T^ values of Uran 
is plotted vs (T-T ) on Figure 4. A satisfactory agreement i s 
found with the preïiction of Equation 4, using the appropriate 
coefficients (T œ = 101K, C j 8 = 11.35, C 8 = 59.6K 
( J_ )). Thus, the elementary motions of the polybutadiene chain 
which are investigated by C NMR are involved in the 
glass-rubber transition phenomenon

COMPARISON OF THE CORRELATIO

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, i t i s 
interesting to go further in comparing the absolute values of the 
obtained correlation times. At a given (T-T œ) ̂ interval, for example 
192.3K corresponding to a value of 5.2 for lO^/CT-TJ, the 
correlation time of the anthracene label in the middle of the chain 
i s 6.5x10 s. At the same temperature the value of τ, ^ 
corresponding to the_çjementary motions responsible ror C 
relaxation i s 4.4x10 s. Thus, there i s about 2 decades of 
difference in the correlation times. 

It i s 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. °° 

As the C 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 
i n e r t i a l effect of the anthracene group or, more lik e l y , from the 
larger volume which i s required to rotate significantly the 
anthracene transition moment lying along the local chain axis, 
compared to the volume which i s involved in the conformational 
changes leading to C spin-lattice relaxation. Such a statement 
i s 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 h i g ^ r than (Tg + 60K), by 
using fluorescence anisotropy decay, and C spin-lattice 
magnetic relaxation time, T 1. 
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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 i s 
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 constrain^. 

In addition to these elementary motions, the C T^ 
measurements have shown that a much faster anisotropic motion 
occurs, corresponding to a libration motion of the CH bonds inside a 
cone. Recent C T^ measurements ( 10 ) performed on bulk 
polybutadiene containin
shown a lower mobility
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 
f a i r l y well with the prediction of the William, Landel, Ferry 
equation, using the phenomenological coefficients obtained from low 
frequency viscoelastic measurements. TMs means that the elementary 
motions which are observed by FAD and C T^ 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 sensitiv
other properties o
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 c o i l dimensions over that predicted from simple 
random walk models. The "unperturbed" values of the 
root-mean-squared end-to-end distance Rp° and radius of gyration R^0 

for ideal (random walk) chains expand (to R„ and R~) in the presence 
J? b 

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 

2 
combinations of solvent and temperature, R., , as measured from light 

b 
2 

or neutron scattering, exactly equals (RQ°) · 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 
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58 PHOTOPHYSICS OF POLYMERS 

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 i t very d i f f i c u l t 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 

W(0) = lim 47ir2W(r) = 4Τ Γ Γ 2[3/2nR 2] 3 / 2 (1) 
r-K> 

-3/2 
For ideal chains W(0) should decrease as chain length Ν . For 
very long chains experiencing f u l l excluded volume, the exponent is 
predicted to take the value -1.92. 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 

D -1.5 
diffusion-controlled cyclization rate constant k^ ~ Ν 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 Κ and 

cy 
the rate constant for end-to-end cyclization k^ (6). 

The Polymer. The focus here is on the cyclization behaviour of 
—6 

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

(CH2)3C02CH2CH2-(CHCH2)m(CHgCH)^-CHgCHgOgC(CHg), 

ο 
fFS^v'"2'3"2"2"2 VT 2'mv 2? 'n 

o 
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WINNIK Excluded Volume Effects on Cyclization 

Figure 1. A plot of the end-distance distribution function 
W(0) vs. the ratio of the end separation divided by RQ for a 
Gaussian chain and for self-avoiding walk [SAW, f u l l excluded 
volume], following Ref. 4. 
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C H 3 C H - ( - C H 2 Ç H - ) X - C H 2 C H 2 0 2 C ( C H 2 ) 3 < οι Ζ ι X 

ο 0 
NMe2 

2 DMT-PS-Py 

Samples to be discussed range in molecular weight from 3000 to 
30,000 and have quite narrow molecular weight distributions 
(M /M < 1.15). w η - ' 

Data are interpreted in terms of Scheme I below (8,9). 
Cyclization (diffusion controlled) is described by k^; ring opening 
to regenerate the locall
k^ and kg represent th
excimer [JL] or exciplex [2]. At short times, transient effects w i l l 
contribute to k^, but these are neglected here. Since k^ is very 
sensitive to chain length and a l l our polymer samples have a f i n i t e 
polydispersity, experimental values of <k-̂> represent an average 
over this molecular weight distribution. k.. is taken to be the 

M 
reciprocal lifetime of a model polymer containing Py at one end, but 
no quencher at the other. 

SCHEME I 

k i . -(Py/Q)A 

^ ' kE 
P y — ^ ^ x ^ Q 

<^Lj Q = Py- or DMT-

Rate constants are obtained from fluorescence decay analyses of 
the monomer decay profile I M ( t ) and the excimer/exciplex profile 
Ig(t). These are f i t 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 I £ and I M are 
related to <k-̂> 

h k f E < V 
_ - _ { L ) 
M fM (k_ x + k E) 

where (k^g/k^) ^ s 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 ^ and kg 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). <k̂ > values depend 
on which decay time is used in the calculation, with larger 
than <^2>E* T n e f ° r m e r f a l l s on the line defined by a plot of log 
<k̂ > vs log Ν for other samples, and is ar b i t r a r i l y chosen as the 
proper value for the discussion which follows. The general trends 
raised in the discussion are not affected by this d i f f i c u l t y . 
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 k^ ought to show a time dependence  We have some 
indication that this transien
important for short chains. 

Log-log plots of <k̂ >, k_j and k g determined for samples of 2 
of M = 3000 to 28,000 in cyclopentane at 35° and at 50° are shown in 
Figure 2. Straight lines can be f i t t e d through each set of data 
points. The rate constants k_^ and kg are approximately constant 
with increasing chain length for M > 5000. At the lower temperature 
k_j is known with relatively poor precision, since i t is determined 
by a subtraction step and is nearly ten-fold smaller than kg. As 
the temperature is raised, k_j increases markedly whereas kg does 
not change. 

At 22° the slope of the log <k^> vs log Ν 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 c r i t i c a l solution temperature" 
[LCST] l i e s 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 d i f f i c u l t i e s , there is not much evidence of this 
point. 

The lower theta temperature corresponds to the minimum solution 
temperature extrapolated to inf i n i t e 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. Entropie factors make mixing more d i f f i c u l t 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 i t is exceeded. 
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Figure 2. Log-log plots of <k̂ >, k_j and k £ vs. chain length 
for samples of 2 in cyclopentane at 35° and at 50 e. 
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For polystyrene in cyclopentane, one predicts that there should 
be two theta-temperatures, at 22° and 150° respectively. In 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 <k̂ > vs log Ν were linear. 

The slopes of these plots (-y) change with temperature. At the 
-1.4 

lowest and highest temperatures  <k-̂> varies as Ν '  In the 
intermediate range of temperatures

—1 6 
length, varying as Ν * at 63°. This behaviour is shown in 
Figure 3. 

The most significant feature of this plot is the maximum in the 
y vs temperature plot. The increase in y 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, <k̂ > varies as Ν . 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 y in the 

—y 
expression k^ ~ Ν 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 w i l l 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 c o i l 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 M F L = 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 <k̂ > (here corrected for solvent viscosity effects) 
for this sample and one of M r = 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_^ 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 < K > = <kjV k_j · 

In Figure 6 value
composition. These go through a minimum in a solvent composed of 
50 mol % acetone. The decrease in Κ over that in pure 

cy 
cyclopentane is a factor of 2.0. 

One anticipates that cyclization probability w i l l decrease as 
c o i l dimensions increase. Older theory, which neglects pair 
correlation effects, predicts that 

W(0) ~ R Q " 3 / 2 

and 
Κ ~ [η]~λ 

cy ' J 

since the int r i n s i c viscosity [17] varies as . We can use the 
data of Maillois et al. (13) on intrinsic viscosity measurements in 
acetone-cyclohexane measurements to estimate the change in [17] 

between theta- and good solvent limits for PS of M = 4500. These ô η 
data predict a decrease in Κ of not more than 30%. We observe a 

cy 
much larger change in Κ . 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. 

S UNWARY 

Cyclization i s 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 
—Ύ 

<k̂ > = aN as a function of temperature for samples of 2 in 
cyclopentane. 

Figure 4. Fluorescence spectra of Py-PS-Py (M R = 4500) in 
cyclopentane [1], acetone [2], and a 1:1 mixture [3] of these 
solvents. 
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Figure 6. The cyclization equilibrium constant K c y vs. 
solvent composition for Py-PS-Py (M = 4 5 0 0 ) 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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A picosecond holographi
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 lies 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 kJ/mole. 

The relationship between the structure of a polymer chain and i t 
dynamics has long been a focus for work in polymer science. It is 
on the local level that the dynamics of a polymer chain are most 
directly linked 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(1-6) 
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 r igidly 
affixed either parallel (jW) or perpendicu!ar(8,9) to the chain 
backbone. 

0097-6156/87/0358-0068506.00/0 
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Time-resolved optical experiments rely on a short pulse of 
polarized l ight 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 
l ight . This non-random orientational distribution of excited state 
transition dipoles wil l 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 ut i l ized in the experiments 
reported here is the transient holographic grating technique(7,10)
In the transient gratin
pulses is used to creat
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 
r ig id ly 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 
laser 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 
f lexible 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 l ies 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(U) and by Bendler and Yaris(12h 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' c e l l ; POL = 
polarizer with escape window; DL1, DL2 = cavity dumped dye 
lasers; PMT = photomultiplier tube. (Reproduced 
from Ref. 7. Copyright 1986 American Chemical Society.) 
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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  constant t  ± 0.1°C

Experimental Technique  picosecon  grating techniqu
has been extensively ut i l ized to study electronic excitation 
transfer(13_5_1£), rotational reorientation of small molecules(lQ), 
and acoustic phenomena(15). On longer time scales, the same 
concept is ut i l i zed in "Forced Rayleigh scattering experiments to 
measure translational diffusion(16). In a transient grating 
experiment, optical interference between two crossed laser pulses 
creates a spatial ly 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 
paral lel (T||(t)) and perpendicular (Tx(t)) to the polarization of 
the excitation beams. 

Figure 2 shows T||(t) and Tj_(t) for anthracene-labeled 
polyisoprene in dilute hexane solution. The sharp r is ing 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. Τ π("t) is larger than Tj_(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 Tyit) and Tj_(t) goes to 
zero. Both curves continue to decay due to the excited state 
l ifetime (~ 8 nsec). Quantitatively, the shapes of T||(t) and Tj_(t) 
are given in terms of the orientation autocorrelation function 
CF(t) and the excited state decay function K(t) as follows: 

T„(t) = {K(t)(l+2r(t))} 2 (1) 

2 
T i ( t ) = {K(t)(l-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,lO-bis(methylene)-
anthracene labeled polyisoprene in dilute hexane solution. Τ K 

and Τι are the diffraction eff ic iencies of the grating for the 
probe beam polarized parallel and perpendicular to the excitation 
beams (see Equations 1 and 2). The two curves are i n i t i a l l y di f
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 l i fetime. The structure of the anthracene-labeled 
polyisoprene is also displayed, with the position of the tran
s i t ion 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: 

/TjjTt) - STJt) 
r(t) = _ _ _ (4) 

vTTTt) + 2VT]Tt) 

The experimental anisotropy contains information about molecular 
motion, but is independent of the excited state l i fet ime. 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 experimenta
obtained using Equation
experimental anisotropy is obtained at a relatively small number of 
time points but with quite good precision at each point. The 
results of such an experiment on a dilute solution of labeled 
polyisoprene in hexane are shown in Figure 3. The smooth curve 
running through the data points is the best f i t theoretical curve 
using the Hall-Helfand model. In general, the f i t t i n g of the 
anisotropy involved three adjustable parameters: r(0), and the two 
parameters in each correlation function. The f in i te lengths of the 
excitation and probe pulses were accounted for in the f i t t i n g 
procedure. Further details on data acquisit ion, error analysis, 
and curve f i t t i n g are presented in Ref. 7. 

Materials. A polyisoprene prepolymer was prepared by anionic 
polymerization in benzene at room temperature. The prepolymer was 
coupled with 9,10-bis(bromomethyl) anthracene to form a labeled 
polymer of twice the molecular weight of the prepolymer. 
Fractionation of the resulting products allowed polyisoprene chains 
containing exactly one anthracene chromophore in the chain center 
to be isolated. The labeled polymer was Mn = 10,800 and Mw/Mn = 
1.16. The structure of the labeled chain is shown as an inset in 
Figure 2 (see below). The chain microstructure was determined to 
be 39% cis-1,4, 36% trans-1,4, and 25% vinyl-3,4. A l l solvents 
were used as received and showed negligible absorption in the 
wavelength region of interest. The hexane and cyclohexane were 
spectrophotometry grade (99+%) while the 2-pentanone was 97%. 
Solvent viscosit ies were obtained from Ref. 17. 

Label Effect. In order to assess at least part ia l ly the effect of 
the label on the chain dynamics, we also performed measurements on 
dilute solutions of 9,10-dimethyl anthracene. The reorientation 
time for the free dye in cyclohexane was -10 psec, 50 times faster 
than the time scale for motion of the labeled chain in cyclohexane. 
Hence we conclude that the observed correlation functions are not 
dominated by the hydrodynamic interaction of the chromophore i t se l f 
with the solvent, but can be attributed to the polymer chain motions. 
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Figure 3. Time-dependent anisotropy for anthracene-labeled 
polyisoprene in dilute hexane solution. The experimental 
anisotropy was obtained by setting the delay between the excita
tion and probe pulses to a given position and then varying the 
polarization of the probe beam. In the bottom portion of the 
figure, the smooth curve through the data is the best f i t to the 
Hall-Helfand model(T!=236 ps, τ2=909 ps, and r(0)=0.250). 
Unweighted residuals for the best f i t to this model are shown 
along with the experimental error bars in the top portion of the 
figure. Note that the residuals are shown on an expanded scale 
(lOx). The instrument response function is indicated at the 
l e f t . 
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Results and Discussion 

Theoretical Models for Local Segmental Motions. The second order 
orientation autocorrelation function measured in this experiment is 
defined by: 

CF(t) = <P2(0(t)-0(0))> (5) 

In this expression, P 2 i s the second Legendre polynomial and fl(t) 
is a unit vector with the same orientation as the transition dipole 
at time t. The brackets indicate an ensemble average over a l l 
transition dipoles in the sample. The correlation function has a 
value of one at very short times when the orientation of y(t) has 
not changed from i ts i n i t i a l orientation. At long times, the 
correlation function decays to zero because a l l memory of the 
i n i t i a l orientation is lost  At intermediate times  the shape of 
the correlation functio
types of motions taking
models for the correlation function which we have compared with our 
experimental results. 

Table I. Correlation Functions 

e xp(-t/τχ)exp(-t/τ 2)Io(t/τχ) Hall and Helfand(ll) 

0.5/π7Ι {ΐ/Ζτ^-Ι/Ζη}" 1 {erfc/t/Ti-erfc/t/T 2} Bendler and Yaris(12) 

exp(-t/Ti)exp(-t/x2 ) { lo(t/xi)+Ii(t/xi)} Viovy, et al.(4) 

In a previous publ ication^), we compared the experimental 
anisotropics for dilute solutions of labeled polyisoprene in hexane 
and cyclohexane to several theoretical models. These results are 
shown in Table II. The major conclusions of the previous study 
are: 1) The theoretical models proposed by Hall and Helfand, and by 
Bendler and Yaris provide good f i t s to the experimentally measured 
correlation function for both hexane and cyclohexane. The model 
suggested by Viovy, et al. does not f i t as well as the other two 
models. 2) Within experimental error, the shape of the correlation 
function is the same in the two solvents ( i . e , the ratio of τ 2 /τ ι 
is constant). 3) The time scale of the correlation function decay 
scales roughly with the solvent viscosity. 

The results of an experiment on a dilute solution of labeled 
polyisoprene in hexane are shown in Figure 3. The smooth curve 
running through the points is the best f i t to the anisotropy data 
using the Hall-Helfand model. The data points are indicated by 
closed c irc les which are drawn larger than the error bars for 
c la r i ty . The error bars can be seen in the residuals plots at the 
top of the figure. (The vertical scale for the residuals plots is 
expanded by a factor of 10.) Figure 4 shows the anisotropy for a 
dilute cyclohexane solution with the best f i t using the Bendler-
Yaris model. 

Temperature Dependence of Local Segmental Motions. In this paper, 
our major focus is on the temperature and viscosity dependence of 
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the correlation function in 2-pentanone. For the sake of c lar i ty , 
we have chosen to f i t this data to only one model. The model of 
Hall and He!fand was chosen because i t provided a good f i t to data 
from al l three solvents. In addition, the model is easily 
understood in physical terms(11). This model considers a two state 
system involving both correlated and isolated conformational 
transitions. Correlated transitions allow small internal sections 
of chains to change their conformational states without requiring 
reorientation of the chain ends. Isolated conformational 
transitions involve some sort of translation or reorientation of 
larger sections of the polymer chain. In this model, τχ and τ 2 are 
time constants for correlated and isolated transitions, 
respectively (see Table I) . Figure 5 shows time dependent 
anisotropics for dilute solutions of labeled polyisoprene in 2-
pentanone at various temperatures. Also shown are the best f i t s to 
the anisotropics using the Hall-Helfand model  The best f i t 
parameters are given in
shape of the correlatio
temperatures studied is the same as the shape of the correlation 
functions observed in hexane and cyclohexane. 

We can analyze the temperature dependence of the local 
segmental dynamics in terms of the Kramers picture of diffusion 
over a barrier(18,19). Presumably, more than one fundamental 
process contributes to the local motion observed in these 
experiments. In this case, we can write an expression for the rate 
w-| of the i t n process which contributes to the reorientation of the 
chromophore's transition dipole, in terms of the viscosity n and 
the activation energy ΕΊ·: 

w « - exp (-E /kT) (6) 
i n i 

The fact that the observed correlation functions do not change 
shape as a function of temperature implies that the relative 
contributions of these various fundamental processes do not change 
s ignif icantly with temperature. Hence we can replace Equation 6 
with 

w « - exp (-E/kT) (7) 
η 

where w is inversely proportional to the time scale of the 
correlation function decay and Ε represents an average activation 
energy for the local segmental motions being observed. If we let τ 
represent the time required for the correlation function to reach 
1/e of i ts original value, then a plot of 1η(τ/η) versus 1/T wil l 
y ie ld E. Figure 6 displays this plot, with the slope giving Ε = 
7.4 = 0.7 kJ/mole. (Of course, other procedures for picking a 
characteristic τ would y ie ld the same activation energy.) To the 
best of our knowledge, other measurements of the activation energy 
for the local segmental dynamics of polyisoprene have not been 
reported. Our estimate of the activation energy is in reasonable 
accord with the 8.3 kJ/mole torsional barrier for propene(20). 

The above treatment impl ic it ly assumes that the local 
segmental dynamics are not affected by changes in global chain 
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N a n o s e c o n d s 

Figure 4. Time-dependent anisotropy for anthracene-labeled 
polyisoprene in dilute cyclohexane solution. The smooth curve 
through the data is the best f i t to the Bendler-Yaris 
model(T]=210 ps, X2=2750 ps, and r(0)=0.243). 

Figure 5. Time-dependent anisotropics for labeled polyisoprene 
chains in dilute 2-pentanone solutions. The smooth curves 
through the data points are the best f i t s to the Hall-Helfand 
model for 22.8 °C, -8.6 °C, and -26.5 °C (bottom to top). The 
data at 35.1 °C is omitted for c lar i ty . Semilog plots of the 
best f i t correlation functions are shown in the inset. Note that 
a l l the correlation functions are quite non-exponential. 
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Figure 6. Arrhenius plot for dilute solutions of labeled 
polyisoprene in 2-pentanone. The activation energy calculated 
from the slope of the best f i t line is 7.4 kJ/mole. On the ver 
t ica l scale, τ represents the 1/e point of the best f i t correla 
tion functions using the Hall-Helfand model. The data points 
represent results of independent experiments. The units for τ 
and n are ps and centipoise, respectively. 
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dimensions that may result from temperature changes. This assumption 
is expected to be valid for the chains used in this study because of 
their low molecular weight. Experiments currently in progress are 
examining the molecular weight dependence of the local segmental 
dynamics of polyisoprene. 

Comparison to Previous Work 

Hatada, et al. have reported C-13 NMR experiments on a dilute 
solution of polyisoprene in methylene chloride(21). It is 
d i f f i c u l t to make a rigorous comparison with these measurements for 
two reasons: 1) The NMR measurements were made at a single 
frequency and temperature. Hence no information about the shape of 
the correlation function is available. 2) The NMR experiment 
senses reorientation of a C-H vector which is perpendicular to the 
chain backbone. Our optical experiments measure the correlation 
function for a vector paralle
make at least a rough compariso
the Brownian dynamics simulations of Weber and He1fand(22). These 
simulations for a polyethylene-like chain compared the correlation 
functions for vectors both parallel and perpendicular to the chain 
backbone. Their results indicate that the correlation function for 
the perpendicular bond decays - 4 times faster than the correlation 
function for the parallel bond. If we assume that the correlation 
function for a C-H vector in polyisoprene has the shape obtained in 
the computer simulation, and further assume that the relationship 
between parallel and perpendicular vectors revealed by the 
simulations is valid for polyisoprene, a comparison can be made 
between the optical and NMR experiments. 

Following the above procedure, we used the NMR data of Hatada, 
et al. to estimate the correlation function for a bond in the chain 
backbone. The resulting estimate was - 2.5 times faster than 
results obtained in the optical experiments. The difference 
represents either the crudeness of the method used for comparison, 
or the perturbation of the chain dynamics caused by the presence of 
the label in the optical experiments. In the future, we wi l l 
perform measurements with both techniques on systems where the two 
sets of results can be more easily correlated. 

Viovy, Monnerie, and Brochon have performed fluorescence 
anisotropy decay measurements on the nanosecond time scale on 
dilute solutions of anthracene-labeled p o l y s t y r e n e . In contrast 
to our results on labeled polyisoprene, Viovy, et al. reported that 
their Generalized Diffusion and Loss model (see Table I) f i t their 
results better than the Hall-Helfand or Bendler-Yaris models. This 
conclusion is similar to that recently reached by Sasaki, Yamamoto, 
and Nishijima(3) after performing fluorescence measurements on 
anthracene-labeled poly(methyl methacrylate). These differences in 
the observed correlation function shapes could be taken either to 
ref lect the non-universal character of local motions, or to 
indicate a signif icant difference between chains of moderate 
f l e x i b i l i t y and high f l e x i b i l i t y . Further investigations wi l l shed 
l ight on this point. 

In spite of the difference in the shape of the observed 
correlation functions, i t is interesting to compare the timescale 
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of the decays in the polystyrene and polyisoprene systems. At the 
same viscosity, our results for labeled polyisoprene indicate 
motions occuring - 9.5 times faster than for the labeled 
polystyrene investigated by Viovy, et al. This is in very good 
agreement with results from C-13 NMR(21,23) which under comparable 
conditions give a ratio of Ti(polyisoprene)/Ti(polystyrene) of 
- 10. This comparison indicates that the hydrodynamic interaction 
of the label with the solvent does not dominate the observed 
dynamics. 

Concluding Remarks 

In this paper, we have shown the u t i l i t y of time-resolved optical 
techniques for the investigation of local segmental motions in 
polymer chains on a sub-nanosecond time scale. Detailed 
information about chain motions is contained in the time dependence 
of the orientation autocorrelatio
The constant shape of th
at different temperatures implies that the same mechanisms are 
involved in local motions under a l l conditions investigated. In 
terms of the Hall-Helfand model, the ratio of correlated to 
uncorrected transitions is constant. Analysis of the temperature 
dependence of the labeled polyisoprene yields an activation energy 
of 7.4 kJ/mole for local segmental motions. 

In experiments currently in progress, the techniques used in 
this paper are being applied to the observation of local polymer 
dynamics in concentrated solutions and in the bulk. Measurements 
can be made on time scales as long as several t r ip le t lifetimes 
(~ 100 msec) because the transient grating technique ut i l i zes 
absorption and not fluorescence. This long time window wil l allow 
the investigation of local motions in the bulk as a function of 
temperature from the rubbery state to the glass transit ion. 
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Chapter 8 

Phosphorescence Decay and Dynamics 
in Polymer Solids 

Kazuyuki Horie 

Institute of Interdisciplinary Research, Faculty of Engineering, University 
of Tokyo, 4-6-1, Komaba, Meguro-ku, Tokyo 153, Japan 

Non-exponential phosphorescence decay is frequently 
observed for various aromatic chromophores molecularly 
dispersed in polyme
mechanisms for non-exponentia
and a dynamic quenching mechanism by polymer matrices 
including the effect of a time-dependent transient 
term in the rate coefficient is discussed in some 
detail . The biphotonic t r iplet- t r iplet annihilation 
mechanism is also introduced for the non-exponential 
decay under high-intensity and/or repeated laser 
irradiation. 

The i n f l u e n c e of molecular s t r u c t u r e and motion of polymer matrices 
on the photophysical and photochemical processes of m o l e c u l a r l y 
dispersed chromophores i s a to p i c of i n c r e a s i n g i n t e r e s t . There are 
sev e r a l reasons f o r t h i s a c t i v i t y . Polymer matrices have been 
considered as convenient media f o r spectroscopic i n v e s t i g a t i o n s of 
ex c i t e d t r i p l e t s t a t e s over wide temperature ranges, and conversely, 
the use of p h o t o p h y s i c a l l y detectable probes allows the i n v e s t i 
g a t i o n of the s t r u c t u r e of polymer matrices and of photophysical 
t r a n s i t i o n s connected w i t h changes i n the m o b i l i t y of c e r t a i n 
s t r u c t u r a l u n i t s . Another reason f o r such studies i s connected w i t h 
the p r a c t i c a l i n t e r e s t s concerning the r e a c t i v i t y of low-molecular-
weight compounds embedded i n polymer matrices i n photomemory and 
pho t o s e n s i t i v e polymer systems, and of the r e a c t i v i t y of a d d i t i v e s 
admixed to polymers as s t a b i l i z e r s a gainst photodegradation and 
thermal degradation. 

The main d i f f e r e n c e between s o l i d - s t a t e r e a c t i o n s and those i n 
s o l u t i o n i s that of freedom of molecular motion (1-3) due to 
r e s t r i c t i o n of m o b i l i t y of reactants i n s o l i d s . Another important 
feature i s the heterogeneous progress of r e a c t i o n s (3,4) f r e q u e n t l y 
observed i n s o l i d s tates due to the m i c r o s c o p i c a l l y heterogeneous 
st a t e s of aggregation or free volume d i s t r i b u t i o n of the r e a c t i o n 
media. In the case of poly(methyl methacrylate) (PMMA), which i s 
an organic g l a s s and i s u s u a l l y regarded as an i n e r t matrix f o r 
photophysical and photochemical processes, a marked d e v i a t i o n from 
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the exponential decay of benzophenone phosphorescence has been 
observed (5,6). Arrhenius p l o t s of phosphorescence i n t e n s i t y (7), 
l i f e t i m e and d e p o l a r i z a t i o n (5,6,8,9) of various chromophores i n 
polymer matrices showed breaks at temperatures corresponding to the 
gla s s t r a n s i t i o n (T ) and subglass t r a n s i t i o n s (Τ , , T_ , Τ ) of the 
matri x polymers. 

In the present paper, we discuss mainly the non-exponential 
decay of phosphorescence and i t s o r i g i n i n polymer matrices. The 
e f f e c t of multi-photon processes on the decay curves i s a l s o 
discussed. 

Deviations of Phosphorescence Decay from E x p o n e n t i a l i t y i n Polymer 
S o l i d s 

The general photophysical behavior of e x c i t e d t r i p l e t s t a t e s i s 
i n various textbooks (10,11)  The main processes f o r a chromophore

phosphorescence (kp.j.) ( D 

nonradiative d e a c t i v a t i o n ( k j j ) (2) 

t r i p l e t energy t r a n s f e r (3) 

t r i p l e t energy migration (4) 

t r i p l e t - t r i p l e t a n n i h i l a t i o n (5) 

A, are the f o l l o w i n g : 

3 * 
A * A + h 

V 
3 * A + Β 3 * A + Β 

3 * A + A 3 * A + A 

3 * 3 * 1 * A + A > A + A 

T r i p l e t - t r i p l e t energy t r a n s f e r was f i r s t c l e a r l y demonstrated 
by Terenin and Ermolaev (12,13) who showed the phosphorescence of 
naphthalene (acceptor, B) r e s u l t a n t upon e x c i t a t i o n of benzophenone 
(donor, A) followed by t r i p l e t energy t r a n s f e r from A to Β i n r i g i d 
s o l u t i o n at 77 K. T r i p l e t energy t r a n s f e r r e q u i r e s molecular 
o r b i t a l overlap between the donor and acceptor, and the t r a n s f e r 
e f f i c i e n c y depends on the energy gap between the energy l e v e l s of 
the e x c i t e d t r i p l e t s t a t e s , E T, of the donor and acceptor. Such 
energy t r a n s f e r due to the e l e c t r o n exchange i n t e r a c t i o n was 
the o r i z e d by Dexter (14), a f t e r whom the mechanism i s named. 

Stern-Volmer Model. When the chromophores are s u f f i c i e n t l y mobile 
as i n f l u i d s o l u t i o n , the bimolecular quenching process of A by a 
quenching molecule, B, i n c l u d i n g the t r i p l e t energy t r a n s f e r and 
some c o l l i s i o n a l quenching, w i l l r e s u l t i n the s i n g l e exponential 

3 * 
A + Β > A + Β t r i p l e t quenching (k^) (6) 

phosphorescence decay of the donor chromophore, A. Thus, the 
phosphorescence decay p r o f i l e , l ( t ) , i s expressed by eq (7) 

I ( t ) = Cexp(-t/x) = C e x p [ - t ( l / x ^ + k ^ [ B ] ) ] (7) 
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where C i s a constant, and τ i s a s i n g l e l i f e t i m e , which i s r e l a t e d 
to the phosphorescence l i f e t i m e i n the absence of quencher, 
τ

ο = l / ( k p T + k-rrj,), t n e quenching r a t e constant, k , and the 
quencher concentration, [ B ] . The r e l a t i v e phosphorescence y i e l d , 
I / I , defined as the r a t i o of the y i e l d s i n the presence of 
acceptor to that i n i t s absence, has a s o - c a l l e d Stern-Volmer 
concentration dependence (15). 

I / I = 1/(1 + k τ [Β]) (8) ο q ο 
P e r r i n Model. At the other extreme, P e r r i n (16) considered the case 
where the donor and acceptor molecules are immobile, and energy 
t r a n s f e r occurs instantaneously when the two molecules l i e w i t h i n 
a c r i t i c a l t r a n s f e r d i s t a n c e , R , and does not occur at a l l at lar g e 
i n t e r m o l e c u l a r separations. 

The decay f u n c t i o n f o r donor phosphorescence i s given by 

I ( t ) = 1
(9) 

I ( t ) = exp [-(t/τ ) - (C n/C )] (t>0) 
O D O 

where C i s the acceptor concentration, C i s a parameter c a l l e d the 
c r i t i c a l t r a n s f e r concentration (which i s defined as the r e c i p r o c a l 
of the s p h e r i c a l volume of the radius R ). The r e l a t i v e y i e l d of 
donor phosphorescence i s given by eq (10? f o r t h i s case. 

I / I = exp(-C D/C ) (10) ο b o 
Inokuti-Hirayama Model. The P e r r i n model i s too s i m p l i f i e d , 
although i t i s convenient f o r p r a c t i c a l use. The s t a t i c t r i p l e t -
t r i p l e t energy t r a n s f e r between immobile chromophores dispersed i n 
s o l i d s can be w e l l described by the Inokuti-Hirayama theory (17). 

Based on the Dexter mechanism, w i t h a distance-dependent r a t e 
c o e f f i c i e n t f o r t r i p l e t energy t r a n s f e r , a non-exponential decay 
f u n c t i o n f o r donor phosphorescence i n a r i g i d s o l u t i o n was derived 
as 

I ( t ) = ex p [ - ( t / x ) - r" 3(C n/C ) G ( e T t / x )] (11) ο B o ο 
where γ i s r e l a t e d to Dexter's q u a n t i t i e s by 

Ύ = 2R IL (12) ο 
eyh = 2ïïk2/h'FA(E)£0(E)dE (13) ο Α ρ 
G(z) = Unz) 3 +1.732(lnz) 2 +5.934(lnz)+5.445 (14) 

Mataga et al. (18) studied energy t r a n s f e r from the e x c i t e d t r i p l e t 
of benzophenone to naphthalene by l a s e r f l a s h p h o t o l y s i s at 77K and 
showed that the non-exponential decay curves of the benzophenone 
t r i p l e t obey the Inokuti-Hirayama equation (eq ( 1 1 ) ) . I n o k u t i and 
Hirayama (17) themselves compared the data on t r i p l e t - t r i p l e t t r a n s 
f e r between c e r t a i n aromatic molecules obtained by Terenin and 
Ermolaev wi t h eq (11) and reported that a good f i t was found w i t h 
an appropriate choice of the parameters C^and γ. 
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Thus, i t i s thought that the non-exponential phosphorescence 
decay of donor i n the presence of an acceptor i n an immobilized 
system i s w e l l explained by the Inokuti-Hirayama model based on the 
s t a t i c t r i p l e t - t r i p l e t energy t r a n s f e r mechanism. This model 
expects a s i n g l e - e x p o n e n t i a l decay f o r the phosphorescence of a 
chromophore i n the absence of acceptor molecules. However, the 
phosphorescence decays of organic molecules m o l e c u l a r l y dispersed i n 
polymer matrices are known to be non-exponential i n some cases even 
i n the absence of other a d d i t i v e s . Consequently, other reasons 
should be considered f o r such d e v i a t i o n s from e x p o n e n t i a l i t y . 

The d e v i a t i o n from a s i n g l e exponential curve f o r the phosphor
escence decay of some chromophores d i s s o l v e d i n p l a s t i c s was f i r s t 
noted by Oster et al.(19) Nonexponential decay curves were 
obtained f o r naphthalene and triphenylene phosphorescence i n 
poly(methyl methacrylate) (PMMA) at room temperature (20) , w h i l e 
exponential decays at room temperature were observed i n PMMA f o r 
anthracene t r i p l e t (21)
escence (20) . Graves et al.
dependence of phosphorescence parameters f o r a number of aromatic 
hydrocarbons i n PMMA from 77 to 400K and suggested the existence of 
inte r m o l e c u l a r thermally a s s i s t e d energy t r a n s f e r from the 
chromophore to the host p l a s t i c i n the higher temperature re g i o n . 

El-Sayed et al. (20) i n t e r p r e t e d the non-exponential decay 
p r o f i l e s of naphthalene and triphenylene inPMMA at room temperature 
i n terms of a t r i p l e t - t r i p l e t a n n i h i l a t i o n mechanism. The decrease 
of the extent of non-exponential behavior w i t h decreasing e x c i t a t i o n 
i n t e n s i t y and the observation of delayed fluorescence were the bases 
of the i n t e r p r e t a t i o n . They suggested that the non-exponential 
decays were observed f o r molecules having f i r s t - o r d e r l i f e t i m e s of 
the order of s e v e r a l seconds. However, coronene w i t h a t r i p l e t 
l i f e t i m e of 8.5s gave an exponential decay. They a l s o suggested 
ra t h e r high concentrations of the e x c i t e d t r i p l e t s t a t e of the 
chromophore based on the d i f f u s i o n - c o n t r o l l e d t r i p l e t - t r i p l e t 
a n n i h i l a t i o n mechanism. L a t e r , Jassim et al. (24) proposed another 
type of t r i p l e t - t r i p l e t a n n i h i l a t i o n mechanism f o r the non-
exponential phosphorescence decay c o n s i s t i n g of energy t r a n s f e r from 
the chromophore to the matrix polymer, t r i p l e t energy m i g r a t i o n 
through the ma t r i x polymer, and t r i p l e t - t r i p l e t a n n i h i l a t i o n between 
the chromophore t r i p l e t and the polymer t r i p l e t . 

Horie and M i t a (5) measured the phosphorescence decay of benzo
phenone i n PMMA over a wide temperature range (80 to 433K). 
Non-exponential decays were observed f o r temperatures between T R 

(onset of est e r s i d e group r o t a t i o n of the matrix polymer) and Τ 
( g l a s s t r a n s i t i o n temperature), and the decay p r o f i l e was ^ 
independent of the i n t e n s i t y of the e x c i t a t i o n l a s e r pulse over a 
100 times change of the i n t e n s i t y ( 2 5 ) . Thus, the non-exponential 
decay was a t t r i b u t e d to a s i n g l e photon process comprised of 
inte r m o l e c u l a r dynamic quenching of the benzophenone t r i p l e t by 
ester groups i n the side chain of PMMA. D e t a i l e d d i s c u s s i o n of the 
dynamic quenching mechanism w i l l be given i n the next s e c t i o n . 

I t i s noteworthy that the t r i p l e t decay curves at room 
temperature of various chromophores i n PMMA observed i n the 
l i t e r a t u r e can be d i v i d e d approximately i n t o two groups according to 
the Ε of the chromophores as i s shown i n Table I . Non-single-
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exponential phosphorescence decay has been observed f o r chromophores 
w i t h an Ê , smaller than that of PMMA (297 to 301 k j ) (23 ,24) , w h i l e 
s i n g l e - e x p o n e n t i a l phosphorescence or T-T absorption decay i s 
obtained f o r chromophores w i t h lower t r i p l e t energy l e v e l s . These 
r e s u l t s a l s o support the occurrence of dynamic quenching f o r 
e x c i t e d - t r i p l e t - s t a t e chromophores by matrix PMMA due to an endo-
thermic t r i p l e t energy t r a n s f e r mechanism. 

Recently, R i c h e r t and Baessler ( 3 7 ) regarded the non-exponential 
decay of benzophenone as a d i s p e r s i v e t r i p l e t t r a n s p o r t phenomenon 
to trap s i t e s , and approximated i t by a stretc h e d exponential f i t 
( I n I ( t ) + t/τ = - C ( t / t ) α) w i t h a time dependent d i s p e r s i o n ο ο parameter α. 

Phosphorescence Decay of Benzophenone i n Polymer S o l i d s 

T y p i c a l decay curves of benzophenon  (BP) phosphorescenc  (analyzed 
at 450 nm) at vario u s temperature
n i t r o g e n l a s e r pulse a
phosphorescence i n t e n s i t y , l ( t ) , decreases as a s i n g l e exponential 
below the temperature corresponding to the es t e r side-group r o t a t i o n 
(Τβ = - 3 0 ° C f o r PMMA). Deviations from a s i n g l e - e x p o n e n t i a l decay 
are observed f o r T>T^, which increase w i t h i n c r e a s i n g temperature, 
but the d e v i a t i o n becomes l e s s marked above the gla s s t r a n s i t i o n 
temperature, Τ , of the matrix polymer and disappears at 1 5 0 ° C . 
A s i m i l a r templrature dependence of the decay p r o f i l e was a l s o 
observed f o r benzophenone phosphorescence i n other a c r y l i c 
polymers (28) and i n polystyrene (PS) and polycarbonate (PC) (29) . 

Transient spectra showed that the whole course of the decay 
curve i s due to benzophenone t r i p l e t (6 ) , and the i r r a d i a t i o n 
i n t e n s i t y independence shown i n F i g . 2 excluded the occurrence of 
T-T a n n i h i l a t i o n under the present experimental c o n d i t i o n s (25) . 
Since the d e v i a t i o n i s not observed at temperatures below T^ of each 
a c r y l i c polymer or Τγ of polystyrene and polycarbonate, t h i s 
quenching i s not suggested to be of a s t a t i c character l i k e the 
Inokuti-Hirayama type mentioned i n the previous s e c t i o n . Instead, 
i t i s suggested to be of a dynamic character due to c o l l i s i o n 
between the f u n c t i o n a l groups. The occurrence of quenching was 
ascertained by comparison wi t h the model quenching r a t e constant 
of benzophenone t r i p l e t by methyl acetate i n a c e t o n i t r i l e s o l u t i o n 
(3.9x10 M" S" at 30°C) (28) . Quenching of benzophenone t r i p l e t by 
phenyl or phenylene groujs j n polystyrene or polycarbonate has a l s o 
been studied (1.2x10 M s~ f o r polystyrene i n benzene at 
30°C) (30) . These orders of magnitude f o r the quenching r a t e 
constants i n nonviscous s o l u t i o n are reasonable f o r an u p h i l l - t y p e 
endothermic t r i p l e t energy t r a n s f e r mechanism. 

As the dynamic quenching f o r a phosphorophore gives s i n g l e 
exponential decay i n nonviscous s o l u t i o n (Stern-Volmer model), i t i s 
necessary to consider why the dynamic quenching i n polymer s o l i d s 
e s p e c i a l l y below T^ r e s u l t s i n a non-exponential decay p r o f i l e . 

K i n e t i c s f o r Non-exponential Decay Due to Dynamic Quenching (6,29) 
3 

The decay process of t r i p l e t benzophenone, BP, i s given by the 
f o l l o w i n g : 
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Table I. Type of Triplet Decay Curves and Triplet Energies, E^, 
for Various Chromophores Dispersed in PMMA at Room Temperature 

chromophore type of t r i p l e t decay ν ( 2 7 ) 

kj/mol ref 

fluorene non-single-exponential 284 20 
benzophenone non-single-exponential 283 5,6 
triphenylene non-single-exponential 278 20,24 
phenanthrene s ingle-exponential 260 24 
naphthalene non-single-exponential 255 20 

sing1e-exponentia1 24 
coronene single-exponential 228 20 
benz i l single-exponential 227 26 
pyrene single-exponential 202 22 
anthracene s ing1e-exponential 179 21 
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Figure 1. Semilogarithmic decay curves of benzophenone phospho
rescence i n PMMA e x c i t e d by 10-ns ni t r o g e n l a s e r pulse at 337 nm. 
Temperature and symbols f o r time scales are given beside the 
curves. (Reproduced from Reference 6. Copyright 1984 American 
Chemical Society. 
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A 

Ο 1 0 2 0 3 . 0 
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Figure 2. Phosphorescence decay p r o f i l e s of BP i n PMMA at 20°C. 
E x c i t a t i o n i n t e n s i t y : (1) 4.0 χ 1 0 1 5 , (2) 6.4 χ 1 0 1 3 , (3) 
2.8 χ 10*2 photon/pulse. (Reproduced w i t h permission from 
Reference 25. Copyright 1984, Pergammon.) 
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k 
3 * ° 
BP > BP (15) 

3 * 
k 
q BP + [Q] » BP + [Q] (16) 

where k Q = kp^, + k^p i s the r a t e constant f o r spontaneous d e a c t i 
v a t i o n of benzophenone t r i p l e t , [Q] i s the con c e n t r a t i o n of e s t e r , 
phenyl, or phenylene group i n the matrix polymer. The bimolecular 
r a t e c o e f f i c i e n t , k , i s given by eq (17) i n c l u d i n g both the 
d i f f u s i o n and chemiSal steps (30): 

, 4ÏÏRDN , 1 R -j (17) 
q = 1 + 4ïïRDN/k L 1 + ( l + 4ïïRDN/k)(πΟΤ)^ 

where D i s the sum of d i f f u s i o
i n benzophenone and f o r
by s i d e - c h a i n r o t a t i o n and l o c a l segmental motion of the polymer 
chain, R i s r e a c t i o n radius between the two groups, k i s the 
i n t r i n s i c (chemical) r a t e constant that would p e r t a i n i f the 
e q u i l i b r i u m c o n c e n t r a t i o n of the quenching groups were maintained, 
and Ν i s Avogadro's number d i v i d e d by 10 . When k i s c o n t r o l l e d 
by the d i f f u s i o n process of the two groups, eq (17? i s reduced to 
eq (18): 

k q = 4*RDN(1 + R/(ïïDt)^ = A + B/t* (18) 
w i t h 

A = 4nRDN 
2 ^ Β = 4R (xD) aN 

Thus, the r a t e c o e f f i c i e n t k i n c l u d e s a time-dependent term that i s 
important at the very e a r l y Stage of r e a c t i o n where the steady-state 
d i f f u s i v e f l u x of the quenching group i s not yet a t t a i n e d . 

As the decay r a t e of benzophenone t r i p l e t i s given by eq (19) 

-d[ 3BP*]/dt = (k + k [Q])[ 3BP*] ο q 
= ( k A + A[Q] + B [ Q ] t " % ) ] 3 B P * ] (19) ο 

we get 

[ 3BP*] = [ 3 B P * ] o e x p [ - ( k o + A [ Q ] ) t - 2 B [ Q ] t % ] (20) 
r3 * n 

f o r the^concentration of benzophenone t r i p l e t , [ BP J, at time t , 
where [ BP ] i s the i n i t i a l c o ncentration of benzophenone t ^ i p ^ e t . 
The phosphorescence i n t e n s i t y , l ( t ) , i s p r o p o r t i o n a l to kp^L BP ]» 
so we get f i n a l l y 

In I ( t ) = -(k + A[Q])t - 2B[Q]t* + In I Q 

« -(t/τ) - C ( t / x ) % + In I (21) 
ο 
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where 

l/τ = k + A[Q] = k + 4 RDN[Q] (22) ο ο 
Β = C T - * / ( 2 [ Q ] ) = 4 R 2 ( Ï Ï D ) ^ N ( 2 3 ) 

The curve f i t t i n g f o r the phosphorescence decay curves w i t h eq ( 2 1 ) 
gives the values of r e c i p r o c a l l i f e t i m e l/τ = k + A[Q] and a 
parameter B, which are shown i n F i g . 3 f o r the cases of PMMA and 
polystyrene. The breaks r e f l e c t the changes i n the molecular 
motions at Τ , Τ t (PMMA) or Τ (PS, PC) corresponding to the 
l o c a l mode r l l a x a t i o n of the main chain, and Τ (PMMA) or Τ 
(PS, PC) corresponding to the onset of r o t a t i o n ^ o f the side-2hain 
e s t e r or phenyl group or the main-chain phenylene group. Arrhenius 
p l o t of 1/ τ f o r benzophenone i n poly(methyl a c r y l a t e ) (PMA) (6) 
showed another break at 40°C (abov  Τ f PMA) which correspond  t
an a c t i v a t i o n - c o n t r o l l e
f o r r e a c t i n g carbonyl group
Β at each temperature a l s o showed breaks at each t r a n s i t i o n 
temperature, as ex e m p l i f i e d i n F i g . 4 f o r the cases of PMMA, 
polystyrene and polycarbonate. I t should be noted that D i n F i g . 4 
i s defined as the t r a n s l a t i o n a l d i f f u s i o n c o e f f i c i e n t f o r the 
r e a c t i n g f u n c t i o n a l groups but not f o r the molecule. The d i f f u s i o n 
process at temperatures below Τ would be caused by r o t a t i o n of 
the benzophenone molecule and segmental motion w i t h i n a few monomer 
u n i t s of matrix polymers. Nevertheless, the values of D in^these 
polymers at 100°C are compared to the value of D = 5.6x10" 
cm /s (32) f o r mass d i f f u s i o n of ethylbenzene i n polystyrene at 
30°C. The r e a c t i o n r a d i u s , R, amounts to 3-5 À. The t r a n s i t i o n 
temperatures of the matrix polymers monitored by phosphorescence 
decay of benzophenone i n c l u d i n g the case i n p o l y ( v i n y l a l c o h o l ) 
are summarized i n Table I I . The α t r a n s i t i o n f o r PMMA and other 
a c r y l i c polymers and β t r a n s i t i o n f o r polystyrene, polycarbonate, 
and p o l y ( v i n y l a l c o h o l ) are a t t r i b u t e d to a l o c a l mode r e l a x a t i o n 
of the main chain. The phosphorescence probe technique i s e f f e c t i v e 
f o r the d e t e c t i o n of t h i s sub-glass t r a n s i t i o n as w e l l as other 
r o t a t i o n mode t r a n s i t i o n s ( T 0 or Τ ) of polymer matrices. 

β γ 
Hydrogen A b s t r a c t i o n of Benzophenone T r i p l e t i n P o l y ( v i n y l a l c o h o l ) 

The phosphorescence of BP (0.Π,) i n p o l y ( v i n y l a l c o h o l ) (PVA) 
f i l m (250 micron thickness) e x c i t e d by a 10-ns n i t r o g e n l a s e r pulse 
at 337 nm decays e x p o n e n t i a l l y f o r Τ < Τ (-100°C) or Τ > Τ (85°C), 
but deviates from s i n g l e exponential for^T < Τ < Τ . The S e v i a t i o n 
was a t t r i b u t e d to the d i f f u s i o n - c o n t r o l l e d ^ h y d r o g e n ^ a b s t r a c t i o n 
r e a c t i o n between benzophenone t r i p l e t and the PVA matrix (33). 
The occurrence of non-exponential decays i n p o l y ( v i n y l a l c o h o l ) 
where there i s no p o s s i b i l i t y of t r i p l e t energy m i g r a t i o n i s an 
a d d i t i o n a l proof of the absence of the T-T a n n i h i l a t i o n mechanism 
i n the phosphorescence decay of benzophenone i n polymer matrices. 

The d i f f u s i o n - c o n t r o l l e d r a t e c o e f f i c i e n t f o r hydrogen 
a b s t r a c t i o n , k , of benzophenone t r i p l e t f o r PVA and the 
phosphorescence i n t e n s i t y , l ( t ) , were given by eqs (24) and (25), 
i n a s i m i l a r manner to the cases of p h y s i c a l quenching of the 
benzophenone phosphorescence by matrix polymers. 
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1/T (ΐο- κ-') 

Figure 3. Temperature dependence of reciprocal lifetime, l / τ , 
(Ο, Δ) and contribution of non-exponential term, Β, (Φ,Α) for 
benzophenone phosphorescence in PMMA (0 #) a n d i n polystyrene 
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Figure 4. Arrhenius plots of diffusion coefficient, D, of 
interacting groups for dynamic quenching of benzophenone t r i p l e t 
by phenyl, phenylene, and ester groups in polystyrene ( #,•) , 
polycarbonate (Ο,Δ), and PMMA (•), respectively. 
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k = 4ÏÏRDN(1 + R/( ï ïDt) 2) = A + B/t 2 (24) a 
In I(t) = -(k + A[PVA])t-2B[PVA]t^ + In I (25) ο ο 

The curve f i t t i n g for the experimental phosphorescence decay with 
eq (25) gives the values of l/τ = k + A[PVA] and B. The breaks at 
Τ = 85°C and Τ β = 30°C and the appearance of Β at Τ = -100°C 
cfearly reflect the change in molecular motions of matrix 
poly(vinyl alcohol). 

In order to know the net quantum yield for the benzophenone 
disappearance, δ(-ΒΡ), by hydrogen abstraction in poly(vinyl 
alcohol), the change in UV spectra of benzophenone at 256 nm in 
the poly(vinyl alcohol) film was followed during continuous 
irradiation of 365 nm UV light. The Φ(-BP) given in Table III is 
very small for Τ < Τ , suggesting the predominant occurrence of 
backward reaction ^ °
cage for the temperatur
spectra and lifetime of  kety
Τ >120°C (34). The supposed reaction scheme for the photochemistry 
of benzophenone in poly(vinyl alcohol) including the backward cage 
reaction is summarized in Fig. 5. 

Phosphorescence Decay of Benzophenone under Multi-photon Conditions 

Salmassi and Schnabel (35) measured the decays of phosphorescence 
and t r i p l e t absorption of benzophenone in PMMA and polystyrene 
under the high intensity irradiation of 347 nm frequency-doubled 
ruby laser gingle pulse. The i n i t i a l t r i p l e t concentration amounted 
up to^6xl0 mol/1 in comparison with the value of less than 
6x10 mol/1 for the case (6,25) in the preceding sections with the 
nitrogen laser pulse. In PMMA a single t r i p l e t decay mode following 
first-order kinetics was observed at Τ <150K and at Τ > 410K. Two 
distinct modes of tr i p l e t decay were observed in the intermediate 
temperature range: a fast first-order process, the lifetime 
(ca. 4ys at 295K) being independent of the i n i t i a l t r i p l e t 
concentration, [ T ] q , and a slow second-order process, the f i r s t half-
lifetime being propor t i o n a l to [T] " . Similarly, two d i s t i n c t 
modes of t r i p l e t decay were also oBtained with polystyrene matrices 
for 180K <T < 350K, and i t was concluded that t r i p l e t - t r i p l e t (T-T) 
annihilation is an important deactivation route in these experiments 
at temperature ranges between Τ and Τ , where the rotation of 
tt-methyl groups (PMMA) or phenyf group? (polystyrene) commences. 

The decay rate of t r i p l e t concentration in the presence of a 
T-T annihilation mechanism is given by 

-d[T]/dt = Zk x[T] + k T T [ T ] 2 (26) 

where Zk^ denotes the sum of a l l first-order or pseudo-first-order 
rate constants of t r i p l e t decay, and T-T annihilation becomes 
dominating when Zk<< k [ τ ] . As to the origin of two distinct modes 
of t r i p l e t decay, Salmassi and Schnabel (35) attributed the "fast" 
decaying triplets to those which were formed in close proximity. 
The "slowly" decaying triplets were thought to be formed at lo c i 
separated by relatively large distances and to need diffusive 
processes for their interactions. By using the value of k = 
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Table II. The transition temperature of matrix polymers monitored 
by benzophenone phosphorescence and quenching reaction radius, R 

Τ β ( 0 Ta,(°C) Tg(°C) R(A) 

Poly(metyl methacrylate) -40 40 110 5.0 
Poly(isopropyl methacrylate) -70 20 80 5.3 
Poly(methyl acrylate) -70 10 (3.0) 

T y(°C) Tg(°C) Tg(°C) R(A) 

Polystyrene -100 -20 100 5.8 
Polycarbonate -100 20,100 150 5.2 
Poly(vinyl alcohol) -100 30 85 3.5 

Table III. Quantum yield
during 365 nm irradiatio  kety
formation, f , from transient measurements (33) 

Temperature 
(°C) (einstein/cm2·s) 

Φ(-BP) f 
a 

0 2.6Χ10~® 
1.3X10 g 
1.4X10 

0.018 0.85 
30 

2.6Χ10~® 
1.3X10 g 
1.4X10 

0.042 0.95 
2.6Χ10~® 
1.3X10 g 
1.4X10 0.056 
8.1X10 0.049 
8.(MO g 
2.6X10 g 
1.9X10 g 
1.9<10 

0.052 
60 

8.(MO g 
2.6X10 g 
1.9X10 g 
1.9<10 

0.075 0.99 
100 

8.(MO g 
2.6X10 g 
1.9X10 g 
1.9<10 

0.32 1.0 
140 

8.(MO g 
2.6X10 g 
1.9X10 g 
1.9<10 0.49 1.0 

Figure 5. Reaction scheme of photo-excited benzophenone in 
poly(vinyl alcohol). 
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5x10' M""Ls""L at 295K i n PMMA and the Smoluchowski equation f o r the 
d i f f u s i o n controlled T-T a n n i h i l a t i o n r a t e constant, k , the value 
of D = 1x10" cm /s was obtained f o r the d i f f u s i o n c o e f f i c i e n t of 
benzophenone i n PMMA. This value i s of the same order of magnitude 
as f o r Ç^of2ûxygen ^ n PMMA, but i s very l a r g e compared to D = 
5.6x10 cm Is (32) of ethylbenzene i n polystyrene at 100°C. 
Consequently, t r i p l e t energy m i g r a t i o n through the matrix polymer 
r e s u l t i n g i n a T-T a n n i h i l a t i o n between the chromophore t r i p l e t and 
polymer t r i p l e t (24) might be a necessary process f o r the occurrence 
of T-T a n n i h i l a t i o n i n polymer matrices below Τ . 

Salmassi and Schnabel (35) a l s o n o t i c e d th§ hydrogen 
a b s t r a c t i o n r e a c t i o n by benzophenone t r i p l e t from PMMA and 
polystyrene, which became more evident at elevated temperatures. 
The quantum y i e l d f o r k e t y l r a d i c a l formation f o r benzophenone i n 
PMMA at 430K was estimated to be Φ(ΒΡΗ) = 0.06, which means that 
only about 12% of the benzophenone t r i p l e t s were converted to k e t y l 
r a d i c a l s . There i s a p o s s i b i l i t
benzophenone t r i p l e t fro
photon process ( 6 ) . The f r a c t i o n of k e t y l r a d i c a l formation was 
about 207o i n polystyrene matrix. 

The non-exponential decay of benzophenone phosphorescence i n 
PMMA at room temperature was a l s o observed by Fraser et al. (36), 
under the c o n d i t i o n of repeated i r r a d i a t i o n of a n i t r o g e n l a s e r 
p u l s e, and they proposed a t r i p l e t - t r i p l e t a n n i h i l a t i o n mechanism 
i n which the polymer matrix i t s e l f p a r t i c i p a t e d as an energy acceptor 
from benzophenone t r i p l e t and a medium f o r the t r i p l e t energy 
m i g r a t i o n . 

Conclusion 

Various p o s s i b l e mechanisms f o r the non-exponential phosphorescence 
decays of aromatic chromophores i n r i g i d glasses and polymer s o l i d s 
have been reviewed. In the presence of e f f e c t i v e t r i p l e t energy 
acceptor, s t a t i c Dexter type energy t r a n s f e r to acceptor molecule 
r e s u l t s i n the Inokuti-Hirayama type non-exponential t r i p l e t decay 
(eq ( 1 1 ) ) . The non-exponential decay of phosphorophores i n the ab
sence of other a d d i t i v e s i n polymer s o l i d s can be a t t r i b u t e d to a 
dynamic quenching by the polymer matrices w i t h the d i f f u s i o n 
c o n t r o l l e d r a t e c o e f f i c i e n t i n c l u d i n g a time-dependent t r a n s i e n t 
term (eq ( 2 1 ) ) . Under h i g h - i n t e n s i t y and/or repeated l a s e r pulse 
i r r a d i a t i o n , non-exponential phosphorescence decay (due to a 
biphotonic t r i p l e t - t r i p l e t a n n i h i l a t i o n mechanism which probably 
i n v o l v e s t r i p l e t energy m i g r a t i o n through the polymer matrix) was 
al s o observed. 
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Chapter 9 

Fluorescence Probes 
for the Study of Solvation and Diffusion 

of Reagents in Network Polymers 

K. J . Shea, G. J . Stoddard, and D. Y. Sasaki 

Department of Chemistry, University of California, Irvine, CA 92717 

A dansyl monomer, 1, prepared by the condensation of 
p-vinyl benzyl amin
used as a fluorescen
ronment of styrene-divinylbenzen
probe readily reveals the degree of solvation of 
polymer chains which is found to correlate with the 
degree of crosslinking. Subtle yet important differ
ences in polymer morphology are also uncovered by 
this method. The fluorescence emission intensity of 
polymer bound probe 1 is found to be quenched upon 
treatment with strong electrophiles (Ph 3 C + BF 4 ) . 
Monitoring the dimunition in fluorescence emission 
intensity permits study of the rate of diffusion of 
electrophilic reagents through styrene-divinylbenzene 
networks. 

Macroporous styrene-divinyl benzene (S-DVB) copolymers are widely 
used as supports for chemical reactions ( 1 ) . The surface area, 
pore volume, and pore size of these materials can be manipulated by 
a judicious choice of reaction conditions ( 2 ) . It is recognized 
that reaction cosolvent and the ratio of monomer to cosolvent are 
important variables and considerable speculation has been offered 
regarding the relationship between polymerization conditions and 
polymer morphology ( 3 ) . On the basis of these studies a model has 
emerged to account for macroporosity in these materials ( 4 ) . The 
continuous or gel phase i s found to consist of aggregated micro
spheres. The macropores are defined by voids created by these 
aggregated microspheres. 

The gel or continuous phase of these materials is produced by 
phase separation that occurs during polymerization. Properties of 
the gel phase are influenced by (a) the degree of crosslinking, (b) 
cosolvent and (c) the monomer-cosolvent ratio. The last two fac
tors will affect the phase separation and thus the dimensions of 
the continuous phase as well as the degree of solvation of the 
polymer chains during phase separation. 

The objective of the present study i s to develop a diagnostic 
that will enable us to evaluate solvation and chemical transport in 

0097-6156/87/0358-0097$06.00/0 
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the continuous or gel phase of highly crosslinked macroporous 
materials. In previous studies (5) we had noted that polymeriza
tion conditions, cosolvent, and crosslinking monomer can exercise a 
dramatic effect on the chemical reactions of these supports. We 
undertook, therefore, a systematic study of these variables using a 
series of macromolecules that contain an increasing degree of 
crosslinking. 

Fluorescence spectroscopy was utilized as the diagnostic to 
evaluate these phenomena. It wi l l be shown that a single probe 
molecule, a derivative of dimethylaminonaphthalenesulfonamide, 
(dansyl, V) can function both as an environmental probe to evaluate 
the degree of solvation of polymer chains in the gel phase and also 
serve as a sensitive indicator for the diffusion of ionic reagents 
through the crosslinked gel network. 

Results and Discussion 

Preparation of Materials
sation of j>-vinyl benzyl amine with dansyl chloride (Equation J_) 

Network polymers were prepared both by bulk and suspension free 
radical polymerization techniques employing AIBN as i n i t i a t o r . The 
composition and method of preparation of these materials i s sum
marized in Table I. Non-porous "glass bead" polymers were prepared 
by suspension polymerization from neat mixtures of styrene and 
technical grade DVB with nominal crosslinking ratios of 5, 20, and 
50 mole %. Macroporous materials were also prepared by suspension 
polymerization using toluene as diluent (f = 0.5) (2a) with cross-
l i n k i n g r a t i o s of 5, 20, and 50 mole %. Macroporous polymers 
prepared by bulk polymerization were also synthesized; the degree 
of crosslinking for these materials was 50 mole %. One type of 
bulk polymerization was formulated identically with material pre
pared by suspension techniques (toluene diluent and DVB as the 
crosslinking agent). The second type was prepared using acetoni-
t r i l e as diluent. The polymers provide a spectrum of materials for 
analysis with varying degrees of crosslinking and a range of poly
mer morphologies. The p a r t i c l e size (125-150 μ) of the s o l i d 
materials were kept uniform by sizing. The ratio of projje 2 t o 

monomer in a l l of the above materials was kept uniform (10~ ). 
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Table I 

Summary of Polymerization Conditions 

Designation Monomers % Crosslinking 
Monomer 

Diluent 
m 

Polymerization 
Conditions 

DVB-5-S-N ST-DVB 5 None suspension^ 
DVB-20-S-N ST-DVB 20 None suspension 
DVB-50-S-N ST-DVB 50 None suspension 

DVB-5-S-T ST-DVB 5 toluene suspension 
(0.5) 

DVB-20-S-T ST-DVB 20 toluene suspension 

DVB-50-S-T ST-DVB 
(0.5) 

DVB-50-B-T ST-DVB 50 toluene bulk 0 

(0.5) 

DVB-50-B-A ST-DVB 50 aceto- bulk 
n i t r i l e 
(0.5) 

a. f m i s the volume fraction of diluent to monomer + diluent used 
during polymerization 

b. Typical polymerizations were carried out in a morton flask 
containing a mixture of water (200 mL)t diluent (20 mL), mono
mers (20 g), methocel (90 mg) as dispersant, and AIBN (200 mg) 
as i n i t i a t o r . The mixture was stirred rapidly for 8 h at 70°C. 
The polymer beads obtained were washed (refluxing acetone), 
dried (high vacuum), and sized with sieves (100-120 mesh). 

c. Polymerizations were carried out in 35 mL capacity, medium-
walled glass tubes containing monomers (8 g), diluent (8 mL), 
and AIBN (80 mg) as in i t i a t o r . The mixture was freeze-thaw 
degassed three times, sealed, and heated to 80°C for 14 h. The 
temperature was increased to 125°C for an additional 12 h. The 
polymer obtained was crushed, washed (refluxing acetone, 12h), 
and sized with sieves (100-120 mesh). 

Solvation Studies. The fluoresence emission maximum of polymer 
bound probe provides a measure of the abil i t y of solvent molecules 
to solvate polymer chains in the network. The solvatochromic shift 
of probe ± has been linearly related to a wide variety of organic 
solvents using the empirical relationship shown in Equation 2 (6). 

(nm) = 53.45 π* + 20.48 α + 9.932 3 + 457. 1 (2) 
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The terms Τ Ν at and 3 are empirical solvent parameters developed by 
Taft and Kamlet (7). The fluoresence emission maximum of probe ± 
in pure organic solvent defines the pure solvent reference line in 
Figure 1. When probe i s covalently attached to a polymer back
bone which in turn i s immersed in solvent, the deviation in fluor
escence emission wavelength from the pure solvent correlation line 
reveals how the polymer perturbs the raicroenvironment of the probe. 
This microenvironment can vary from pure solvent-like to one domi
nated by the polymer backbone. The fluorescence emission of the 
probe in dry polymer is also indicated in the figure. A summary of 
the solvatochromatic data is discussed below. 

Solvation of "Glass Beads". The fluoresence emission of solvent-
equilibrated "glass-beads" displays a predictable trend along the 
lines of crosslink density (Figure 1). The 50% glass beads (DVB-
50-S-N) parallel the "dry" polymer correlation line indicating 
l i t t l e probe solvation
solvation increases. Thu
glassy, g e l - l i k e , materials are solvated to a degree which i s 
controlled in part by the number of crosslinks. A departure from 
this trend is noted in poor swelling solvents (EtOH) where a l l 
polymers exhibit solvatochromic shifts that approximate the dry 
state (no solvation), a s i t u a t i o n that indicates the networks 
remain collapsed and the polymer backbone dominates the probe 
microenvironment. It should be noted, however, that a l l polymers 
exhibit a blue s h i f t upon changing from CH 2C1 2 to EtOH. This 
finding indictes that a l l polymer chains, even DYB-50-S-N, are 
solvated to some degree in good swelling solvents (i.e., CH 2C1 2). 

Macroporous Polymers Prepared by Suspension Polymerization. Unlike 
the non-porous "glass beads", a l l macroporous polymers prepared by 
suspension polymerization with toluene as cosolvent exhibit fluor
esence emission that parallels the solvent correlation line (Figure 
2). This finding indicates a substantial degree of probe solva
tion. Indeed, even the 50% crosslinked material (DVB-50-S-T), 
exhibits solvation behavior similar to the lig h t l y crosslinked 5% 
glass beads. An important difference in this series occurs in the 
poor swelling solvents (EtOH). In this solvent the 5 and 20% 
crosslinked materials (DVB-5-S-T, DVB-20-S-T) exhibit a fluoresence 
emission that parallels the "dry" polymer, however, the emission of 
50% crosslinked material (DVB-50-S-T) remains close to the pure 
solvent correlation line. This observation reveals a truly perman
ent micropore structure that remains intact, regardless of solvent. 
Thus even the highly polar solvent EtOH can penetrate and solvate 
the probe in 50% macroporous materials (DVB-50-S-T). 

Macroporous Polymers Prepared by Bulk Polymerization. With toluene 
as diluent (DVB-50-B-T) the highly crosslinked networks closely 
parallel the pure solvent correlation line indicating the probe i s 
highly solvated even in poor polymer solvents (Figure 3) . This 
result indicates a gel phase with a high degree of permanent micro
pore structure. There is essentially no difference between this 
material and that prepared by suspension polymerization (DVB-50-
S-T). 
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MeOH 
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Figure 1. Fluorescence emission of solvent e q u i l i b r a t e d " g l a s s 
beads". 

Figure 2. Fluorescence emission of solvent e q u i l i b r a t e d macro
porous styrene-divinylbenzene copolymers prepared by suspension 
p o l y m e r i z a t i o n . 
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Quite interestingly, when the bulk polymerization is run with 
CH CN as diluent, the resulting polymer does not parallel the s o l 
vent correlation line, rather i t parallels very closely the "dry" 
polymer region, indicating very l i t t l e solvation in a l l solvents. 
This implies these materials are comprised of a gel phase that i s 
substantially less pervious to a l l solvents. 

Diffusion Studies 

We have observed that the fluoresence emission intensity of the 
dansyl probe is diminished in acidic solvents. Indeed the fluor
esence of can be completely suppressed in the presence of strong 
acids (CF^C02H) and by treatment with a variety of electrophiles. 
On the basis of NMR investigations, the mechanism of the fluor
esence quenching is found to involve reaction of the proton (elec-
trophile) with the dimethylamino group of the dansyl probe (Equa
t i o n 3 ) . The protonate
fluoresce when excited

N(CH 3 ) 2 

S 0 2 N H C H 2 R 

(3) 

S 0 2 N H C H 2 R 

Fluorescent 
Non-Fluorescent 

E+= H*,Ph 3C + BF 4 " 

E t 3 0 + BF 4 -

The response of the fluoresence probe to added electrophile 
o f f e r s the potential for u t i l i z i n g t h i s reaction to study the 
migration of electrophiles in macromolecules containing the dansyl 
probe by evaluating the rate at which the electrophile diminishes 
the net fluoresence intensity (8), Equation 4. 

(4) 

Fluorescent Probe 
in Polymer Matrix 

Chemically Modified 
Probe 

Non-Fluorescent 

Thus the dansyl probe can serve two functions, f i r s t as a 
solvatochromic diagnostic to evaluate solvation of polymer chains 
and second as a probe to monitor the diffusion of electrophiles in 
polymer networks. 
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The technique used to study the rate at which electrophilic 
reagents diffuse into the network domain is straightforward. A 
stirred solution or suspension of the probe-labeled polymer in 
CH2Cl2:hexane (13:4) i s continuously irradiated in a fluorescence 
spectrometer c e l l . The fluorescence emission intensity is adjusted 
to 100%. At t , a solution of the electrophile i s added via syr
inge and the fluoresence emission intensity is continuously re
corded. A trace of the dimunition of fluorescence intensity w i l l 
reflect the overall rate for the diffusion of reagent into the 
polymer domain and reaction with the fluorescence probe. In con
tr o l experiments, the fluorescence emission of was found to be 
quenched "instantaneously" when electrophile was added to homo
geneous solutions of J_, thus the principal contribution to the 
intensity-time curve will be to reveal the influence of the polymer 
on impeding transport of electrophile through the network. To 
fac i l i t a t e a comparative study of materials  the ratio of polymer 
bound fluorescence prob
10:1. This r a t i o wa
quenching times while revealing the differences in penetrability of 
related polymeric materials. Triphenylmethyltetrafluoroborate 
(Ph^C B F J J") was used as the electrophile in these reactions. The 
restai ts are summarized in Figures 4-6. 

Glass Beads (DVB-5, 20, 50-S-N). A rather straightforward trend i s 
noted for t h i s series of materials - the rate of fluorescence 
quenching is inversely proportional to the nominal crosslinking 
density (Figure 4). The fluorescence emission of 5% crosslinked 
glass beads (DVB-5-S-N) is quenched fastest ( t . / 2 = 15 sec) and 
completely while the 50% material (DVB-50-S-N) has lost less than 
50% of i t s intensity after 9 min. 

Macroporous Suspension Polymers (DVB-5, 20, 50-S-T). Copolymeri-
zation in the presence of diluents results in formation of macro
porous materials. As can be seen in Figure 5, macroporosity exerts 
a dramatic effect upon the quenching rate. Not surprisingly, LPS 
is quenched "instantly" upon addition of electrophile, what is most 
interesting however, is that for a l l practical purposes, there i s 
no difference in quenching rate between DVB-5-S-T and DVB-20-S-T 
macroporous materials. Quite remarkably, a l l domains are readily 
accessible since the fluorescence emission is completely quenched 
in these materials. The leveling off of fluorescence emission 
intensity for the 50% crosslinked material (DVB-50-S-T) reveals 
kinetically inaccessible domains under the conditions of the ex
periment . 

Bulk Macroporous Polymers (DVB-50-B-T, DVB-5Q-B-A). Comparison of 
DVB-50-B-T with DVB-50-S-T reveals there i s l i t t l e difference 
between polymers prepared in bulk and by suspension techniques. 
Both materials, prepared with toluene as cosolvent, reveal fluor
escence quenching traces that are almost superimposable. There i s , 
however, a very dramatic difference between material prepared by 
bulk polymerization using different cosolvents. Polymer DVB-50-B-T 
reveals a large fraction of a l l sites are quenched within 15 sec 
(Figure 6), a small t a i l on this curve indicates a component (<5%) 
of inaccessible sites. In contrast, the material prepared with 
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Figure 3. Fluorescence emission of solvent e q u i l i b r a t e d macro
porous sytrene-divinylbenzene copolymers prepared by bulk p o l y 
m e r i z a t i o n . 
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CH CN as diluent (DVB-50-B-A) shows a fast burst of quenching 
(- 40% within 60 sec) then relatively l i t t l e quenching thereafter. 
This finding i s consistent with the view that in CH CN, a macro
porous material i s produced, but this material has a relatively 
impenetrable gel phase in contrast to the material prepared with 
toluene cosolvent. 

120 

time (min) 

Figure 5. Quenching r e s u l t s f o r macroporous s t y r e n e - d i v i n y l 
benzene copolymers prepared by suspension p o l y m e r i z a t i o n . 

120 -T-

100 -n 

time (min) 

Figure 6. Quenching r e s u l t s f o r macroporous s t y r e n e - d i v i n y l 
benzene copolymers prepared by bulk p o l y m e r i z a t i o n . 
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Conclusions 

The fluorescence probe 1 offers a valuable handle for a detailed 
analysis of the solvation and penetrability of highly crosslinked 
network polymers. 

Parallels can be drawn between the solvatochromic shift data 
and the rates of diffusion. This permits a link to be established 
between polymer chain solvation and the rate of transport of ionic 
reagents. 

The probe method can graphically reveal significant differences 
in the microenvironment between highly crosslinked materials that 
contain the same nominal crosslink density, i.e. DVB-50-B-T and 
DVB-50-B-A. 

It is also noted that even in highly crosslinked materials, 
suitable polymerization conditions can be found to permit the rapid 
and complete penetrabilit f  ioni  reagents  Th  dansyl 
probe method should be
ence of the polymer matri
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Chapter 10 

Light-Induced 
Conformational Changes of Polymers 

in Solution and Gel Phase 

Masahiro Irie 

Institute of Scientific and Industrial Research, Osaka University, Ibaraki, 
Osaka 567, Japan 

Attempts have bee
conformation reversibl
is attained by incorporating photochromic chromophores 
into the pendant groups or main chain. It was found 
from the results in solution that the intramolecular 
electrostatic force of repulsion between photogenerated 
pendant cations is a more effective driving force for 
the conformational change than trans-cis geometrical 
isomerization of unsaturated linkages in the polymer 
backbone. The large conformational change at the 
molecular level is amplified into the shape change of 
polymer gels at the visible macro level. Poly
acrylamide gels having photoionizable triphenylmethane 
leucocyanide groups dilated 2.2 times in each dimension 
by ultraviolet irradiation. Electric field effect on 
the gel was also examined. By applying alternating 
electric field(0.5 Hz), the rod-shaped gel showed 
oscillating motion. 

A p o l y m e r c h a i n c o n f o r m a t i o n i s w e l l known t o depend on t h e e n v i r o n 
ment, s u c h as s o l v e n t o r t e m p e r a t u r e . I n good s o l v e n t s , p o l y m e r s 
have an e x t e n d e d c o n f o r m a t i o n , w h i l e t h e y s h r i n k i n p o o r s o l v e n t s a t 
low \ j m p e r a t u r e . P o l y e l e c t r o l y t e s change t h e i r c o n f o r m a t i o n w i t h 
changes i n pH and s a l t c o n c e n t r a t i o n (J.). Our i n t e r e s t i s t o c o n t r o l 
t h e p o l y m e r c h a i n c o n f o r m a t i o n by " p h o t o c h e m i s t r y " r a t h e r t h a n by 
c h a n g i n g t h e e n v i r o n m e n t ( 2 , 3 ) . I t i s o b v i o u s l y a t e d i o u s method 
t o change t h e e n v i r o n m e n t t o c o n t r o l t h e c h a i n c o n f o r m a t i o n . The 
p h o t o c h e m i c a l method i s much s u p e r i o r i n t h e r e s p o n s e t i m e , 
r e v e r s i b i l i t y and e a s y p r o c e d u r e . 

Among numerous p h o t o c h e m i c a l r e a c t i o n s , p h o t o c h r o m i c r e a c t i o n s 
a r e u s e f u l f o r t h i s p u r p o s e . The p h o t o c h r o m i c r e a c t i o n i s d e f i n e d 
as a r e v e r s i b l e change i n a c h e m i c a l s p e c i e s between two forms h a v i n g 
d i f f e r e n t a b s o r p t i o n s p e c t r a , 

hv 
A Β 

hv)4 
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B e s i d e s t h e a b s o r p t i o n s p e c t r a l change, t h e i s o m e r i z a t i o n s a r e a l w a y s 
accompanied by c e r t a i n p h y s i c a l p r o p e r t y c h anges, s u c h as d i p o l e 
moment and/or g e o m e t r i c a l s t r u c t u r a l c h a n g e s . The p r o p e r t y changes 
may be u t i l i z e d as a d r i v i n g f o r c e t o i n d u c e t h e c o n f o r m a t i o n a l 
changes by i n c o r p o r a t i n g t h e chromophores i n t o t h e p o l y m e r s . 

The aim t o c o n t r o l t h e p o l y m e r c h a i n c o n f o r m a t i o n by p h o t o -
i r r a d i a t i o n was a t t a i n e d by u s i n g f o l l o w i n g p h o t o c h r o m i c r e a c t i o n s ; 
1) t r a n s - c i s g e o m e t r i c a l i s o m e r i z a t i o n o f u n s a t u r a t e d l i n k a g e s i n t h e 
p o l y m e r backbone, 2) r e v e r s i b l e g e n e r a t i o n o f s t r o n g d i p o l e s i n t h e 
p o l y m e r pendant g r o u p s , and 3) p h o t o i o n i z a t i o n o f t h e pendant g r o u p s . 
R e p r e s e n t a t i v e examples o f e a c h s y s t e m a r e p o l y a m i d e w i t h backbone 
azobenzene r e s i d u e s ( 4 - 8 ) . p o l y ( m e t h y l m e t h a c r y l a t e ) w i t h p endant 
s p i r o b e n z o p y r a n g r o u p s ( 9 - 1 1 ) . and p o l y ( N , N - d i m e t h y l a c r y l a m i d e ) 
w i t h pendant t r i p h e n y l m e t h a n e l e u c o h y d r o x i d e g r o u p s (12_). The f i r s t 
p a r t d e s c r i b e s some d e t a i l s o f t h e s e e x a m p l e s . 

I t seems p o s s i b l e t o a m p l i f y t h e p h o t o s t i m u l a t e d c o n f o r m a t i o n a l 
changes i n s o l u t i o n a t t h
p o l y m e r g e l s o r s o l i d s a
p r o p o s a l t o use t h e s t r u c t u r a l changes a t t h e m o l e c u l a r l e v e l f o r 
d i r e c t c o n v e r s i o n o f p h o t o n e n e r g y i n t o m e c h a n i c a l work has been 
made by M e r i a n (13.) i n 1966. S i n c e t h e n , many m a t e r i a l s , most o f 
w h i c h c o n t a i n e d azobenzene chromophores, have been r e p o r t e d t o show 
p h o t o s t i m u l a t e d d e f o r m a t i o n ( 1 4 ) . T i l l now, however, t h e r e p o r t e d 
d e f o r m a t i o n s were l i m i t e d t o l e s s t h a n 10%. I n a d d i t i o n , M a t e j k a 
e t . a l . have p o i n t e d o u t t h a t i n many c a s e s p h o t o - h e a t i n g e f f e c t 
i n s t e a d o f p h o t o c h e m i c a l r e a c t i o n p l a y s a dominant r o l e i n t h e 
d e f o r m a t i o n ( 1 5 , 1 6 ) . 

I n due c o n s i d e r a t i o n o f t h e s e r e s u l t s , we have d e c i d e d t o employ 
e l e c t r o s t a t i c f o r c e s t o a c h i e v e a l a r g e r e v e r s i b l e d e f o r m a t i o n o f 
g e l s . The e l e c t r o s t a t i c f o r c e i s e x p e c t e d t o be a more e f f e c t i v e 
d r i v i n g f o r c e f o r t h e c o n f o r m a t i o n a l changes o f p o l y m e r c h a i n s t h a n 
t r a n s - c i s g e o m e t r i c a l i s o m e r i z a t i o n o f u n s a t u r a t e d l i n k a g e s . The 
s e c o n d p a r t d e s c r i b e s t h e p h o t o s t i m u l a t e d d i l a t i o n o f p o l y m e r g e l s . 

D u r i n g t h e c o u r s e o f e x p e r i m e n t s t o r e v e a l an e l e c t r i c f i e l d 
e f f e c t on t h e b e h a v i o r on t h e p h o t o g e n e r a t e d m o b i l e i o n s , we f o u n d a 
p e c u l i a r phenomenon, r e v e r s i b l e b e n d i n g m o t i o n o f t h e r o d - s h a p e d 
g e l s . The r e s u l t w i l l a l s o be b r i e f l y d e s c r i b e d . 

P h o t o s t i m u l a t e d C o n f o r m a t i o n a l Changes i n S o l u t i o n - M o l e c u l a r 
l e v e l 

F i g u r e 1 i l l u s t r a t e s t h e p r o p o s a l s t o i n d u c e t h e c o n f o r m a t i o n a l 
changes o f p o l y m e r c h a i n s by u s i n g p h o t o c h r o m i c r e a c t i o n s . The 
mechanism (1) u t i l i z e s t r a n s - c i s g e o m e t r i c a l i s o m e r i z a t i o n as a 
t o o l t o e n f o r c e t h e c o n f o r m a t i o n a l c h a n g e s . When t h e t r a n s - c i s 
p h o t o i s o m e r i z a b l e chromophores a r e i n c o r p o r a t e d i n t o t h e 
p o l y m e r backbone, t h e i s o m e r i z a t i o n f r o m t r a n s t o c i s form k i n k s 
t h e e x t e n d e d p o l y m e r c h a i n s , r e s u l t i n g i n a compact c o n f o r m a t i o n . 
The compact c o n f o r m a t i o n r e t u r n s t o t h e i n i t i a l e x t e n d e d c o n f o r m a 
t i o n by t h e t h e r m a l o r p h o t o c h e m i c a l i s o m e r i z a t i o n o f t h e chromo
p h o r e s f r o m t h e c i s t o t r a n s f o r m . P o l y a m i d e s w i t h azobenzene 
g r o u p s i n t h e p o l y m e r backbone a r e among t h e e a r l i e s t i n w h i c h 
t r a n s - c i s i s o m e r i z a b l e chromophores a r e u s e d t o r e g u l a t e t h e 
c o n f o r m a t i o n o f p o l y m e r c h a i n s ( 4 , 5 ) . 
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The azobenzene chromophore i s known t o change t h e geometry as 
f o l l o w s ( 1 7 ) : 

' ο Μ λ/| Ν 1 ο 
9,0Α.,^ —? « 5.5Α 

Α2 

300<Μ<400 nm 
450 nm < λ2 

A t y p i c a l example o f t h  p o l y m e  h a v i n  azobenzen  r e s i d u e  i  (4,5)

HOOC 

|!| \ = / * N - f W C - h r 
COOH (1) Η n 

The i n t r i n s i c v i s c o s i t y , ( r j j # o f p o l y a m i d e ( l ) i n N , N - d i m e y t h y l a c e t a m i d e 
was f o u n d t o d e c r e a s e f r o m 1.22 t o 0.50 d l / g on u l t r a v i o l e t i r r a d i a 
t i o n (410>λ^>350 nm) and t o r e t u r n t o t h e i n i t i a l v a l u e i n 30 h i n 
t h e d a r k a t 20°C. The s l o w r e c o v e r y o f t h e v i s c o s i t y i n t h e d a r k was 
a c c e l e r a t e d by v i s i b l e l i g h t irradiation(λ 2>470 nm). On a l t e r n a t e 
i r r a d i a t i o n o f u l t r a v i o l e t and v i s i b l e l i g h t , t h e v i s c o s i t y 
r e v e r s i b l y changed by as much as 60%. 

Mechanism(2) employs an e l e c t r o s t a t i c f o r c e o f r e p u l s i o n among 
p h o t o g e n e r a t e d c h a r g e s as a d r i v i n g f o r c e f o r a c o n f o r m a t i o n a l 
change. T r i p h e n y l m e t h a n e l e u c o d e r i v a t i v e s a r e t h e most c o n v e n i e n t 
chromophores t o p r o d u c e p o s i t i v e c h a r g e s i n t h e pendant g r o u p s o f 
p o l y m e r s , b e c a u s e t h e quantum y i e l d o f t h e p h o t o d i s s o c i a t i o n i s 
r e a s o n a b l y h i g h ( Φ>0.2) and t h e p h o t o g e n e r a t e d p o s i t i v e c h a r g e s 
have a r a t h e r l o n g l i f e t i m e ( x ^ m i n ) . Upon u l t r a v i o l e t i r r a d i a t i o n , 
t h e chromophore d i s s o c i a t e s i n t o an i o n p a i r w i t h p r o d u c t i o n o f an 
i n t e n s e l y c o l o r e d t r i p h e n y l m e t h y l c a t i o n . The c a t i o n r e c o m b i n e s 
t h e r m a l l y w i t h t h e c o u n t e r i o n ( 1 8 ) ; 

(2) X 

T r i p h e n y l m e t h a n e l e u c o h y d r o x i d e r e s i d u e s were i n t r o d u c e d i n t o 
t h e pendant g r o u p s by c o p o l y m e r i z i n g t h e v i n y l d e r i v a t i v e ( 2 , X= OH, 
R= CH=CH 2)with N , N - d i m e t h y l a c r y l a m i d e ( 1 2 ) . I n t h e d a r k b e f o r e i r r a d i a 
t i o n , a m e t h a n o l s o l u t i o n c o n t a i n i n g t h e c o p o l y m e r e x h i b i t e d a p a l e 
g r e e n c o l o r . Upon u l t r a v i o l e t i r r a d i a t i o n ( λ>270 nm), t h e s o l u t i o n 
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became deep g r e e n , w h i c h c o l o r d i s a p p e a r e d s l o w l y i n t h e d a r k w i t h a 
h a l f l i f e t i m e o f 3.3 min ( F i g u r e 2 A ) . The a p p e a r a n c e o f a deep g r e e n 
c o l o r means t h a t t h e pendant t r i p h e n y l m e t h y l l e u c o h y d r o x i d e r e s i d u e s 
d i s s o c i a t e i n t o t r i p h e n y l m e t h y l c a t i o n s and h y d r o x i d e i o n s . The 
p h o t o g e n e r a t e d p o s i t i v e c h a r g e s r e c o m b i n e w i t h t h e d i s s o c i a t e d 
h y d r o x i d e i o n s t o r e p r o d u c e t h e c o l o r l e s s l e u c o f o r m . C o n c u r r e n t l y 
w i t h t h e c o l o r a t i o n , t h e r e d u c e d v i s c o s i t y o f t h e s o l u t i o n , r | S p / c , 
showed a r e m a r k a b l e i n c r e a s e f r o m 0.55 t o 1.6 d l / g as d e p i c t e d i n 
F i g u r e 2B. A f t e r r e m o v a l o f t h e l i g h t , ^gp/c r e t u r n e d t o t h e i n i t i a l 
v a l u e w i t h a h a l f - l i f e t i m e o f 3.1 m i n . The v i s c o s i t y change 
i n d i c a t e s t h a t t h e p o l y m e r c h a i n expands upon u l t r a v i o l e t 
i r r a d i a t i o n and s h r i n k s i n t h e d a r k . The good c o r r e l a t i o n between 
t h e v i s c o s i t y change and t h e a b s o r p t i o n i n t e n s i t y a t 620 nm 
i m p l i e s t h a t e x p a n s i o n o f t h e p o l y m e r c o n f o r m a t i o n i s i n d u c e d by 
t h e e l e c t r o s t a i c r e p u l s i v e f o r c e s among t h e pendant t r i p h e n y l m e t h y l 
c a t i o n s . 

The c o n c e n t r a t i o n dependenc
s i o n mechanism. I n t h e
was l i n e a r ; t h e r e d u c e d v i s c o s i t y d e c r e a s e d w i t h d e c r e a s i n g t h e c o n 
c e n t r a t i o n o f t h e p o l y m e r . D u r i n g u l t r a v i o l e t i r r a d i a t i o n , t h i s 
dependence showed an anomalous b e h a v i o r ; flgp/c s t e e p l y i n c r e a s e d a t 
low p o l y m e r c o n c e n t r a t i o n . The v i s c o s i t y d u r i n g p h o t o i r r a d i a t i o n 
was 4 t i m e s l a r g e r t h a n t h e v i s c o s i t y i n t h e d a r k a t 0 . 0 4 g / d l . A t 
low p o l y m e r c o n c e n t r a t i o n , s c r e e n i n g o f t h e e l e c t r o s t a t i c p o t e n t i a l 
by t h e c o u n t e r i o n s becomes weak and c o n s e q u e n t l y t h e i n c r e a s e o f 
t h e r e p u l s i v e f o r c e s o f t h e p o s i t i v e c h a r g e s a l o n g t h e p o l y m e r c h a i n 
expands t h e d i m e n s i o n o f t h e c h a i n . The p h o t o - e f f e c t due t o t h e 
e l e c t r o s t a t i c f o r c e s i s much l a r g e r t h a n t h e e f f e c t o b s e r v e d f o r p o l y -
amides h a v i n g azobenzene r e s i d u e s i n t h e b ackbone. I t i s w o r t h w h i l e 
t o n o t e t h a t t h e p h o t o s t i m u l a t e d i n c r e a s e o f r|sp/c was s t r o n g l y 
s u p p r e s s e d by t h e p r e s e n c e o f s a l t ( 1 0 M L i B r ) . 

The r a t i o o f t h e s p e c i f i c v i s c o s i t y d u r i n g p h o t o i r r a d i a t i o n t o 
t h a t i n t h e d a r k , Hp/^d t i n c r e a s e d w i t h i n c r e a s i n g c o n t e n t o f 
t r i p h e n y l m e t h a n e l e u c o h y d r o x i d e r e s i d u e s i n t h e p e n d a n t g r o u p s and 
r e a c h e d a maximum o f 3.3 a t 0.18 mole f r a c t i o n . Above t h e c o n t e n t , t h e 
r a t i o d e c r e a s e d , t h e d e c r e a s e b e i n g due t o t h e low s o l u b i l i t y o f t h e 
r e s i d u e s i n m e t h a n o l . 

The c o n c e p t t o a d o p t t h e e l e c t r o s t a t i c r e p u l s i v e f o r c e as a 
d r i v i n g f o r c e f o r a p h o t o s t i m u l a t e d e x p a n s i o n o f t h e p o l y m e r c h a i n 
i s u s e f u l and w i d e l y a p p l i c a b l e t o o t h e r p o l y m e r s y s t e m s . P o l y 
s t y r e n e and p o l y a c r y l a m i d e h a v i n g p endant l e u c o h y d r o x i d e and l e u c o -
c y a n i d e g r o u p s were f o u n d t o change t h e i r s o l u t i o n v i s c o s i t y i n 
m e t h y l e n e c h l o r i d e and i n w a t e r , r e s p e c t i v e l y . 

P h o t o s t i m u l a t e d D i l a t i o n o f P o l y m e r G e l s - Macro L e v e l 

I t i s i n f e r r e d f r o m t h e above r e s u l t s on t h e c o n f o r m a t i o n a l 
changes i n s o l u t i o n t h a t t h e e l e c t r o s t a t i c f o r c e o f r e p u l s i o n 
between p h o t o g e n e r a t e d c h a r g e s , m e c h a n i s m ( 2 ) , i s a more e f f e c t i v e 
d r i v i n g f o r c e f o r c o n f o r m a t i o n a l changes t h a n t r a n s - c i s g e o m e t r i c a l 
i s o m e r i z a t i o n o f u n s a t u r a t e d l i n k a g e s , m e c h a n i s m ( 1 ) . I n a t t e m p t i n g 
t o a m p l i f y t h e l a r g e c o n f o r m a t i o n a l changes due t o t h e e l e c t r o s t a t i c 
r e p u l s i v e f o r c e s i n s o l u t i o n a t t h e m o l e c u l a r l e v e l t o t h e v i s i b l e 
macro l e v e l , we i n t r o d u c e d t h e mechanism(2) i n t o t h e g e l p h a s e . 

A c r y l a m i d e g e l s ( 3 ) c o n t a i n i n g a s m a l l amount o f t r i p h e n y l -
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F i g u r e 1. S c h e m a t i c i l l u s t r a t i o n o f p h o t o s t i m u l a t e d c o n f o r m a 
t i o n a l chages o f p o l y m e r c h a i n s . 
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F i g u r e 2. P h o t o s t i m u l a t e d (A) c o n f o r m a t i o n a l change and (B) v i s 
c o s i t y change o f poly(Ν,Ν-dimethylacrylamide) h a v i n g 
p e n d a n t t r i p h e n y l m e t h a n e l e u c o h y d r o x i d e g r o u p s (9.1 
mol%) i n m e t h a n o l a t 30°C. P o l y m e r c o n c e n t r a t i o n was 
0.06 g / d l . λ >270 nm. (Re p r o d u c e d w i t h p e r m i s s i o n f r o m 
R e f . 1 2 . C o p y r i g h t 1985, H u e t h i g & Wepf V e r l a g . ) 

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



112 PHOTOPHYSICS OF POLYMERS 

methane l e u c o h y d r o x i d e ( 2 , X= OH,R= CH=CH2) o r l e u c o c y a n i d e ( 2 , X= CN, 
R= CH=CH2)residues were p r e p a r e d by f r e e r a d i c a l c o p o l y m e r i z a t i o n o f 
a c r y l a m i d e and d i ( N , N - d i m e t h y l a n i l i n e ) - 4 - v i n y l p h e n y l m e t h a n e l e u c o 
h y d r o x i d e ^ , X= OH,R= CH=CH 2) o r l e u c o c y a n i d e ( 2 , X= CN,R= CH=CH 2) i n 
DMSO i n t h e p r e s e n c e o f N , N - m e t h y l e n e b i s a c r y l a m i d e ( 1 9 , 2 0 ) . 

The g e l s were s w o l l e n t o t h e e q u i l i b r i u m c o n d i t i o n on s t a n d i n g i n 
w a t e r o v e r n i g h t . Then t h e w e i g h t o r d i m e n s i o n change o f t h e g e l s 
i n d u c e d by u l t r a v i o l e t l i g h t was measured. 

A d i s k - s h a p e d g e l ( 1 0 mm i n d i a m e t e r and 2 mm i n t h i c k n e s s ) 
h a v i n g 3.7 mole% t r i p h e n y l m e t h a n e l e u c o h y d r o x i d e r e s i d u e s showed 
p h o t o s t i m u l a t e d r e v e r s i b l e d i l a t i o n i n w a t e r . Upon u l t r a v i o l e t 
i r r a d i a t i o n ( λ>270 nm), t h e g e l s w e l l e d and t h e w e i g h t i n c r e a s e d by 
as much as 3 t i m e s w i t h i n 1 h. The d i l a t e d g e l d e s w e l l e d i n t h e d a r k 
t o t h e i n i t i a l w e i g h t i n 20 h. The c y c l e s o f d i l a t i o n and c o n t r a c t i o n 
o f t h e g e l c o u l d be r e p e a t e d s e v e r a l t i m e s . The g e l h a v i n g t h e l e u c o 
h y d r o x i d e r e s i d u e s s w e l l e d even i n t h e d a r k when t h e aqueous s o l u t i o n 
became a c i d i c . A t pH 3.8, t h e g e l has a s t r o n g g r e e n c o l o r and an 11 
f o l d w e i g h t i n c r e a s e was o b s e r v e d compared w i t h t h e w e i g h t a t pH 8.0. 
The w e i g h t i n c r e a s e i n t h e d a r k i s due t o c h e m i c a l i o n i z a t i o n o f 
w e a k l y b a s i c l e u c o h y d r o x i d e r e s i d u e s . 

I n o r d e r t o make g e l s i n s e n s i t i v e t o t h e pH c h a n g e s , t h e h y d r o x 
i d e r e s i d u e s were r e p l a c e d by t h e c y a n i d e g r o u p s . The w e i g h t o f t h e 
l e u c o c y a n i d e g e l r e m a i n e d c o n s t a n t i n t h e r a n g e o f pH 4 - 9. F i g u r e 
3 shows t h e p h o t o r e s p o n s i v e b e h a v i o r o f t h e g e l h a v i n g l e u c o c y a n i d e 
r e s i d u e s ( 1 . 9 mole%) i n w a t e r . Upon u l t r a v i o l e t l i g h t i r r a d i a t i o n , 
t h e g e l w e i g h t i n c r e a s e d as much as 18 t i m e s . I n t h e d a r k , t h e 
d i l a t e d g e l c o n t r a c t e d a g a i n s l o w l y t o t h e i n i t i a l w e i g h t . The low 
de g r e e o f s w e l l i n g o f t h e l e u c o c y a n i d e g e l i n t h e d a r k c o n t r i b u t e s 
t o t h e l a r g e r e x p a n s i o n r a t i o . 

F i g u r e 4 shows t h e s i z e and shape changes o f t h e g e l b e f o r e and 
a f t e r p h o t o i r r a d i a t i o n . When t h e whole g e l was i r r a d i a t e d w i t h u l t r a 
v i o l e t l i g h t , b o t h t h e g e l l e n g t h and d i a m e t e r expanded by as much as 
two t i m e s ( F i g u r e 4 B ) . When t h e i r r a d i a t i o n beam was l o c a l i z e d t o one 
s i d e o f t h e r o d shaped g e l , t h e g e l showed b e n d i n g m o t i o n ( F i g u r e 4D). 

~ 4 C H 2 C H ^ ' 

C=0 

N H 

C H 2 

N H 

c--o 

' - ( C H J C H ^ C ^ C H V - C H

X : 0 H , C N 

(3) 
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F i g u r e 3. P h o t o s t i m u l a t e
amide g e l h a v i n
(1.9 mole%) w i t h l i g h t o f w a v e l e n g t h l o n g e r t h a n 2 7 0 nm 
a t 2 5°C. I n i t i a l pH o f t h e e x t e r n a l w a t e r phase was 
6 . 5 . WQ i s t h e w e i g h t o f t h e g e l b e f o r e p h o t o -
i r r a d i a t i o n . ( R e p r o d u c e d f r o m R e f . 20. C o p y r i g h t 1986 
A m e r i c a n C h e m i c a l S o c i e t y . ) 

F i g u r e 4. P h o t o s t i m u l a t e d s i z e and shape changes o f p o l y a c r y l -
amide g e l s h a v i n g t r i p h e n y l m e t h a n e l e u c o c y a n i d e g r o u p s 
(3.1 mole % ) : ( A ) b e f o r e p h o t o i r r a d i a t i o n , (Β) t h e whole 
g e l b e i n g i r r a d i a t e d w i t h u l t r a v i o l e t l i g h t , ( C ) b e f o r e 
p h o t o i r r a d i a t i o n , (D) uppe r s i d e o f t h e r o d shaped g e l 
b e i n g i r r a d i a t e d . 
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F i g u r e 5 A and Β show t h e r a t e o f c o l o r a t i o n a t 660 nm and t h e 
g e l d i m e n s i o n e x p a n s i o n r a t e under c o n t i n u o u s l i g h t i r r a d i a t i o n . 
The t r i p h e n y l m e t h y l c a t i o n i s w e l l known t o have v e r y s t r o n g 
a b s o r p t i o n a t 622 nm(18). The a b s o r b a n c e band a t t h e w a v e l e n g t h 
c o r r e s p o n d s t o t h e amount o f p o s i t i v e i o n s g e n e r a t e d i n t h e g e l . 
Upon u l t r a v i o l e t i r r a d i a t i o n , t h e c o l o r o f t h e g e l changed q u i c k l y 
f r o m p a l e g r e e n t o deep g r e e n i n l e s s t h a n 3 min. and t h e n r e m a i n e d 
a l m o s t c o n s t a n t . I n t h e d a r k , t h e c o l o r a g a i n r e t u r n e d t o t h e 
i n i t i a l p a l e g r e e n i n s e v e r a l h o u r s . The s i z e o f t h e g e l , o n t h e 
o t h e r h a n d , i n c r e a s e d s l o w l y and r e a c h e d a s a t u r a t e d v a l u e i n a r o u n d 
2 h. The p h o t o s t i m u l a t e d d i l a t i o n was 2.2 t i m e s . The l a r g e d i f f e r 
ence i n t h e p h o t o r e s p o n s e t i m e between t h e c o l o r a t i o n and t h e s i z e 
change i m p l i e s t h a t t h e r a t e c o n t r o l l i n g s t e p o f t h e g e l d i l a t i o n i s 
n o t t h e r a t e o f i o n i z a t i o n o f t h e l e u c o c y a n i d e r e s i d u e s b u t t h e 
d i f f u s i o n o f t h e g e l network i n t o w a t e r . A c c o r d i n g t o Tanaka e t . a l . 
(21) t h e c h a r a c t e r i s t i c t i m e o f g e l e x p a n s i o n i s p r o p o r t i o n a l t o 
a2/D, where a and D a r e
um and t h e d i f f u s i o n c o e f f i c i e n t
i s l o n g i t u d i n a l b u l k modulus o f t h e ne t w o r k i n t h e g e l f l u i d . The 
r e l a t i o n s u g g e s t s t h a t t h e s l o w r a t e c a n be im p r o v e d by d e c r e a s i n g 
t h e g e l s i z e . F o r example, t h e r e s p o n s e t i m e i s e x p e c t e d t o become 
s h o r t e r t h a n 1 s e c , when t h e s i z e i s d e c r e a s e d s m a l l e r t h a n 0.1 mm. 

The amount o f g e l d i l a t i o n s t r o n g l y depended on t h e c o n t e n t o f 
t h e l e u c o c y a n i d e r e s i d u e s i n t h e g e l n e t w o r k . The d i l a t i o n r a t i o 
measured i n w e i g h t , W/W , where W and a r e t h e g e l w e i g h t a f t e r 
and b e f o r e p h o t o i r r a d i a t i o n , i n c r e a s e d w i t h i n c r e a s i n g l e u c o c y a n i d e 
c o n t e n t and r e a c h e d t h e maximum a t a r o u n d 2 mole%. Above 2 mole%, 
t h e p h o t o - i n d u c e d d i l a t i o n was s u p p r e s s e d . The b e l l shape dependence 
s u g g e s t s t h a t t h e l e u c o c y a n i d e r e s i d u e s have two c o m p e t i t i v e 
f u n c t i o n s i n t h e p h o t o - i n d u c e d i l a t i o n p r o c e s s . One e s s e n t i a l 
f u n c t i o n o f t h e chromophore i s t o p r o d u c e p o s i t i v e l y c h a r g e d g r o u p s 
a t t a c h e d t o t h e g e l n e t w o r k . The f o r m a t i o n o f c h a r g e s , f i x e d c a t i o n s 
and f r e e a n i o n s , g e n e r a t e s o s m o t i c p r e s s u r e d i f f e r e n t i a l s between t h e 
g e l i n s i d e and t h e o u t e r s o l u t i o n , w h i c h i s c o n s i d e r e d t o be t h e main 
d r i v i n g f o r c e f o r g e l e x p a n s i o n ( s e e b e l o w ) . The l e u c o c y a n i d e 
r e s i d u e s , on t h e o t h e r hand, have a t e n d e n c y t o c o n t r a c t t h e g e l 
n e t w o r k b e c a u s e o f t h e i r h y d r o p h o b i c n a t u r e . A t h i g h e r l e u c o c y a n i d e 
c o n t e n t , t h e l a t t e r e f f e c t i s c o n s i d e r e d t o dom i n a t e o v e r t h e 
e x p a n s i o n f o r c e and s u p p r e s s t h e d i l a t i o n . 

The a d d i t i o n o f s a l t s t o t h e e x t e r n a l s o l u t i o n a l s o s u p p r e s s e s 
t h e g e l e x p a n s i o n . The g e l s were immersed i n t h e s a l t s o l u t i o n and 
s w o l l e n t o t h e e q u i l i b r i u m c o n d i t i o n on s t a n d i n g i n s o l u t i o n o v e r 
n i g h t , t h e n t h e g e l s were p h o t o i r r a d i a t e d . B o t h N a C l and KBr r e d u c e d 
t h e p h o t o s t i m u l a t e d s w e l l i n g r a t i o t o a s i m i l a r e x t e n t . No p h o t o 
s t i m u l a t e d d i l a t i o n was o b s e r v e d i n t h e p r e s e n c e o f 10~2M NaCl o r KBr 
f o r b o t h g e l s h a v i n g l e u c o h y d r o x i d e o r l e u c o c y a n i d e r e s i d u e s . The 
s a l t e f f e c t g i v e s s t r o n g e v i d e n c e t h a t t h e e x p a n s i o n o f t h e g e l i s 
ca u s e d by t h e i o n s p r o d u c e d i n t h e p o l y m e r n e t w o r k by p h o t o -
i r r a d i a t i o n . 

Mechanism o f G e l D i l a t i o n by P h o t o i r r a d i a t i o n The s w e l l i n g o f 
g e l s w i t h f i x e d c h a r g e s i n t h e net w o r k c a n be q u a n t i t a t i v e l y 
u n d e r s t o o d by t h e o s m o t i c p r e s s u r e d i f f e r e n t i a l s o b t a i n e d f r o m 
Donnan e q u i l i b r i u m ( 2 2 , 2 3 ) . The e q u i l i b r i u m v a l u e o f t h e volume 
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f r a c t i o n o f t h e g e l n e t w o r k , Φ , can be o b t a i n e d f r o m t h e p r e s s u r e 
b a l a n c e e q u a t i o n . 

Π (*> C Onf + Π <*>cont + Π ( $ ) i o n + Π <*>coul = 0 

Π ( Φ ) α ο η £ r e p r e s e n t s t h e s w e l l i n g p r e s s u r e due t o t h e c o n f o r m a t i o n a l 
e n t r o p y o f t h e n e t w o r k , i . e . m i x i n g e n t r o p y and r u b b e r e l a s t i c i t y 
t e r m . Π ( Φ ) ο ο η ΐ · a r i s e s f r o m t h e i n t e r a c t i o n among p o l y m e r segments and 
s o l v e n t m o l e c u l e s . Π ( φ ) ^ ο η i s t h e o s m o t i c p r e s s u r e d i f f e r e n t i a l s 
r e s u l t i n g f r o m t h e d i f f e r e n c e i n t h e i o n c o n c e n t r a t i o n i n t h e g e l and 
t h e e x t e r n a l s o l u t i o n . The t e r m Π ( Φ ) α ο υ ι t a k e s i n t o a c c o u n t t h e 
c o n t r i b u t i o n f r o m t h e e l e c t r o s t a t i c f o r c e s o f t h e f i x e d c h a r g e s , 
w h i c h w o u l d enhance t h e g e l e x p a n s i o n . 

I n t h e p h o t o r e s p o n s i v e g e l s y s t e m , t h e Donnan t e r m , Π ( Φ ) ^ ο η 

p l a y s t h e most i m p o r t a n t r o l e . n c o n f and n c o n t a r e c o n s i d e r e d 
n o t t o be a f f e c t e d by p h o t o i r r a d i a t i o n . The t e r m l T c o u ] _ i s 
e x p e c t e d t o c o n t r i b u t e t  t h  e x p a n s i o n  whe  t h  c h a r g e d
a r e i n c l o s e p r o x i m i t y t
s t a t i c f o r c e o f r e p u l s i o
i o n s . T h i s t e r m becomes i m p o r t a n t i n an e l e c t r i c f i e l d e f f e c t , w h i c h 
w i l l be d i s c u s s e d i n t h e n e x t s e c t i o n . H e r e , a t t e n t i o n i s r e s t r i c t e d 
t o t h e Π ^ ο η t e r m . An i o n d i s t r i b u t i o n i n t h e g e l and i n t h e 
e x t e r n a l s o l u t i o n i s g i v e n i n T a b l e I . L C N and L + r e p r e s e n t l e u c o 
c y a n i d e r e s i d u e s i n g e l n e t w o r k and t h e c a t i o n s , r e s p e c t i v e l y . CQ 
i s t h e i n i t i a l c o n c e n t r a t i o n o f t h e r e s i d u e s i n t h e g e l n e t w o r k . 
IQ , Φ and t a r e t h e a b s o r b e d l i g h t i n t e n s i t y , i o n i c d i s s o c i a t i o n 
quantum y i e l d and t h e i r r a d i a t i o n t i m e , r e s p e c t i v e l y . ζ and y 
r e p r e s e n t t h e c o n c e n t r a t i o n o f C N ~ and H i o n s i n t h e g e l p h a s e , 
r e s p e c t i v e l y , ζ and χ a r e t h e r e s p e c t i v e c o n c e n t r a t i o n i n t h e 
e x t e r n a l s o l u t i o n . I n t h e p r e s e n t example, KBr was u s e d as t h e s a l t 
and t h e c o n c e n t r a t i o n o f K + i n t h e e x t e r n a l s o l u t i o n and i n t h e g e l 
were m and n, r e s p e c t i v e l y . 

A c c o r d i n g l y t o Donnan t h e o r y , d i s t r i b u t i o n o f m o b i l e i o n s 
between t h e g e l and t h e s o l u t i o n i s e q u i l i b r i u m f o r each i o n as 
f o l l o w s , 

χ frig _ K)s . K]g > 1 . 
_ [ H + J s ~ K ] g [K+]s 

,where g and s r e f e r t o t h e g e l and t h e e x t e r n a l s o l u t i o n , 
r e s p e c t i v e l y . λ i s t h e d i s t r i b u t i o n c o n s t a n t . H e r e , a d o p t i n g t h e 
a p p r o x i m a t i o n t o use c o n c e n t r a t i o n s r a t h e r t h a n a c t i v i t i e s and sub
s t i t u t i n g t h e v a l u e s f r o m T a b l e I , λ can be d e r i v e d as f o l l o w s , 

λ = 1 / / 1 + 
/ ^ η + y 

The d i f f e r e n c e i n c o n c e n t r a t i o n o f a l l m o b i l e i o n s , E, between t h e 
g e l and t h e e x t e r n a l s o l u t i o n c a n be e x p r e s s e d by u s i n g λ , 

1 - λ 
Ε = içfit 

1 + λ 

Ε i s d i r e c t l y p r o p o r t i o n a l t o t h e o s m o t i c p r e s s u r e d i f f e r e n t i a l s as 
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F i g u r e 5 . P h o t o s t i m u l a t e d (A) c o l o r change and (B) d i m e n s i o n 
change o f p o l y a c r y l a m i d e g e l h a v i n g t r i p h e n y l m e t h a n e 
l e u c o c y a n i d e g r o u p s (1.9 mole%) i n w a t e r . ( Reproduced 
f r o m R e f . 20. C o p y r i g h t 1986 A m e r i c a n C h e m i c a l S o c i e t y . ) 

T a b l e I . I o n D i s t r i b u t i o n between t h e G e l I n s i d e and 
E x t e r n a l S o l u t i o n 

G e l I n s i d e E x t e r n a l S o l u t i o n 

L 
c - I t 

0 - _ 0 I 
I n < î > t 1 

CIjJ 
H 

U 1 

Ζ J 

y ι Η 
z ' 
X 

of 
Κ 

Κ /y I 
w -

η I Κ 
Κ / χ 

w 
m 

B r I t + y + η I 

- ν * - z ! 

B r χ + m 
- z ' 

" K w / y 
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Ε i s d i r e c t l y p r o p o r t i o n a l t o t h e o s m o t i c p r e s s u r e d i f f e r e n t i a l s as 
s t a t e d i n t h e v a n ' t H o f f e q u a t i o n . 

RTE 

1 - λ 
RTIn<l>t 

1 + λ 0 

The d e g r e e o f s w e l l i n g o f t h e g e l w i t h f i x e d c h a r g e d g r o u p s i s 
m a i n l y c o n t r o l l e d by Π ΐ ο η and can be e x p r e s s e d as f o l l o w s , 

1 - λ 
Degree o f s w e l l i n g CX RTI0<I>t 

1 + λ 

The e q u a t i o n i n d i c a t e  t h a t p h o t o g e n e r a t i o f i o n s  t h
i n c r e a s e o f ΙοΦ^# c a u s e
i n c r e a s e o f t h e d e g r e e o
e x p a n s i o n by t h e a d d i t i o n o f s a l t can be e x p l a i n e d i n t h e f o l l o w i n g 
way. The i n c r e a s e o f t h e s a l t c o n c e n t r a t i o n i n c r e a s e s i n η and m, 
g i v i n g r i s e t o t h e i n c r e a s e o f λ , r e s u l t i n g i n t h e d e c r e a s e o f 
s w e l l i n g . The d e s w e l l i n g b e h a v i o r i n t h e p r e s e n c e o f s a l t i s due t o 
t h e i n c r e a s e o f t h e Donnan d i s t r i b u t i o n c o n s t a n t o f i o n s . 

The p h o t o s t i m u l a t e d d i l a t i o n o f t h e g e l i s w e l l u n d e r s t o o d by 
t h e o s m o t i c p r e s s u r e mechanism. A l t h o u g h t h e e l e c t r o s t a t i c r e p u l s i v e 
f o r c e s between t h e p o s i t i v e i o n s p l a y an i m p o r t a n t r o l e i n t h e 
c o n f o r m a t i o n a l changes i n s o l u t i o n , t h e y a r e c o n s i d e r e d t o make a 
m i n o r c o n t r i b u t i o n t o t h e g e l d i l a t i o n . 

R e v e r s i b l e B e n d i n g o f Rod-Shaped G e l s i n an E l e c t r i c F i e l d - Macro 
L e v e l 

P o l y e l e c t r o l y t e g e l s have been r e p o r t e d t o s h r i n k i n an e l e c t r i c 
f i e l d i n t h e d a r k c o n d i t i o n s . P o l y a c r y l a m i d e g e l s h a v i n g a c r y l i c 
a c i d g r o u p s c o l l a p s e s by a p p l y i n g t h e f i e l d o f 0.72 V/cm i n an 
a c e t o n e - w a t e r m i x t u r e ( 2 4 ) . The c o n t r a c t i o n b e h a v i o r was a c c o u n t e d 
f o r by a n a l y z i n g t h e m i n i m i z a t i o n c o n d i t i o n s o f t h e t o t a l f r e e e n e r g y , 
f r e e e n e r g y a s s o c i a t e d w i t h t h e d e f o r m a t i o n o f t h e g e l and t h e e n e r g y 
w i t h t h e work done by t h e n e g a t i v e l y c h a r g e d a c r y l i c a c i d g r o u p s i n 
t h e e l e c t r i c f i e l d . The d e s w e l l i n g o f g e l s i n an e l e c t r i c f i e l d was 
a l s o o b s e r v e d f o r a w a t e r s w o l l e n p o l y ( 2 - a c r y l a m i d e - 2 - m e t h y l - l - p r o -
p a n e - s u l f o n i c a c i d ) ( 2 5 ) . I n t h e s e e x p e r i m e n t s , t h e g e l s a r e i n 
c o n t a c t w i t h e l e c t r o d e s . These c o n d i t i o n s make i t d i f f i c u l t t o 
d i s t i n g u i s h t h e e l e c t r i c f i e l d e f f e c t f r o m t h e e l e c t r o c h e m i c a l r e a c 
t i o n s on t h e e l e c t r o d e s , w h i c h w i l l change pH o f t h e g e l i n s i d e and 
t h e s o l u t i o n . 

We have t r i e d t o measure p u r e e l e c t r i c f i e l d e f f e c t on t h e 
p h o t o r e s p o n s i v e a c r y l a m i d e g e l s by u s i n g a s m a l l w a t e r p o o l ( t e f l o n , 
36 χ 19 χ 15 mm) w i t h two p a r a l l e l p l a t i n u m e l e c t r o d e s ( 2 6 ) . The 
r o d - s h a p e d g e l was p l a c e d p a r a l l e l t o t h e e l e c t r o d e s t o a v o i d t h e 
c o n t a c t o f t h e g e l s w i t h t h e e l e c t r o d e s . The a c r y l a m i d e g e l s 
c o n t a i n i n g t r i p h e n y l m e t h a n e l e u c o c y a n i d e g r o u p s ( 2 5 mm i n l e n g t h and 
2 mm i n s e c t i o n d i a m e t e r ) were p r e p a r e d i n c a p i l l a r y t u b e s by t h e 
same method as d e s c r i b e d i n t h e p r e v i o u s s e c t i o n . 

F i g u r e 6 shows p h o t o s t i m u l a t e d b e n d i n g m o t i o n o f an a c r y l a m i d e 

^ i o n 
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F i g u r e d . P h o t o s t i m u l a t e d b e n d i n g m o t i o n o f a r o d shaped a c r y l 
amide g e l (25 mm i n l e n g t h and 2 mm i n s e c t i o n d i a m e t e r ) 
h a v i n g 3.1 mole% t r i p h e n y l m e t h a n e l e u c o c y a n i d e g r o u p s i n 
an e l e c t r i c f i e l d (10 V/cm) i n w a t e r : (A) b e f o r e p h o t o -
i r r a d i a t i o n , ( B ) u n d e r u l t r a v i o l e t i r r a d i a t i o n , (C) under 
u l t r a v i o l e t i r r a d i a t i o n , p o l a r i t y o f t h e e l e c t r i c f i e l d 
b e i n g o p p o s i t e t o t h a t i n ( B ) . 
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g e l h a v i n g 3.1 mole% t r i p h e n y l m e t h a n e l e u c o c y a n i d e g r o u p s i n w a t e r i n 
an e l e c t r i c f i e l d . I n t h e d a r k , t h e g e l shape d i d n o t change i n an 
e l e c t r i c f i e l d . 10 V / c m ( F i g u r e 6 A ) . Upon u l t r a v i o l e t i r r a d i a t i o n 
( λ>270 nm),the g e l q u i c k l y b e n t i n 1 m i n . The g e l end moved t o t h e 
d i r e c t i o n o f a p o s i t i v e e l e c t r o d e ( F i g u r e 6 B ) . D u r i n g t h e b e n d i n g 
m o t i o n , t h e c e n t e r o f g r a v i t y o f t h e g e l r e m a i n e d a t t h e i n i t i a l 
p o s i t i o n . T r a n s l a t i o n a l movement o f t h e e n t i r e g e l t o t h e n e g a t i v e 
e l e c t r o d e was n o t o b s e r v e d . By c h a n g i n g t h e p o l a r i t y o f t h e e l e c t r i c 
f i e l d , t h e g e l a g a i n becomes s t r a i g h t and t h e n bends t o t h e a n o t h e r 
d i r e c t i o n ( F i g u r e 6 C ) . The r e s p o n s e t i m e o f t h e g e l shape change was 
a r o u n d 2 m i n . A f t e r s w i t c h i n g o f f t h e l i g h t , t h e g e l s l o w l y r e t u r n e d 
t o t h e i n i t i a l s t r a i g h t shape i n t h e e l e c t r i c f i e l d . The r e s u l t 
s u g g e s t s t h a t p h o t o d i s s o c i a t i o n o f t h e l e u c o c y a n i d e g r o u p s i n t h e g e l 
i s i n d i s p e n s a b l e t o t h e g e l b e n d i n g m o t i o n . 

I n o r d e r t o d e t e r m i n e q u a n t i t a t i v e l y t h e r e s p o n s e t i m e o f t h e 
m o t i o n , one end o f t h e r o d - s h a p e d l  f i x e d t  t h  w a l l d t h
moving d i s t a n c e o f t h e o t h e
was measured as a f u n c t i o
p h o t o s t i m u l a t e d b e n d i n g m o t i o n o f t h e g e l ( 2 6 mm i n l e n g t h and 2 mm 
i n s e c t i o n d i a m e t e r ) i n an e l e c t r i c f i e l d ( 1 0 V/cm). The f r e e end 
moved t o w a r d t h e p o s i t i v e e l e c t r o d e w i t h a i n i t i a l s p eed o f 0.40 mm/ 
s e c . By c h a n g i n g t h e p o l a r i t y o f t h e e l e c t r i c f i e l d , t h e end moved 
t o a n o t h e r d i r e c t i o n . Upon s w i t c h i n g o f f t h e e l e c t r i c f i e l d , t h e 
b e n t g e l r e t u r n e d t o t h e i n i t i a l p o s i t i o n w i t h a speed o f 0.075 mm/ 
s e c . 

The b e n d i n g r a t e depends on t h e a p p l i e d f i e l d . Upon i n c r e a s i n g 
t h e f i e l d , t h e r e s p o n s e t i m e i n c r e a s e s i n p r o p o r t i o n t o t h e a p p l i e d 
f i e l d . A l t h o u g h t h e b e n d i n g r a t e became v e r y s l o w , t h e b e n d i n g 
m o t i o n was o b s e r v e d i n a v e r y weak f i e l d o f 1.25 V/cm. I n t h i s c a s e , 
e f f e c t i v e v o l t a g e a p p l i e d t o t h e g e l was o n l y 0.25 V. 

I n t h e above e x p e r i m e n t s , d e i o n i z e d w a t e r was u s e d as t h e 
e x t e r n a l s o l u t i o n . As d e s c r i b e d i n t h e p r e v i o u s s e c t i o n , t h e 
a d d i t i o n o f s a l t s t o t h e s o l u t i o n d e c r e a s e d t h e p h o t o s t i m u l a t e d 
d i l a t i o n o f t h e g e l s . I f t h e b e n d i n g m o t i o n i n t h e e l e c t r i c f i e l d 
was due t o t h e o s m o t i c p r e s s u r e mechanism, t h e a d d i t i o n o f s a l t 
w o u l d a l s o s u p p r e s s t h e m o t i o n . T h i s i s n o t t h e c a s e . On t h e c o n t r a r y , 
t h e r e s p o n s e t i m e o f t h e b e n d i n g m o t i o n was a c c e l e r a t e d by t h e 
a d d i t i o n o f s a l t s t o t h e e x t e r n a l s o l u t i o n . The b e n d i n g r a t e i n t h e 
s o l u t i o n c o n t a i n i n g 2 χ 1 0 ~ 3 m o l e / l N a C l was 1.5 mm/sec, w h i c h i s 4 
t i m e f a s t e r t h a n t h e r a t e i n t h e absence o f N a C l . The r e s u l t i n d i 
c a t e s t h a t t h e b e n d i n g m o t i o n i n t h e e l e c t r i c f i e l d i s n o t due t o t h e 
o s m o t i c p r e s s u r e mechanism. 

When a s o l u t i o n c o n t a i n i n g s a l t s i s u s e d , i t i s d i f f i c u l t t o 
examine p u r e e l e c t r i c f i e l d e f f e c t w i t h o u t b e i n g d i s t u r b e d by t h e 
e l e c t r o c h e m i c a l r e a c t i o n s on t h e e l e c t r o d e s . The r e a c t i o n s on t h e 
e l e c t r o d e s p r o d u c e pH g r a d i e n t i n t h e s o l u t i o n . A l t h o u g h t h e l e u c o 
c y a n i d e g e l s a r e r a t h e r i n s e n s i t i v e t o t h e pH change, t h e c o r r e l a t i o n 
between t h e b e n d i n g m o t i o n and t h e pH change was examined by a d d i n g a 
pH i n d i c a t o r , p h e n o l r e d , i n t o t h e e x t e r n a l s o l u t i o n . The b e n d i n g 
m o t i o n was f o u n d t o be much f a s t e r t h a n t h e c o l o r change on t h e 
e l e c t r o d e . The r e s u l t s u g g e s t s t h a t t h e r a p i d b e n d i n g m o t i o n i s 
i n d e p e n d e n t o f t h e pH change. T h i s was f u r t h e r c o n f i r m e d by a p p l y i n g 
a l t e r n a t i n g e l e c t r i c f i e l d , as shown i n F i g u r e 8. The r o d shaped g e l , 
one end o f w h i c h i s f i x e d on t h e w a l l , v i b r a t e s i n r e s p o n s e t o t h e 
a l t e r n a t i n g e l e c t r i c f i e l d o f 0.5 Hz. under u l t r a v i o l e t i r r a d i a t i o n . 

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



120 PHOTOPHYSICS OF POLYMERS 

F i g u r e 7. P h o t o s t i m u l a t e d b e n d i n g m o t i o n o f a r o d shaped a c r y l 
amide g e l (26 mm i n l e n g t h and 2 mm i n s e c t i o n d i a m e t e r ) 
h a v i n g 3.1 mole% t r i p h e n y l m e t h a n e l e u c o c y a n i d e g r o u p s i n 
an e l e c t r i c f i e l d (10 V/cm) i n w a t e r . The e l e c t r i c f i e l d 
was removed a f t e r 120 s e c . ( R e p r o d u c e d f r o m R e f . 26. 
C o p y r i g h t 1986 A m e r i c a n C h e m i c a l S o c i e t y . ) 

F i g u r e 8. P h o t o s t i m u l a t e d v i b r a t i n a l m o t i o n o f a r o d shaped a c r y l 
amide g e l h a v i n g 3.1 mole% t r i p h e n y l m e t h a n e l e u c o c y a n i d e 
g r o u p s i n an a l t e r n a t i n g e l e c t r i c f i e l d (0.5 Hz, ± 8V/cm) 
i n w a t e r . 

I n t h i s c a s e , t h e pH o f t h e s o l u t i o n r e m a i n e d i n t h e n e u t r a l v a l u e 
( a r o u n d 6 . 5 ) . 

The b e n d i n g b e h a v i o r o f t h e g e l s u g g e s t s inhomogeneous e x p a n s i o n 
o f t h e g e l i n t h e e l e c t r i c f i e l d . The n e g a t i v e e l e c t r o d e s i d e o f t h e 
g e l expands l a r g e r t h a n t h e o t h e r s i d e . S i n c e t h e e l e c t r i c f i e l d i s 
a p p l i e d p e r p e n d i c u l a r t o t h e g e l a x i s , m o b i l e n e g a t i v e i o n s , CN~", a r e 
a t t r a c t e d t o t h e p o s i t i v e e l e c t r o d e s i d e i n t h e g e l . C o n s e q u e n t l y , 
e x c e s s p o s i t i v e c h a r g e s a r e l e f t on t h e o t h e r s i d e . I n t e r n a l 
r e p u l s i v e f o r c e between t h e p o s i t i v e c h a r g e s , w h i c h a r e f i x e d i n t h e 
g e l n e t w o r k , i s c o n s i d e r e d t o ca u s e t h e e x p a n s i o n o f t h e n e g a t i v e 
e l e c t r o d e s i d e o f t h e g e l . 
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O t h e r P r o p e r t i e s o f P h o t o r e s p o n s i v e P o l y m e r s 

Because o f l i m i t a t i o n o f t h i s c h a p t e r , o n l y a few p r o p e r t i e s o f 
p h o t o r e s p o n s i v e p o l y m e r s a r e d e s c r i b e d . T a b l e I I i n c l u d e s s e v e r a l 
o t h e r p r o p e r t i e s so f a r r e p o r t e d ( 2 7 - 5 0 ) . A l l o f t h e s e p h y s i c a l and 
c h e m i c a l p r o p e r t i e s a r e f o u n d t o be c o n t r o l l e d r e v e r s i b l y by p h o t o -
i r r a d i a t i o n . I t i s now g e n e r a l l y a c c e p t e d t h a t p h o t o c h r o m i c r e a c t i o n s 
a r e u s e f u l a s a t o o l t o p h o t o - c o n t r o l t h e p r o p e r t i e s o f s y n t h e t i c 
p o l y m e r s . The p h o t o r e s p o n s i v e p o l y m e r s have p o t e n t i a l a p p l i c a t i o n s 
f o r many p h o t o a c t i v e d e v i c e s , s u c h as s e n s o r s , s w i t c h e s , memories, 
p h o t o - m e c h a n i c a l t r a n s d u c e r s and so o n . 

T a b l e I I . P h o t o c o n t r o l o f P h y s i c a l and C h e m i c a l 
P r o p e r t i e s o f Po l y m e r S o l u t i o n s and S o l i d s 

S o l u t i o n 

V i s c o s i t y (3-12,27,28) Membrane P o t e n t i a l (35) 
pH - v a l u e (5,29) W e t t a b i l i t y (36) 
S o l u b i l i t y (30-32) Shape (19,20,37-45) 
M e t a l I o n C a p t u r e (7,34) S o l - G e l T r a n s i t i o n (46,47) 

Tg (48) 
C o m p a t i b i l i t y o f Po l y m e r 
B l e n d s (49) 
A b s o r p t i v e A b i l i t y (50) 
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Chapter 11 

Luminescence Studies 
of Molecular Motion 

in Poly(n-butyl acrylate) 

J. Toynbee and I. Soutar 

Chemistry Department, Heriot-Watt University, Riccarton, Currie, 
Edinburgh, EH14 4AS, Scotland 

Relaxation processe
have been studied
and probe techniques. A wide range of effective test 
frequencies have been accessed through the employment 
of both singlet and triplet excited states as reporter 
molecules. Segmental relaxation of the polymer in the 
region of the glass transition has been studied by 
emission anisotropy measurements on samples labelled 
with acenaphthylene and 1-vinylnaphthalene respectively. 
In addition probe interrogation of the matrix micro
-viscosity has revealed an involvement of the polymer 
matrix in the photophysical behaviour of the triplet 
state of naphthyl chromophores and information germane 
to speculation over the existence of triplet excimers 
of naphthalene is discussed. 

The a p p l i c a t i o n of luminescence techniques to the study of macro-
molecular behaviour has enjoyed an enormous growth r a t e i n the l a s t 
decade. The a t t r a c t i o n of such methods l i e s i n the degrees of both 
s p e c i f i c i t y and s e l e c t i v i t y afforded to the i n v e s t i g a t o r . Con
sequently the polymer may be doped or l a b e l l e d at s u f f i c i e n t l y low 
concentration l e v e l s of luminophore as to induce minimal p e r t u r b a t i o n 
of the system. P o l a r i z e d p h o t o s e l e c t i o n techniques o f f e r p a r t i c u l a r 
a t t r a c t i o n i n the study of r e l a x a t i o n phenomena both i n s o l u t i o n and 
s o l i d s t a t e s . I n p r i n c i p l e , astute l a b e l l i n g can all o w e l u c i d a t i o n 
of the molecular mechanisms re s p o n s i b l e f o r the macroscopic r e l a x 
a t i o n s e x h i b i t e d by the macromolecular system. In a d d i t i o n , 
luminescent probes can address the m i c r o v i s c o s i t y of t h e i r environ
ment. 

The use of both s i n g l e t and t r i p l e t s t a t e s as molecular 
re p o r t e r s permits access to an extremely wide range of e f f e c t i v e t e s t 
frequencies. Fluorescence d e p o l a r i z a t i o n techniques have been 
employed e x t e n s i v e l y to study the r e l a x a t i o n behaviour of macromole
cules i n s o l u t i o n ( c f . references (1 - 3) and references t h e r e i n ) . 
Such anisotropy measurements have a l s o been used, to a much l e s s e r 
extent, to study high frequency r e l a x a t i o n processes i n the polymeric 
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s o l i d s t a t e . (3 - 6) Phosphorescence d e p o l a r i z a t i o n , on the other 
hand, o f f e r s i n t e r e s t i n g p o s s i b i l i t i e s to study the macromolecular 
s o l i d s t a t e at much longer time scales upon which greater r e s o l u t i o n 
of the vari o u s mechanisms which c o n s t i t u t e the o v e r a l l v i s c o e l a s t i c 
or d i e l e c t r i c r e l a x a t i o n s p e ctra might be a n t i c i p a t e d . W h i l s t the 
p o t e n t i a l of phosphorescence p o l a r i z a t i o n measurements has been 
recognized f o r many years very few s u c c e s s f u l a p p l i c a t i o n s of the 
technique have been reported (9 - 11) f o r e m p i r i c a l reasons. 

In the current paper we extend previous work on poly(methyl 
a c r y l a t e ) (9 - 10) and poly(methyl methacrylate) (9 - 11) i n which 
the phosphorescence d e p o l a r i z a t i o n technique was shown to provide 
data which were c o n s i s t e n t w i t h reported d i e l e c t r i c and mechanical 
r e l a x a t i o n experiments, to the study of the molecular behaviour of 
p o l y ( n - b u t y l methacrylate). This polymer, w h i l s t of t e c h n o l o g i c a l 
a p p l i c a t i o n , has received much l e s s e r a t t e n t i o n using conventional 
dynamic r e l a x a t i o n techniques than has been devoted to PMA and PMMA
In a d d i t i o n , fluorescenc
employed i n an attempt t
the higher frequency behaviour of the polymer. 

In a d d i t i o n , luminescence i n t e n s i t y and l i f e t i m e data obtained 
not only from the l a b e l l e d polymer but also.from emission of 
dispersed naphthalene, acenaphthene and 1,1-dinaphthyl-l,3-propane 
(DNP) are b r i e f l y discussed. These measurements have provided i n f o r 
mation not only of relevance to the r e l a x a t i o n behaviour of the 
polymer matrix but a l s o to the photophysics which occur t h e r e i n and 
i n t r a m o l e c u l a r l y w i t h i n the DNP. 

Experimental 

M a t e r i a l s . Acenaphthene (Ac), acenaphthylene (ACE) and naphthalene 
(Np) ( A l d r i c h ) were p u r i f i e d by m u l t i p l e r e c r y s t a l l i z a t i o n from 
ethanol followed by m u l t i p l e s u b l i m a t i o n under high vacuum. 

1-Vinylnaphthalene (1-VN) was prepared by dehydration of methy1-
1-naphthylcarbinol (Koch-Light) w i t h 10% potassium hydrogen sulphate 
and p u r i f i e d by f r a c t i o n a l d i s t i l l a t i o n under reduced pressure. 

1,1-dinaphthyl-l,3-propane (DNP) was prepared according to the 
method of Chandross and Dempster (12). 

η-Butyl a c r y l a t e was fre e d of i n h i b i t o r , vacuum degassed, pre-
polymerized and p u r i f i e d by high vacuum f r a c t i o n a l d i s t i l l a t i o n 
immediately p r i o r to use. 

P o l y ( n - b u t y l a c r y l a t e ) (PBA) was prepared by fr e e r a d i c a l p o l y 
m e r i z a t i o n (AIBN) under high vacuum to l e s s than 10% conversion at 
60%C. L a b e l l e d PBA was obtained by copolymerization w i t h ca. 0.2 
mole % 1-VN or ACE to produce polymers P/VN and P/ACE r e s p e c t i v e l y . 
The polymers were p u r i f i e d by m u l t i p l e r e p r e c i p i t a t i o n from benzene 
i n t o c o l d methanol or 40/60 petroleum ether. Molar^masses of the 
r e s u l t a n t polymers estimated by gpc exceeded 10 and comprized 
mononodal d i s t r i b u t i o n s . 

Sample P r e p a r a t i o n . Polymer samples f o r luminescence i n v e s t i g a t i o n 
were produced as t h i n polymer f i l m s by solvent c a s t i n g from CH«C1 ? 
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i n quartz c e l l s . Residual solvent was removed under high 
vacuum at 100°C f o r 5-10 days p r i o r to s e a l i n g . 

Instrumentation. Steady s t a t e luminescence measurements were made 
using a Perkin-Elmer MPF-3L s p e c t r o f l u o r i m e t e r . Samples were 
contained i n an o p t i c a l dewar and temperature v a r i a t i o n achieved 
using a flow of pre-heated or cooled dry n i t r o g e n gas. Phosphor
escence measurements were made using a r o t a t i n g - c a n phosphoroscope. 

Fluorescence l i f e t i m e s and time-resolved spectroscopic measure
ments were obtained using an Edinburgh Instruments 199 spectrometer 
using the ti m e - c o r r e l a t e d s i n g l e photon counting technique using 
e x c i t a t i o n from a c o a x i a l f l a s h lamp wit h hydrogen as the discharge 
medium. Temperature c o n t r o l was achieved using an Oxford Instruments 
Cryostat. The 199 spectrometer was a l s o modified to accomplish 
phosphorescence decay a n a l y s i s using a microsecond flashlamp. The 
experimental arrangemen

Results and Discu s s i o n

Phosphorescence P o l a r i z a t i o n Measurements. The degree of p o l a r i z 
a t i o n was determined as a f u n c t i o n of temperature f o r the systems 
P/ACE, P/VN and P-Np (dispersed naphthalene probe). The e x c i t a t i o n 
wavelength was 310 nm and that of a n a l y s i s , 490 nm. The onset of 
d e p o l a r i z a t i o n was observed at ca. 210, 195 and 180K f o r P/ACE, 
P/VN and P-Np r e s p e c t i v e l y . The onset temperature f o r P/ACE i s i n 
good agreement with that of the conventional value f o r Tg, c o n s i s t e n t 
w i t h the low frequency equivalence of the time-scale imposed by the 
phosphorescent l a b e l at t h i s temperature i n the PBA matrix. 

The p o l a r i z a t i o n data were transformed i n t o apparent r e l a x a t i o n 
times, 1^, v i a the P e r r i n equation 

( P _ 1 - 1/3) = ( P o
_ 1 - 1/3)(1 + 3τ θ/τ Γ) (1) 

where τ represents the l i f e t i m e of the e l e c t r o n i c a l l y e x c i t e d s t a t e 
and Ρ i s the i n t r i n s i c p o l a r i z a t i o n , estimated i n t h i s instance 
as that a t t a i n e d at low temperatures (77K). 

The r e s u l t a n t data are p l o t t e d i n Arrhenius form i n Figure 1 and 
the r e s u l t a n t values f o r the a c t i v a t i o n energies of the r e l a x a t i o n 
processes are l i s t e d i n Table I . 

Table I . Temperature Dependence of R e l a x a t i o n Times 

System E /kJ mol""1 

a 
P/ACE 98 ± 5 

P/VN ca. 100 
44 ± 5 

P-Np 100 ± 5 
33 ± 5 
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Figure 1. Temperature dependence of r e l a x a t i o n times derived 
from phosphorescence d e p o l a r i z a t i o n data. 
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The mode of attachment of the l a b e l s to the polymer chain i s depicted 
below. 

P/ACE Ρ/1-VN 

The acenaphthylene l a b e l , being incapable of motion independent of 
the polymer chain, i s expected to monitor segmental r e l a x a t i o n of the 
macromolecule. The r e l a x a t i o n data adhere w e l l to an Arrhenius 
r e l a t i o n s h i p over the r e l a t i v e l y r e s t r i c t e d frequency-temperature 
range sampled. This behaviour i s s i m i l a r to that observed f o r the 
PMA r e l a x a t i o n as determined by phosphorescence depolarization(9^_10) 
but c o n t r a s t s w i t h that of PMMA i n which backbone motion of l e s s e r 
a c t i v a t i o n energy was s e n s i b l
I t i s apparent that the
bone s u b s t i t u e n t s are important i n determination of the extent to 
which backbone segments experience m o b i l i t y as the gl a s s t r a n s i t i o n 
i s approached. In t h i s respect the i n f l u e n c e of t a c t i c i t y i n 
1,1- d i s u b s t i t u t e d a l k y l methacrylate polymers r e q u i r e s i n v e s t i g a t i o n . 

The greater degree of freedom enjoyed by the 1-naphthyl l a b e l i n 
P/VN i s most l i k e l y a s c r i b a b l e to motion independent of the polymer 
chain about the bond of attachment. Since the vectors f o r absorption 
and emission are located w i t h i n d i f f e r e n t planes w i t h i n the molecular 
framework f o r t r i p l e t emission, such motions c o n s t i t u t e a mechanism 
of enhanced d e p o l a r i z a t i o n f o r the P/VN system. In the case of PMMA 
i t has been shown (11) that independent motion of a 1-VN l a b e l occurs 
i n the v i n c i n i t y of the r e l a x a t i o n of the polymer but i s c h a r a c t e r 
i z e d by an apparent a c t i v a t i o n energy i n f e r i o r to that sensed by an 
est e r l a b e l or as afforded by d i e l e c t r i c and dynamic r e l a x a t i o n data 
f o r the 3-process. Consequently w h i l s t the onset of motion might be 
co n s i s t e n t w i t h an increased degree of free volume released by the 
3-mechanism, the a c t i v a t i o n energy f o r naphthyl group r e o r i e n t a t i o n 
w i t h i n the l i f e t i m e of the e x c i t e d s t a t e s should not be equated w i t h 
that of the β-process i t s e l f i n PBA. 

Motion of the dispersed naththalene t r i p l e t probe i n P-Np i s 
evident at 180K. By analogy w i t h previous observations of the PMMA 
sys t e m ( l l ) such m o b i l i t y might be concomitant w i t h the onset of the 
3 - r e l a x a t i o n . I t i s apparent from dynamic mechanical data at 1Hz 
that r e s o l u t i o n of the α and 3 r e l a x a t i o n s i s d i f f i c u l t ( 1 4 ) . I t may 
be that the use of molecular probes and l a b e l s such as 1-VN (as 
described above) o f f e r s a more s e n s i t i v e sensory e x p l o r a t i o n of the 
matrix than i s afforded by macroscopic techniques. I t i s a l s o 
p o s s i b l e that the degrees of freedom f o r motion imbued i n the matrix 
do not r e s u l t from the motion of es t e r groups as g e n e r a l l y i n f e r r e d 
i n PMA and PMMA f o r the 3 - r e l a x a t i o n but that conformational changes 
w i t h i n the η-butyl s u b s t i t u e n t i t s e l f , c o n s t i t u t e s u f f i c i e n t r e l e a s e 
of f r e e volume w i t h i n the matrix to allow r o t a t i o n a l m o b i l i t y of both 
the 1-VN l a b e l and the dispersed naphthalene probe. 

I t i s apparent that our concepts of the r e l a x a t i o n a l processes 
i n w e l l studied systems such as the p o l y ( n - a l k y l a c r y l a t e s ) and 
p o l y ( n - a l k y l methacrylates) warrant f u r t h e r study and that 
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luminescence probe and l a b e l l i n g techniques o f f e r unique opportun
i t i e s f o r the study of the l e s s understood systems which c o n s t i t u t e 
the m a j o r i t y of polymer s o l i d s . 

Phosphorescence I n t e n s i t y Measurements. The i n t e n s i t y of phosphor-
escence emission from the system P/ACE, P/VN and Ρ/Νρ (λ = 310 nm; 
λ = 490 nm) was monitored as a f u n c t i o n of temperature. 

Consider the photophysical k i n e t i c scheme: 

M + hv 
a 

1
M* I 

a 
(2.1) 

-> XM + % k F M [ V : (2.2) 

-> k I M [ V ] (2.3) 
1
M* 
3 
M* -+ \ + h v T k p T [ M * ] (2.5) 
3 
M* -> hi k I T [ V ] (2.6) 

i n which the r a t e constants k j ^ and k ^ r e f e r to a l l r a d i a t i o n l e s s 
d e a c t i v a t i o n steps of the e x c i t e d s i n g l e t and t r i p l e t s t a t e s 
r e s p e c t i v e l y and can be expanded to accommodate bimolecular quenching; 
k F T and k p T are the r a d i a t i v e r a t e c o e f f i c i e n t s a s s ociated w i t h f l u o r 
escence and phosphorescence r e s p e c t i v e l y . 

The quantum y i e l d of phosphorescence, φ^, may be w r i t t e n as 

Φ ρ = *TM C kW / ( kM + k I T ) 3 (3) 
where φ i s the quantum y i e l d of intersystem c r o s s i n g . 

The i n t e n s i t y of phosphorescence, Ip, i s p r o p o r t i o n a l to the 
quantum y i e l d of phosphorescence. Separation of the non-
r a d i a t i v e r a t e c o e f f i c i e n t kjj i n t o temperature-independent and 
thermally a c t i v a t e d components f u r n i s h e s the expression (15,16). 

1/1 - 1/1 = Β exp(-E/RT) (4) Ρ ο 
where I Q i s the phosphorescence i n t e n s i t y at absolute zero and Ε i s 
the " a c t i v a t i o n energy". 

S o m e r s a l l ^ e t al(16) have shown that p l o t s of l n ( I p ) as a 
f u n c t i o n of Τ are u s e f u l i n e x h i b i t i o n of " t r a n s i t i o n temperatures" 
i n s o l i d polymers. The l i m i t a t i o n s of such representations i n 
e v a l u a t i o n of " a c t i v a t i o n energies" has been discussed(10,11). In 
the current work, d i s c o n t i n u i t i e s i n such p l o t s occurred at two 
" t r a n s i t i o n temperatures" f o r each of the systems P/ACE and P/VN and 
Ρ - Np as shown i n Figure 2. In the case of the l a b e l l e d systems, 
P/ACE, and P/VN, the higher temperature d i s c o n t i n u i t y occurs at ca. 
215K i n good agreement w i t h that of ca. 218K f u r n i s h e d by d i e l e c t r i c 
and mechanical r e l a x a t i o n s t u d i e s at lHz(17) f o r the a - t r a n s i t i o n 
( g l a s s t r a n s i t i o n ) of the polymer. The onset temperature f o r t h i s 
t r a n s i t i o n as sensed by the naphthalene probe i n Ρ - Np i s 200K. 

I t i s l i k e l y that "molecular probing" of the microenvironment 
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a c c u r a t e l y r e f l e c t s the glass-rubber t r a n s i t i o n of the polymer i n 
t h i s instance as a consequence of the i n f l u e n c e of polymer m o b i l i t y 
upon r a d i a t i v e and r a d i a t i o n l e s s d e a c t i v a t i o n pathways of the e x c i t e d 
t r i p l e t s t a t e . Indeed, the c o r r e l a t i o n between " t r u e " t r a n s i t i o n 
temperatures and phosphorescence i n t e n s i t y changes i s stronger the 
greater the concentration of b i m o l e c u l a r l y quenching ground s t a t e 
species (such as oxygen)(10,11) 

P l o t s of l n ( I - I ), where I Q i s approximated i n t h i s study as 
the i n t e n s i t y of P ° phosphorescence at 77K, provide apparent 
energies of a c t i v a t i o n of the photophysical d e a c t i v a t i o n of the 
t r i p l e t naphthalene species, which are i n broad agreement f o r a l l of 
the systems st u d i e d . _^ 

A lower temperature d i s c o n t i n u i t y i n the l n l p v s. Τ p l o t s i s 
observed f o r a l l of the systems studied i s apparent at ca. 140K. In 
view of the data furnished by p o l a r i z a t i o n data (vide supra) and 
of the problems associated i n dynamic mechanical r e l a x a t i o n w i t h 
separation of the a- an
suggested that t h i s " t r a n s i t i o n
discussed below. 

A caveat must be sounded as to the use of i n t e n s i t y (or l i f e 
time) data accrued through the use of t r i p l e t probes i n sensing 
polymeric t r a n s i t i o n s i n t h i s manner. The probe/label data are 
complementary but v i c a r i o u s i n the nature of the information relayed 
to the observer. 

Apparent energies of a c t i v a t i o n through the use of equation (4) 
of ca. 20 and 14 k J mol~~^ r e s p e c t i v e l y were recorded f o r the upper 
and lower t r a n s i t i o n temperature t r a n s i t i o n s apparent from 1^ data. 

Phosphorescence L i f e t i m e Data The l i f e t i m e , ! , of the t r i p l e t s t a t e 
i s r e l a t e d to the rate c o e f f i c i e n t s of r a d i a t i v e ( k p T ) and nonradia-
t i v e ( k I T ) decay by the r e l a t i o n 

τ " 1 - k p T + k I T (5) 

Separation of the r a d i a t i o n l e s s decay-rate c o e f f i c i e n t i n t o temper
ature dependent and independent components y i e l d s the expression 

τ" 1 - τ _ 1 = C(exp - E/RT) (6) 
-1 ° where τ = k^ + k' ,k* being the temperature independent compon-

ent of k I T . 
A c t i v a t i o n energy data were afforded by equation (6) t r a n s l a t e d 

i n t o Arrhenius form. P l o t s of 1ητ ρ as a f u n c t i o n of T~~* y i e l d e d 
apparent t r a n s i t i o n temperatures i h agreement w i t h those afforded by 
i n t e n s i t y data (as reported above). A c t i v a t i o n energies i n the high 
and low temperature regimes were not i n general accord with those 
r e g i s t e r e d using i n t e n s i t y data being ca. 50 and 3kJ mol~* respect
i v e l y . 

These data, taken at face value, might be i n t e r p r e t e d as being 
i n d i c a t i v e of a temperature dependence of by comparison of 
equations (3) and (5). However, the photophysics of the 
polymer systems are much more complex than h i t h e r t o supposed(lO^ll) 
as discussed below. In p a r t i c u l a r , the decays of phosphorescence 
i n t e n s i t y are not e x p o n e n t i a l , and the l i f e t i m e data used i n 
equation (6) f o r the e s t i m a t i o n of energies of a c t i v a t i o n are those 
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obtained from the " t a i l s ' O f the decays. S i m i l a r methods were adopted 
f o r the e s t i m a t i o n of τ values i n the e v a l u a t i o n of r e l a x a t i o n data 
v i a equation ( 1 ) . 

I t i s apparent that the use of phosphorescence data i n the study 
of polymeric t r a n s i t i o n s i s fraught w i t h complications and the use of 
steady-state i n t e n s i t y data and low t i m e - r e s o l u t i o n decay data, i n 
p a r t i c u l a r , are of l i m i t e d a p p l i c a t i o n to the study of r e l a x a t i o n 
phenomena. 

Nature of the Lower Temperature T r a n s i t i o n . The complex non-
exponential phosphorescence decays, apparent under the higher time 
r e s o l u t i o n afforded by use of the modified 199 spectrometer are a 
consequence of i n t e r j e c t i o n by the polymer matrix i n the photophysics 
experienced by the chromophore. Non-exponential decays of t r i p l e t 
naphthalene (and other chromophore) emissions have been observed i n 
PMMA. Horie et al.(18-20) a s c r i b e such e f f e c t s to dynamic  i n t e r -
molecular quenching of
MacCallum et al(21-23) invok
polymer f o l l o w i n g quenching of the t r i p l e t s t a t e of the naphthalene. 

In the PBA ma t r i x , exponential decays were not observed at any 
temperature i n excess of 140K. In a d d i t i o n , delayed fluorescence was 
observable from the naphthyl chromophores at higher photon f l u x e s . 
Considering the low concentrations of chromophore and the f a c t that 
f o r the l a b e l l e d systems, d i f f u s i v e motion of the naphthyl species i s 
p r o h i b i t e d , these data are supportive of the MacCallum mechanism. 

These data s h a l l be published more f u l l y elsewhere. 

Fluorescence Measurements. D e p o l a r i z a t i o n becomes apparent at ca-
270K. The i n i t i a l steady increase of P~^ with temperature at 
temperatures i n excess of 270K i s followed by a dramatic enhancement 
at temperatures superior to ca. 380K. Figure 3 d i s p l a y s the data 
f o r the P/ACE system f o l l o w i n g transformation i n t o r e l a x a t i o n times 
v i a equation (1). The curves f o r P/VN, P/ACE and P - N p may be 
di v i d e d i n t o two pseudo-linear regimes y i e l d i n g a c t i v a t i o n energies 
of ca. 60 and 25 k J mol"* i n the higher and lower temperature 
regions r e s p e c t i v e l y . 

I t i s apparent th a t ; 
( i ) the dispersed naphthalene probe senses the same r e l a x a t i o n and 
experiences a s i m i l a r temperature dependence f o r decay of i t s photo-
s e l e c t e d o r i e n t a t i o n to those sensed by the l a b e l l e d systems. This 
i s somewhat s u r p r i z i n g c o n s i d e r i n g the small molar volume of the 
probe. J a r r y and Monnerie(4) have i n d i c a t e d that the dynamic 
behaviour of a p a r t i c u l a r f l u o r e s c e n t probe depends upon i t s s i z e 
r e l a t i v e to that of the k i n e t i c segments of the polymer involved i n 
the t r a n s i t i o n . S i m i l a r correspondence to probe s i z e have been 
reported using paramagnetic probe i n t e r r o g a t i o n s of polymer 
matrices(24). 
( i i ) invoking the onset of segmental motion, c o n s i s t e n t w i t h the 
occurrence of the α r e l a x a t i o n , i n explanation of the d e p o l a r i z a t i o n s 
observed at 270K, t h i s temperature i s elevated some 50K compared to 
that obtained f o r the glass t r a n s i t i o n measured at low frequencies. 
This magnitude of time-temperature s h i f t would be as ge n e r a l l y 
expected f o r the s h i f t of some ei g h t decades of frequency to the 
fluorescence time base. Again, the lack of evidence f o r an independ
e n t l y resolved 3 process on these time scales i s to be expected. 
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Figure 3. Temperature dependence of r e l a x a t i o n times derived 
from fluorescence d e p o l a r i z a t i o n data f o r the P/ACE system. 
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Consequently, using t h i s i n t e r p r e t a t i o n , the higher temperature 
t r a n s i t i o n evident at c_a. 380K might be ascribed to the occurrence of 
a l i q u i d - l i q u i d t r a n s i t i o n as the k i n e t i c segment length involved i n 
the r e l a x a t i o n s of the melt a l t e r s . A l t e r n a t i v e l y the curvature of 
the p l o t may merely show that the r e l a x a t i o n data are poorly des
c r i b e d , even over t h i s l i m i t e d frequency-temperature range, by an 
Arrhenius f u n c t i o n a l r e p r e s e n t a t i o n . 
( i i i ) the " a c t i v a t i o n energies" obtained from the Arrhenius p l o t s 
are low r e l a t i v e to low frequency phosphorescence probing. W h i l s t 
comparable d i e l e c t r i c and dynamic r e l a x a t i o n data are not a v a i l a b l e 
f o r PBA over a broad frequency range, the s h i f t to lower apparent 
a c t i v a t i o n energy as frequency increases i s g e n e r a l l y a n t i c i p a t e d 
f o r α r e l a x a t i o n s . 

A p l i c a t i o n of Intramolecular Excimer Formation to the Study of PBA 
Rel a x a t i o n . DNP was dispersed i n PBA and i t s photophysical behaviour 
compared to the P-Ac an

Fluorescence studie
i n f o r m a t i o n regarding the m i c r o v i s c o s i t y of the matrix. Unusually 
the probe seems to r e f l e c t the low frequency glass t r a n s i t i o n and 
caution must be ap p l i e d i n i n t e r p r e t i n g photophysical data obtained 
wit h such probes i n terms of polymer r e l a x a t i o n mechanisms. 

More i n t e r e s t i n g l y , t r i p l e t s t a t e s t u d i e s have produced date 
which expand our experience of in t r a m o l e c u l a r t r i p l e t s t a t e i n t e r 
a c t i o n s and are r e l e v a n t to the issue regarding the existence of 
t r i p l e t excimer species i n naphthalene compounds(25-30). The data 
may be summarized as f o l l o w s : 
(a) At low temperatures, <180K, the naphthyl species e x h i b i t s i m i l a r 
phosphorescence spectra c h a r a c t e r i s t i c of an i s o l a t e d naphthalene 
chromophore. 
(b) At temperatures i n excess of 180K the spectrum of the DNP i s 
di s p l a c e d to lower energies r e l a t i v e to those of naphthalene or 
acenaphthene (whose s p e c t r a l maxima remain constant over the e n t i r e 
Τ range). 
(c) I f t h i s behaviour i s i n t e r p r e t e d i n terms of the formation of an 
e x c i t e d s t a t e complex whose formation i s dependent upon m o b i l i t y f o r 
conformational change of the DNP allowed by the m a t r i x , changes i n 
the e x c i t a t i o n spectrum of the DNP ( i n the high Τ region) r e v e a l that 
the complex can not be considered to be t r u l y excimeric i n nature. 
(d) Phosphorescence decays of the DNP are complex; due to energy 
t r a n s f e r to the polymer matrix. The decays are wavelength dependent 
(being longer l i v e d the lower the energy of a n a l y s i s ) c o n s i s t e n t w i t h 
e x c i t e d s t a t e complex formation. However no " r i s i n g component" i s 
d i s c e r n i b l e ( i n c o n t r a s t to the decay p r o f i l e s reported f o r f l u i d 
s o l u t i o n by Takemura et al(25,26) c o n s i s t e n t with a ground s t a t e 
a s s o c i a t i o n . 
(e) The sample of PBA/ACE (copolymerized acenaphthylene) when 
exposed ( a d v e n t i t i o u s l y ) to trace amounts of oxygen e x h i b i t e d 
anomalous decay behaviour, of the type reported as due to t r i p l e t 
excimers, at temperatures i n excess of the 3 - r e l a x a t i o n temperature 
of the m a t r i x (as shown by phosphorescence data). A " r i s i n g com
ponent" i s c l e a r l y evident at longer wavelengths of a n a l y s i s . These 
decays are s i m i l a r to those observable i n f l u i d media when oxygen 
concentrations are such as to allow observation of the anomalous 
emissions. 
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The r e s u l t s of the studies (a) - (c) described above are not i n 
agreement w i t h the existence of t r i p l e t s t a t e excimers of naphthalene. 
I t i s concluded that previous reports i n the l i t e r a t u r e ( 2 5 - 2 9 ) are 
erroneous and that i t i s l i k e l y that some other type of complex such 
as an "oxyplex" i s resp o n s i b l e f o r the observed behaviour and would 
be c o n s i s t e n t w i t h the f a c t that P r a t t e et al(30) d i d not observe 
t r i p l e t naphthalene excimers i n bichromophoric systems under h i g h l y 
degassed f l u i d s o l u t i o n s . 
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Chapter 12 

Behavior of a Twisted 
Intramolecular Charge-Transfer Compound 

Bonded to Poly(methyl methacrylate) 

Ryuichi Hayashi 1, Shigeo Tazuke 1, and Curtis W. Frank 2 

1Research Laboratory of Resources Utilization, Tokyo Institute of 
Technology, 4259, Nagatsuta, Midori-ku, Yokohama, Japan 
2Department of Chemical Engineering, Stanford University, 

A twisted intramolecula  charg  (TICT) 
compound, a 4-(N,N-dimethylamino) benzoate group,was 
bonded to poly(methyl methacrylate) (PMMA) (the content 
of the TICT compound <0.01% of MMA unit), and the 
effects of polymer environment on its fluorescence 
were investigated in ethyl acetate. The contribution 
of the TICT state was much less for the polymer than 
for the monomer model compound (ethyl Ν,N-diamethyl
-amino-benzoate), indicating restricted side chain 
rotation and/or reduced solvation in polymer even 
under extremely dilute condition. With increasing 
polymer concentration, the emission showed a blue 
shift as well as a decreased intensity up to polymer 
concentration of 70%. Above this concentration, the 
activation energy associated with twisting a dimethyl
-amino group(E1) jumped suddenly3. The twisting motion 
required free volume of ~ 6 cm /mol, which was in good 
agreement with the activation volume obtained from 
pressure effect on the TICT phenomenon. The TICT 
phenomenon is shown to be sensitive to both polarity 
and microviscosity of surroundings so that the 
phenomenon is expected to be a good candidate for 
studying polymers by fluorescence techniques. 

Twisted i n t r a m o l e c u l a r charge t r a n s f e r (TICT) compounds represented 
by Ν,Ν-dimethylaminobenzonitrile and Ν,N-dimethylaminobenzoate 
e x h i b i t c h a r a c t e r i s t i c dual fluorescence spectra i n polar f l u i d 
media [ 1 ] . An abnormal fluorescence band appearing at the longer 
wavelength r e g i o n ( a * band) of the normal fluorescence band (b* 
band) has been a t t r i b u t e d to fluorescence from the int r a m o l e c u l a r 
charge t r a n s f e r s t a t e which has a tw i s t e d conformation of the 
dimethylamino group from the planar s t r u c t u r e i n the b* st a t e [ 2 ] . 
Therefore, appearance of the two fluorescence bands i s the e s s e n t i a l 
c o n d i t i o n to confirm the occurence of the TICT phenomenon. There 
are a number of compounds such as 9-(N,N-dimethylanilino)anthracene 
[ 3 ] , (p-dimethylamino)-benzylidenemalononitrile [4] and so f o r t h 
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e x h i b i t i n g T I C T - l i k e emission but without c l e a r separation of the a* 
and b* bands. The p o s i t i o n , the shape and the i n t e n s i t y of these 
T I C T - l i k e emissions are s e n s i t i v e to molecular m o b i l i t y , s o l v a t i o n , 
and p o l a r i t y of the microenvironment around the chromophore so that 
they can be candidates f o r studying polymers by fluorescence tech
niques [ 5 ] . Dual fluorescence of the TICT compounds would provide 
much more d e t a i l e d and f e r t i l e i nformation [ 6 ] . 

B a s i c study of the TICT phenomenon i n polymers i s meaningful i n 
two ways. F i r s t , i t i s u s e f u l to understand both s t a t i c and dynamic 
behaviors of the a* and b* bands i n polymer as polymer photophysics. 
Secondly, i t i s u s e f u l to evaluate the TICT chromophores as f l u o r e s 
cence probes. 

As a fluorescence probe, a TICT compound possesses several 
m e r i t s . I t can probe both m i c r o v i s c o s i t y and m i c r o p o l a r i t y and 
furthermore, the mode of molecular motion necessary to the TICT phe
nomenon i s w e l l defined and l i m i t e d to the r o t a t i o n around a 
p a r t i c u l a r bond. This i
or excimer formation i n
bending are compounded [ 7 ] . Fluorescence p o l a r i z a t i o n s tudies a l s o 
can not be free from ambiguity of the mode of r o t a t i o n [ 8 ] . 

To determine the usefulness and l i m i t s of the TICT chromophore 
as a fluorescence probe, we have to study the b a s i c photophysics of 
the chromophore i n polymers. The o b j e c t i v e of t h i s study i s to 
examine the r o t a t i o n a l motion of the amino group i n polymer bonded 
4-(N,N-dimethylamino)benzoate (DMAB) chromophore i n polymer s o l u t i o n s . 
The e f f e c t s of polymer c o n c e n t r a t i o n , temperature and pressure on the 
TICT phenomenon of DMAB i n the PMMA side chain were compared w i t h 
those of a small molecular model compound, e t h y l N,N-dimethylamino-
benzoate, i n s o l u t i o n . Our concern i s to have an i n s i d e look i n t o 
how polymeric environment i n f l u e n c e s the TICT phenomenon. 

B r i e f D e s c r i p t i o n of TICT Phenomenon 

A s e r i e s of conjugated compounds c o n t a i n i n g both e l e c t r o n withdrawing 
and e l e c t r o n r e l e a s i n g groups i n a molecule sometime e x h i b i t dual 
fluorescence i n polar media. The explanation put forward by 
Grabowski [2] i s now g e n e r a l l y accepted. According to h i s TICT s t a t e 
hypothesis, the donor part (mostly d i a l k y l a m i n o group) i n an 
i n i t i a l l y planar e l e c t r o n d e f i c i e n t aromatic molecule r o t a t e s around 
the amino-phenyl bond to induce e x c i t e d s t a t e charge separation w i t h 
i n the molecule. The k i n e t i c model i s expressed i n Figure 1. 

The non-CT b* st a t e produced d i r e c t l y by p h o t o e x c i t a t i o n r e l a x e s to 
the TICT a* st a t e by c r o s s i n g over a r o t a t i o n a l b a r r i e r ( E X ) . On 
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the basis of photostationary s t a t e approximation, the f o l l o w i n g 
k i n e t i c expressions are obtained [ 9 ] . 

k. ,(k 0+k ) 
Φ, = a (1) *b k, ck 0+k )k,K 

b 2 a 1 a 
k Λ Ί 

•h - ( 2 ) 

k, (k 0+k )+k,k b 2 a l a 

R = Φ /φ = k
a f k l (3) 

a — k— Π Γ + Ϊ Γ Ί 

Being an e q u i l i b r i u
s i m i l a r that of an excimer [10] , e x c i p l e x [10] , and s p e c i f i c cases 
of photoinduced e l e c t r o n t r a n s f e r r e a c t i o n s [11] . The Arrhenius-
type p l o t s could e x h i b i t both p o s i t i v e and negative slopes at lower 
and higher temperature r e g i o n s , r e s p e c t i v e l y . I f k^ i s n e g l i g i b l y 
small i n comparison with other d e a c t i v a t i o n processes from the a* 
s t a t e , that corresponds to the lower temperature r e g i o n , eq. (3) i s 
s i m p l i f i e d as eq. (4 ) . In the higher temperature r e g i o n , the e x c i t e d 
s t a t e e q u i l i b r i u m between a* and b* st a t e i s e s t a b l i s h e d , so that eq. 
(3) i s r e w r i t t e n as eq. ( 5 ) . 

k Jc. 
R = ^ - ( 4 ) 

bf a 

k -k, 
R- * V (5) 

%Γ2 Polymer E f f e c t s on the TICT Phenomenon i n Very D i l u t e S o l u t i o n 

Absorption and emission spectra of r a d i c a l copolymer of methyl meth
a c r y l a t e wij:h Ν,Ν-dimethylaminobenzoyloxyethylmethacrylate ( < 0.017«>, 
Mn = 3 χ 10 ) ( l ) and e t h y l N,N-dimethylaminobenzoate ( I I ) are 
compared i n Figure 2. Except f o r a small red s h i f t ( ^ 3 nm) i n I , 
the absorption spectra are almost i d e n t i c a l . Although the presence 
of a ground s t a t e dimer or s o l u t e - s o l v e n t complex i s known f o r 
Ν,Ν-dimethylaminobenzonitrile, the best studied TICT compound, there 
seems to be no such complications f o r the present s t u d i e s . This i s 
a favorable c o n d i t i o n to study the TICT chromophore i n polymers since 
polymers tend to enhance complicated molecular a s s o c i a t i o n even i n 
extremely d i l u t e s o l u t i o n [12] which overshadows the aimed photo
p h y s i c a l phenomenon. 

Contrary to absorption s p e c t r a , fluorescence spectra of I and I I 
are l a r g e l y d i f f e r e n t . While both I and I I e x h i b i t dual fluorescence 
at 350 nm and 450 nm, the i n t e n s i t y r a t i o of a* band to b* band (R) 
of I I i s much higher than that of I . Assignment of the a* and b* 
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F i g . 1 Grabowski's k i n e t i
The i n i t i a l l y forme
charge separated s t a t e ( a * st a t e ) by c r o s s i n g over an energy 
b a r r i e r (E^) . D e f i n i t i o n s of ra t e constants are as f o l l o w s : 
k^ : forward r a t e constant of b*-^a*. 
k£ : backward r a t e constant of b*<-a*. 
k a f ^ , k a f l * r a d i a t i v e t r a n s i t i o n from a* s t a t e , but the 

r a d i a t i o n t r a n s i t i o n from the v i b r a t i o n a l l y lowest 
a* s t a t e i s symmetry forbidden. Then k ^ l » 
k a f O ' The a c t i v a t i o n energy hv i s u s u a l l y smaller 
than E,. k r = k r n + k r l exp (-hv η/kT) 1 af a f u a f A 1 
k a = k a f + ka° 

k b f ' k b : r a d i a t i v e a n c i n o n r a d i a t i v e t r a n s i t i o n from b* s t a t e , 
r e s p e c t i v e l y . 

F i g . 2 Absorption and emission spectra i n e t h y l acetate at 25°C. 
[chromophore] = 1 χ 10 -^ M, r e a l l i n e : I ; dotted l i n e : I I . 
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bands of I I has already been made [ 1 3 ] . The low value of R f o r I may 
be the r e f l e c t i o n of hindered side chain motion or suppressed s o l v a 
t i o n i n polymer. The shorter wavelength of the a* band i n I than i n 
I I i s a l s o e x p l a i n a b l e as due to r e s t r i c t e d s o l v a t i o n i n I . I f the 
a* s t a t e emits fluorescence w i t h incomplete s o l v a t i o n owing to the 
surrounding polymer chain, the observed blue s h i f t of the a* band i n 
I i s a reasonable consequence. 

To gain f u r t h e r i n s i g h t of the "polymer e f f e c t " , temperature 
dependence of R i s shown i n Figure 3 . The Arrhenius p l o t s have a 
negative slope f o r I i n d i c a t i n g that the c o n d i t i o n of e q . ( 4 ) i s 
s a t i s f i e d whereas the f u l l expression of e q . ( 3 ) i s necessary to des
c r i b e the temperature dependence of I I . Since i s considered to 
be temperature independent and a small temperature dependence of k^ 
corresponding to v i b r a t i o n a l e x c i t a t i o n i n the a* s t a t e 
( < 1 0 cm ) [ 2 1 ] would be n e g l i g i b l e r e l a t i v e to E^, the o v e r a l l 
a c t i v a t i o n energies obtained from Figure 3 represent approximately 
E^ and E ^ - E 2 » The back
son w i t h k, f o r I wherea
ed above - 3 0°C f o r I I . 

I t i s not w e l l understood how t o r s i o n a l motion of a polymer 
si d e group i s a f f e c t e d by the r e s t of the polymer chain i n h i g h l y 
d i l u t e s o l u t i o n s . In the case of int r a m o l e c u l a r e x c i p l e x formation 
of l-(l-pyrenyl ) - 3 - ( 4-N,N-dimethylaminophenyl) propane bonded to 
polystyrene [ 1 4 ] , the r a t e of e x c i p l e x formation i n d i l u t e polymer 
s o l u t i o n i s much slower than that of a reference small molecule 
system. 

Time reso l v e d fluorescence spectroscopy provides d i r e c t informa
t i o n on the r e l a t i o n between the a* and b* st a t e s as shown i n Figure 
4 . The spectra depicted i n an a r b i t r a r y amplitude do not represent 
the a c t u a l time s c a l e of rise-and-decay p r o f i l e . However, i t i s 
c l e a r that the a* band of I remains a f t e r d i s s i p a t i o n of the b* band 
supporting a u n i d i r e c t i o n a l process b* - a*. Both the a* and b* bands 
of I I -decay simultaneously with 3 . 8 nanoseconds of l i f e t i m e manifesting 
the e q u i l i b r i u m between two s t a t e s . 

Polymer Concentration E f f e c t s on TICT Emission 

The a c t i v a t i o n energies (E, + hv = E, ) range between 1 0 kj/mol i n 
d i l u t e s o l u t i o n s of I , as snown i n Figure 5 . With i n c r e a s i n g the 
polymer co n c e n t r a t i o n , the emission maximum of the a* band shows a 
high energy s h i f t as much as 4 0 nm (Figure 6 ) , i n d i c a t i n g that the 
p o t e n t i a l surface of the a* st a t e i s a l t e r e d w i t h c o n c e n t r a t i o n . 

The value of E^ i s n e a r l y constant up to 70% of the polymer 
conce n t r a t i o n , then begins to increase w i t h c o n c e n t r a t i o n . The break 
point i n Figure 5 appearing at very concentrated regions means that 
the TICT probe i s not s e n s i t i v e to macroscopic v i s c o s i t y but r a t h e r 
to m i c r o v i s c o s i t y or l o c a l v i s c o s i t y around the chromophore. S i m i l a r 
phenomenon has been reported f o r polystryene i n benzene s o l u t i o n 
using fluorescence d e p o l a r i z a t i o n technique by N i s h i j i m a [ 1 5 ] . Based 
on the r o t a t i o n a l r e l a x a t i o n time of naphthacene i n s o l u t i o n , they 
i n d i c a t e d that the l o c a l v i s c o s i t y was independent of polymer concen
t r a t i o n below 157o and increased g r a d u a l l y w i t h i n c r e a s i n g the concen
t r a t i o n from 157o to 607o. The r e s u l t s i n d i c a t e a decrease i n the 
extent of probe r o t a t i o n w i t h i n c r e a s i n g the concentration from 157o 
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F i g . 4 Time resolved fluorescence of I w i t h a r b i t r a r y amplitude. 
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to 607o . Although the probe s i z e as w e l l as the kind of polymer are 
d i f f e r e n t from the present system, t h e i r r e s u l t s correspond q u a l i 
t a t i v e l y to the r e s u l t s i n Figure 6 r a t h e r than to those i n Figure 5 . 
The gradual blue s h i f t of the a* band would consequently be 
a t t r i b u t e d to decreased degree of solvent r e o r i e n t a t i o n . An 
a l t e r n a t i v e e x planation i s a l s o p o s s i b l e assuming reduced s o l v a t i o n 
w i t h i n c r e a s i n g polymer chain d e n s i t y around DMBA group which 
s u b s t i t u t e s solvent molecules. The value of ώ /δ^ shows s i m i l a r 
c o n c e n t r a t i o n dependence which can be explained as due to reduced 
s o l v a t i o n of the a* st a t e g i v i n g r i s e to a decreased s t a t i o n a r y 
concentration r a t i o of [ a * ] / [ b * ] . At t h i s polymer conc e n t r a t i o n 
r e g i o n , the s o l u t i o n contains enough free volume f o r the t w i s t i n g 
motion, so that the value of i s s t i l l kept constant. 

Above the polymer conc e n t r a t i o n of 707«>, E - ^ s t a r t s to increase 
due to increased f r i c t i o n of r o t a t i o n or reduced a v a i l a b l e f r e e 
volume. The value of E ^ increases by a f a c t o r of three over the 
c o n c e n t r a t i o n range fro
the l o c a l v i s c o s i t y measure
607o. As a r e s u l t of extensive overlap of polymer chains i n t h i s 
c o n c e n t r a t i o n r e g i o n , the r o t a t i o n a l motion of the chromophores i s 
h i g h l y r e s t r i c t e d and subject to a high energy b a r r i e r to be crossed 
over to the a* s t a t e . 

I t i s a d i f f i c u l t problem to f i t the r e s u l t s i n h i g h l y concen
t r a t e d polymer s o l u t i o n s to the e x i s t i n g t h e o r i e s of polymer 
s o l u t i o n s . However, deGennes 1 mesh model and s c a l i n g concepts [ 1 6 ] 
might provide a q u a l i t a t i v e e x p lanation to these phenomena. 
According to the model, the molecular s t r u c t u r e of a semi- d i l u t e 
s o l u t i o n looks l i k e a network wit h a c e r t a i n average mesh s i z e ξ 
( c o r r e l a t i o n l e n g t h ) . Inside t h i s mesh, a small sphere wi t h a 
diameter D <ξ moves e a s i l y w i t h a f r i c t i o n c o e f f i c i e n t r e l a t i n g to 
the v i s c o s i t y of the pure s o l v e n t . The motion of a sphere with a 
diameter D <ξ i s subject to the f r i c t i o n c l o s e r to the v i s c o s i t y of 
the entangled s o l u t i o n . From small angle neutron s c a t t e r i n g e x p e r i 
ments on s e i j i - d i l u t e polystyrene [ 1 7 ] , ξ was determined to be2in the 
order^of 1 0 - 1 0 A i n the c o n c e n t r a t i o n range of 1 0 to 1 0 
g cm . This mesh s i z e seems large enough to a l l o w f r e e r o t a t i o n of 
of the DMA group, so that the f r i c t i o n r e l e v a n t to E ^ i s constant i n 
t h i s c o ncentration r e g i o n . With f u r t h e r increase i n c o n c e n t r a t i o n , 
although i t i s outside the scope of the s c a l i n g treatment, i t would 
be reasonable to propose that ξ continues to odecrease, e v e n t u a l l y 
reaching the l e v e l of the probe s i z e ( = 1 0 A ). Then the hindrance 
imposed on the motion i s expected to increase causing the dramatic 
r i s e i n E ^ . 

I n t e r p r e t a t i o n by Free Volume Theory 

In the h i g h l y concentrated r e g i o n above 7 0 7 , , the fluorescence spectra 
no longer depend on temperature below a c h a r a c t e r i s t i c temperature 
T, which i s about 4 0 Κ above the glass t r a n s i t i o n temperature, Τ . 
The motion of the DMA group i s s t r o n g l y suppressed below t h i s ^ 
p a r t i c u l a r temperature. The concentration dependence of T^ runs 
p a r a l l e l w i t h that of Τ as shown i n Figure 7 . The fre e volume 
f r a c t i o n (V f) i s c o r r e l l t e d w i t h Τ according to the WLF equation ( 6 ) 
[ 1 8 ] , where 0 . 0 2 5 represents the f?ee volume 
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F i g . 5 A c t i v a t i o n energy (E^ + h ^ ) of I as a f u n c t i o n of polymer 
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F i g . 6 Dependence of the energy and i n t e n s i t y of the TICT emission 
on polymer concentration. Sample: I at 25°C. 
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V- = 0.025 + 4.8 χ 10"4(T - T ) (6) f g 
f r a c t i o n at T . The solvent c o n t r i b u t i o n to the f r e e volume of a 
polymer s o l u t i o n of concentration C i s given by eq. (7) [19], where 

= C[0.025 + 4.8 χ 10" 4 '(Τ - Τ ) ] f g 
+ (1 - C) [0.025 + α ( T - T ')] (7) s g 

α and Τ 1 are the thermal expansion c o e f f i c i e n t and the glass 
t r a n s t i o S temperature of the s o l v e n t . Using eq. (7), the concen
t r a t i o n dependence of Τ can be described by a l i n e f o r V- = 0.025 
i n F igure 7. S i m i l a r l y f the values of Tfe f a l l i n the region between 
two l i n e s c a l c u l a t e d f o r V f = 0.05 and 0.07. This means that the 
r o t a t i o n a l motion of the DMA group r e q u i r e s a fr e e volume of about 
5.4 ± 0.8 cm /mol at roo
volume f o r one mole of PMM

Pressure E f f e c t s on TICT Emission 

Importance of solvent v i s c o s i t y or f r e e volume i n the TICT phenomenon 
was discussed i n the previous s e c t i o n . There are a number of ways to 
c o n t r o l v i s c o s i t y of the medium. The e a s i e s t way i s to change 
s o l v e n t , however, t h i s brings about the complicated problem of 
i n f l u e n c i n g miscellaneous solvent e f f e c t s . Use of mixed solvents 
a l s o causes the ambiguity of s e l e c t i v e s o l v a t i o n . The best method 
presumably i s the study of pressure e f f e c t s [20]. By applying 
h y d r o s t a t i c pressure to a s o l u t i o n , the solvent reduces i t s free 
volume without much a f f e c t i n g other solvent p r o p e r t i e s . 

Since the k i n e t i c expressions f o r I and I I are d i f f e r e n t , we 
cannot discuss the d i f f e r e n c e between I and I I i n terms of a c t i v a t i o n 
free volume f o r the f o r m u l a t i o n of the a* s t a t e . The pressure 
dependence of the r a t e constant k^ i n the case of I and the e q u i l i b 
rium constant K(= k,/k^) i n the case of I I i s expressed as eq. (8) 
and eq. (9) [21]. The r a t e constants except k^ and k^ i n equations 
(4) and (5) are assumed to be independent of pressure. Applying eq. 
(8) and eq. (9), we obtained pressure e f f e c t s on R depicted i n 
Figure 8. 

d ( l n k 1)/dP = - ΔV^/RT (8) 

d ( l n K)/dP = - ΔV/RT (9) 

We can c a l c u l a t e t^e a c t i v a t i o n volume, Δν^, f o r the formation 
of TICT s t a t e as 5.5 cm /mol f o r I , and volume d i f f e r e n c e , Δν, 
between the a* and b* sta t e s of I I as 2.9 cm /mol. 

Δν i s much more p o s i t i v e than the comparable values^reported 
f o r i o n i z a t i o n process i n the ground state ( - 1 0 — -30 cm /mol) [22]. 
In the e x c i t e d s t a t e , the value becomes more p o s i t i v e . For example, 
the volume of i o n i z a t i o n of n i t r o p h e n o l s [23] i s more p o s i t i v e by 
7-18 cm /mol than the value i n the ground s t a t e . This has been 
reported to be due to a l a r g e r d i p o l e moment of unionized n i t r o 
phenols i n the e x c i t e d s t a t e . The unionized e x c i t e d s t a t e i s already 
s t r o n g l y s o l v a t e d so that the l o s s of free volume brought about by 
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i o n i z a t i o n i s l e s s than the case of ground s t a t e i o n i z a t i o n . More 
a k i n to the present system i s the int r a m o l e c u l a r i o n i z a t i o n of^ 
s u l p h a n i l i c a c i d . The Δν of i o n i z a t i o n was obtained as + 2 cm /mol 
[24] which agreed very w e l l with + 2.9 cm /mol determined f o r I I . 

The value of a c t i v a t i o n volume f o r I i s i n e x c e l l e n t agreement 
with the free volume estimated i n the previous s e c t i o n . The free 
volume i s consequently a dominant f a c t o r d e c i d i n g the ease of forming 
the TICT s t a t e . Both concentration and pressure e f f e c t s can be thus 
i n t e r p r e t e d by a s i n g l e f a c t o r of free volume. 

Knowing the p r e s s u r e - v i s c o s i t y r e l a t i o n , v i s c o s i t y dependence 
of the R times η value f o r I i s shown i n Figure 9. The increase of 
Rn w i t h i n c r e a s i n g v i s c o s i t y suggests that the t o r s i o n a l motion i s 
not governed by simple Stokes - E i n s t e i n type d i f f u s i o n . An 
e m p i r i c a l expression, Rn = A ΒΠ [25] was used to e x p l a i n the 
r e s u l t s i n Figure 9. χ i s given by χ = (W 

W 2 ^ W n w n e r e W 2 a n d W H are the requ i r e d energie  f o  d i f f u s i o  i n t  solvent void d f o
viscous Stokes - E i n s t e i
obtained when χ was 0.83
to d i f f u s e i n t o the solvent voids considered as the o r i g i n of free 
volume i s only one s i x t h of the energy needed f o r macroscopic viscous 
flow described by Stokes. From the temperature dependence of 
v i s c o s i t y of e t h y l acetate, W i s estimated as 7.5 KJ/mol p r o v i d i n g 
1.2 KJ/mol of In the case 1 of the excimer formation of pyrene, 
W2 has been reported as 2.9, 3.9, and 6.8 KJ/mol f o r three s o l v e n t s , 
n-nonane, cyclohexane, and i-propanol, r e s p e c t i v e l y [25]. Consider
a b l y smaller than that of pyrene excimer formation, and the large 
d e v i a t i o n from Stokes - E i n s t e i n flow shown by the small value of χ 
i s probably r e l e v a n t to the small r o t o r s i z e . This chromophore w i l l 
t herefore be s u i t a b l e to detect a small free volume change i n h i g h l y 
viscous media. 

1.0 
VISCOSITY (cp) 

F i g . 9 V i s c o s i t y dependence of TICT emission i n t e n s i t y . 
I at 25°C. The l i n e was.^drawn by computer f i t t i n g , 
R«H = 0.23 + 0.4 χ η . 

Sample : 
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Chapter 13 

Electronic Spectroscopy of Squaraine 
Its Relationship with the Stabilization Mechanism 

of Squaraine Particles in Polymer Solutions 

Kock-Yee Law 

Xerox Corporation, Webster Research Center, Webster, NY 14580 

The fluorescence emission of b i s ( 4
dimethylaminophenyl)squaraine
CH2Cl2 containing varying
poly(vinyl formal) (PVF) has been studied. 
Three emission bands ( α , β and γ in the 
order of decreasing energy) are observed 
in CH2Cl2 solution and are found to be the 
emission from the excited state of 1, from 
the excited state of a solute-solvent 
complex and from a relaxed twisted excited 
state of the solute-solvent complex, 
respectively. Model compound studies show 
that squaraine forms strong solute-solvent 
complexes with a l c o h o l i c so lvent 
molecules. Analogous complexation process 
between 1 and the OH groups in PVF is also 
shown to occur. A model for the 
stabilization of particles of 1 in polymer 
solution is put forward where we propose 
that the stabil ization mechanism is a 
steric effect achieved by adsorption of 
PVF macromolecules onto particles of 1 via 
the formation of the PVF:1 complex. 

B i s ( 4 - d i m e t h y l a m i n o p h e n y l ) s q u a r a i n e , 1 (J_), a n d many 

o f i t s d e r i v a t i v e s a r e known t o p o s s e s s u s e f u l 

p h o t o c o n d u c t i v e a n d s e m i - c o n d u c t i v e p r o p e r t i e s . 

A l t h o u g h t h i s c l a s s o f c o m p o u n d s e x h i b i t s s h a r p 

o p t i c a l a b s o r p t i o n i n t h e r e d i n s o l u t i o n ( X m a x ~ 6 2 0 -

670 nm, € m a x ~ 3 x 1 0 5 c m - l M - 1 ) , i t s a b s o r p t i o n i n t h e 

s o l i d s t a t e i s i n t e n s e a n d p a n c h r o m a t i c f r o m t h e 

0097-6156/87/0358-0148506.00/0 
© 1987 American Chemical Society 
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v i s i b l e t o t h e n e a r - I R ( 4 0 0 - 1 0 0 0 n m ) . T h e s e o p t i c a l 

c h a r a c t e r i s t i c s h a v e made them v e r y a t t r a c t i v e f o r 

x e r o g r a p h i c p h o t o r e c e p t o r ( 2 ) a n d o r g a n i c s o l a r c e l l 

a p p l i c a t i o n s ( 3 ) . I n t h e s e a p p l i c a t i o n s , s q u a r a i n e 

b a s e d p h o t o c o n d u c t i v e d e v i c e s a r e g e n e r a l l y f a b r i c a t e d 

by c a s t i n g v a r i o u s s q u a r a i n e - p o l y m e r d i s p e r s i o n s o n t o 

a p p r o p r i a t e s u b s t r a t e s . T h e s t a b i l i t y o f s q u a r a i n e 

p a r t i c l e s i n p o l y m e r s o l u t i o n i s t h u s o f t e c h n o l o g i c a l 

s i g n i f i c a n c e b e c a u s e i t n o t o n l y a f f e c t s t h e f i l m 

q u a l i t y a n d t h e d i s p e r s i t y o f p a r t i c l e s i n t h e 

s q u a r a i n e l a y e r , b u t a l s o h a s p r o f o u n d i n f l u e n c e o n 

t h e p h o t o c o n d u c t i v i t y o f t h e r e s u l t i n g d e v i c e . 

R e c e n t l y , t h e s t a b i l i t y o f p a r t i c l e s o f 1 i n v a r i o u s 

p o l y m e r s o l u t i o n s h a  b e e  s t u d i e d ( L a w

I m a g i n g S c i . , i n p r e s s )

1 was g e n e r a l l y o b s e r v e d e x c e p t when p o l y ( v i n y l 

f o r m a l ) a n d p o l y ( v i n y l b u t y r a l ) w e r e u s e d . T h e 

s u p e r i o r d i s p e r s i n g e f f e c t o f t h e s e p o l y ( v i n y l a c e t a l ) 

p o l y m e r s o n 1 i s a g a i n s t g e n e r a l s o l u b i l i t y p r i n c i p l e 

b e c a u s e e t h e r e a l s o l v e n t s a r e p o o r s o l v e n t s f o r 1. 

H e r e we r e p o r t p r e l i m i n a r y r e s u l t s o n t h e m u l t i p l e 

f l u o r e s c e n c e e m i s s i o n o f 1 a n d 2 . F r o m s t r u c t u r e -

p r o p e r t y r e l a t i o n s h i p s , s o l v e n t e f f e c t a n d t e m p e r a t u r e 

e f f e c t s t u d i e s , we a r e a b l e t o show t h a t t h e m u l t i p l e 

e m i s s i o n i s f r o m t h e e m i s s i o n o f f r e e s q u a r a i n e i n 

s o l u t i o n , t h e e m i s s i o n o f t h e s o l u t e - s o l v e n t c o m p l e x 

a n d t h e e m i s s i o n o f a t w i s t e d r e l a x e d e x c i t e d s t a t e . 

F u r t h e r s o l v e n t e f f e c t s t u d y u s i n g 2 a s a m o d e l s h o w s 

t h a t s q u a r a i n e f o r m s s t r o n g s o l u t e - s o l v e n t c o m p l e x e s 

w i t h a l c o h o l i c s o l v e n t m o l e c u l e s . A n a l o g o u s c o m p l e x -

a t i o n p r o c e s s i s a l s o d e t e c t e d b e t w e e n 1 a n d t h e 

h y d r o x y g r o u p s o n t h e m a c r o m o l e c u l a r c h a i n s o f 

p o l y ( v i n y l f o r m a l ) . T h e i m p o r t a n t r o l e o f t h i s 

c o m p l e x a t i o n p r o c e s s o n t h e s t a b i l i z a t i o n m e c h a n i s m o f 

p a r t i c l e s o f 1 i n p o l y m e r s o l u t i o n i s d i s c u s s e d . 

E x p e r i m e n t a l 

S q u a r a i n e s 1 a n d 2 w e r e s y n t h e s i z e d f r o m s q u a r i c a c i d 

a n d Ν , Ν - d i a l k y l a n i l i n e d e r i v a t i v e s u s i n g t h e p r o c e d u r e 

d e s c r i b e d by S p r e n g e r a n d Z i e g e n b e i n ( 4 ) . P o l y ( v i n y l 

f o r m a l ) , P V F , f o r m a l c o n t e n t 82%, a c e t a t e c o n t e n t 12%, 

h y d r o x y c o n t e n t 6%, was p u r c h a s e d f r o m S c i e n t i f i c 

P o l y m e r P r o d u c t s I n c . S o l v e n t s w e r e s p e c t r o g r a d e 

f r o m F i s h e r a n d w e r e r o u t i n e l y s t o r e d o v e r 3A 

m o l e c u l a r s i e v e s b e f o r e u s e . F l u o r e s c e n c e s p e c t r a 
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w e r e t a k e n o n a P e r k i n - E l m e r M P F 4 4 A 

s p e c t r o f l u o r i m e t e r w h i c h w a s e q u i p p e d w i t h a 

d i f f e r e n t i a l c o r r e c t e d s p e c t r a u n i t ( D C S U - 2 ) . 

R e s u l t s A n d D i s c u s s i o n s 

F i g u r e 1 s h o w s t h e f l u o r e s c e n c e e x c i t a t i o n a n d 

e m i s s i o n s p e c t r a o f 1 i n C H 2 C I 2 . T h e e x c i t a t i o n 

s p e c t r u m was f o u n d t o be i n d e p e n d e n t o f t h e m o n i t o r i n g 

w a v e l e n g t h s a n d was i d e n t i c a l t o t h e a b s o r p t i o n 

s p e c t r u m . T h r e e e m i s s i o n b a n d s a t X F 6 4 6 , 660 a n d — 7 0 2 

nm a r e o b s e r v e d i n t h e e m i s s i o n s p e c t r u m a n d t h e y a r e 

d e s i g n a t e d a s t h e α - , t h e β - a n d t h e y - b a n d 

r e s p e c t i v e l y . C o n t r o l l e d e x p e r i m e n t  s h o w e d t h a t t h

m u l t i p l e e m i s s i o n i

i m p u r i t i e s o r a n y a g g r e g a t i o n a l s t a t e s o f 1 . 

P r o b a b l e e x p l a n a t i o n s f o r t h e m u l t i p l e e m i s s i o n o f 

1 a r e ( a ) v i b r o n i c f i n e s t r u c t u r e o f t h e e m i s s i o n 

b a n d ; ( b ) e m i s s i o n f r o m a r e l a x e d e x c i t e d s t a t e o r ( c ) 

e m i s s i o n f r o m a n e x c i p l e x ( w i t h s o l v e n t ) o r a n e x c i t e d 

s t a t e o f some k i n d o f s o l u t e - s o l v e n t c o m p l e x . I n 

o r d e r t o d i f f e r e n t i a t e t h e s e p o s s i b i l i t i e s , t h e 

e f f e c t s o f s o l v e n t a n d t e m p e r a t u r e o n t h e m u l t i p l e 

e m i s s i o n b a n d s w e r e s t u d i e d . S q u a r a i n e 2 was c h o s e n 

a s a m o d e l c o m p o u n d f o r o u r i n v e s t i g a t i o n b e c a u s e o f 

i t s h i g h s o l u b i l i t y i n v a r i o u s o r g a n i c s o l v e n t s . 

R e s u l t s i n F i g u r e 2 show t h a t Xmax o f 2 u n d e r g o e s a 

b a t h o c h r o m i c s h i f t a s s o l v e n t p a r a m e t e r π * i n c r e a s e s 

a n d t h i s i s a c c o m p a n i e d w i t h a c h a n g e i n t h e 

c o m p o s i t i o n o f t h e e m i s s i o n s p e c t r a ( s e e i n s e t i n 

F i g u r e 2 ) . F o r e x a m p l e , i n d i e t h y l e t h e r ( F i g u r e 3 a ) , 

t h e e m i s s i o n s p e c t r u m o f 2 i s d o m i n a t e d by t h e α - b a n d 

w i t h λγ a t 641 nm. The e x c i t a t i o n s p e c t r u m i s 

i n d e p e n d e n t o f t h e m o n i t o r i n g w a v e l e n g t h a n d i s 

i d e n t i c a l t o t h e a b s o r p t i o n s p e c t r u m . B e c a u s e o f t h e 

g o o d o v e r l a p a n d m i r r o r i m a g e r e l a t i o n s h i p b e t w e e n t h e 

a b s o r p t i o n a n d t h e e m i s s i o n s p e c t r u m , t h e s p e c t r a l 

r e s u l t i n F i g u r e 3a s u g g e s t s t h a t t h e α - b a n d i s a n 

e m i s s i o n f r o m t h e F r a n c k - C o n d o n e x c i t e d s t a t e o f 2 . 

An e m i s s i o n s h o u l d e r a t X F 660 nm a n d a s m a l l b a n d a t 

X F 698 nm a r e a l s o s e e n i n F i g u r e 3a a n d t h e s e two 

e m i s s i o n b a n d s a r e a s s i g n e d t o t h e β - a n d t h e y - b a n d 

a c c o r d i n g t o t h e i r S t o k e s s h i f t s . I f o n e a s s u m e s t h a t 

t h e m u l t i p l e e m i s s i o n i s d u e t o f i n e v i b r a t i o n a l 

s t r u c t u r e s , t h e α - b a n d a n d t h e j3-band w o u l d be f r o m 

t h e ( 0 , 0 ) a n d ( 0 , 1 ) t r a n s i t i o n s r e s p e c t i v e l y . F r o m 

t h e s p l i t t i n g b e t w e e n t h e a - a n d t h e β - b a n d i n F i g u r e 
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F i g u r e 

e m i s s i o n 

M). 

1. C o r r e c t e d f l u o r e s c e n c e e x c i t a t i o n a n d 

s p e c t r a o f 1 i n m e t h y l e n e c h l o r i d e ( [ 1 ] — 3 x 1 0 - 7 

In Photophysics of Polymers; Hoyle, C., et al.; 
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F i g u r e 3· C o r r e c t e d 
e m i s s i o n s p e c t r a o f 2 
( b ) a t 77°K ( c o n e . - 5 x 1 0 

f l u o r e s c e n c e e x c i t a t i o n a n d 
i n d i e t h y l e t h e r ( a ) a t 2 9 8 ° K 
-7 M ) . 
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3 a , t h e γ - b a n d w o u l d be t h e ( 0 , 3 ) t r a n s i t i o n . T h e 

( 0 , 2 ) t r a n s i t i o n w h i c h i s e x p e c t e d t o be — 6 7 5 nm i n 

F i g u r e 3 a , i s m i s s i n g . C a r e f u l i n s p e c t i o n o f a l l t h e 

e m i s s i o n s p e c t r a t a k e n i n o u r l a b o r a t o r y f a i l s t o 

i d e n t i f y a n y e m i s s i o n b a n d o r s h o u l d e r c o r r e s p o n d i n g 

t o t h e ( 0 , 2 ) t r a n s i t i o n . S o l v e n t s a r e known t o a f f e c t 

t h e r e l a t i v e i n t e n s i t y o f v i b r a t i o n a l b a n d s i n 

a r o m a t i c h y d r o c a r b o n s . N o t a b l e e x a m p l e s a r e t h e 

e f f e c t o f s o l v e n t o n t h e a b s o r p t i o n f i n e s t r u c t u r e o f 

b e n z e n e (Ham e f f e c t ) ( 5 ) a n d t h e e f f e c t o f s o l v e n t o n 

t h e r e l a t i v e i n t e n s i t y o f t h e f i n e s t r u c t u r e i n t h e 

f l u o r e s c e n c e e m i s s i o n o f p y r e n e ( 6 - 9 ) . T h e v a r i a t i o n 

i n i n t e n s i t y o f t h e α - , t h e β - a n d t h e y - b a n d a s t h e 

s t r u c t u r e o f s q u a r a i n e a n d t h e s o l v e n t v a r y may w e l l 

be v i b r a t i o n a l i n n a t u r e

o f t h e ( 0 , 2 ) t r a n s i t i o  o v e  e m i s s i o  s p e c t r

m a k e s s u c h a n a s s i g n m e n t t e n t a t i v e , a t b e s t . 

M a j o r e v i d e n c e a g a i n s t t h e v i b r o n i c s t r u c t u r e 

a s s i g n m e n t comes f r o m t h e s p e c i f i c s o l v e n t e f f e c t s 

o b s e r v e d i n a l c o h o l i c s o l v e n t s . The Xmax o f 2 i s 

f o u n d t o d e p a r t f r o m t h e Xmax v e r s u s π * r e l a t i o n s h i p 

i n F i g u r e 2 i n a l c o h o l i c s o l v e n t s . I n s t e a d , Xmax 

s h i f t s t o s h o r t e r w a v e l e n g t h s a s t h e s t e r i c h i n d r a n c e 

a r o u n d t h e h y d r o x y g r o u p i n c r e a s e s , e . g . Xmax i s 

6 4 2 . 6 ± 0 . 2 nm i n p r i m a r y a l c o h o l s , — 6 3 9 . 4 nm i n 

s e c o n d a r y a l c o h o l s a n d — 6 3 4 . 1 nm i n t e r t i a r y a m y l 

a l c o h o l . I n c o n j u n c t i o n w i t h t h e h y p s o c h r o m i c s h i f t , 

a n a c c o m p a n y i n g i n c r e a s e i n i n t e n s i t y f o r t h e α - b a n d 

i s o b s e r v e d ( F i g u r e 4 ) . The c o r r e l a t i o n b e t w e e n t h e 

a b s o r p t i o n a n d t h e e m i s s i o n s p e c t r a o f 2 i n a l c o h o l s 

i s i d e n t i c a l t o t h a t s e e n i n F i g u r e 2 . T h e 

s i g n i f i c a n c e o f t h e r e s u l t s i n a l c o h o l s l i e s i n t h e 

s t e r i c d e p e n d e n c e ( r a t h e r t h a n π * d e p e n d e n c e ) o f b o t h 

Xmax a n d e m i s s i o n c o m p o s i t i o n . V e r y s i m i l a r s h o r t 

r a n g e i n t e r a c t i o n s b e t w e e n t h e e x c i t e d s t a t e o f p -

d i m e t h y l a m i n o b e n z o n i t r i l e (DMABN) a n d a l k y l a m i n e s was 

r e p o r t e d by Wang ( U ) ) r e c e n t l y w h e r e he a s s i g n e d t h e 

l o n g w a v e l e n g t h e m i s s i o n , w h i c h i s s t e r i c s e n s i t i v e , 

t o t h e e x c i p l e x e m i s s i o n b e t w e e n DMABN a n d a l k y l 

a m i n e s . T h e s i m i l a r s t e r i c d e p e n d e n c e o b s e r v e d i n t h e 

e l e c t r o n i c s p e c t r a i n t h i s work s u g g e s t s t h a t t h e 

i n t e r a c t i o n s b e t w e e n 2 a n d a l c o h o l i c s o l v e n t m o l e c u l e s 

i s a l s o s h o r t r a n g e . We p r o p o s e t h a t 2 f o r m s s o l u t e -

s o l v e n t c o m p l e x e s i n a l c o h o l i c s o l v e n t s . S i n c e 

s t r u c t u r a l e f f e c t s t u d i e s ( L a w , K . Y . , t o be p u b l i s h e d ) 

show t h a t t h e m u l t i p l e e m i s s i o n s o f s q u a r a i n e s a r e n o t 

s e n s i t i v e t o s t e r i c f a c t o r s a r o u n d t h e N , N -
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F i g u r e 4 . C o r r e c t e d f l u o r e s c e n c e e m i s s i o n s p e c t r a o f 2 

i n a m y l a l c o h o l s ( [ 1 ] — 3X1 0 ~ 7 M ) . 
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DIALKYLAMINO GROUP, OUR RESULTS SUGGEST THAT THE SITES 
OF COMPLEXATION IN ALCOHOLS ARE THE OH GROUP OF THE 
ALCOHOL AND THE FOUR-MEMBERED RING OF THE SQUARAINE 
(SCHEME I ) . 

Scheme I 

AS THE STERIC HINDRANCE AROUND THE OH GROUP DECREASES, 
SOLUTE-SOLVENT COMPLEXATION INCREASES, RESULTING IN 
THE BATHOCHROMIC SHIFT OF XMAX AND AN INCREASE IN /3-
EMISSION INTENSITY. THE GENERAL SOLVENT EFFECT ON THE 
XMAX AND THE EMISSION COMPOSITION OF 2 (FIGURE 2) 
SUGGESTS THAT THE COMPLEXATION PROCESS IS VERY GENERAL 
AND COMPLEXATION BECOMES VERY PRONOUNCED IN SOLVENTS 
OF Π* > 0 .65. ACCORDINGLY, Α-BAND IS THE FRANCK-
CONDON EMISSION OF THE EXCITED STATE OF THE SOLUTE AND 
J3-BAND IS THE FRANCK-CONDON EMISSION OF THE EXCITED 
STATE OF THE SOLUTE-SOLVENT COMPLEX. 

ADDITIONAL EXPERIMENTAL EVIDENCE IN FAVOR OF THE 
SOLUTE-SOLVENT COMPLEX MODEL COMES FROM THE LOW 
TEMPERATURE ELECTRONIC SPECTRA OF 2 IN ETHER. 
SQUARAINE 2 EXHIBITS AN ABSORPTION AT XMAX 654 NM AND 
A SINGLE EMISSION AT X F 664 NM AT 77°K IN ETHEREAL 
MATRIX (FIGURE 3B) . THE OBSERVATION OF A BATHOCHROMIC 
SHIFT IN THE EMISSION SPECTRUM IS CERTAINLY AGAINST 
GENERAL EXPECTATION FROM VIBRATIONAL FINE STRUCTURES 
WHERE A HYPSOCHROMIC SHIFT OF X F SHOULD BE OBTAINED 
(JUL). THE ANOMALOUSLY LARGE SHIFT LEAD US TO CONCLUDE 
THAT THE ABSORPTION IS FROM THE SOLUTE-SOLVENT COMPLEX 
AND THAT ITS FORMATION IS PROBABLY A TEMPERATURE 
STABILIZATION EFFECT. SINCE THE EXCITATION SPECTRUM 
AT 77°K IS IDENTICAL TO THE ABSORPTION SPECTRUM AND 
SHOWS GOOD OVERLAP AND MIRROR IMAGE RELATIONSHIP WITH 
THE EMISSION SPECTRUM, THE SINGLE EMISSION AT XMAX 664 

Η 
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nm c a n be a s s i g n e d t o t h e F r a n c k - C o n d o n e m i s s i o n o f 

t h e s o l u t e - s o l v e n t c o m p l e x . S i n c e s o l v e n t e f f e c t 

s t u d y o f 2 s h o w s t h a t X F i s r e l a t i v e l y i n s e n s i t i v e 

t o w a r d s i n c r e a s i n g s o l v e n t p o l a r i t y ( e . g . λγ(β) — 660 nm 

i n e t h e r , X F ( J 3 ) = 6 6 5 nm i n a c e t o n i t r i l e ) , by c o m p a r i s o n 

o f t h e s p e c t r a l d a t a i n F i g u r e s 3a a n d b , we c a n 

c o n c l u d e t h a t t h e / ^ - e m i s s i o n a t r o o m t e m p e r a t u r e i s a n 

e m i s s i o n f r o m t h e s o l u t e - s o l v e n t c o m p l e x . T h e ot-

e m i s s i o n i s a n e m i s s i o n f r o m t h e e x c i t e d s t a t e o f t h e 

s o l u t e . T h i s d e d u c t i o n i s i d e n t i c a l w i t h t h a t 

o b t a i n e d f r o m s o l v e n t e f f e c t s t u d y . 

A n o t h e r s i g n i f i c a n t f i n d i n g i n t h e l o w t e m p e r a t u r e 

e m i s s i o n s p e c t r u m i s t h e a b s e n c e o f t h e y - e m i s s i o n a t 

— 7 0 0 nm. S i n c e r e c e n t r e s u l t s o n t h e e f f e c t s o f 

s t r u c t u r a l c h a n g e s

y i e l d a n d t h e m u l t i p l

number o f s q u a r a i n e s ( L a w , K . Y . t o be p u b l i s h e d ) 

s u g g e s t t h a t t h e y - e m i s s i o n i s a n e m i s s i o n f r o m a 

r e l a x e d , t w i s t e d e x c i t e d s t a t e w h i c h i s f o r m e d by 

r o t a t i o n o f t h e C - C b o n d b e t w e e n t h e p h e n y l r i n g a n d 

t h e f o u r m e m b e r e d r i n g o f s q u a r a i n e . T h e a b s e n c e o f 

t h e y - e m i s s i o n i n F i g u r e 3b i s c o m p l e m e n t a r y w i t h o u r 

p r e v i o u s r e s u l t s , s i m p l y i n d i c a t i n g t h a t t h e C - C b o n d 

r o t a t i o n i s p r o h i b i t e d a t 7 7 ° K . 

I f t h e a b o v e a s s i g n m e n t o f t h e a - a n d t h e j3-

e m i s s i o n was c o r r e c t , a d d i t i o n o f a c o m p l e x i n g s o l v e n t 

i n a n e t h e r e a l s o l u t i o n o f 2 s h o u l d i n c r e a s e t h e 

c o n c e n t r a t i o n o f t h e s o l u t e - s o l v e n t c o m p l e x . As a 

r e s u l t , b o t h Xmax a n d X F s h o u l d s h i f t t o t h e r e d a n d 

t h e β - e m i s s i o n s h o u l d i n c r e a s e . S u c h a n e x p e r i m e n t 

i s , h o w e v e r , c o m p l i c a t e d b y t h e f a c t t h a t m o s t 

c o m p l e x i n g s o l v e n t s a r e m o r e p o l a r t h a n e t h e r . 

A d d i t i o n o f a c o m p l e x i n g s o l v e n t i n e t h e r n o t o n l y 

i n d u c e s c o m p l e x a t i o n , b u t a l s o i n c r e a s e s t h e 

d i e l e c t r i c c o n s t a n t (e) o f t h e m e d i u m , w h i c h i s a l s o 

known t o a f f e c t t h e c o m p l e x a t i o n p r o c e s s . I n o r d e r t o 

c i r c u m v e n t t h i s d i l e m m a , we p e r f o r m e d o u r e x p e r i m e n t s 

i n a t e r n a r y s y s t e m , n a m e l y e t h e r ( € = 4 . 4 3 ) > c h l o r o f o r m 

( e = 4 . 7 ) a n d n - h e x a n e ( e = 1 . 9 ) . The a d d i t i o n o f n -

h e x a n e i n t h e m i x t u r e i s t o k e e p t h e € c o n s t a n t a s t h e 

c o n c e n t r a t i o n o f c h l o r o f o r m v a r i e s . R e s u l t s i n 

F i g u r e s 5 a a n d b show t h a t Xmax a n d X F s h i f t t o t h e 

r e d a s [ C H C I 3 ] i n c r e a s e s a t [ C H C I 3 ] <*\.Ί2 M . 

S i m u l t a n e o u s l y , a n i s o s b e s t i c p o i n t a t — 6 2 5 nm a n d a n 

i s o e m i s s i v e p o i n t a t — 6 6 2 nm a r e o b s e r v e d . T h e s e 

s p e c t r a l r e s u l t s g i v e p o s i t i v e e v i d e n c e t h a t t h e J8-

e m i s s i o n i s i n d e e d f r o m t h e e x c i t e d s t a t e o f t h e 
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(a) 

600 650 700 750 
X(nm) 

F i g u r e 5 . E f f e c t o f c h l o r o f o r m c o n c e n t r a t i o n o n t h e 

( a ) a b s o r p t i o n ( [ 2 ] — 1 0 - 5 M) ( b ) c o r r e c t e d f l u o r e s c e n c e 

s p e c t r a o f 2 ( [ 2 ] ~ 3 x 1 0 - 7 M) i n e t h e r ([CHCl3] = i 0 M, i i . 

0 . 2 8 M, i i i . 0 . 5 6 M, i v . 1 . 1 2 M, v . 2 . 2 4 M, a n d v i . 

4 . 4 8 M ) . 
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s o l u t e - s o l v e n t c o m p l e x a n d t h e α - e m i s s i o n i s f r o m t h e 

e x c i t e d s t a t e o f 2 i t s e l f . T h e s t o i c h i o m e t r y o f t h e 

c o m p l e x i s f o u n d t o be 1:1 a t [ C H C L 3 ] < 1 . 1 2 M a s 

i n d i c a t e d i n t h e p l o t o f t h e i n t e n s i t y o f t h e β-
e m i s s i o n ( Ι β ) v e r s u s [ C H C I 3 ] ( s e e i n s e t o f F i g u r e 5 b ) . 

C o m p l e x a t i o n c o n s t a n t b e t w e e n 2 a n d c h l o r o f o r m c a n n o t 

be d e t e r m i n e d , h o w e v e r , d u e t o t h e c l o s e o v e r l a p p i n g 

o f t h e α a n d β e m i s s i o n . 

F u r t h e r b a t h o c h r o m i c s h i f t s o n t h e Xmax a n d X F a n d 

f u r t h e r i n c r e a s e i n Ι β a r e o b s e r v e d a t [CHCl3]>:2 .24 M. 

A b s o r p t i o n c u r v e s a n d e m i s s i o n c u r v e s no l o n g e r p a s s 

t h r o u g h t h e i r i s o s b e s t i c o r i s o e m i s s i v e p o i n t s . T h i s 

o b s e r v a t i o n c a n e i t h e r be a t t r i b u t e d t o t h e p r e f e r r e d 

s o l v a t i o n o f t h e s o l u t e - s o l v e n t c o m p l e  b  c h l o r o f o r

a s t h e c o n c e n t r a t i o

f o r m a t i o n o f a 1:n s o l u t e - s o l v e n t c o m p l e x . T h e 

o c c u r r e n c e o f t h e s e two e v e n t s i s p r e s u m a b l y d u e t o 

t h e h i g h l y l o c a l i z e d c o n c e n t r a t i o n o f c h l o r o f o r m i n 

t h e s o l v a t i o n s h e l l o f s q u a r a i n e , a c o n s e q u e n c e o f t h e 

s o l u t e - s o l v e n t c o m p l e x a t i o n p r o c e s s . 

A s n o t e d i n t h e i n t r o d u c t o r y s e c t i o n , p o l y ( v i n y l 

a c e t a l ) p o l y m e r s a r e e x c e l l e n t d i s p e r s i n g p o l y m e r s f o r 

1 i n o r g a n i c s o l v e n t s . The m a j o r f u n c t i o n a l i t i e s i n 

t h e s e p o l y m e r s a r e t h e e t h e r e a l l i n k a g e s w h i c h a r e 

f o u n d t o h a v e no d i s p e r s i n g e f f e c t o n 1 i n c o n t r o l l e d 

e x p e r i m e n t s . O t h e r f u n c t i o n a l g r o u p s i n t h e p o l y m e r s 

a r e t h e a c e t a t e g r o u p a n d t h e OH g r o u p i n w h i c h t h e 

l a t t e r i s shown t o be c a p a b l e o f f o r m i n g s t r o n g 

c o m p l e x e s w i t h s q u a r a i n e s ( F i g u r e 4 ) . U s i n g PVF a s a 

m o d e l p o l y ( v i n y l a c e t a l ) p o l y m e r , t h e i n t e r a c t i o n 

b e t w e e n t h e OH g r o u p s i n PVF a n d 1 i n C H 2 C I 2 i s 

s t u d i e d . R e s u l t s i n F i g u r e 1 a n d F i g u r e s 6 a - d show 

t h a t t h e i n t e n s i t y o f t h e β - e m i s s i o n i n c r e a s e s a s t h e 

c o n c e n t r a t i o n o f PVF i n c r e a s e s , i n d i c a t i n g t h a t t h e OH 

g r o u p s i n PVF a r e f o r m i n g c o m p l e x e s w i t h 1 i n C H 2 C L 2 « 
I n a t y p i c a l s q u a r a i n e - p o l y m e r d i s p e r s i o n , t h e 

e f f e c t i v e c o n c e n t r a t i o n o f 1 i s — 1 0 - 2 M . Due t o t h e 

l o w s o l u b i l i t y o f 1 i n C H 2 C I 2 (<10~5 Μ ) , m a j o r i t y o f 1 
e x i s t s a s p a r t i c u l a t e s . T h i s i m p l i e s t h a t t h e m a j o r 

i n t e r a c t i o n b e t w e e n 1 a n d PVF o c c u r s on t h e s u r f a c e s 

o f v a r i o u s s q u a r a i n e p a r t i c l e s i n s o l u t i o n . A s a 

r e s u l t o f t h i s c o m p l e x a t i o n p r o c e s s , P V F 

m a c r o m o l e c u l e s a d s o r b o n t o t h e s u r f a c e s o f p a r t i c l e s 

o f 1 a n d t h e OH g r o u p s i n PVF a r e a c t u a l l y a n c h o r i n g 

g r o u p s f o r t h e a d s o r p t i o n p r o c e s s . S c h e m a t i c 

r e p r e s e n t a t i o n o f t h e a d s o r p t i o n o f p o l y m e r c h a i n s o f 
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F i g u r e 6 . C o r r e c t e d f l u o r e s c e n c e s p e c t r a o f 1 i n 

C H 2 C I 2 ([1] - 3 x 1 0 - 7 M) a t v a r y i n g PVF c o n c e n t r a t i o n ( a . 

25 mg p e r mL; b . 50 mg p e r mL; c . 100 mg p e r mL a n d d . 

200 mg p e r m L ) . 
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PVF o n t o p a r t i c l e s o f 1 i n C H 2 C I 2 i s d e p i c t e d i n 
Scheme I I . 

Scheme II 

T h e a d s o r b e d p o l y m e r s t e r i c a l l y s t a b i l i z e s p a r t i c l e s 

o f 1 i n p o l y m e r s o l u t i o n , r e s u l t i n g i n a s t a b l e 

s q u a r a i n e - p o l y m e r d i s p e r s i o n (J_2>J_2) · A n a l o g o u s 

s t e r i c s t a b i l i z a t i o n o f p i g m e n t p a r t i c l e s v i a s p e c i f i c 

i n t e r a c t i o n s i n o r g a n i c s o l v e n t s a r e k n o w n . F o r 

e x a m p l e , u s i n g t h e s p e c i f i c i n t e r a c t i o n b e t w e e n 

c a r b o x y l i c a c i d g r o u p s a n d t h e p o l a r s i t e s o n t h e 

s u r f a c e s o f i r o n p o w d e r , V e r w e y a n d d e B o e r (_1_4) w e r e 

a b l e t o s t a b i l i z e i r o n p o w d e r b y o l e i c a c i d i n c a r b o n 

t e t r a c h l o r i d e , b e n z e n e a n d n - h e x a n e . S i m i l a r l y , by 

u t i l i z a t i o n o f t h e i n t e r a c t i o n b e t w e e n t h e π - o r b i t a l s 

o n t h e s u r f a c e o f c a r b o n b l a c k p i g m e n t a n d a r o m a t i c 

m o l e c u l e s , v a n d e r W a a r d e n (J_5 ,JJ3) was a b l e t o p r e p a r e 

s t a b l e d i s p e r s i o n s o f c a r b o n b l a c k p i g m e n t i n 

a l i p h a t i c h y d r o c a r b o n s o l v e n t s u s i n g a r o m a t i c 

c o m p o u n d s w i t h l o n g a l k y l c h a i n s a s d i s p e r s i n g a g e n t s . 

By e x t e n d i n g t h e same p r i n c i p l e , o t h e r g o o d 

d i s p e r s i n g p o l y m e r s s u c h a s s t y r e n e - a l l y l a l c o h o l 

c o p o l y m e r , v i n y l c h l o r i d e - v i n y l a c e t a t e - v i n y l a l c o h o l 

t e r p o l y m e r , h a v e b e e n i d e n t i f i e d . The s t a b i l i t i e s o f 

t h e s q u a r a i n e - p o l y m e r d i s p e r s i o n s p r e p a r e d f r o m t h e s e 

p o l y m e r s a r e f a r s u p e r i o r t h a n a n a l o g o u s p o l y m e r s 

w i t h o u t h y d r o x y g r o u p s . A g a i n , t h e a n c h o r i n g e f f e c t 

o f OH g r o u p s o n t h e a d s o r p t i o n p r o c e s s , w h i c h 

s u b s e q u e n t l y s t a b i l i z e s s q u a r a i n e p a r t i c l e s i n 

s o l u t i o n , i s d e m o n s t r a t e d . F u r t h e r e x p e r i m e n t s a l s o 

show t h a t o t h e r s t r o n g c o m p l e x i n g f u n c t i o n a l g r o u p s , 

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



13. L A W Electronic Spectroscopy of Squaraine 161 

e . g . , cyano group, can a l s o be used as an a n c h o r i n g 
group f o r the polymer i n the a d s o r p t i o n p r o c e s s and 
s t a b l e d i s p e r s i o n s can be prepared a c c o r d i n g l y . For 
example, b e t t e r d i s p e r s i o n s t a b i l i t y i s o b t a i n e d from 
s t y r e n e - a c r y l o n i t r i l e copolymer i n C H 2 C I 2 as compared 
to p o l y s t y r e n e i t s e l f . 

In summary, the s t a b i l i z a t i o n m e c h a n i s m o f 
s q u a r a i n e p a r t i c l e s i n o r g a n i c s o l v e n t s has been 
unders tood as a s t e r i c s t a b i l i z a t i o n p r o c e s s by 
s p e c t r o s c o p i c t e c h n i q u e . The knowledge ga ined i n t h i s 
work has e n a b l e d us to f o r m u l a t e o t h e r s t a b l e 
s q u a r a i n e - p o l y m e r d i s p e r s i o n s u s i n g po lymers o t h e r 
than p o l y ( v i n y l a c e t a l s ) . 
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Quantum yields fo , Q, y (+)-catechi
(-)-epicatechin are sensitive to the nature of the 
solvent. These compounds and their oligomers form 
complexes with poly(vinylpyrrolidone). Complex 
formation is accompanied by a dramatic collapse of the 
dimensions of the poly(vinylpyrrolidone) chain, and the 
value of Q changes in the manner expected for transfer 
of the fluorophore from an aqueous to a nonpolar 
medium. Much different behavior is seen when poly(L
-proline) is substituted for poly(vinylpyrrolidone). 
Emission by the fluorophores exhibits discrimination 
between local right- and left-handed helices in the 
poly(L-proline) chain. 

P r o t e i n s , n u c l e i c a c i d s , and po lysacchar ides are the most wide ly 
known of the polymers that occur i n n a t u r e . Representat ives of the 
p l a n t kingdom produce other types of polymers w i t h p r o p e r t i e s that 
are l e s s w e l l understood. A notab le example i s prov ided by polymers 
of (+)-catech in and ( - ) - e p i c a t e c h i n , which are found i n a v a r i e t y of 
p l a n t s . The s t r u c t u r e s of the monomers are d e p i c t e d i n F i g u r e 1. 
Polymers are u s u a l l y formed v i a carbon-carbon bonds from C(4) of one 
monomer to C(8) of i t s neighbor ( 1 , 2 ) . Other l inkage p a t t e r n s , such 
as C(4) to C ( 6 ) , are a l s o known ( 3 - 5 ) . The polymers i s o l a t e d from 
some p l a n t s are branched ( 6 ) . Weight-average molecular weights as 
l a r g e as 13300 have been measured f o r p e r a c e t y l a t e d samples ( 7 ) · 
Much l a r g e r polymers are produced i n nature because the samples 
i s o l a t e d have been p o l y d i s p e r s e . 

Polymers of (+)-catech in and ( - ) - e p i c a t e c h i n form comlexes w i t h 
many macromolecules. The format ion of complexes w i t h p r o t e i n s i s 
the b a s i s f o r t h e i r use by p l a n t s as a defense mechanism ( 8 ) . Most 
of the prev ious s t u d i e s of these complexes have been performed a t 
concent ra t ions that produce p r e c i p i t a t i o n ( 9 - 1 1 ) . The s e n s i t i v i t y 
w i t h which f l u o r e s c e n c e can be detected permits study of complex 
format ion a t concent rat ions so low that a l l spec ies remain i n 
s o l u t i o n ( 1 2 , 1 3 ) . Exper imental r e s u l t s repor ted here show that t h i s 
technique can a l s o r e v e a l s u b t l e aspects of the complexation 
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p r o c e s s . In some complexes the f luorescnece responds to a s imple 
change i n the medium surrounding the f l u o r o p h o r e , but i n other cases 
there i s a more compl icated response that i s i n t i m a t e l y connected 
w i t h the conformation of the macromolecule. 

EXPERIMENTAL DETAILS 

P o l y ( v i n y l p y r r o l i d o n e ) , p o l y ( L - p r o l i n e ) , ( + ) - c a t e c h i n , ( - ) -
e p i c a t e c h i n , and t r i f l u o r o e t h a n o l were purchased from Sigma Chemical 
Co. Two of the four p o l y ( L - p r o l i n e ) samples s t u d i e d conta ined an 
u n i d e n t i f i e d f l u o r e s c e n t m a t e r i a l that was removed w i t h a c t i v a t e d 
c h a r c o a l . A f l u o r e s c e n t compound i n the t r i f l u o r o e t h a n o l was 
removed by d i s t i l l a t i o n . Dr . R i chard W. Hemingway k i n d l y s u p p l i e d 
h i g h l y p u r i f i e d samples of s y n t h e t i c ( - ) - e p i c a t e c h i n - ( 4 B - 6 ) - ( + ) -
c a t e c h i n , ( - ) - e p i c a t e c h i n - ( 4 B - 8 ) - ( + ) - c a t e c h i n , and ( - ) - e p i c a t e c h i n -
(4B-8) - (+)-catech in decaacetate  Dioxane and 1-propanol were 
obta ined from A l d r i c h Chemica

F luorescence measurement
f luorometer . Quantum y i e l d s were obta ined w i t h q u i n i n e b i s u l f a t e as 
the standard ( 1 4 , 1 5 ) . E x c i t a t i o n was a t 272-280 nm, and the range 
of the i n t e g r a t i o n used i n the determinat ion of 1/1(0) was 285-420 
nm. C i r c u l a r d i chro i sm measurements were performed w i t h a Jasco 
J-500C s p e c t r o p o l a r i m e t e r . 

QUANTUM YIELDS FOR FLUORESCENCE 

Monomers and dimers e x h i b i t maximal emiss ion a t 314-324 nm upon 
e x c i t a t i o n a t 272-280 nm. Quantum y i e l d s f o r f l u o r e s c e n c e , denoted 
by Q, a re c o l l e c t e d i n Tab le I . Both monomers e x h i b i t i n c r e a s i n g 
f l u o r e s c e n c e as the so lvent changes from water to t r i f l u o r o e t h a n o l 
to d ioxane. There i s no s i g n i f i c a n t d i f f e r e n c e i n the emiss ion of 
the two monomers i n a common s o l v e n t . Dimers show l e s s in tense 
emiss ion that do monomers. There i s a f u r t h e r r e d u c t i o n i n emiss ion 
upon a c e t y l a t i o n of a l l p h e n o l i c and a l i p h a t i c hydroxy l groups. 

COMPLEX FORMATION by POLY(VINYLPYRROLIDONE) 

Integrated f luorescence i n t e n s i t y i n the absence and presence of an 
added polymer are denoted by l ( 0 ) and I , r e s p e c t i v e l y . The va lues 
of 1/1(0) f o r (+)-catech in and ( - ) - e p i c a t e c h i n i n water are enhanced 
s i g n i f i c a n t l y i n the presence of p o l y ( v i n y l p y r r o l i d o n e ) , as i s shown 
i n Tab le I I . There i s a more dramatic i n c r e a s e i n emiss ion f o r a 
mixed dimer than f o r e i t h e r monomer. Prev ious s t u d i e s (10,11) of 
the i n t e r a c t i o n s w i t h p r o t e i n s have found that the s t a b i l i t y of the 
complexes r i s e s r a p i d l y as one proceeds from (+)-cateohin or ( - ) -
e p i c a t e c h i n through a s e r i e s of ol igomers of i n c r e a s i n g s i z e . The 
behavior of 1/1(0) i n water shows that (+)-catech in and ( - ) -
e p i c a t e c h i n form complexes w i t h p o l y ( v i n y l p y r r o l i d o n e ) i n d i l u t e 
s o l u t i o n . I t suggests that the i n t e r a c t i o n s becomes s t ronger when 
an ol igomer i s s u b s t i t u t e d f o r e i t h e r monomer. Prev ious s t u d i e s 
based on the development of t u r b i d i t y (9) or the i n h i b i t i o n of the 
p r e c i p i t a t i o n of a r a d i o a c t i v e l y l a b e l l e d t r a c e r p r o t e i n (10) have 
shown that p o l y ( v i n y l p y r r o l i d o n e ) forms complexes w i t h proantho-
c y a n i d i n s a t much h igher c o n c e n t r a t i o n s . 
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Tab le I . Quantum Y i e l d s f o r F luorescence 
( E x c i t a t i o n at 272-280 nm) 

Compound Solvent Q 

(+)-Catech in Water 0.11 
T r i f l u o r o e t h a n o l 0.19 
Dioxane 0.30 

( - ) - E p i c a t e c h i n Water 0.10 
Dioxane 0.29 

( - ) - E p i c a t e c h i n - ( 4 B - 6 ) - (+)-catech in Dioxane 0.05 
( - ) - E p i c a t e c h i n - ( 4 B - 8 ) - ( + ) - c a t e c h i n Dioxane 0.07 
( - ) - E p i c a t e c h i n - ( 4 B - 8 ) - ( + ) - c a t e c h i n Dioxane 0.03 

(Decaacetate) 

Tab le I I . 1/1(0) i
a t a Molar Monomer Concentrat ion of 0.009 

F luorophore M o l a r i t y χ 10 1/1(0) 

(+)-Catech in 4 .7 1.31 
( - ) - E p i c a t e c h i n 4 .7 1.24 
( - ) - E p i c a t e c h i n - ( 4 B - 6 ) - ( + ) - c a t e c h i n 0 .9 2.45 

The sample of p o l y ( v i n y l p y r r o l i d o n e ) used i n these experiments 
has an i n t r i n s i c v i s c o s i t y of 1.72 d l / g i n water a t 30° C. In the 
presence of 0.0014 M ( + ) - c a t e c h i n , the i n t r i n s i c v i s c o s i t y f a l l s to 
0.13 d l / g . S ince i t i s the (+)-catech in that induces the c o l l a p s e 
of the p o l y ( v i n y l p y r r o l i d o n e ) c h a i n , i t i s assumed that t h i s 
molecule f i n d s i t s e l f i n an environment that i s not completely 
aqueous, but i n s t e a d has a h i g h l o c a l c o n c e n t r a t i o n of p o l y v i n y l 
p y r r o l i d o n e ) segments. The so lvent dependence of the quantum y i e l d 
f o r f l u o r e s c e n c e , repor ted i n Tab le I , shows that Q increases as 
(+)-ca tech in i s t r a n s f e r r e d from water to d ioxane. C o l l a p s e o f the 
p o l y ( v i n y l p y r r o l i d o n e ) c h a i n about (+)-catech in t h e r e f o r e produces 
an i n c r e a s e i n Q, which i s r e s p o n s i b l e f o r 1/1(0) > 1 i n Tab le I I . 

COMPLEX FORMATION WITH POLY(L-PROLINE) 

P r e c i p i t a t i o n s t u d i e s a t comparat ive ly h i g h concentrat ions have 
shown that proanthocyanid ins form complexes w i t h p o l y ( L - p r o l i n e ) as 
w e l l as w i t h p o l y ( v i n y l p y r r o l i d o n e ) ( 9 , 1 0 ) . F i g u r e 2 d e p i c t s the 
repeat u n i t s of p o l y ( v i n y l p y r r o l i d o n e T "and p o l y ( L - p r o l i n e ) . The L-
p r o l y l u n i t conta ins one fewer methylene and has the remaining atoms 
rearranged so that the amide and five-membered r i n g become p a r t s of 
the backbone of the c h a i n . The r e s u l t s repor ted i n the preceeding 
s e c t i o n might l ead to the expectat ion that a d d i t i o n of p o l y ( L -
p r o l i n e ) to an aqueous s o l u t i o n of one of the f luorophores would 
produce 1/1(0) > 1. T h i s expectat ion i s not r e a l i z e d . P o l y ( L -
p r o l i n e ) w i t h M = 60000 does not produce 1/1(0) > 1. Instead i t 
quenches the f l u o r e s c e n c e . For example, the va lues of 1/1(0) f o r 
3.6 χ 10~5 M (+)-catech in i n water are 0.75 and 0 · 4 1 , r e s p e c t i v e l y , 

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



14. B E R G M A N N A N D M A T T I C E (+)-Catechin and (-)-Epicatechin 165 

a t L - p r o l y l concentrat ions of 0.026 and 0.10 M. The Q i n Tab le I do 
not permit r a t i o n a l i z a t i o n of the quenching a b i l i t y of p o l y ( L -
p r o l i n e ) as a " s o l v e n t " e f f e c t . I t t h e r e f o r e i s p e r t i n e n t to 
i n q u i r e whether there might be a more s p e c i f i c i n t e r a c t i o n of (+)-
c a t e c h i n w i t h p o l y ( L - p r o i i n e ) . 

The t e s t f o f s p e c i f i c i t y e x p l o i t s the a b i l i t y of the p o l y ( L -
p r o l i n e ) c h a i n to e x i s t i n e i t h e r of two d i f f e r e n t conformat ions . 
Some t h i r t y years ago these conformations were c h a r a c t e r i z e d by the 
a n a l y s i s of the x-ray s c a t t e r i n g pat terns of p o l y ( L - p r o l i n e ) i n the 
s o l i d s t a t e . The conformation known as Form I i s a r ight-handed 
h e l i x w i t h 3.33 res idues per t u r n , a t r a n s l a t i o n a long the h e l i x 
a x i s of 1.9 A/res idue , and a c i s c o n f i g u r a t i o n a t a l l amide bonds 
( 1 6 ) . The conformation of Form I I i n the s o l i d s t a t e i s a l e f t -
handed h e l i x w i t h 3.00 r e s i d u e s per t u r n , a t r a n s l a t i o n a long the 
h e l i x a x i s of 3.12 A/res idue , and a t rans c o n f i g u r a t i o n a t the amide 
bonds ( 1 7 , 1 8 ) . D i l u t e s o l u t i o n s i n so lvents such as water  a c e t i c 
a c i d , and t r i f l u o r o e t h a n o
s i m i l a r i t y to Form I I (19)
that a p o l y ( L - p r o l i n e ) c h a i n of h i g h molecular weight behaves i n 
these so lvents as a random c o i l w i t h a c h a r a c t e r i s t i c r a t i o of 14-
20 ( 2 0 ) . 

In a s u i t a b l y chosen mixed so lvent system, such as a c e t i c a c i d 
and 1-propanol (21) , a sharp r e v e r s i b l e t r a n s i t i o n between Form I 
and Form I I can be achieved w i t h a smal l change i n so lvent 
compos i t ion . Measurements of o p t i c a l a c t i v i t y p r o v i d e a convenient 
way to f o l l o w the t r a n s i t i o n i n d i l u t e s o l u t i o n . There are l a r g e 
changes i n o p t i c a l a c t i v i t y because Forms I and I I a re h e l i c e s of 
opposite handedness. The l e f t panel i n Figure 3 d e p i c t s the 
r e v e r s i b l e t r a n s i t i o n that i s detected by c i r c u l a r d i chro i sm 
measurements i n mixtures o f t r i f l u o r o e t h a n o l and 1-propanol . Form 
I I i s the only conformation present i n t r i f l u o r e t h a n o l . A s o l u t i o n 
of p o l y ( L - p r o l i n e ) i n 35 : 65 t r i f l u o r o e t h a n o l : 1-propanol e x h i b i t s 
the same c i r c u l a r d i chro i sm p a t t e r n as does a s o l u t i o n where the 
s o l v e n t i s pure t r i f l u o r o e t h a n o l . However, f u r t h e r a d d i t i o n of 1-
propanol produces a dramatic change i n the c i r c u l a r d i c h r o i s m . At 
20 : 80 t r i t l u o r o e t h a n o l : 1-propanol the c i r c u l a r d i chro i sm p a t t e r n 
i s that c h a r a c t e r i s t i c of Form I . Data i n F i g u r e 3 do not extend 
beyond 10 : 90 t r i f l u o r o e t h a n o l : 1-propanol because of the low 
s o l u b i l i t y of p o l y ( L - p r o l i n e ) i n 1-propanol . 

The r i g h t panel i n Figure 3 de p i c t s 1/1(0) f o r (+)-catechin i n 
mixtures of t r i f l u o r o e t h a n o l and 1-propanol that c o n t a i n p o l y ( L -
p r o l i n e ) a t a c o n c e n t r a t i o n of 0.90 mg/ml. In pure t r i f l u o r o e t h a n o l 
1/1(0) i s s l i g h t l y l e s s than one. At the oppos i te extreme of 
s o l v e n t compos i t ion , 1/1(0) i s g r e a t e r than one and increases over a 
p e r i o d of s e v e r a l days . The g r e a t e s t s e n s i t i v i t y of 1/1(0) to 
s o l v e n t composit ion occurs near 25 : 75 t r i f l u o r o e t h a n o l : 1-
p r o p a n o l , which i s where the Form I - Form I I i n t e r c o n v e r s i o n i s 
detec ted by c i r c u l a r d i c h r o i s m . Measurements of the f luorescence of 
(+)-catech in i n the mixed s o l v e n t s , but i n the absence of p o l y ( L -
p r o l i n e ) , show no unusual dependence of emiss ion on s o l v e n t . 

We conclude that (+)-catech in can d i s c r i m i n a t e between the two 
Forms of p o l y ( L - p r o l i n e ) . The emiss ion from (+)-catech in becomes 
very much s t ronger i f the l o c a l s t r u c t u r e of the p o l y ( L - p r o l i n e ) 
c h a i n i s a r ight-handed h e l i x w i t h 3.33 r e s i d u e s per t u r n , a 
t r a n s l a t i o n o f 1.9 A/res idue , and c i s amide bonds. In c o n t r a s t , the 
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F i g u r e 1. Covalent s t r u c t u r e s and numbering system f o r (+)-
c a t e c h i n ( R l = OH, R2 = H, R3 = dihydroxyphenyl) and ( - ) -
e p i c a t e c h i n (R l = H, R2 = OH, R3 = d ihydroxypheny l ) . 

-CH-CH 2- -N — CH — C-

F i g u r e 2. Repeat ing u n i t s i n p o l y ( v i n y l p y r r o l i d o n e ) and p o l y ( L -
p r o l i n e ) . 

VOLUME % l-PROPANOL 

Figure 3. L e f t panel: Mean residue e l l i p t i c i t y at 210 nm f o r 
p o l y ( L - p r o l i n e ) i n mixtures of t r i f l u o r o e t h a n o l and 1-propanol. 
Right panel: 1/1(0) f o r (+)-catechin i n mixtures of t r i f l u o r o -
ethanol and 1-propanol that contain p o l y ( L - p r o l i n e ) at a 
concentration of 0.90 mg/ml. Measurements of 1/1(0) were 
performed at 0, 3, 7, 12, and 20 days a f t e r p r e p a r a t i o n of the 
s o l u t i o n s . 1/1(0) increases w i t h time at the highest 1-propanol 
concentrations. 
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emiss ion i s s l i g h t l y quenched i f the l o c a l s t r u c t u r e i s a l e f t -
handed h e l i x w i t h 3.00 r e s i d u e s per t u r n , a t r a n s l a t i o n of 3.12 A 
per r e s i d u e , and trans amide bonds. The o r i g i n of the time 
dependence of the steady s t a t e emiss ion has not yet been i d e n t i f i e d . 

The s p e c i f i c i t y of the i n t e r a c t i o n of (+)-catech in w i t h p o l y ( L -
p r o l i n e ) i s not s u r p r i s i n g i n view of the b i o l o g i c a l f u n c t i o n of 
polymers of (+)-catech in and ( - ) - e p i c a t e c h i n . The presence of 
these polymers i n c e r t a i n p l a n t s makes them an u n a t t r a c t i v e food 
source f o r an imals . A molecular b a s i s f o r t h i s p r o t e c t i v e a c t i o n 
may l i e i n the a b i l i t y of polymers of (+)-catech in and ( - ) -
e p i c a t e c h i n to i n t e r a c t s t r o n g l y w i t h mammalian s a l i v a r y p r o t e i n s 
that have an unusua l ly h i g h content of the L - p r o l y l r e s i d u e ( 1 0 , 2 2 ) . 
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Chapter 15 

Excimer Photophysics 
of Macromolecular Scintillators 
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The photophysic
formation have been studied in vinyl homo
polymers labelled with the scinti l lators 
BuPBD and PPO. For both systems the 
fluorescence decay kinetics display unusual 
features which include the absence of a 
measureable rate of excimer formation, rate 
parameters which depend on emission wave
length and time resolved emission spectra 
which shift to longer wavelengths with 
increasing time delay. The fluorescence 
decays are analysed with two alternative 
kinetic models. One uses three exponentials 
and the other allows for transient time 
dependent quenching. Although in some 
cases both models give good f i ts they are 
shown to provide an incomplete description. 
However, they both provide evidence for 
there being a number of preformed excimer 
conformations. 

The formation of i n t r a m o l e c u l a r excimers i n polymer 
systems has aroused much i n t e r e s t i n r e c e n t years (1) . 
Perhaps most n o t a b l e i s the g e n e r a l o b s e r v a t i o n t h a t the 
r e a c t i o n k i n e t i c s do not obey the accepted B i r k s scheme 
f o r low molecular weight systems (2) . In t h i s scheme the 
f l u o r e s c e n c e decay k i n e t i c s of the monomer (M) and excimer 
(D) s p e c i e s can be separated s p e c t r a l l y with f l u o r e s c e n c e 
response f u n c t i o n s of the form 

i M ( t ) = B 1 e x p ( - t / r 1 ) + B 2 e x p ( - t / r 2 ) (1) 

0097-6156/87/0358-0170$06.00/0 
© 1987 American Chemical Society 

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



15. B I R C H E T AL. Excimer Photophysics 171 

a n d i D ( t ) - B 3 [ e x p ( - t / r 1 ) - e x p ( - t / r 2 ) ] ( 2 ) 

ri d e s c r i b e s t h e d e c a y o f t h e e x c i m e r , w h i c h , e v e n i n t h e 
a b s e n c e o f s p e c t r a l o v e r l a p c a n a p p e a r i n t h e s p e c t r a l 
r e g i o n o f monomer e m i s s i o n b e c a u s e o f t h e r m a l l y i n d u c e d 
r e v e r s e d i s s o c i a t i o n o f t h e e x c i m e r p r o d u c i n g e x c i t e d 
m o n o m e r . T £ d e s c r i b e s t h e q u e n c h e d monomer d e c a y t i m e 
a n d a l s o a p p e a r s a s a r i s e t i m e i n t h e e x c i m e r f l u o r e s c e n c e 
w h i c h i s s h i f t e d t o l o n g e r w a v e l e n g t h s w i t h r e s p e c t t o 
t h a t o f t h e m o n o m e r . B e c a u s e a n d Τ £ a r e a s s o c i a t e d 
w i t h d i s t i n c t e x c i t e d s t a t e s p e c i e s t h e y s h o u l d b e 
i n d e p e n d e n t o f e m i s s i o n w a v e l e n g t h , a l t h o u g h t h e i r 
r e l a t i v e i n t e n s i t i e s w o u l d b e e x p e c t e d t o c h a n g e w i t h 
e m i s s i o n w a v e l e n g t h i n a c o r d a n c e w i t h t h e s p e c t r a l 
d i s t r i b u t i o n s o f t h

T h e i n c o m p l e t e n e s
t o p o l y m e r s y s t e m s h a s b e e n p r e v i o u s l y e x p l a i n e d b y t h e 
e v i d e n c e f o r i s o l a t e d monomer s i t e s w h i c h d o n o t p a r t a k e 
i n t h e e x c i m e r f o r m i n g p r o c e s s a n d w h i c h r e q u i r e t h e 
c o n s i d e r a t i o n o f a t h i r d d e c a y c o m p o n e n t , T 3 , i . e . 

i M ( t ) = B ^ e x p i - t / T ^ ) + B 2 e x p ( - t / r 2 ) + B 3 e x p ( - t / r 3 ) (3 ) 

S u c h b e h a v i o u r h a s b e e n r e p o r t e d i n a w i d e r a n g e o f 
p o l y m e r s i n c l u d i n g b o t h homo a n d c o p o l y m e r s l a b e l l e d w i t h 
n a p t h a l e n e (3 - 5) and s t y r e n e - m e t h y l m e t h a c r y l a t e 
c o p o l y m e r s ( 6 ) . H o w e v e r , i n a l l t h e s e c a s e s n o c l e a r 
e v i d e n c e f o r o t h e r t h a n a s i n g l e e x c i m e r s p e c i e s h a s 
e m e r g e d . I n a d d i t i o n , a r i s e t i m e i n t h e f l u o r e s c e n c e 
d e c a y , w h i c h c a n b e a s s o c i a t e d w i t h e x c i m e r f o r m a t i o n , h a s 
a l s o b e e n o b s e r v e d ( 7 ) . 

M o r e r e c e n t l y a n a l t e r n a t i v e e x p l a n a t i o n o f t h e 
c o m p l e x e x c i m e r b e h a v i o u r o b s e r v e d i n p o l y m e r s y s t e m s h a s 
b e e n p r o p o s e d ( 9 , 1 0 ) w h e r e b y t h e c l o s e p r o x i m i t y o f some 
f l u o r o p h o r e s l e a d s t o a t i m e d e p e n d e n t r a t e o f q u e n c h i n g 
a n a l o g o u s t o t h a t p r e d i c t e d b y t h e E i n s t e i n - S m o l u c h o w s k i 
d i f f u s i o n t h e o r y f o r l o w m o l e c u l a r w e i g h t s y s t e m s . T h i s 
p r e d i c t s a f l u o r e s c e n c e r e s p o n s e f u n c t i o n o f t h e f o r m 

W h e r e d e s c r i b e s t h e e x c i m e r d i s s o c i a t i o n t o g i v e 
e x c i t e d m o n o m e r , τ 2 d e s c r i b e s t h e q u e n c h e d monomer a t 
l o n g e r t i m e s a n d α d e s c r i b e s t h e t r a n s i e n t d i f f u s i o n 
b e h a v i o u r (JLO) w h i c h i s d e p e n d e n t o n t h e r o t a t i o n a l 
d i f f u s i o n a n d c o l l i s i o n a l p r o p e r t i e s , t h o u g h i n a m a n n e r 

i M ( t ) « B 1 e x p ( - t / r 1 ) + B 2 e x p ( - t / r 2 - a V t ) (4) 
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n o t s o e a s i l y d e s c r i b e d a s f o r s m a l l m o l e c u l e s . T h e same 
k i n e t i c f o r m h a s a l s o b e e n u s e d t o d e s c r i b e t h e monomer 
b e h a v i o u r when v i e w e d i n t e r m s o f t h e e n e r g y m i g r a t i o n t o 
e x c i m e r f o r m i n g s i t e s (9_). 

I n a p r e v i o u s s t u d y (8J we r e p o r t e d t h e p r e s e n c e o f 
i n t r a m o l e c u l a r e x c i m e r f o r m a t i o n a n d e v i d e n c e f o r 
e m i s s i o n f r o m i s o l a t e d monomer s i t e s i n c o p o l y m e r s o f 
v i n y l - t - b u t y l PBD a n d m e t h y l m e t h a c r y l a t e . 2 - p h e n y l - 5 -
( 4 - b i p h e n y l ) - l f 3 , 4 - o x a d i a z o l e (PBD) i s o n e o f t h e m o s t 
w i d e l y u s e d s c i n t i l l a t o r s o l u t e s a n d h a s l o n g b e e n t h o u g h t 
n o t t o f o r m e x c i m e r s i n s o l u t i o n . I t s l o w s o l u b i l i t y 
d o e s n o t h e l p i n v e s t i g a t i o n , b u t m o r e f u n d a m e n t a l l y , 
m o l e c u l a r o r b i t a l c a l c u l a t i o n s b y L a m i a n d L a u s t r i a t ( 11 ) 
p r e d i c t e d t h a t i t s g r o u n d a n d f i r s t e x c i t e d s t a t e s a r e 
m u t u a l l y r e p u l s i v e . H o w e v e r , t h e s l i g h t s h i f t i n t h e 
f l u o r e s c e n c e s p e c t r u m t o l o n g e r w a v e l e n g t h s w i t h 
i n c r e a s i n g s o l u t e c o n c e n t r a t i o
a t t r i b u t e d t o e x c i m e
d e r i v a t i v e , i s o p r o p y l PBD ( 1 2 ) . 

2 , 5 - d i p h e n y l - l , 3 - o x a z o l e (PPO) i s a n o t h e r i m p o r t a n t 
s c i n t i l l a t o r w h i c h , i n c o n t r a s t t o P B D , i s w e l l known t o 
r e a d i l y f o r m e x c i m e r s i n s o l u t i o n . B e r l m a n was t h e f i r s t 
t o o b s e r v e t h i s a s e a r l y a s 1960 (13 ) b u t a l t h o u g h t h i s a n d 
s u b s e q u e n t w o r k (14 ) i n c l u d e d some f l u o r e s c e n c e d e c a y 
m e a s u r e m e n t s t h e a p p l i c a b i l i t y o f t h e e x p e c t e d 
k i n e t i c s c h e m e ( E q u a t i o n s 1 a n d 2) was n o t t h o r o u g h l y 
t e s t e d . T h i s i s n o t r e a l l y s u r p r i s i n g , b e c a u s e a l t h o u g h 
t h e t i m e r e s o l u t i o n o f e a r l y f l u o r o m e t e r s and d a t a 
a n a l y s i s m e t h o d s w e r e a d e q u a t e f o r s t u d y i n g 
m o n o e x p o n e n t i a l d e c a y s i n t h e n a n o s e c o n d r e g i o n , t h e y 
c o u l d n o t h a n d l e c o m p l e x k i n e t i c s o t h e r t h a n t h o s e o n a 
much l o n g e r t i m e - s c a l e , a s i n t h e c a s e o f t h e p y r e n e 
e x c i m e r . T h e u n q u e n c h e d PBD a n d PPO l i f e t i m e s , w h i c h 
d e s c r i b e t h e d u r a t i o n o v e r w h i c h e x c i m e r s c a n b e f o r m e d , 
a r e i n t h e r e g i o n o f 1 n s a s c o m p a r e d t o - 450 n s f o r 
p y r e n e . T h i s means t h a t c o n s i d e r a b l y h i g h e r 
c o n c e n t r a t i o n s a r e r e q u i r e d f o r t h e i r e x c i m e r s t o b e 
s t u d i e d . C o v a l e n t b o n d i n g t o a p o l y m e r c h a i n p r o v i d e s a 
m e t h o d o f e n s u r i n g t h a t a l a r g e f r a c t i o n o f f l u o r o p h o r e s 
a r e i n c l o s e e n o u g h p r o x i m i t y t o f a c i l i t a t e e x c i m e r 
f o r m a t i o n e v e n t h o u g h t h e f l u o r o p h o r e s o l u b i l i t y may b e 
l o w . I n t h e l i g h t o f t h e w o r k a l r e a d y m e n t i o n e d w i t h 
o t h e r p o l y m e r s y s t e m s , s u c h a s c i n t i l l a t i o n s y s t e m w o u l d 
n o t b e e x p e c t e d t o o b e y t h e c o n v e n t i o n a l l o w m o l e c u l a r 
w e i g h t k i n e t i c s . H o w e v e r , we h a v e r e c e n t l y shown (15 ) 
t h a t e v e n i n t h e c a s e o f PPO s o l u t i o n s t h e s u b - n e m o s e c o n d 
r a t e o f e x c i m e r f o r m a t i o n l e a d s t o d e v i a t i o n s f r o m t h e 
e x p e c t e d B i r k s k i n e t i c s . 

We h a v e t h u s c h o s e n t o p u r s u e t h e s e s t u d i e s u s i n g 
v i n y l h o m o p o l y m e r s l a b e l l e d w i t h PBD a n d PPO w i t h a v i e w t o 
e l u c i d a t i n g b o t h t h e f u n d a m e n t a l p h o t o p h y s i c a l p r o c e s s e s 
i n v o l v e d i n s u b - n a n o s e c o n d e x c i m e r f o r m a t i o n a n d a l s o t h e 
e f f e c t o f s e g m e n t a l m o t i o n , e n e r g y m i g r a t i o n a n d t h e 
c o n s t r a i n t s i m p o s e d b y t h e p o l y m e r b a c k b o n e . 
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E x p e r i m e n t a l 

F l u o r e s c e n c e d e c a y a n d t i m e r e s o l v e d m e a s u r e m e n t s w e r e 
p e r f o r m e d u s i n g a n E d i n b u r g h I n s t r u m e n t s M o d e l 199 s i n g l e 
p h o t o n f l u o r o m e t e r . T h i s i n s t r u m e n t i n c o r p o r a t e s a n 
a l l - m e t a l c o a x i a l f l a s h l a m p (15 ) w h i c h e n a b l e s 
m e a s u r e m e n t o f t h e d e c a y c o m p o n e n t s o f c o m p l e x d e c a y s down 
t o 200 p s . R e c o n v o l u t i o n a n a l y s i s was p e r f o r m e d b y 
f i t t i n g o v e r a l l t h e f l u o r e s c e n c e d e c a y i n c l u d i n g t h e 
r i s i n g e d g e a n d t h e k i n e t i c i n t e r p r e t a t i o n o f t h e g o o d n e s s 
o f f i t was a s s e s s e d w i t h r e g a r d t o e r r o r s a n d l i m i t a t i o n s 
i n t i m e - r e s o l u t i o n r e c e n t l y r e v i e w e d ( 1 7 ) . C o n t o u r 
s p e c t r a w e r e r e c o r d e d u s i n g a B a i r d A t o m i c S F R - 1 0 0 
s p e c t r o m e t e r i n t e r f a c e d t o a PDP 1 1 / 0 4 c o m p u t e r . 

A l l m e a s u r e m e n t s w e r e p e r f o r m e d u s i n g t o l u e n e a s 
s o l v e n t u n l e s s o t h e r w i s  s t a t e d  P o l  ( V B u P B D )
p r e p a r e d b y t h e r m a l l
p o l y m e r i z a t i o n i n b e n z e n
b e i n g t h o r o u g h l y d e g a s s e d a n d s e a l e d i n g l a s s a m p u l e s 
u n d e r h i g h v a c u u m . P u r i f i c a t i o n o f t h e r e s u l t a n t 
p o l y m e r was a c h i e v e d b y m u l t i p l e r e p r e c i p i t a t i o n f r o m 
b e n z e n e s o l u t i o n i n t o c o l d m e t h a n o l (< 263 K ) f o l l o w e d b y 
w a r m i n g t o r o o m t e m p e r a t u r e u n d e r c o n s t a n t a g i t a t i o n . 
P o l y ( V P P O ) was p r e p a r e d a s d e s c r i b e d b y M c l n a l l y 
et al ( 1 8 ) . 

R e s u l t s a n d D i s c u s s i o n 

S t e a d y s t a t e e m i s s i o n a n d e x c i t a t i o n s p e c t r a o f t h e p o l y 
( V B u P B D ) a n d p o l y ( V P P O ) a r e c o n s i s t e n t w i t h t h e f o r m a t i o n 
o f i n t r a m o l e c u l a r e x c i m e r s : 

( i ) T h e e m i s s i o n s p e c t r u m i s b r o a d e n e d a t l o w e n e r g i e s 
r e l a t i v e t o t h e s t r u c t u r e d m o n o m e r i c e m i s s i o n b a n d 
e x h i b i t e d b y t h e l o w m o l a r m a s s a n a l o g u e (BuPBD a n d 
PPO r e s p e c t i v e l y ) . 

( i i ) T h e e x c i t a t i o n s p e c t r a o f p o l y m e r a n d l o w m o l a r m a s s 
a n a l o g u e a r e i d e n t i c a l a n d i n d e p e n d e n t o f w a v e l e n g t h 
o f a n a l y s i s i n d i c a t i n g t h e a b s e n c e o f s u b s t a n t i a l 
g r o u n d s t a t e i n t e r a c t i o n s . 

F i g u r e 1 i l l u s t r a t e s t h e t o t a l f l u o r e s c e n c e m a t r i x i n 
c o n t o u r f o r m a t f o r B u P B D a n d p o l y ( V B u P B D ) a t 2 9 8 K . 
T h e s e s p e c t r a g r a p h i c a l l y i l l u s t r a t e t h e a b o v e 
c o n c l u s i o n s a n d t h e s y m m e t r y o f t h e b r o a d e n e d p r o f i l e o f 
t h e p o l y m e r e m i s s i o n w i t h r e s p e c t t o t h e 
e m i e s i o n / e x c i t a t i o n a x e s i s c o n v i n c i n g e v i d e n c e f o r t h e 
e x c i m e r i c n a t u r e o f t h e s p e c i e s r e s p o n s i b l e f o r t h e l o w 
e n e r g y i n t e n s i t y c o m p o n e n t . I n a d d i t i o n t h e e m i s s i o n o f 
b o t h p o l y m e r s r e d u c e s t o t h a t o f t h e u n a s s o c i a t e d 
m o n o m e r i c c h r o m o p h o r e u p o n d i s p e r s a l i n a g l a s s y ( M e T H F ) 
m a t r i x a t 7 7 K . T h e e f f e c t i s i l l u s t r a t e d f o r p o l y 
( V B u P B D ) i n F i g u r e 2 . T h i s o b s e r v a t i o n i s c o n s i s t e n t 
w i t h t h e f o r m a t i o n o f i n t r a m o l e c u l a r e x c i m e r s b y a 
c o n f o r m a t i o n a l s a m p l i n g m e c h a n i s m . 
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F i g u r e 1 C o n t o u r s p e c t r a o f B u P B D a n d P o l y 
(VBuPBD) 
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F l u o r e s c e n c e d e c a y s o f 1 0 " 5 M c h r o m o p h o r e s o l u t i o n s 
o f P o l y ( V B u P B D ) a n d P o l y (VPPO) e x c i t e d a t 300 nm w e r e 
m e a s u r e d o v e r a r a n g e o f t e m p e r a t u r e s a n d e m i s s i o n 
w a v e l e n g t h s . T h e l o w m o l e c u l a r w e i g h t s o l u t i o n s o f 
1 0 ~ 5 M B u P B D a n d PPO g a v e g o o d f i t s t o s i n g l e e x p o n e n t i a l s 
w i t h l i f e t i m e v a l u e s o f 1 . 0 a n d 1 .3 n s r e s p e c t i v e l y . 
S i m i l a r l y a c o p o l y m e r o f V B u P B D a n d m e t h y l m e t h a c r y l a t e a t 
l o w a r o m a t i c c o n t e n t s ( < 0 . 0 0 5 mole%) g a v e a g o o d f i t t o o n e 
d e c a y c o m p o n e n t i n d i c a t i n g t h a t a t t a c h m e n t t o t h e p o l y m e r 
d o e s n o t i n i t s e l f d i s t o r t t h e u n i m o l e c u l a r b e h a v i o u r . 
T h e f l u o r e s c e n c e d e c a y s o f t h e h o m o p o l y m e r a r e 
c o n s i d e r a b l y m o r e c o m p l e x a n d c o u l d n o t b e d e s c r i b e d b y 
t h e b i - e x p o n e n t i a l k i n e t i c s o f E q u a t i o n s 1 a n d 2 . 

T a b l e s I a n d I I show t h e r e s u l t s o f t h r e e c o m p o n e n t 
f i t s t o P o l y ( V B u P B D ) a n d P o l y ( V P P O ) r e s p e c t i v e l y a t a n 
e x c i t a t i o n w a v e l e n g t h f 300  T h  i m p r o v e m e n  i
g o o d n e s s o f f i t whe
t w o c o m p o n e n t m o d e
P o l y ( V B u P B D ) a t 350 nm a n d 2 5 e C . 

On c l o s e i n s p e c t i o n t h e d a t a o f t a b l e s I a n d I I show a 
n u m b e r o f i n c o n s i s t e n c i e s w i t h a t h r e e c o m p o n e n t m o d e l 
p r e v i o u s l y u s e d t o d e s c r i b e t h e e x c i m e r , q u e n c h e d monomer 
a n d i s o l a t e d monomer s i t e s i n o t h e r p o l y m e r s y s t e m s (3 -
_5_) - F o r i n s t a n c e , i f we c o n s i d e r t h e 2 5 e C d a t a f o r 
P o l y ( V B u P B D ) , m i g h t b e c o n s i d e r e d t o r e p r e s e n t t h e 
e x c i m e r , τ 2 t h e q u e n c h e d monomer a n d T3 i s o l a t e d m o n o m e r . 
H o w e v e r , B2 a n d B3 d o n o t d e c r e a s e p r o p o r t i o n a t e l y a s 
m e a s u r e m e n t s a r e made a t w a v e l e n g t h s f u r t h e r d i s p l a c e d 
f r o m t h a t d o m i n a t e d b y monomer e m i s s i o n , t h o u g h t h e h i g h 
d e g r e e o f monomer and e x c i m e r s p e c t r a l o v e r l a p ( F i g u r e 1) 
means t h a t B2 a n d B3 w o u l d n o t b e e x p e c t e d t o a p p r o a c h 
z e r o . I n a d d i t i o n , t h e d e c a y p a r a m e t e r s c l e a r l y 
i n c r e a s e w i t h i n c r e a s i n g f l u o r e s c e n c e w a v e l e n g t h t o t h e 
e x t e n t t h a t a b o v e 400 nm t h e τ 3 v a l u e s c a n n o t p o s s i b l y 
r e p r e s e n t i s o l a t e d B u P B D s i t e s w h i c h w o u l d b e e x p e c t e d t o 
h a v e a d e c a y t i m e o f - 1 n s . M o r e o v e r , n o r i s e - t i m e was 
d e t e c t e d e v e n a t t h e l o n g e s t e m i s s i o n w a v e l e n g t h s t u d i e d 
( a s w o u l d b e s h o w n b y a n e g a t i v e a m p l i t u d e c o m p o n e n t ) a n d a 
t e m p e r a t u r e o f - 5 0 e C , t h o u g h t h i s m i g h t i n p a r t b e 
a c c o u n t e d f o r b y t h e h i g h d e g r e e o f s p e c t r a l o v e r l a p ( 1 5 ) . 
T h e P o l y (VPPO) d a t a o f T a b l e 2 a l s o shows t h e s e saune 
a n o m a l i e s . 

A l t h o u g h t h e t h r e e c o m p o n e n t m o d e l p r o v i d e s a g o o d 
f i t i n many c a s e s , t h e s e d i s c r e p a n c i e s i n t h e 
i n t e r p r e t a t i o n o f t h e d e c a y p a r a m e t e r s l e d u s t o 
i n v e s t i g a t e i f a t i m e d e p e n d e n t q u e n c h i n g m o d e l was m o r e 
a p p r o p r i a t e . I n d e e d , t h e a b s e n c e o f a m e a s u r e a b l e 
r i s e - t i m e o f e x c i m e r f o r m a t i o n w o u l d b e c o n s i s t e n t w i t h 
t h i s s i n c e i t i n d i c a t e s t h a t t h e e x c i m e r c o n f o r m a t i o n i s 
p r e f o r m e d and i n v o l v e s e i t h e r a r a p i d r e o r i e n t a t i o n o f t h e 
f l u o r o p h o r e r a t h e r t h a n s e g m e n t a l m o t i o n o r r a p i d e n e r g y 
m i g r a t i o n t o e x c i m e r f o r m i n g s i t e s . T a b l e I I I shows t h a t 
f i t t i n g E q u a t i o n 4 t o t h e P o l y ( V B u P B D ) d e c a y s 
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F i g u r e 2 F l u o r e s c e n c e s p e c t r a o f P o l y (VBuPBD) 
a t r o o m t e m p e r a t u r e ( s o l i d l i n e ) a n d 
7 7 k ( d a s h e d l i n e ) 

T a b l e I P o l y ( V B u P B D ) D e c a y P a r a m e t e r s f o r a T r i p l e 
E x p o n e n t i a l F i t - E q u a t i o n 3 

X F ( n m ) r l ( n s ) r 2 

350 5 . 5 9 0 . 30 

400 7 . 1 3 0 . 53 

450 8 . 4 4 0 . 59 

500 1 2 . 1 0 1 . 62 

II B l ( % ) B2 

1 . 2 8 12 39 

1 . 7 9 19 38 

2 . 2 7 36 22 

4 . 5 5 16 48 

B3 
2 

X T ( e C ) 

49 1 . 0 5 25 

43 1 . 1 8 25 

42 1 . 1 6 25 

44 1 . 0 5 25 

350 4 . 9 9 0 . 2 9 1 . 5 0 25 35 40 1 . 1 50 

500 7 . 9 7 0 . 5 9 2 . 6 8 31 21 48 1 . 4 7 50 

350 5 . 1 0 0 . 2 3 1 . 4 5 8 34 58 1 . 9 1 - 6 0 

400 1 1 . 1 0 0 . 6 5 2 . 2 9 11 45 44 1 . 3 6 - 6 0 

500 1 4 . 6 0 1 . 0 6 4 . 0 8 34 30 36 1 . 2 9 - 6 0 

In Photophysics of Polymers; Hoyle, C., et al.; 
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T a b l e I I P o l y ( V P P O ) D e c a y P a r a m e t e r s 
f o r a T r i p l e E x p o n e n t i a l F i t - E q u a t i o n 3 

X F ( n m ) r l ( n s ) T2 i l B l ( % ) B2 B3 
2 

X T( ec; 
350 7 . 3 8 0 . 2 6 

400 1 0 . 1 0 0 . 4 9 2 . 8 1 46 25 29 1 . 4 9 25 

450 1 4 . 1 0 1 . 0 6 6 . 1 0 59 9 23 1 . 2 5 25 

480 1 3 . 4 0 1 . 3 5 5 . 8 8 71 4 25 1 . 2 9 25 

500 1 3 . 6 0 1 . 1 0 6 . 1 6 72 3 25 1 . 2 4 25 

350 8 . 3 5 0 . 2 8 2 . 3 2 29 34 37 1 . 3 6 50 

400 9 . 7 4 0 . 4 3 2 . 5 9 41 20 39 1 . 2 7 50 

500 1 1 . 5 0 1 . 2 8 5 . 5 6 71 6 23 1 . 2 8 50 

350 1 4 . 4 3 0 . 6 1 3 . 1 9 21 43 36 1 . 8 3 - 6 0 

400 1 7 . 3 0 0 . 6 5 4 . 2 8 34 41 25 1 . 9 9 - 6 0 

500 1 7 . 7 1 0 . 3 8 4 . 0 8 36 38 26 1 . 3 5 - 6 0 

In Photophysics of Polymers; Hoyle, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 
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10 

10 

10 Γ 

10 

10 

F i t 3 

14 21 28 35 42 49 56 63 

T i m e / 1 0 s e c Chisq = 1.05 

r i t 2 

co -B 

T i m e / 1 0 s e c Chisq = 2.22 
- i 1 

F i g u r e 3 T h r e e c o m p o n e n t f i t a n d r e s i d u a l s f o r 
P o l y ( V B u P B D ) a t 350nm a n d 2 5 ° C w i t h 
r e s i d u a l s f o r a t w o c o m p o n e n t f i t a l s o 
s h o w n . 

In Photophysics of Polymers; Hoyle, C., et al.; 
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T a b l e I I I P o l y ( V B u P B D ) D e c a y P a r a m e t e r s 
f o r T i m e D e p e n d e n t Q u e n c h i n g - E q u a t i o n 4 

X p ( n m ) r l ( n s ) B l ( % ) τ 2 B2 a ( n s l / 2 ) χ 2 T ( ° C ) 

350 6 . 3 7 1 .

400 7 . 2 6 3 . 5 4 . 9 0 9 6 . 5 1 . 4 8 1 . 1 7 25 

450 9 . 0 7 5 . 7 8 . 2 5 9 4 . 3 1 . 2 0 1 . 0 9 25 

500 9 . 4 6 1 5 . 6 3 . 9 9 8 4 . 4 0 . 5 1 1 . 1 9 25 

350 5 . 4 3 0 . 1 1 0 7 . 0 9 9 . 9 1 . 8 9 1 . 1 1 50 

500 7 . 9 1 0 . 0 1 6 2 8 0 . 0 9 9 . 9 9 1 . 2 7 2 . 0 1 50 

350 1 4 . 5 0 . 2 6 . 0 3 9 9 . 8 1 . 5 1 1 . 8 7 - 6 0 

400 1 1 . 9 1 . 1 8 . 6 2 9 8 . 9 1 . 5 0 1 . 3 2 - 6 0 

500 1 4 . 6 8 . 2 1 0 . 4 0 9 1 . 8 0 . 9 8 1 . 3 1 - 6 0 

In Photophysics of Polymers; Hoyle, C., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 
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g e n e r a l l y g i v e s a g o o d n e s s o f f i t c o m p a r a b l e t o t h a t 
o b t a i n e d u s i n g a t h r e e c o m p o n e n t m o d e l . F i g u r e 4 
i l l u s t r a t e s t h i s f o r t h e same d e c a y d a t a s h o w n i n F i g u r e 3 . 
T h i s e q u i v a l e n c e i s c o n s i s t e n t w i t h t h e o b s e r v a t i o n made 
f o r o t h e r p o l y m e r s y s t e m s ( 1 0 ) . H o w e v e r , i n o u r c a s e t h e 
d e c a y p a r a m e t e r s s o o b t a i n e d d o n o t l e n d t h e m s e l v e s t o a 
c l e a r i n t e r p r e t a t i o n a s t h e T2 v a l u e s a r e a l w a y s 
s i g n i f i c a n t l y g r e a t e r t h a n t h e u n q u e n c h e d P o l y ( V B u P B D ) 
f l u o r e s c e n c e l i f e t i m e ( - 1 n s ) . T h i s was p a r t i c u l a r l y s o 
i n t h e a n a l y s i s o f t h e P o l y ( V P P O ) d a t a s u c h t h a t i n m o s t 
c a s e s t h e i t e r a t i o n d i d n o t c o n v e r g e a n d p r e d i c t e d v e r y 
h i g h r 2 a n d a v a l u e s ( s e e a l s o T a b l e I I I a t 5 0 e C ) . T h i s 
i s i n s p i t e o f g o o d f i t s b e i n g o b t a i n e d t o t h i s m o d e l f o r 
s o l u t i o n s o f t h e PPO c h r o m o p h o r e i t s e l f ( 1 9 ) . We a r e 
t h u s l e d t o c o n c l u d e t h a t a l t h o u g h a t r a i n s i e n t q u e n c h i n g 
m o d e l p r o v i d e s a f a i r p a r a u n e t e r i s a t i o n  i t i s n o m o r e 
p h y s i c a l l y m e a u n i n g f u
i s e m p h a s i s e d b y t h
P o l y ( V B u P B D ) d e c a y e q u a l l y w e l l a t l o n g e r w a v e l e n g t h s 
w h e r e i t m i g h t n o t b e e x p e c t e d t o d o s o . I t i s a l s o 
p e r h a p s n o t s u r p r i s i n g t h a t t h e t r a n s i e n t t e r m i n E q u a t i o n 
4 i s i n d i s t i n g u i s h a b l e f r o m a n e x t r a t i m e i n d e p e n d e n t 
d e c a y r a t e . We h a v e a l s o f o u n d t h i s f r e q u e n t l y t o b e s o 
i n t h e s i m p l e r c a s e o f t h e PPO i n t e r m o l e c u l a r e x c i m e r e v e n 
a t a t i m e d i s p e r s i o n o f 90 p s / C h ana f o r d e c a y s w i t h 4 0 , 0 0 0 
c o u n t s i n t h e p e a k ( 1 9 ) . 

P e r h a p s o f m o s t s i g n i f i c a n c e when c o m p a r i n g T a b l e s I 
and I I I i s t h e common t r e n d f o r d e c a y p a r a m e t e r s t o 
i n c r e a s e w i t h i n c r e a s i n g e m i s s i o n w a v e l e n g t h . T h i s 
b e h a v i o u r i s n o t p r e d i c t e d b y t h e k i n e t i c m o d e l s 
a s s o c i a t e d w i t h E q u a t i o n s 1 t o 4 a n d we i n f e r f r o m t h i s 
t h a t m o r e t h a n o n e e x c i m e r c o n f o r m a t i o n i s p r e s e n t i n b o t h 
P o l y ( V B u P B D ) a n d P o l y ( V P P O ) . T h e p r e s e n c e o f a s e c o n d 
e x c i m e r i c s p e c i e s i n v o l v i n g p a r t i a l o v e r l a p o f t h e t w o 
m o l e c u l e s c o n c e r n e d h a s a l r e a d y b e e n r e p o r t e d f o r o t h e r 
s y s t e m s e . g . ( 2 0 ) aund ( 2 1 ) . F u r t h e r e v i d e n c e f o r t h i s i n 
P o l y ( V B u P B D ) i s s h o w n i n t h e t i m e - r e s o l v e d e m i s s i o n 
s p e c t r u m o f F i g u r e 5 . A t 6 n s f o l l o w i n g e x c i t a t i o n a n y 
monomer e m i s s i o n i s down t o l e s s t h a n 0.1% o f i t s p e a k 
i n t e n s i t y . T h i s means t h a t t h e e m i s s i o n s p e c t r a f o r 
t i m e s e q u a l o r g r e a t e r t h a n t h i s m u s t b e d u e p r e d o m i n a n t l y 
t o t h e e x c i m e r e m i s s i o n . On c o m p a r i n g t h e s p e c t r a a t 6 
amd 9 n s a f t e r e x c i t a t i o n a s h i f t w i t h i n c r e a s e d t i m e d e l a y 
t o l o n g e r w a v e l e n g t h s f o r t h e p e a k a n d r e d e d g e o f t h e 
s p e c t r a a s a w h o l e i s o b s e r v e d . T h i s b e h a v i o u r i s 
c o n s i s t e n t w i t h t h e e n e r g y l e v e l o f t h e e x c i m e r e x c i t e d 
s t a t e b e i n g d e p e n d e n t o n t h e c o n f o r m a t i o n . T h e saune 
p h e n o m e n o n i s s h o w n i n F i g u r e 6 f o r P o l y ( V P P O ) w h e r e t h e 
t i m e r e s o l v e d s p e c t r a c o n t i n u e t o s h i f t t o l o n g e r 
w a v e l e n g t h s a t d e l a y t i m e s u p t o 20 n s . T h e s p e c t r a a t 
l o n g e r d e l a y t i m e s f o r b o t h p o l y m e r s show some e v i d e n c e o f 
r e v e r s e d i s s o c i a t i o n o f t h e e x c i m e r t o f o r m e x c i t e d 
monomer b u t i n t h e c a s e o f P o l y ( V P P O ) i t i s c o n s i d e r a b l y 
l e s s theun t h a t o f PPO ( 1 5 ) . 

In Photophysics of Polymers; Hoyle, C., et al.; 
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F i g u r e 4 F i t t o the decay of Poly(VBuPBD) at 
3 50 nm and 25°C assuming t r a n s i e n t 
quenching and excimer r e v e r s e 
d i s s o c i a t i o n . 

In Photophysics of Polymers; Hoyle, C., et al.; 
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W A V E L E N G T H / nm 

F i g u r e 6 Time-resolved s p e c t r a f o r P o l y (VPPO) 
10 f 20 and 30 ns a f t e r e x c i t a t i o n . 

In Photophysics of Polymers; Hoyle, C., et al.; 
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G i v e n t h e c o m p l e x i t y o f e x c i m e r b e h a v i o u r b e l i e v e d t o 
b e p r e s e n t i n a l l t h e d e c a y s m e a s u r e d i t i s p e r h a p s n o t 
s u r p r i s i n g t h a t t h e r e a r e s h o r t c o m i n g s i n t h e d i f f e r e n t 
k i n e t i c i n t e r p r e t a t i o n s o f f e r e d b y E q u a t i o n s 3 a n d 4 . 
I n d e e d , p a r t i c u l a r l y f o r B u P B D w h i c h i s r e l u c t a n t t o f o r m 
a n i n t e r m o l e c u l a r e x c i m e r , i t i s p o s s i b l e t o e n v i s a g e t h a t 
t h e r e e x i s t s i n P o l y ( V B u P B D ) a d i s t r i b u t i o n o f p r e f o r m e d 
e x c i m e r c o n f o r m a t i o n s e a c h w i t h d i f f e r i n g o v e r l a p , 
m o l e c u l a r c o n s t r a i n t , c h r o m o p h o r e s e p a r a t i o n a n d d e c a y 
r a t e . What i s i n t e r e s t i n g i s t h a t t h e s e f e a t u r e s a l s o 
l o o k t o b e a p p a r e n t i n P o l y ( V P P O ) e v e n t h o u g h PPO i t s e l f 
r e a d i l y f o r m s sin i n t e r m o l e c u l a r e x c i m e r . E v e n i f j u s t 
two e x c i m e r c o n f o r m a t i o n s a r e p r e s e n t i n t h e s e p o l y m e r s 
t h e a p p a r e n t a n o m a l i e s o f T a b l e s I , I I a n d I I I now s t a r t t o 
a p p e a r m o r e r a t i o n a l . 

F o r e x a m p l e , w i t h r e f e r e n c  t  P o l y ( V P P O ) t 2 5 ° C d 
350 nm ( T a b l e I I ) t h
(64%) t h a t o f d e c a y
monomer e m i s s i o n ( T 3 = 1 . 5 n s a n d τ 2 = 0 . 2 6 n s ) w i t h a 
s m a l l e r c o m p o n e n t (36%) o f e x c i m e r ( T 3 = 7 . 3 8 n s ) . A s 
t h e e m i s s i o n w a v e l e n g t h i s i n c r e a s e d t h e e x c i m e r e m i s s i o n 
i n t e n s i t y ( B l ) i n c r e a s e s w i t h r e s p e c t t o t h e monomer b u t , 
i n a d d i t i o n t o τ ^ , T 3 now s t a r t s t o d e s c r i b e t h e o t h e r 
e x c i m e r c o n f o r m a t i o n s w i t h τ 2 p r o v i d i n g w h a t i s p r o b a b l y 
a n i n c o m p l e t e d e s c r i p t i o n o f t h e monomer b e h a v i o u r . 
T h i s a c c o u n t s f o r t h e r e l a t i v e c o n s t a n c y o f B 3 a s B 2 
d e c r e a s e s . Q u i t e s i m p l y , b e c a u s e E q u a t i o n 3 c o n t a i n s 
i n s u f f i c i e n t d e c a y c o m p o n e n t s t h e b e s t f i t d e c a y 
p a r a m e t e r s a r e u n a b l e t o d e s c r i b e t h e c o m p l e x d e c a y 
k i n e t i c s i n t e r m s o f d i s t i n c t e x c i t e d s t a t e s p e c i e s . 

S i m i l a r b e h a v i o u r i s e v i d e n t i n t h e P o l y ( V B u P B D ) d a t a 
o f T a b l e I . T h e p r e s e n c e o f m o r e t h a n o n e e x c i m e r 
e m i s s i o n w o u l d a l s o b e e x p e c t e d t o d i s t o r t t h e t r a n s i e n t 
q u e n c h i n g a n a l y s i s s h o w n i n T a b l e I I I , l e a d i n g t o 
a n o m a l o u s l y h i g h T 2 v a l u e s b e i n g o b t a i n e d . 
N e v e r t h e l e s s , why t h e t r a n s i e n t q u e n c h i n g m o d e l i s l e s s 
a p p r o p r i a t e f o r P o l y ( V P P O ) t h a n i t i s f o r P o l y (VBuPBD) i s 
s t i l l u n c l e a r b u t i t i s p e r h a p s s i g n i f i c a n t t h a t i t s 
e x c i m e r d e c a y ( b o t h d i r e c t e m i s s i o n a n d r e v e r s e 
d i s s o c i a t i o n ) i s c o n s i d e r a b l y m o r e i n t e n s e t h a n 
P o l y ( V B u P B D ) w h i c h w o u l d b e e x p e c t e d t o m o r e c l e a r l y 
e x p o s e t h e i n a p p r o p r i a t e n e s s o f a s s u m i n g t h a t o n l y o n e 
e x c i m e r c o n f o r m a t i o n a n d d e c a y t i m e i s p r e s e n t . 

I t s h o u l d b e n o t e d t h a t i n t h e c a s e o f t h e PPO 
i n t e r m o l e c u l a r e x c i m e r we h a v e o b s e r v e d n o e v i d e n c e f o r 
m o r e t h a n o n e c o n f o r m a t i o n (19 ) . T h i s f a c t , when 
c o n s i d e r e d w i t h t h e s i m i l a r i t i e s b e t w e e n t h e b e h a v i o u r o f 
t h e t w o p o l y m e r s y s t e m s r e p o r t e d h e r e w h i c h o c c u r s i n 
s p i t e o f m a r k e d d i f f e r e n c e s i n t h e s u s c e p t i b i l i t y o f t h e i r 
f l u o r o p h o r e s t o f o r m e x c i m e r s , i s a m e a s u r e o f t h e 
d o m i n a t i n g i n f l u e n c e o f t o r s i o n a l c o n s t r a i n t s i m p o s e d b y 
t h e p o l y m e r b a c k b o n e . 

In Photophysics of Polymers; Hoyle, C., et al.; 
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C o n c l u s i o n 

T h e e x c i m e r p h o t o p h y s i c s o f t h e t w o m a c r o m o l e c u l a r 
s c i n t i l l a t o r s s t u d i e d h a s b e e n shown t o b e t o o c o m p l e x 
t o b e d e s c r i b e d b y e i t h e r a k i n e t i c m o d e l w h i c h i n c l u d e s 
i s o l a t e d monomer s i t e s o r o n e w h i c h c o n s i d e r s a t i m e 
d e p e n d e n t r a t e o f q u e n c h i n g . T h i s i s a t t r i b u t e d t o t h e 
e x i s t e n c e i n e a c h c a s e o f m o r e t h a n o n e a n d p o s s i b l y a 
d i s t r i b u t i o n o f c o n f o r m a t i o n s o f e x c i m e r w i t h a n 
a s s o c i a t e d s p e c t r u m o f d e c a y t i m e s . 
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Chapter 16 

Configurational and Conformational 
Aspects of Intramolecular 

Excimer Formation 

F. C. De Schryver, P. Collart, R. Goedeweeck, F. Ruttens, 
F. Lopez Arbelao, and M . Vander Auweraer 

Department of Chemistry, K.U. Leuven, Celestijnenlaan 200F, 
B3030 Heverlee, Belgium 

In a polymer the photophysical behavior of 
the singlet excited state is influenced strongly 
by the configuration and the conformational 
distribution within each configuration. This is 
illustrated in this paper by the excimer formation 
of 2,4-diarylpentanes and bis(pyrenylalanine)-
peptides. 

Since the f i r s t report of the pyrene excimer by Fôrster 1 i n t e r -
molecular e x c i t e d s t a t e i n t e r a c t i o n s have become a key subject i n 
photochemistry and photophysics. 

From c a l c u l a t i o n s ^ * ^ a p i c t u r e of the e x c i t e d s t a t e complex 
a r i s e s i n which the two chromophores, i f they are pla n a r , are at an 
optimum di s t a n c e of 3.5 Angstroms i n a plane p a r a l l e l o r i e n t a t i o n . 
The s t a b i l i z a t i o n of an excimer i s much more dependent on the overlap 
between the two chromophores than an e x c i p l e x i n which the coulombic 
a t t r a c t i o n , e s p e c i a l l y i n non p o l a r s o l v e n t s , i s the main s t a b i l i z i n g 
f a c t o r . 

Intermolecular e x c i t e d s t a t e complex formation can be described 
by the k i n e t i c scheme 1 * 

A* ---1 > A + hv 
A* > A 

A* + M_J53W1 —> ( A M )* 
(AM)* -~-4 > A* + M 
(AM)* > A+ M + hv' 1 

(AM)* ~--6 > A + M 
k^ = k^ + k2 and kg = k$ + kg 

Scheme 1 
0097-6156/87/0358-0186$06.00/0 

© 1987 American Chemical Society 
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A>x i s the l o c a l l y e x c i t e d s t a t e (LE) and (AM)* i s the e x c i t e d 
s t a t e complex (E ) . 

The fluorescence spectrum c o n s i s t s of the emission of LE, hv', 
at higher energies and of the complex E, which emits at lower 
energies, hv 1 1 ,due to the s t a b i l i s a t i o n and r e p u l s i o n energy terms 
In case of a δ e x c i t a t i o n the time dependence of the emission can be 
described by the f o l l o w i n g equations " 

k l 
I L E(t)» I a b s [(β 2 - X)exp ( - 3 1t)+(X - βι)βχρ(-β2ί)] e q . l 

&z - h 
k 5k 3[M] 

ικΜχ Tabs I e x P ( " " e x P ( " P 2 t ) ] e < l - 2 

&2 - h 

where I a b s represents th

k 7 + k 3[M] = X eq.3 

kg + k 4 = Y eq.4 

X " 3χ 
= Ζ eq.5 

β 2 " x 

β2,χ = 1/2{[(X+Y) ± (X-Y) 2] + [ 4 k 3 k 4 ] } 1 / 2 eq.6 

The quantum y i e l d of fluorescence of the l o c a l l y e x c i t e d s t a t e , 
4>L£., and of the complex^g,and the r a t i o thereof can be formulated as 
f o l l o w s : 

<&LE = k 1Y / 3 1p 2 eq.7 

Φ Ε = k 5k 3[M ] / 3 1 3 2 eq.8 

Φ Ε k 5k 3[M] 
-- = eq.9 
φίΕ k l Y 

At s u f f i c i e n t l y low temperature i s k 4 « kg, the decay of the 
l o c a l l y e x c i t e d s t a t e i s monoexponential while the decay of the 
complex can be described by a d i f f e r e n c e of two exponentials. When 
k 4 becomes competitive w i t h kg the decay of the fluorescence of the 
l o c a l l y e x c i t e d s t a t e can be described as a sum of two expo n e n t i a l s , 
the decay of the complex can be described as a d i f f e r e n c e of two 
exponentials and the r a t i o of the preexponential terms should equal -
1. An a n a l y s i s of the decay f u n c t i o n s according to Scheme i permits 
the determination of a l l r e l e v a n t r a t e constants'. 

The question we want to addres i n t h i s c o n t r i b u t i o n i s : I f two 
chromophores are l i n k e d by a f l e x i b l e chain do the c o n f i - g u r a t i o n a l 
and conformational p r o p e r t i e s of the chain and e v e n t u a l l y of the 
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chromophore a f f e c t the excimer forma-tion and\or the excimer 
p r o p e r t i e s ? 

2,A-DIARYLPENTANES and BIS[ l-(ARYL) ETHYL ] ETHER 

The f i r s t model study to show a s u b s t a n t i a l d i f f e r e n c e i n the 
fluoresecence spectrum of the meso and the racemic diastereoisomer 
was reported i n 1966 by Bovey and Longworth Based on H-nmr data 
i n f o r m a t i o n concerning the conformational d i s t r i b u t i o n w i t h i n each 
diastereoisomer could be obtained^. This conformational d i s t r i 
b u tion was a l s o s t u d i e d f o r 2,4-diphenylpentanes by ir^» u l t r a s o n i c 
r e l a x a t i o n ^ and t h e o r e t h i c a l c a l c u l a t i o n s ^ - These s t u d i e s i n d i 
cate t h a t at room temperature the TG conformation and to a very small 
extent the TT conformation c o n t r i b u t e s to the ground s t a t e of the 
meso isomer w h i l e f o r the racemic isomer the TT and the GG 
conformation are the mai
observation and the consequence
molecular excimer formation as w e l l i n bichromophoric molecules as i n 
p o l y v i n y l a r o m a t i c compounds was only f u l l y understood when a 
systematic study of molecules of the general s t r u c t u r e 1 was under
taken. 

CHo-CH-X-CH-CHo 
I I 
Y Y 

l x y i f meso and l x y ' i f racemic 

X = 0 or C H 2 ( i n d i c a t e d by c or Q ) 
Y = N-carbazoyl = a 

= phenyl = b 
= 2-pyrenyl = c 
= 9-anthryl = d 
= 1-pyrenyl = e 

Structure 1 

As an example the emission spectrum of l c c i s given i n f i g . l 

The Meso Diastereoisomers 

A n a l y s i s of the fluorescence decay of l c a ^ ^ , l c b ^ and l Q c ^ l e d to 
the c o n c l u s i o n that the e x c i t e d s t a t e complex formation could be 
described by a monomolecular eq u i v a l e n t of scheme 1 (Scheme 2). 
A n a l y s i s at d i f f e r e n t wavelenghts w i t h i n the excimer band f u r t h e r 
i n d i c a t e d t h a t the decay parameters as w e l l as t h e i r c o n t r i b u t i o n d i d 
not vary. This c l e a r l y supports the formation of only one excimer. 

Nmr a n a l y s i s of the v i c i n a l c o u p ling constants of the methylene 
protons shows that i n the temperature region between -70°C and 30°C 
these compounds are mainly (>>98%) i n the TG conformation. The 
excimer forming step i s one r o t a t i o n around one bond to form the TT 
conformation i n which the two chromophores overlap e x t e n s i v e l y . ( f i g . 
2 ) 
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TG TT 

Fig.z.Space f i l l i n g models representing the TG ground s t a t e 
and TT* e x c i t e d state.The a c t u a l excimer s t r u c t u r e must 
have the two pyrene groups f a r t h e r apart f o r s t e r i c 
reasons. 
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Scheme 2 
hv 

TG > TG* 
TG* > TT* 

Important parameters of the photophysics of 1 a-c are assembled 
i n t a b l e 1. 

Table 1 K i n e t i c and thermodynamic parameters i n the excimer formation 
of l c a - c i n isooctane 

parameter l c a l c b l c c 

FWMH cm"1 a 340
emission max.anm

E 3 kJmol" 1 16 10 17 
k 3 1 0 1 0 s ~ l b 310 10 60 

k g ^ a t 20°C i n ns 37 22 145 
ΔΗ° k J mol" 1 -20±3 - -16 

AS° JK" 1 mol" 1 -17±5 -- -42 

a)excimer emission b ) p r e e x p o n e t i a l term 

S u b s t i t u t i o n of the c e n t r a l methylene group by an oxygen no 
longer permits the use of the above mentioned nmr method to ob t a i n 
i n f o r m a t i o n on the conformational d i s t r i b u t i o n f o r the meso d i a -
stereoisomer. An a n a l y s i s of the luminescence behavior of I Q C 1 ^ - a 
s i n g l e e xponential decay at -30 °C i n isooctane when analysed i n the 
l o c a l l y e x c i t e d s t a t e , an a c t i v a t i o n energy f o r excimer formation of 
17,6 kJ mol" 1 i n isooctane , the presence of only one excimer w i t h a 
k g _ 1 o f 85 ns and a FWHM of 3800 cm"1 - suggests a TG ground s t a t e 
conformation. 

These r e s u l t s allow the conc l u s i o n t h a t i n a bichromophoric 
molecule l i n k e d by three carbon-carbon bonds or i n the ether analog 
w i t h a w e l l defined conformation of the chain , a symmetric sub
s t i t u t i o n at the chromophore and i n absence of i n t e r a c t i o n s i n the 
ground s t a t e excimer formation can be described by a in t r a m o l e c u l a r 
versiom of the k i n e t i c scheme 1. 

Nmr a n a l y s i s of lce^^ i n d i c a t e d t h a t the meso isomer i n alkane 
s o l v e n t s at room temperature has mainly (>95%) a TG chain confor
mation w h i l e at lower temperatures only the TG conformation i s 
present.Nevertheless the time p r o f i l e of the fluorescence at -50^C 
can not be analysed as a s i n g l e exponential but good f i t s are 
obtained upon a n a l y s i s of the l o c a l l y e x c i t e d s t a t e as a sum of two 
expo n e n t i a l s . S p e c t r a l i n f o r m a t i o n c l e a r l y i n d i c a t e s that at t h i s 
temperature no back d i s s o c i a t i o n of the complex o c c u r s . 1 ^ A 
s u b s t a n t i a l s h i f t of the excimer emission maximum , a broadening of 
the f u l l width at medium height (FWMH) of the excimer emission and 
the a n a l y s i s of the fluorescence decay across the excimer band 
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c l e a r l y e s t a b l i s h e d the presence of two excimers. Analogous r e s u l t s 
were obtained f o r l Q e . ( t a b l e 2) 

Table 2 E x c i t e d s t a t e p r o p e r t i e s of l Q e and l Q e i n isooctane 

parameter 

λ max. 298 K a nm 
λ max. 183 K a nm 
FWMH(298 K ) a cm"1 

FWMHU83 K ) a cm"1 

α χ/α 2
 b a t 450 nm 

c^/c^ a t 5 2 0 n m 

β ^ 1 i n n s c at 450 nm 
32~* i n ns at450 nm 
&C\ it 
* i n ns at 520 n

' 5 

82' 
i n ns at 520 n
i n ns 

^ ' f o J l O 1 

E 3 i f o ( k J m o l " 1 ) € 

*3 p > 1 0 s - 1 ) ^ 
E 3 p Q ( k J m o l " 1 ) * 

480 
500 
4300 
3800 
1.44 
8.5 
80 
47 
80 

21 
2 
12 

472 
492 
4800 
4400 
1.5 
15 
160 
80 
161 

19 
7 
8 

a) of the excimer emission b) r a t i o of the preexponential terms of 
the two exponential decay f u n c t i o n d e s c r i b i n g the time p r o f i l e of the 
excimer emission measured at 298 Κ i n isooctane.c) β χ 2 exponential 
terms of the decay f u n c t i o n . Since the amount of bac& d i s s o c i a t i o n 
at t h i s temperature i s very small they can be set equal to kg _ 1.d) 
pr e e x p o n e t i a l term of the r a t e constant f o r formation of the long 
l i v e d excimer.e) a c t i v a t i o n energy of the r a t e constant f o r formation 
of the long l i v e d excimer.f) preexponential term of the r a t e constant 
f o r formation of the short l i v e d excimer.g) a c t i v a t i o n energy of the 
ra t e constant f o r formation of the short l i v e d excimer. 

The formation of two excimers s t a r t i n g from one chain con
formation was r e l a t e d to the presence of d i f f e r e n t rotamers of the 
non symmetrically s u b s t i t u t e d 1-pyrenyl group i n the TG conformation 
( f i g . 3 ) . One of the excimers formed - the longer l i v e d one derived 
from the T^G^ conformer - has a k g " 1 value at room temperature c l o s e 
to the one observed f o r r e s p e c t i v e l y meso l c c and meso l Q c and emits 
at longer wavelengths.At low temperature i t i s the main c o n t r i b u t o r 
to the excimer emission.Transient picosecond aborption spectro
scopy 1^ of l Q c and l Q e s u b s t a n t i a t e s t h i s i n t e r p r e t a t i o n . Since a TT 
conformation of l Q c r e s u l t s i n a f u l l overlap of the two pyrene group 
a s i m i l a r s p a t i a l arrangement can be suggested f o r t h i s long l i v e d 
excimer. The second excimer formed from other rotamer(s) w i l l have 
only p a r t i a l overlap of the two chromophores. An unequivocal 
assignment of the decay parameters to the d i f f e r e n t rotamers forming 
the two d i f f e r e n t excimers could be made by the a n a l y s i s of the decay 
of the l o c a l l y e x c i t e d s t a t e and the excimer decay at 205 Κ where the 
long l i v e d excimer i s the s o l e c o n t r i b u t o r and the l o c a l l y e x c i t e d 
s t a t e can be c o r r e l a t e d w i t h the growing i n of t h i s excimer. This 
suggests th a t the r a t e of r o t a t i o n of the chromophore should be 
smaller than the r a t e of excimer formation. Broadening of the nmr 
s i g n a l of the pyrene group at 185K i n d i c a t e s slow r o t a t i o n of t h i s 
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Fig.3.Schematic r e p r e s e n t a t i o n of two p o s s i b l e ground 
s t a t e conformations l e a d i n g to two d i f f e r e n t excimers 
o f l c c ' 
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group at the nmr time s c a l e and hence on the time s c a l e of the 
photophysical experiment. 

The p a r t i a l l y overlapping excimer has a lower a c t i v a t i o n energy 
of formation due to the f a c t t h a t a s t a b i l i s i n g i n t e r a c t i o n between 
the two pyrene groups s t a r t s e a r l i e r along the r e a c t i o n coordinate 
decreasing the a c t i v a t i o n b a r r i e r . The a c t i v a t i o n energy of 
formation of the f u l l overlap excimer i s i n the non s y m e t r i c a l l y 
s u b s t i t u t e d compounds l c e and l e e , w i t h i n experimental e r r o r , com
parable to the a c t i v a t i o n energies observed f o r r e s p e c t i v e l y l c c and 

These r e s u l t s i n d i c a t e t h a t the complexity of the fluorescence 
decay of meso l c e and meso l Q e , where the pyrene i s non symmetrically 
s u b s t i t u t e d , i s not due to a conformational d i s t r i b u t i o n of the chain 
but t o r o t a t i o n a l isomerism around the carbon carbon bond l i n k i n g the 
chromophore to the chain backbone p r o v i d i n g the p o s s i b i l i t y to form 
more than one excimer i n these systems

The Racemic Diastereoisomer

What are the k i n e t i c consequences i f the chromophores are l i n k e d by a 
chain f o r which more than one chain conformation c o n t r i b u t e s 
s u b s t a n t i a l l y ? This aspect can be considered by a study of the 
racemic diastereo-isomers of l x c ' T h e racemic diastereisomers l x c are 
systems i n which the chain i s present i n d i f f e r e n t conformations 
namely the TT and the GG conformers ( f i g 4 ) . 

In both deuterated cyclohexane and deuterated chloroform, at 
room temperature, the TT conformation of racemic l c c 1 5 i s 
predominant : 80 % TT and 73 % TT r e s p e c t i v e l y . The observed 
s o l v e n t e f f e c t on the conformational d i s t r i b u t i o n i s s i m i l a r but 
smaller than found f o r ( l Q e ) ^ . These r e s u l t s agree q u i t e w e l l 
w i t h those obtained on s i m i l a r compounds^» 10»17,19 ^ 

In the NMR data of the racemic diastereoisomers of l c c and l Q c 
one important d i f f e r e n c e shows up. The p o s i t i o n of the s i n g l e t 
a bsorption s i g n a l of oij the pyrene r i n g i s s h i f t e d s i g n i f i c a n t l y 
to higher Ô values f o r l Q c compared w i t h l c c . The p o s i t i o n of the 
HJL protons i n the ̂ H-NMR spectrum i s a f u n c t i o n of the c o n t r i - b u t i o n 
of the TT conformation s i n c e these protons are s h i e l d e d by the mutual 
r i n g current e f f e c t of the pyrene chromophores i n the TT 
conformation. I t can t h e r e f o r e be concluded t h a t the e q u i l i b r i u m 
between TT and GG i n the case of l Q c i s s h i f t e d more toward the GG 
conformation compared to l c c . This can be explained by comparing 
the bond lengths of the C-0 bond and the C-C bond i n the r e s p e c t i v e 
compounds. The shorter ether band induces a stronger 1,4 i n t e r 
a c t i o n between the methine hydrogens and the pyrene chromophores i n 
the ether compound causing a s h i f t of the conformational e q u i l i b r i u m 
from TT to GG. ( f 

The steady s t a t e fluorescence s p e c t r a of l c c and l Q c have an 
excimer fluorescence band t h a t i s completely superimposable at a l l 
temperatures i n v e s t i g a t e d w i t h t h a t of t h e i r r e s p e c t i v e meso d i a 
stereoisomers suggesting an i d e n t i c a l geometrical s t r u c t u r e of the 
excimer and hence a l s o the presence of only one excimer. 

The fluorescence decay curves of l c c and l Q c monitored at 377 
nm and 500 nm can be described by the same decay laws used f o r the 
re s p e c t i v e meso diastereoisomers. 
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Fig.Λ.Space f i l l i n g r e p r e s e n t a t i o n of the extended ( C 5 ) 
and f o l d e d (Cy) conformation of 2 a e.In the f o l d e d 
conformation the pyrene group are depicted i n the excimer 
geometry. 
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The fluorescence decays of the l o c a l l y e x c i t e d s t a t e can be 
analysed as a two exponential decay f u n c t i o n i n the temperature 
domain between 298 Κ and 233 Κ . Below t h i s temperature the decays 
are one expo n e n t i a l . Furthermore e x c e l l e n t agreement between the 
decay parameters measured i n the l o c a l l y e x c i t e d and excimer region 
of the emission spectrum i s obtained. 

The molecular dynamics of the racemic diastereoisomer upon 
e x c i t a t i o n are however more complicated than t h a t of the meso 
diastereoisomers due to the presence of two ground s t a t e 
conformations. Since the decay laws used f o r meso diastereisomers 
can a l s o be a p p l i e d to the racemic diastereoisomer, a l l the r a t e 
constants d e s c r i b i n g the e q u i l i b r i u m between the ground s t a t e 
conformations must be l a r g e compared to the r a t e constant of excimer 
formation. The question however s t i l l remains from which 
conformation does excimer formation take place. I t i s not l i k e l y 
t h a t i t occurs d i r e c t l y from the GG conformation  This would mean a 
simultaneous r o t a t i o n aroun
r e l a t i v e l y high a c t i v a t i o
formation takes place from the TT conformation. This p o s s i b i l i t y i s 
depicted i n scheme 3. 

A t h i r d route could be excimer formation s t a r t i n g from the TG 
conformation. This intermediate conformation between the TT and GG 
conformation has however a r e l a t i v e l y high energy content owing to an 
unfavourable i n t e r a c t i o n between the methyl group and the pyrene 
moiety. 

Upon t a k i n g i n t o account t h i s p r e e q u i l i b r i u m the r a t e constants 
and a c t i v a t i o n b a r r i e r s of excimer formation can be r e w r i t t e n i f 
scheme 3 i s considered using the f o l l o w i n g equations : 

kobs = fTT k 3 e ( l 1 0 

K 1 K 2 
I"TT = eq 12 

1 + K L + κ χ κ 2 

Ki= k a / k . a eq 13 

K 2= k. b/k b eq 14 

ΔΗ° 2 + α+Κ 2)ΔΗ° 1 

Eobs = E 3 + e c l 1 5 

1 + Kl + κ χ κ 2 

In these equations k o b s and E o b s are the observed r a t e constant 
and a c t i v a t i o n b a r r i e r of excimer formation. The f r a c t i o n s of the TT 
or TG conformations at a given temperature are represented by f-p^ and 
f T G " 1 S 

I t could be shown 1 3 t h a t s i n c e the f r a c t i o n of the TT confor
mation i s considerable and decreases w i t h i n c r e a s i n g temperature 
Scheme 3 should lead to a negative d e v i a t i o n from l i n e a r i t y i n the 
Arrhenius p l o t of the r a t e constant of excimer formation.This could 
be e x p e r i m e n t a l l y v e r i f i e d proving the v a l i d i t y of scheme 3 

The k i n e t i c and thermodynamic data of l c c and l Q c are sum
marized i n t a b l e 3. I f the l i n e a r part i n the Arrhenius p l o t i s 
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e x t r a p o l a t e d to higher temperatures, an estimate of f ^ can be made. 
This assumes tha t the e x t r a p o l a t e d r a t e constants at a l l given 
temperatures are equal to the value of k 3. The v a r i a t i o n of f ^ w i t h 
temperature i n the high temperature region (303 K-343 K) can then be 
used to determine ΔΗ σ and AS Q f o r the conformational e q u i l i b r i u m 
betwee TT and GG of the racemic diastereoisomer. In the case of l 0 c 
the r e s p e c t i v e values are 12,2 kJmol" L and 35 Jmol 1K" 1 . In the 
case of l Q c these values are 5 k J mol" 1 and 12 J m o l ^ K " 1 

r e s p e c t i v e l y . The conformational d i s t r i b u t i o n between TT and GG can 
then be c a l c u l a t e d and equals 70 % TT/ 30% GG f o r l c c ' and 61 % TT/ 
39 % GG f o r l Q c at room temperature. 

Table 3. K i n e t i c and thermodynamic parameters l c c and l Q c i n i s o -
octane (a) : pre-exponential f a c t o r i n the Arrhenius equation; (b) 
determined i n the l i n e a r p o r t i o n of the Arrhenius p l o t at low 
temperature (243 K-203 K) 

, X C C X 0 C 

E o b s ( k J mol" 1) (b) 20 (±2) 22 (± 2) 
K°obs ( s ~ ) ( a ) χ · 8 (±0.2)xlO U 3.3 (±0.3)χ10Ί1 

E 5 ( k J mol" 1) 34 (± 5) 40 (± 8) 
k ° 5 ( s " 1 ) (a) 5.0 (± D x i O 1 3 3 (± 2 ) x l 0 1 4 

ΔΗ 0 ( k J mol" 1) -14 (± 7) -18 (± 10) 
ASoUmol" 1 K" 1) -47 (± 12) -57 (± 30) 

tThe r e s u l t s obtained f o r the racemic diastereoisomers l c c ' and 
l Q c i n d i c a t e t h a t even when the r a t e of conformational change 
between the d i f f e r e n t chain conformations i s much f a s t e r than the 
r a t e of excimer formation , r e s u l t i n g i n fluorescence decays s i m i l a r 
to those of the meso diastereoisomers i t i s p o s s i b l e to e x t r a c t some 
info r m a t i o n on the conformational d i s t r i b u t i o n of the chain from the 
obtained data. 

BIS(PYRENYLALANINE)PEPTIDES 

By choosing another l i n k between the two chromophpores i t i s 
p o s s i b l e to slow down the r a t e of conformational interchange as to be 
i n the same order of magnitude as the inverse of the fluorescence 
l i f e t i m e of the chromophore. This was r e a l i z e d i n b i s ( p y r e n y l -
a l a n i n e ) p e p t i d e s of the general s t r u c t u r e 2. 

CH3CO-NHACHCO-NHBCHCO-XCH3 

CH2 

i 1 
2 

i f H^,Hg i s replaced by a methylgroup 
2(ME aor ME b) 

R = 1-pyrenyl = a 
R = 2-pyrenyl = b 

Structure 2 
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N - a c e t y i - b i s ( l - p y r e n y l ) a l a n i n e m e t h y l e s t e r 2a can occur i n two 
dia s t e r e o i s o r a e r i c forms- t h r e o ( t ) and e r y t h r o ( e ) - which could be 
separated by chromatography 2^ . i n i n e r t solvents,not capable of 
forming hydrogen bonds,the r a t i o of excimer emission over emission 
from the l o c a l l y e x c i t e d s t a t e i s s u b s t a n t i a l l y higher than i n 
solv e n t s which can accept hydrogen bonds. The decrease of the 
emission r a t i o can be c o r r e l a t e d w i t h the T a f t 2 1 b a s i c i t y 
parameter.. These observations and the f a c t that 3ae always has a 
higher e f f i c i e n c y of excimer formation than 3at were explained by a 
consecutive k i n e t i c scheme i n v o l v i n g the l o c a l l y e x c i t e d s t a t e of 
pyrene i n two d i f f e r e n t conformations of the peptide chain: an 
extended chain conformation, C 5 , w i t h a l t e r n a t e s i d e c h a i n s ( f i g . 4 ) 
and a f o l d e d conformation,Cy,with quasi p a r a l l e l s i d e c h a i n s ( f i g . 4 ) 
and supported by an in t r a m o l e c u l a r hydrogen bond between the carbony1 
f u n c t i o n of the a c e t y l p r o t e c t i n g group and the amine f u n c t i o n of the 
second p y r e n y l a l a n i n e r e s i d u e 2 2

Only the Cy conformatio
groups to a p a r t i a l l
l i f e t i m e of the e x c i t e d pyrene moeiety. This p o i n t could be proven 
by the s u b s t i t u t i o n of the hydrogen inv o l v e d i n the hydrogen bond 
formation i n the Cy conformation by a methyl g r o u p 2 2 2(ME^)a 
r e s u l t i n g i n the dissapearence of the excimer band i n the emission 
spectrum. 

The fluorescence decay of the l o c a l l y e x c i t e d s t a t e at tempe
r a t u r e s were the excimer does not d i s o c i a t e back could be analysed as 
a sum of two exponentials 2-* .That t h i s i s not due to r o a t i o n a l 
isomerism of the 1-pyrenyl group could be proven by the a n a l y s i s of 
2b which showed analogous behavior.The a n a l y s i s of the fluorescence 
decay according to scheme 4 permits the determination of the r a t i o of 
c 7 /c 5 . 

Scheme 4. 

j^ f o l ^ex 

k - f o l k - e x 
In i n e r t s o l v e n t s the molecule i s s t a b i l i s e d by f o l d i n g leading 

to a high Cy population and hence a more intense excimer emission 
than i n hydrogen bonding s o l v e n t s that s h i f t the conformational d i s 
t r i b u t i o n i n the ground s t a t e more to the C5 conformer .When compaied 
i n the same solvent the threo diastereoisomer has a lower f o l d e d 
p o p u l a t i o n then the erythro i n part due to increased s t e r i c hinde-
rance and i n part due to the absence of a s t a b i l i s i n g N-H pyrene 
i n t e r a c t i o n 

The solvent induced s h i f t of the conformational e q u i l i b r i u m was 
confirmed,in toluene at -20°C a r a t i o of 3 and 0.75 was c a l c u l a t e d 
f o r 2ae and 2at r e s p e c t i v e l y w h i l e i n e t h y l a c e t a t e these values 
decrease to 0.8 and 0.4. 

CONCLUSIONS 

In t h i s c o n t r i b u t i o n we attempt to evaluate the i n f l u e n c e of confor
mational and c o n f i g u r a t i o n a l aspects ,both on excimer formation r a t e s 
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and on excimer properties.From the r e s u l t s presented, we con-clude 
t h a t the d i f f e r e n c e i n photophysical behavior of two d i f f e r e n t 
c o n f i g u r a t i o n s can be r e l a t e d to the conformational d i s t r i b u t i o n of 
each diastereoisomer. I f only one conformation i s present complex 
fluorescence decay s t i l l can a r i s e by the non symmetrical s u b s t i 
t u t i o n of the chromophore l i n k e d to the chain. 

I f more then one chain conformation i s present w i l l t h i s lead to 
complexity i n the fluorescence decay only i f the r a t e of con
fo r m a t i o n a l change i s comparable to the r a t e of excimer formation a 
i n the d i p e p t i d e s . In absence of t h i s c o m p l i c a t i o n i t i s however 
necessary to i n t e r p r e t the obtained r e s u l t s t a k i n g i n t o account the 
f a s t p r e e q u i l i b r i u m between the d i f f e r e n t conformers. 

The nature of the excimer formed and i t s p r o p e r t i e s w i l l f o r a 
given chromophore depend on the diastereoisomer. The binding energy 
of the excimer w i l l be a f f e c t e d by s t a b i l i s i n g or d e s t a b e l i s i n g 
e f f e c t s of the chain. Furthermore i f r o t a t i o n a l isomerism of the 
chromophore i s p o s s i b l
slow compared to excime
e x c i t e d s t a t e complex i s p o s s i b l e and depends on the r e s p e c t i v e 
s t a b i l i s a t i o n of the d i f f e t r e n t complexes.The r e l a t i v e c o n t r i b u t i o n 
of each at a given temperature w i l l depend on the r o t a t i o n a l d i s t r i 
b ution and the r e s p e c t i v e r a t e of excimer formation 
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Chapter 17 

Photophysics of 
1,5-Naphthalene Diisocyanate-Based 

Polyurethanes 

Charles E. Hoyle and Kyu-Jun Kim 

Department of Polymer Science, University of Southern Mississippi, 
Hattiesburg, MS 39406-0076 

Using both steady-stat
decay spectroscopy, e formatio  o  intramolecula
excimers in dilute solution of a naphthalene 
diisocyanate based polyurethane is identified. 
Investigation of an appropriate model compound leads 
to the conclusion that hydrogen bonding is a key 
factor in stabilizing excimers formed from naphthyl 
carbamates. While the decay kinetics of the model 
naphthyl carbamate are described by a typical Birks 
excimer scheme involving a single excited species in 
dynamic equilibrium with the excimer, the polymer 
decay kinetics can only be adequately interpreted by 
an "isolated monomer" scheme involving both an 
interactive (excimer forming) and non-interactive 
(isolated monomer) excited naphthyl carbamate moiety. 
The extent of excimer formation is dependent on the 
ability of the solvent to solvate the polyurethane, 
i.e., excimer formation is increased in poor solvents. 
In addition, excimer formation in solid polyurethane 
films is quite high where hydrogen bonding, as 
identified by the shift in the carbonyl stretching 
frequency, is prevalent. 

Excimers, which are simply excited state complexes formed from 
equivalent chemical species, one of which i s excited prior to 
complexation, were f i r s t reported i n small molecule systems. 
However, during the past 20 years one of the more vigorous research 
areas i n photophysics has been the investigation of excimers formed 
i n polymers (1). In most of the cases reported to date, the excimer 
studies in polymer systems have been conducted on polymers bearing 
pendant aromatic chromophores. Only a few papers have been 
published on excimers formed from polymers with the two species 
p a r t i c i p a t i n g i n excimer formation spaced at relatively large 
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intervals from each other along the backbone (2-5). Herein, we 
report on intramolecular excimers between naphthyl carbamate groups 
spaced p e r i o d i c a l l y i n polyurethanes made from 1,5-naphthalene 
diisocyanate. It i s found that even in very dilute solutions, well 
below the concentrations required for intermolecuiar interaction, 
excimer emission can be quite strong, depending on the nature of the 
solvating system employed. The driving mechanism for excimer 
formation of the naphthyl carbamate groups i s shown to be based, at 
least in part, on hydrogen bonding. 

EXPERIMENTAL SECTION 

M a t e r i a l s 

Dichloromethane, dimethylformamide (DMF), and benzene were obtained 
from Burdick and Jackson and used without further purification
2,3-Butanediol and 1-butano
Propyl benzene (Aldrich
was used. 

Equipment 

Emission spectra and absorption spectra were recorded on a Perkin-
Elmer 650-10S Fluorescence Spectrophotometer and a Perkin-Elmer 320 
UV Spectrophotometer, respectively. Fluorescence decay data were 
obtained on a single-photon-counting apparatus from Photochemical 
Research Associates. The samples were bubbled with nitrogen for the 
steady-state fluorescence spectra and the fluorescence decay 
measurements. In some cases, front face spectra were taken. The 
data were analyzed by a software package from PRA cased on the 
iterative convolution method. 1 3C NMR spectra were obtained on a 
JEOL FX90Q, and FTIR spectra were recorded on a Nicolet 5DX. The 
elemental analyses were conducted by M-K-W Laboratories of Phoenix, 
AZ. 

Synthes i s o f Model Compounds 

1,5-Naphthalene diisocyanate ( NDI ). To a s t i r r i n g solution of p-
dioxane (50 mL) containing the i,5-diaminonaphthalene (Fluka, 5.1 g) 
was added trichioromethyl chloroformate (Fluka, 17 g) i n p-dioxane 
(15 mL) through an addition funnel under a nitrogen stream. A 
white precipitate was immediately observed. After addition, the 
temperature was increased to reflux. The forming HC1 was removed by 
passing through water. After 1 hour, the solution turned clear and 
was allowed to react for another 3 hours. The p-dioxane was 
evaporated under reduced pressure and the resulting s o l i d was vacuum 
sublimed twice to give colorless crystals i n 71% yield: πτρ> 126-
128°C ( l i t 6 . mp 129.5-131°C) ; IR 3022, 2300, 1600, 1500 cm"""; 1 3C 
NMR 130.9, 128.7, 127.7, 124.2, 122.2 ppm (benzene); Anal. 
C12 H6 N2°2 C a l c - C ' 6 8· 5 7<· κ ' 2· 8 8<* Ν ' 13.33; Found C, 68.62; H , 
2.91; Ν, 13.32. 

Propyl Ν-( i-naphthyl) carbamate (?NC). Into 50 mL of an ethyl 
acetate ( d i s t i l l e d and dried) solution of 1-naphthyI isocyanate 
(Aldrich, d i s t i l l e d , 10 g) was added 1-propanoi (Baker, d i s t i l l e d 
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and dried, 7.1 g) through an addition funnel. The temperature was 
increased to the reflux temperature of ethyl acetate and the mixture 
was allowed to react for 8 hours under a nitrogen stream. The 
pr e c i p i t a t e was removed by f i l t r a t i o n and ethyl acetate was 
evaporated under reduced pressure. The forming product was purified 
by recrystallization from CH3CN: mp 72°C; I R 3325, 2950, 1675, 
1600, 1540, 1500 cm""1; 1 3C NMR 156.1, 135.3, 129.1, 126.8, 126.6, 
125.5, 123.4, 120.9, 67.1, 23.2, 10.9 ppm (DMF); Anal. C 1 4H 1 5N0 2 

Cale. C, 75.24; H, 6.59; N, 611; Found C, 75.36; H, 6.51; N, 6.18. 

Propyl N-methyl N-(1-naphthyl) carbamate (PNMNC). For the 
preparation of this compound, a l l reactions were carried out i n an 
ice bath. NaH (Alfa, b0% in o i l , 1.2 g) was dispersed i n DMF 
(Burdick and Jackson, dried, 5 mL) and the solution was cooled i n an 
ice bath. The propyl l-(N-naphthyl) carbamate (3.3 g) in DMF (15 
mL) was added to a reactor through an addition funnel dropwise under 
a nitrogen stream. Immediately
reaction mixture turned
hours. CH3I (Aldrich, d i s t i l l e d , 4.0 g) i n DMF (10 mL) was added 
dropwise and the reaction mixture turned colorless. The solution 
was allowed to react for 2 hours. When the reaction was complete, 
the precipitates were removed by f i l t r a t i o n and DMF was evaporated 
under reduced pressure. The residue was redissolved i n diethyl 
ether and the insolubles were removed by f i l t r a t i o n . After 
evaporation of solvent, the resulting liquid was vacuum d i s t i l l e d . 
A colorless liquid was obtained: bp 120-125°C at 0.5 mm Hg; I R 3060, 
2950, 1700, 1600, 1500 cm"1; l 3C NMR 158.6, 142.9, 137.4, 133.3, 
131.2, 130.4, 129.3, 128.9, 128.5, 127.7, 125.5, 69.5, 40.7, 25.0, 
12.7 ppm (neat); Anal. C 1 5H i 9N0 2 Cale. C, 74.05; H, 7.04; N, 5.75; 
Found C, 74.16; H, 6.95; N, 5.69. 

Dipropyl Ν,Ν1 -naphthalene-1,5-diylbiscarbamate ( 1,5-PNB). To a p-
dioxane s o l u t i o n containing 1-propanol (1.71 g) and dibutyltin 
d i l a u r a t e ( P o l y s c i e n ces, 0.2 g) was added 1,5-naphthalene 
diisocyanate (1.5 g) at once. The reaction mixture was heated to 
80° C and allowed to react for 4 hours with s t i r r i n g under a 
nitrogen stream. After evaporation of p-dioxane, the forming 
product was purified by recrystallization from CH3CN/DMF (50/50); mp 
203°C; I R 3290, 3000, 1685, 1540, 1500 cm"1; Anal. C 1 8H 22 N2°2 Calc. 
C, 65.44; H, 6.71; N, 8.48; Found C, 65.38; H, 6.63; N, 8.59. 

Synthesis of NDI-Based Polyurethanes (NDI-650 and NDI-2000). To 20 
mL of 1,1,2,2-tetrachloroethane (Baker, d i s t i l l e d and dried) 
containing polytetramethylene ether glycol (Polysciences, Average MW 
650, 2.17 g of average IVW 2000, 6.68 g), dibutyltin dilaurate 
(Polysciences, 0.11 g), and Dabco (Aldrich, 0.08 g) was added 1,5-
naphthalene diisocyanate (0.7 g) at once. The mixture was heated to 
100° C and allowed to polymerize for 2.5 hours with s t i r r i n g under a 
nitrogen stream. The 1,1,2,2-tetrachloroethane was evaporated under 
reduced pressure and the products were dissolved i n CP^Clg. The 
Cî^Clg solution was poured dropwise into 500 mL of cyclohexane. The 
precipitated polymers were collected and dried; I R 3310, 2930, 1740, 
1695, 1540, 1500 cm"1; 1 3C NMR 157.2, 136.2, 130.4, 128.4, 122.3, 
120.3, 73.1, 67.9, 29.1, 28.6 ppm (CHgCl^; Anal. Calc. C, 65.71; H, 
9.15; N, 3.26; Found C, 65.99 H, 9.32; N, 3.29. The molecular 
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weights of NDI-650 and NDI-2000 were 51,000 and 63,000 respectively 
by GPC (obtained at peak maxima). 

RESULTS AND DISCUSSION 

The results of our studies w i l l be presented i n three sections. The 
f i r s t deals with the fluorescence properties of model naphthyl 
carbmates. This f i r s t section i s p a r t i c u l a r l y important in 
furnishing the background necessary to interpret the results i n the 
next two sections which are concerned with the fluorescence of 
naphthalene diisocyanate (NDI) based polyurethanes i n solution and 
film. 

Fluorescence of Naphthyl Carbamate Models. Two compounds (shown 
below) based on carbamate substituted naphthalene w i l l be considered 
as models for the naphthalene diisocyanate based polyurethanes under 
investigation i n this
(PNC) and dipropyl Ν,Ν'-naphthalene-1
model compounds were made by reacting the requisite mono- or 
diisocyanate with 1-propanol. 

1,5-DNB 

Figure 1 shows the fluorescence spectra of dilute solutions of 
PNC (4.4 Χ 10~4 M) and 1,5-DNB (1.5 Χ ΙΟ" 4 M) in dichloromethane. 
Each exhibits a single exponential decay {τ^ i n Table I) with the 
biscarbamate 1,5-DNB having the shortest lifetime (1.84 ns) . (In 
each case, the decay curves were single exponential and invariant 
when measured at any emission wavelength from 330 nm to 400 nm). 
Unfortunately, 1,5-DNB i s only sparingly soluble i n most organic 
solvents and attempts to obtain concentrated solutions were limited 
to PNC. As the concentration of PNC increases (Figure 2), a new 
red-shifted emission appears. The red-shifted emission spectrum i s 
characteristic of naphthalene substituted compounds and, i n keeping 
with traditional interpretation of such phenomena, are assigned to 
excimers between naphthyl carbamate molecules. In accordance with 
this interpretation, the fluorescence decay curves were recorded in 
concentrated solutions of PNC at a series of wavelengths spanning 
the range from 330 nm to 500 nm. Figure 3 shows the decay curve for 
PNC (1.2 M) recorded at a representative wavelength (330 nm) i n the 
monomer emission region. The 330 nm decay curve i s readily f i t to a 
double exponential decay function with decay parameters of 0.33 ns 
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350 400 450 500 

Wavelength (nm) 

Figure 1. Steady state fluorescence spectra U e x = 300 nm) 
of 1,5-DNB I curve a, 1.5 X 10"~4 M) and PNC (curve 
b, 4.4 Χ 10""4 M) i n dichloromethane. 

Table I. Lifetime data for model and polymer systems 
(in CK 2C1 2 and 1-butanol) 

Compound r x
f (ns) * 2

f l (ns) t 3
h ( n s ) 

1,5-DNB (d i l u t e ) a 

1,5-DNB (di l u t e ) b 

PNC (dilute) 0 

PNC (concentrated) d 

(15.4) 1 

NDI-650 (di i u t e ) e 

NDI-650 (dilute)3 

1.84 
2.48 
3.53 

2.04 
2.41 

1.20 
1.22 

0.33 15.3 

19.2 (21.4)* 
22.9 (22.3) 1 

a. 3.0 Χ ΙΟ" 4 M i n GK 2C1 2 

b. 3.0 Χ 10~4 M in 1-butanol 
c. 4.4 Χ ΙΟ" 4 M in C^Clg 
d. 1.2 M in CK 2C1 2 

e. 0.01 g/dL i n CH2C12 

f. Unquenched monomer lifetime 
g. Quenched monomer lifetime 
h. Excimer lifetime 
i . Lifetime of long-lived component monitored at 480 nm 
j . 0.01 g/dL i n 1-butanol 
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"(Λ 

OC 

350 400 450 500 

Wavelength (nm) 

F i g u r e 2. Steady s t a t e fluorescence s p e c t r a U e x = 300 nm) 
of PNC i n dichloromethane a t concentrations of 
4.4 Χ ΙΟ" 4 M (curve a) and 2.2 M (curve b) . 

- I 1 I I I I 
10.0 20.0 30.0 40.0 50.0 60.0 

Time (nanoseconds) 

F i g u r e 3. Fluorescence decay curve (; > e x = 300 nm, / e m = 330 
nm) of PNC (1.2 M) i n dichloromethane. 
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( r 2 ) and 15.3 ns (τ 3) . By monitoring at 480 nm i n the 
excimer region and f i t t i n g the long-lived portion of the decay curve 
to a single exponential decay function, a lifetime of 15.4 ns (Table 
I) was recorded. Comparison of the short-lived component (0.33 n s — 
τ2 ) of the monomer decay in the concentrated solution with the 
l i f e t i m e (3.53 n s— r ) i n the d i l u t e s o l u t i o n leads to the 
conclusion that the monomer emission in the concentrated solution i s 
significantly quenched. Both the large decrease of the fluorescence 
lifetime of the monomer naphthyl carbamate and the presence of the 
long-lived component in the monomer emission region suggests that 
the monomer e x i s t s i n dynamic equilibrium with the excimer as 
represented by the classical scheme (Scheme I) for excimer kinetics. 
The value for k j ^ has a f i n i t e value which makes the dissociation of 
the excimer E* into i t s component species M and M* a viable process. 

At this point, i t i s appropriate to consider the factors which 
may enter into stabilization of the excimer i n the ?NC solutions
F i r s t , i t i s worth notin
monitored by the recordin
monomer region, occurs at concentrations of ?NC as l i t t l e as 0.005 M 
i n organic solvents. However, i t i s only above 0.5 M that 
appreciable baiId up of excimer emission i s recorded. 

It has long been recognized that polyurethanes, which contain 
carbamate chromophores, are characterized by hydrogen bonding 
between the hydrogen attached to the nitrogen of the carbamate group 
and the carbamate carbonyi (or an ether group i f present). This 
contributes to the unique physical properties of polyurethanes. 
Unsurprising, the PNC model system also shows appreciable hydrogen 
bonding which i s prevalent at higher concentrations between 
carbamate chromophores. This i s illustrated i n Figure 4 by the IR 
spectra of ?NC recorded at two concentrations. In the dilute 
solution (0.2 M) the IR shows a single peak in the N-H stretching 
region. This peak at 3416 cm""-1 results from a non-bonded (or free) 
N-H stretching in the carbamate moiety. At the higher concentration 
(1.5 M) a new band due to a hydrogen-bonded N-H stretching appears 
at 3320 cm""*. It i s i n this concentration region that the higher 
degree of excimer formation i s recorded i n Figure 2. Thus, i t i s 
reasonable to assume that hydrogen bonding between the PNC molecules 
contributes to the stabilization of the excimer. In support of this 
supposition, propyl N-methyl N-(1-naphthyl) carbamate (PNMNC) with a 
methyl group substituted on the nitrogen carbamate was synthesized. 
The methyl group prohibits hydrogen bonding. Figure 5 shows that 
l i t t l e or no excimer emission i s recorded for PNMNC up to 
concentrations of 2.2 M i n dichloromethane. Only at concentrations 
above 3 M can any excimer emission be observed. Consequently, i t 
can be concluded that hydrogen bonding i s indeed an important factor 
in the excimer formation of ?NC. 

N Î C H 3 ) C 0 2 P r 

PNMNC 
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Scheme I 

M- M 
k D M [ M l 

k M D 

Μ + η υ ' 2 Μ + η υ " 

+ heat + product + heat + product 

k M = n o n - r a d i a t i v e p l u s r a d i a t i v e r a t e c o n s t a n t f o r 

e x c i t e d PNC monomer M * . 

^DM = r a t e c o n s t a n t f o r e x c i m e r f o r m a t i o n b e t w e e n M a n d 

M . 

^MD = r a t e c o n s t a n t f o r d i s s o c i a t i o n o f e x c i m e r Ε i n t o 

c o m p o n e n t s p e c i e s M a n d M * . 

k g = n o n r a d i a t i v e p l u s r a d i a t i v e r a t e c o n s t a n t f o r 

e x c i m e r E * . 

M = g r o u n d s t a t e P N C . 

M = e x c i t e d s t a t e P N C . 

E * = PNC e x c i m e r . 
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Figure 4. 
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Infrared spectra of PNC at concentrations of 0.2 
M (curve a) and 1.5 M (curve b) i n 
dichloromethane. 

350 400 450 500 

Wavelength (nm) 

Figure 5. Steady state fluorescence spectra (^ e y = 2 
of PNMNC at concentrations of 4.1 X 1Ô" 4 M 
( ), 2.2 M ( .) and 3.3 M ( ) 

= 300 nm) 
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Photophysics of a 1,5-Naphthalene Diisocyanate Based Polyurethane in 
Solution. Having established the basic features of excimer 
formation i n naphthyl carbamates and realizing that hydrogen bonding 
plays a s i g n i f i c a n t r o l e i n excimer formation, we turn to 
consideration of a 1,5-naphthalene diisocyanate (NDI) based 
polyurethane which has the naphthyl carbamate groups periodically 
spaced as an integral part of the polymer backbone. The polymer, 
designated as NDI-650, i s based on NDI and polytetramethylene ether 
glycol (average molecular weight of 650) and has a molecular weight 
of 51,000. The steady-state fluorescence spectrum of a very dilute 
dichloromethane solution of NDI-650 i s shown in Figure 6. Although 
the basic structure of the fluorescence spectrum of NDI-650 i s 
similar to the fluorescence of biscarbamate 1,5-DNB in Figure 1 
(curve a), there i s a distinctive red-shifted t a i l above 400 nm. 
Moreover the fluorescence decay curves i n dilute solution (monitored 
at any wavelength from 330 nm to 500 nm) cannot be f i t to a single 
exponential decay function
excimer formation i n th

To establish the nature of the excimer formation as either 
intramolecular or intermolecular, an extremely dilute solution (1 X 
10~4 g/dL) of NDI-650 was prepared. Even i n this ultra-dilute 
solution excimer emission was present. Figure 7 shows a plot of the 
excimer (430 nm) to monomer (350 nm) intensity ratio as a function 
of polymer concentration. Not u n t i l a concentration of 1.0 g/clL i s 
reached does intermolecular excimer formation between naphthyl 
carbamate groups on different polymer backbones became important. 

To identify the nature of the absorbing chromophore in NDI-650 
which leads to the emission spectra recorded in Figure 6, excitation 
spectra were recorded at a variety of emission wavelength settings. 
The excitation spectrum i n Figure 8 i s exemplary of the curves 
recorded. Also included i n Figure 8 i s the absorption spectrum of 
NDI-650 for comparison. Except for minor differences due to 
recording on two instruments (fluorescence excitation spectra are 
uncorrected for wavelength response) the excitation spectrum i s 
id e n t i c a l to the absorption spectrum. Although not shown, the 
absorption and excitation spectra of the model 1,5-DNB are identical 
to those for NDI-650. In general, i t can be safely concluded that 
the species responsible for the i n i t i a l absorption of light leading 
to excimer formation in dilute solution i s a single ground state 
naphthyl biscarbamate moiety i n the backbone of NDI-650. 

In the discussion of the fluorescence spectra of NDI-650, i t was 
noted that the emission decay curves are not single exponential. 
Additionally, unlike for concentrated solutions of PNC, the decay 
curves recorded i n the monomer emission region (anywhere from 330 nm 
to about 370 nm) could not be f i t to a double exponential decay 
function. However, the decay curve (monitored at 330 nm in the 
monomer emission region) obtained experimentally (Figure 9) could be 
f i t to a t r i p l e exponential decay function with decay parameters of 
1.20 ns, 2.04 ns, and 19.2 ns. In addition, f i t t i n g the long-lived 
component of the decay curves monitored at 480 nm to a single 
exponential decay function gave a value of 21.4 ns for NDI-650, very 
similar to the value for the long-lived component of the monomer 
decay. This data i s summarized in Table I along with the lifetime 
data previously obtained for PNC and 1,5-DNB. 

By analyzing the results from the decay curves compiled i n Table 
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Figure 6. Steady state fluorescence spectrum of NDI-650 
(0.01 g/dL) i n dichloromethane (^ e x = 310 nm) . 
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Figure 7. Ratio of excimer ( I e x ) to monomer (I m) 
fluorescence intensity U e x = 310 rim) as a 
function of NDI-650 concentration in 
dichloromethane. 
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I, one can infer from the long-lived decay of the monomer emission 
U e m = 330 nm) that the excimer i s reversibly formed and exists i n 
dynamic equilibrium with an excited state monomer species. This i s 
in reasonable agreement with the reported (7,8) reversibly formed 
excimers between naphthyl chromophores i n poly (vinyl naphthalene). 
The two short lived components are attributed (after P h i l l i p s et al. 
7,8) to monomeric species, one which i s quenched and i n a dynamic 
equilibrium with the excimer and another which i s an "isolated 
monomer" unquenched by interaction to form an excimer. The longer 
lived component (τ 1 = 2.04 ns) of the two fast components 
corresponds to the lifetime of the model biscarbamate DNB (1.84 ns), 
and probably r e s u l t s from the isolated monomer. The shorter 
lifetime ( r 2 = 1.20 ns) can be assigned to the quenched monomer 
emission i n equilibrium with the excimer. The "isolated monomer" 
concept, as recently reported by P h i l l i p s et al (7,8) and Holden et al (9) to account for the excimer kinetics i n polymers with pendant 
naphthalene groups, adequately accounts for the excimer kinetics of 
dilute solutions of NDI-65
for the "isolated monomer
as defined. 

In the case of NDI-650, since the 2.04 ns lifetime (r^) for 
the "isolated monomer" i s essentially identical, within our error 
limits, to the 1,5-DNB lifetime of 1.84 nsec, we conclude that the 
rate constant k 1 2 for conversion of the excited isolated monomer M̂ * 
into the excited excimer forming monomer M 2 * i s low compared to the 
rate constant kç^ for deactivation of M̂ *. 

In a recent report, Holden et al (9) postulated that k 1 2 was low 
compared to k ^ for polymers with naphthyl chromophores separated by 
greater than three carbon atoms. The naphthyl groups i n the 
backbone of NDI-650 are certainly separated by more than three 
carbon atoms and thus our results are quite consistent with those of 
Holden et al (9). 

To provide confirming evidence for existence of the isolated 
monomer, the fluorescence decay curves were analyzed for 1,5-DNB and 
NDI-650 in a second solvent system (1-butanol) in which the 1,5-DNB 
lifetime increased to 2.48 ns. As shown in Table I, the decay 
parameters for the t r i p l e exponential f i t to the decay curve of NDI-
650 in 1-butanol lead to the same conclusion as the results i n 
dichloromethane. Particularly important to note i s the agreement 
between τ1 for 1,5-DNB (dilute) i n 1-butanol and τ1 obtained for 
NDI-650 in 1-butanol. In short, the τ- value i s altered by the 
solvent both for the 1,5-DNB small molecule model and NDI-650. The 
c o r r e l a t i o n of the τ1 values i n the two solvents provides 
additional evidence for the "isolated monomer" scheme. 

Having established the existence of the excimer emission of NDI 
based polyurethanes i n s o l u t i o n , and r e a l i z i n g that the 
intramolecular excimer forming naphthyl carbamate groups are located 
on the backbone of the polymer, i t becomes apparent that an 
excellent opportunity exists for chain conformational studies as a 
function of solvent. Figure 10 shows the steady-state fluorescence 
spectra of NDI-650 in four solvents with distinctively different 
solvating power. In each case (curves a-d) both monomer and excimer 
emission are observed; however, the ratios of excimer to monomer 
emission reflect conformational differences of the NDI-650 polymer 
in the solvent employed. The excimer to monomer intensity ratio 
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Scheme II 
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(IQ X/]^) recorded at 430 nm ( y and 355 nm (3^) i n Table II for 
the four pure solvent systems under consideration shows an increase 
in the order: ^ey/^ ( 2/3-butanediol) < 1 ^ / ] ^ (dichioromethane) < 
^χ/^τη (benzene) < I e x / I m (propyl benzene). This parallels the 
decrease i n so l u b i l i t y parameters for each solvent and reflects the 
a b i l i t y of the solvent to effectively solvate the polyurethane 
chain. In other words, propyl benzene i s a f a i r l y "poor" solvent 
for NDI-650 and results i n a more compact polymer chain with higher 
degree of i n t r a m o l e c u l a r excimer formation than benzene, 
dichioromethane, and 2,3-butanediol. The ratio of 1 ^ / ^ parallels 
the decrease i n the so l u b i l i t y parameter (Table II). If indeed our 
supposition concerning the relationship between the sol u b i l i t y 
parameter and I e x / I m i s true, then we should be able to find a 
solvent system with an extremely high s o l u b i l i t y parameter which 
also has a large value for 1^/^· In order to attain such a 
solvent system, DMF and water were mixed i n a 70/30 ratio (vol %) 
and the photophysical
DMF/water (70/30) system
a compact c o i l with a significant degree of intramolecular excimer 
formation. Apparently, from the data in Table II, both propyl 
benzene with a low sol u b i l i t y parameter and the DMF/water (70/30) 
solvent system with a high so l u b i l i t y parameter are relatively 
"poor" solvents for the NDI-650 polymer while dichioromethane and 
2,3-butanediol are relatively "good" solvents. 

Photophysics of NDI-650 and NDI-2000 polyurethane Films. The 
fluorescence spectrum of an NDI-650 polyurethane film (^βχ = 3 0 0 

nm) i s dominated by excimer emission (Figure 11). A preliminary 
multiexponential analysis of the excimer and monomer emission decay 
curves indicates a complicated photophysical system. However, i t 
can be reported that the long-lived component of the excimer decay 
curve (taken at 500 nm) does yie l d a lifetime of ~22 ns for 
excimer emission, close to that obtained i n CH2C12. 

In comparing to the results for the NDI-650 polyurethane, the 
fluorescence spectrum of a polyurethane film of NDI-2000 [based on 
NDI and poly (tetramethyiene ether glycol) with average molecular 
weight of 2,000] shows appreciable emission from the monomer 
component (Figure 11). Although the excimer and monomer decay 
curves are complex and d i f f i c u l t to analyze, the long-lived 
component of the excimer decay curve (recorded at 500 nm) i s about 
21 ns, i n close agreement with the lifetime obtained for the NDI-650 
film. 

In contrasting the results for the NDI-650 and NDI-2000 films, 
i t i s apparent that the extent of excimer formation i s greater for 
the NDI-650 film. It may be argued that the increased relative 
concentration of naphthyl carbamate chromophores i n the NDI-650 film 
leads to increased excimer formation. It should, however, be 
pointed out that there i s a distinct and perhaps c r i t i c a l structural 
difference between the NDI-650 and NDI-2000 polyurethane films which 
may manifest i t s e l f i n increased excimer formation. In the NDI-650 
polyurethane film, there i s a significant degree of hydrogen bonding 
to the carbonyl on the urethane moiety. This i s exemplified by the 
infrared spectra of the NDI-650 and NDI-2000 films given in Figure 
12 which indicates that NDI-650 has primarily hydrogen bonded 
carbonyls (1695 cm""1) while the NDI-2000 film has a high content of 
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Wavelength (nm) 

Figure 10. Steady state fluorescence spectra U e x = 310 nm) 
of NDI-650 i n 2,3-butanediol (curve a^ < 0.01 
g/dL), dichloromethane (curve b, 0.01 g/dL), 
benzene (curve c, 0.01 g/dL) and propyl benzene 
(curve d, 5 X 1C~"3 g/dL). 

Table II. Excimer to monomer intensity ratios for 
NDI-650 i n several solvents 

Solvent I430 / I355 Solubility Parameter 

(J/m 3) 1 / 2 Χ 10""3 

Propyl benzenea 0.55 17.6 
Benzene" 0.35 18.8 
Dichloromethane^ 0.21 19.8 
2,3-Butanediol c 0.11 22.7 
DMF/H20(70/30)d 0.91 31.7 

a. Concentration of NDI-650 i s 5 X 10"3 g/dL. 
b. Concentration of NDI-650 i s 0.01 g/dL. 
c. Concentration of NDI-650 i s < 0.01 g/dL. Fluorescence 

emission spectrum was measured for a f i l t e r e d solution 
after heating at about 60° C for 30 minutes. 

d. Concentration of NDI-650 i s 1.5 X 10"3 g/dL. 
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Figure 12. Infrared s p e c t r a o f NDI-2000 (curve a) and NDI-
650 (curve b) f i l m s . 
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non-bonded carbonyl (1740 cm"1). Employing the same arguments used 
to describe hydrogen bonding effects i n the PNC model compounds i n 
solu t i o n (see Figure 4), i t can be reasoned that the hydrogen 
bonding i n the NDI-650 film locks i n or stabilizes the excimer s i t e 
geometry and provides for an increased degree of excimer, relative 
to monomer, fluorescence. 

CONCLUSION 

Both steady-state and transient fluorescence spectroscopy 
indicate the existence of intramolecular excimer formation i n 
naphthalene diisocyanate based polyurethanes. In solution, the 
extent of excimer formation i s directly related to the "poorness" of 
the solvent. A preliminary kinetic analysis indicates that the 
excimer i s reversibly formed, both for the polyurethane and an 
appropriate model monocarbamate of naphthalene isocyanate  The 
excimer formation of mode
degree of hydrogen bondin
polymer, the fluorescence decay results are interpreted by an 
"is o l a t e d monomer" scheme. For NDI based polyurethane films, 
steady-state fluorescence shows a distinct dependence of the excimer 
to monomer intensity ratio on the length of the polyol segment. 
This dependence i s probably due to hydrogen bonding of carbonyls i n 
the urethane moiety. 
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Chapter 18 

Electronic Energy Relaxation 
in Aromatic Vinyl Homopolymers 

H. F. Kauffmann, W.-D. Weixelbaumer, J . Bürbaumer, and B. Mollay 

Institut für Physikalische Chemie, Universität Wien, 
Wahringerstrasse 42, A-1090 Wien, Austria 

Transient fluorescence spectroscopy on nanosecond and 
picosecond time scales has been used in an attempt to 
study the pathways o
and trapping for poly-(l-vinylnaphthalene)
poly-(N-vinylc arbazole), p-Ν-VCz, in dilute fluid solu
tion. Excited state localization has been probed by col
lecting the transient fluorescence patterns of excimer
-forming-sites (EFS) in typical trapping experiments. 
Fluorescence r ise-prοf i les of both mobile and static 
excimers have been analyzed on the premises of low
-dimensional transport topology and "effective" diagonal 
disorder of aromatic hopping sites. A trapping function 
of the form k(t) = b + ct-1/2, a distribution of tran
sport states {X1} and a small ensemble of energy-relaxed, 
monomeric tail-states have been processed in kinetic 
schemes. The calculated profiles are nonexponential and 
can recover satisfactorily the experimental curves. The 
rationale behind - a time-dependent excited-state random 
walk among energy-dispersive chromophores - has been dis
cussed. 

E l e c t r o n i c e x c i t a t i o n s i n m o l e c u l a r a g g r e g a t e s h a v e 
r e c e i v e d c o n s i d e r a b l e a t t e n t i o n f r o m t h e o r e t i s t s a n d 
e x p e r i m e n t a l i s t s i n r e c e n t y e a r s . Much o f t h e w o r k h a s 
f o c u s e d on e x c i t o n i c t r a n s p o r t i n m o l e c u l a r c r y s t a l s (J_), 
i n s u b s t i t u t i o n a l l y d i s o r d e r e d m i x e d c r y s t a l s (2.) and i n 
amorphous s t r u c t u r e s (3.). F u r t h e r m o r e , e x c i t a t i o n e n e r g y 
t r a n s f e r ( E E T ) h a s b e e n s t u d i e d i n f l u o r e s c e n c e c o n c e n 
t r a t i o n d e p o l a r i z a t i o n o f d o n o r m o l e c u l e s i n s o l u t i o n ( i ) 
as w e l l as i n e x c i t e d - s t a t e e n e r g y t r a n s f e r o f d o n o r -
a c c e p t o r d y e s i n c o n d e n s e d phase s y s t e m s (ϋ). 
NOTE: Dedicated to Professor Adolf Ncckel on the occasion of his 60th birthday. 

0097-6156/87/0358-0220$06.50/0 
© 1987 American Chemical Society 
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The e f f e c t o f d i s o r d e r on e x c i t a t i o n e n e r g y t r a n s p o r t 
i n p o l y c h r o m o p h o r i c a r r a y s i s a f o r m i d a b l e t h e o r e t i c a l 
p r o b l e m and h a s b e e n i n v e s t i g a t e d e x t e n s i v e l y . S p e c i a l 
e m p h a s i s has been g i v e n t o t h e d y n a m i c a l n a t u r e o f m i g r a 
t i v e m o t i o n (6.). F o r i n f i n i t e s y s t e m s o f d o n o r e n s e m b l e s , 
r a n d o m l y d i s t r i b u t e d and e n e r g e t i c a l l y e q u i v a l e n t ( p o s i 
t i o n a l d i s o r d e r ) , i n c o h e r e n t e v o l u t i o n o f e l e c t r o n i c 
t r a n s p o r t h a s b e e n f o r m u l a t e d a n d a n a l y z e d i n t e r m s o f 
s y m m e t r i c P a u l i m a s t e r e q u a t i o n s (PME) ( X ) . From d i a g r a m 
m a t i c (8.) and p e r t u r b a t i v e a p p r o a c h e s (2.), b u t a l s o f r o m 
c o n t i n u o u s t i m e r a n d o m w a l k a n a l y s e s (CTRW) (±Q_ ) and 
f r a c t a l a r g u m e n t s ( J J J t h e r e i s a g r e e m e n t now t h a t e l e c 
t r o n i c t r a n s p o r t i s n o n d i f f u s i v e , i . e. t i m e - v a r i a n t , and 
becomes d i f f u s i v e , i . e. t i m e - i n d e p e n d e n t , a f t e r a r e l a 
t i v e l y l o n g t i m e c o m p a r a b l e t o an a v e r a g e h o p p i n g t i m e o f 
e x c i t a t i o n . I n t r i n s i c e x c i t e d s t a t e d i s p e r s i o n o f random
p o s i t i o n a l d i s o r d e r -
t r a n s i e n t f l u o r e s c e n c
i n dye s o l u t i o n s ( 1 2 - 1 4 ) , where e n e r g e t i c f l u c t u a t i o n o f 
m o l e c u l a r s e l f e n e r g i e s a r e s m e a r e d o u t by t h e r m a l a c t i 
v a t i o n . 

The s i t u a t i o n i s e v e n more c o m p l e x f o r m o l e c u l a r a g 
g r e g a t e s f o r w h i c h s p a t i a l , random f l u c t u a t i o n s o f i n t e r 
m o l e c u l a r p o t e n t i a l s s i g n i f i c a n t l y e x c e e d kT. S u c h 
s y s t e m s a r e s a i d t o p o s e s s d i a g o n a l d i s o r d e r where p o s i 
t i o n a l d i s o r d e r c a u s e s a p r o n o u n c e d s p r e a d o f s i t e e n e r 
g i e s a n d , t h u s , i n a d d i t i o n , e n e r g e t i c d i s o r d e r ( 15. ). 
D i s p e r s i o n as a c o n s e q u e n c e o f d i s t r i b u t i o n o f s e l f - e n e r 
g i e s i s w e l l d o c u m e n t e d by t h e i n h o m o g e n e o u s ( G a u s s i a n ) 
b r o a d e n i n g o f o p t i c a l S ̂  *— S Q t r a n s i t i o n s i n v a p o r c o n 
d e n s e d o r g a n i c 7 r-systems ( 1 6 ) . F u r t h e r e x p e r i m e n t a l m a n i 
f e s t a t i o n s o f e n e r g e t i c d i s o r d e r a r e f l u o r e s c e n c e l i n e 
n a r r o w i n g ( H ) , t h e i d e n t i f i c a t i o n o f t y p i c a l m o b i l i t y 
e d g e s (J_8_*. 12.) as w e l l as e n e r g e t i c n a r r o w i n g o f t i m e 
g a t e d , t r a n s i e n t e m i s s i o n s p e c t r a ( 2 0 ) . 

The s p r e a d o f s i t e e n e r g i e s i n s y s t e m s o f d i a g o n a l 
d i s o r d e r i s o f c o n s i d e r a b l e i m p a c t on t h e s p a c e - t i m e e v o 
l u t i o n o f an e l e m e n t a r y e x c i t a t i o n . Εηergy-disρersiνe 
e x c i t e d - s t a t e w a l k s a r e i n v o l v e d i n a h i e r a r c h y o f 
s e q u e n t i a l s t e p s o f g r a d u a l l y d e c r e a s i n g e v e n t t i m e s 
w h i c h h a v e b e e n r e c o g n i z e d t o p r o d u c e n o n d i f f u s i v e , i . 
e., t i m e - d e p e n d e n t p h e n o m e n a , i n g e n e r a l . A t r a n s i e n t 
o b s e r v a b l e i s e x p e c t e d , t h e r e f o r e , t o show a nonexpo
n e n t i a l r e l a x a t i o n p r o f i l e on r e l e v a n t t i m e s c a l e s . Non-
e x p o n e n t i a l d e c a y a n a l y s i s i n random s y s t e m s w i t h e n e r 
g e t i c d i s o r d e r h a s b e e n a c h i e v e d , i n p a r t i c u l a r , f o r 
t r i p l e t - e x c i t a t i o n s ( 2 1 , 22.) w h i c h a r e - b e c a u s e o f t h e i r 
r e d u c e d h o p p i n g t i m e s and t h e i r l a r g e i n h e r e n t l i f e t i m e s -
c o n v e n i e n t l y a c c e s s i b l e t o e x p e r i m e n t a l i n v e s t i g a t i o n s . 

F o r an a s s e m b l y o f d o n o r m o l e c u l e s c o v a l e n t l y f i x e d i n 
c l o s e , l o c a l p r o x i m i t y t o a m a c r o m o l e c u l a r e n v i r o n m e n t , 
s i m i l a r s u c c e s s f u l t h e o r e t i c a l t r e a t m e n t s - as o u t l i n e d 
above f o r r a n d o m i z e d a r r a y s o f i n d e p e n d e n t d o n o r s ( 8 - 1 1 ) -
h a v e n o t b e e n p e r f o r m e d , so f a r . Among ρο 1ychrο mοhοric 
s y s t e m s s e t up by c o r r e l a t e d d o n o r s i t e s a r o m a t i c v i n y l -
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homopolymers a r e a s p e c i a l c l a s s o f s y n t h e t i c , l i n e a r 
m a c r o m o l e c u l e s i n w h i c h t h e a r o m a t i c s u b s y s t e m , s u c h as 
b e n z e n e , n a p h t h a l e n e o r c a r b a z o l e i s c h e m i c a l l y l i n k e d t o 
t h e m a i n c h a i n and p e r i o d i c a l l y s e p a r a t e d by t h r e e s a t u 
r a t e d c a r b o n a t o m s . Ρ ο 1 y - ( s t y r e n e ) , p-S, p o l y - ( v i n y l -
n a p h t h a l e n e s ) , p-VN, o r p o l y - ( N - v i n y l c a r b a z o l e ) , p-N-VCz, 
a r e p r o m i n e n t e x a m p l e s . B e c a u s e o f t h e i n c o r p o r a t i o n o f 
d y ads o f d i f f e r e n t t a c t i c i t y t h e s e p o l y m e r s a r e s t e r e o 
c h e m i c a l ^ n o t p u r e . I n t o t o , t h e y r e p r e s e n t p r e d o m i 
n a n t l y d i s o r d e r e d f i n i t e - s i z e , many-ρartic1e s y s t e m s 
s u p e r i m p o s e d by i n t e r f e r i n g l o c a l d o m a i n s o f s l i g h t 
s h o r t - r a n g e o r d e r . C o n s e q u e n t l y , t h i s r e s u l t s i n s i g n i f i 
c a n t p o s i t i o n a l h e t e r o g e n e i t y l e a d i n g t o s p a t i a l d i s t r i 
b u t i o n o f c h r o m o p h o r e s w h i c h i s n e i t h e r random n o r p e r i o 
d i c a l f o r t h e m a j o r i t y o f e x p e r i m e n t a l c o n d i t i o n s . 

T h e r e f o r e , f o r a s i n g l e e x c i t a t i o n s t a t i s t i c a l l y 
c r e a t e d a m i d s t a swar
m a t i c s i t e s i n a h o m o p o l y m e r
i n h o m o g e n e i t y m u s t i n d u c e e v e n m ore c o m p l e x t r a n s p o r t 
d y n a m i c s as c o m p a r e d t o random, amorphous m a t e r i a l s , and 
t h e r e does n o t y e t e x i s t - f o r l o w d i m e n s i o n a l t r a n s p o r t 
m e d i a , i n p a r t i c u l a r , a c o m p r e h e n s i v e u n d e r s t a n d i n g on a 
m i c r o s c o p i c l e v e l . S t a t i s t i c a l c o r r e l a t i o n e f f e c t s , l o c a l 
s e m i - c o h e r e n t e v o l u t i o n s , a d i s t r i b u t i o n o f v a r i o u s 
t r a n s p o r t d i m e n s i o n a l i t i e s , e n e r g e t i c d i s o r d e r and non-
e q u i l i b r i u m as w e l l as t h e f i n i t e v o l u m e f o r p o l y m e r s , 
i n g e n e r a l , a r e s e r i o u s p r o b l e m s w h i c h make t h e a n a l y s e s 
o f s t o c h a s t i c m a s t e r e q u a t i o n s p r a c t i c a l l y i m p o s s i b l e . So 
f a r , o n l y i s o e n e r g e t i c h o p p i n g p r o c e s s e s b a s e d on a p p r o -
x i m a n t s o f GAF- a n d L A F - e x p a n s i o n s (8.) h a v e b e e n a n a 
l y z e d i n p o l y m e r i c m a t e r i a l s , p r o v i d e d t h e c h r o m o p h o r e s 
a r e random and c h r o m o p h o r e d e n s i t y i s s m a l l ( 2 ^ - 2 6 ) . 

TRANSIENT FLUORESCENCE IN AROMATIC VINYLPOLYMERS 

W h i l e m i c r o s c o p i c t h e o r i e s d e s i g n e d t o m o d e l t h e d y n a 
m i c s o f e l e c t r o n i c t r a n s p o r t i n t h e h i g h d e n s i t y l i m i t o f 
p o l y m e r - b o u n d c h r o m o p h o r e s a r e r a t h e r u n d e r d e v e l o p e d 
u n t i l r e c e n t l y , t h e p h e n o m e n o l o g i c a l a s p e c t s o f e l e c t r o 
n i c e n e r g y d i f f u s i o n a nd e x c i t o n i c s t a t e s i n a r o m a t i c 
v i n y l p o l y m e r s h a v e now b e e n a t o p i c o f f u n d a m e n t a l 
i n t e r e s t o v e r a p e r i o d o f t w e n t y y e a r s (2.2.)· E x c i t a t i o n 
t r a n s f e r was c l a i m e d f r o m s t u d i e s o f f l u o r e s c e n c e d e p o l a 
r i z a t i o n (2.8.) and i t was hypo the t i s i z e d f r o m e x p e r i m e n t s 
b a s e d u p o n e n e r g y t r a n s f e r ( 2SL ) ) , d y n a m i c a l q u e n c h i n g 
(3_0) and e x c i m e r f o r m a t i o n (3J_). From l i t e r a t u r e o f p o l y 
mer p h o t o p h y s i c s t h e n a t u r e o f p o l y m e r - i n h e r e n t t r a p s has 
been d i s c u s s e d a l m o s t e x c l u s i v e l y i n t e r m s o f w e l l e s t a b 
l i s h e d s t e r e o c h e m i c a l c o n c e p t s o f p h y s i c a l - o r g a n i c 
c h e m i s t r y . I n t h e l i m i t o f b i c h r o m o p h o r i c i n t e r a c t i o n an 
e l e c t r o n i c t r a p c an be c o n s i d e r e d t o be a l o c a l i z e d s t a t e 
o f an e x c i m e r o r an e x c i m e r - f o r m i n g - s i t e , EFS, (3_2). EFS 
r e f e r t o ρο 1 y m e r - i n h e r e n t , i n t r i n s i c c o n f o r m a t i o n s o f 
d i s t i n c t p a i r s o f c h r o m o p h o r e s , w i t h d i f f e r e n t g e o m e t r i e s 
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a n d d e n s i t y n u m b e r s . T h e y a r e i m m o b i l i z i n g t h e h o p p i n g 
p r o c e s s by a b s o r b i n g t h e e x c i t e d s t a t e e n e r g y i n t h e i r 
p o t e n t i a l s i n k s , and a f t e r w a r d s , t h e y a r e d i s s i p a t i n g t h e 
e x c i t a t i o n v i a s i g n i f i c a n t r e d s h i f t e d f l u o r e s c e n c e i n a 
s u b s e q u e n t s t e p . B e c a u s e o f i t s m i g r a t i v e n a t u r e t h e 
t r a p p i n g p r o c e s s i s a v e r y e f f i c i e n t e v e n t i n an a r o m a t i c 
h o m o p o l y m e r . S i n c e t h e q u a n t u m y i e l d s o f r a d i a t i o n a r e 
c o n s i d e r a b l y h i g h f o r e x c i m e r s , t h e d o m i n a n t f l u o r e s c e n c e 
i n a C W - e x p e r i m e n t i s m o s t l y e x c i m e r i c , i n n a t u r e . 

P u l s e d e x c i t a t i o n t e c h n i q u e s h a v e b e e n a p p l i e d t o 
s y n t h e t i c p o l y m e r s o v e r a p e r i o d o f 10 y e a r s now w i t h t h e 
o b j e c t i v e t o s t u d y t h e r e p o n s e - l a w s o f monomer- and e x c i 
mer s t a t e s . S p e c i a l e m p h a s i s h a s b e e n g i v e n t o t i m e -
r e s o l v e d f l u o r e s c e n c e o f a r o m a t i c p o l y m e r s i n d i l u t e , 
f l u i d s o l u t i o n . The p r i m a r y a s p e c t o f e a r l y i n v e s t i 
g a t i o n s was c o n c e r n e d w i t h t h e e v a l u a t i o n o f s e g m e n t a l 
r o t a t i o n on t h e b a s i
t h e m a j o r p a r t o f t h e s
r a t e d a t a a n a l y s i s has r e v e a l e d a more c o m p l e x e x c i t e d -
s t a t e d y n a m i c s . I t i s g e n e r a l l y o b s e r v e d i n t h e s e p o l y 
m ers, t h a t t h e l o w - i n t e n s i t y , monomer f l u o r e s c e n c e c a n be 
f i t t e d more s a t i s f a c t o r i l y by a sum o f t h r e e e x p o n e n 
t i a l s , w h i l e f o r t h e c o n s e c u t i v e p r o f i l e s o f e x c i m e r 
f l u o r e s c e n c e , q u i t e o b v i o u s l y , more than two e x p o n e n t i a l s 
a r e r e q u i r e d t o r e c o v e r t h e d a t a . T h i s i s i n d i c a t i v e o f a 
d i s c r e p a n c y b e t w e e n e x p e r i m e n t and k i n e t i c scheme w h i c h , 
q u i t e o b v i o u s l y , s h o w s t h a t - e v e n i n t h e a b s e n c e o f 
e n e r g y m i g r a t i o n - r o t a t i o n a l m o t i o n b e t w e e n c o r r e l a t e d 
c h r o m o p h o r e s c a n n o t be m o d e l e d i n a n a l o g y t o c o l l i s i o -
n a l l y i n d u c e d , t r a n s l a t o r y d i f f u s i o n o f i n d e p e n d e n t and 
r a n d o m l y d i s t r i b u t e d , 1 ο w-mο 1 e c u 1 a r c h r o m o p h o r e s . The 
s i g n i f i c a n t d e v i a t i o n s f r o m c o n v e n t i o n a l B i r k s k i n e t i c s 
h a v e l e d t o an i n c r e a s e d d i s c u s s i o n as t o t h e n a t u r e o f 
p o l y m e r i c S - j - s t a t e s and t h e i r i n t r i n s i c r e l a x a t i o n c h a n 
n e l s . I n t h e m e a n t i m e , t h e s e k i n e t i c c o m p l i c a t i o n s have 
been p a r t i a l l y o v e r c o m e by s t r a t e g i e s w h i c h c o r r e l a t e t h e 
number o f e x p o n e n t i a l s n u m e r i c a l l y e x t r a c t e d f r o m r e c o n -
v o l u t i o n p r o c e d u r e s (3-1 ) t o t h e n u m b e r o f k i n e t i c t r a n 
s i e n t s i n l i n e a r c o u p l e d s c h e m e s . The r o l e o f p h y s i c a l 
t r a n s i e n t s h a v e b e e n d i s c u s s e d i n t e r m s o f a) p a r t i a l 
o v e r l a p h i g h - e n e r g y e x c i m e r s (3_4) > b) r o t a t i o n a l i s o m e r i c 
s t a t e s o f b i c h r o m o p h o r i c , e x c i t e d c o n f o r m a t i o n s (15.) and 
c) m o n o m e r - l i k e e x c i t e d s t a t e s i n s t a t i s t i c a l t r i a d s o f 
a r o m a t i c c o p o l y m e r s (1_6). 

T y p i c a l m u 11ieχ ρ ο ηeηtia 1 f l u o r e s c e n c e c o n v o l u t e s 
s t u d i e d , m ore r e c e n t l y , i n o u r l a b o r a t o r y a r e g i v e n i n 
F i g u r e s 1a-1c. F i g u r e 1a r e f e r s t o t h e l o w - e n e r g y e x c i m e r 
f l u o r e s c e n c e o f p-1-VN (5.10 b a s e m o l a r i n b e n z e n e , 
25°C) a t e m i s s i o n w a v e l e n g t h s a r o u n d i * p m = 470 nm. The ns 
p r o f i l e h a s b e e n a c u m u l a t e d by means" o f c o n v e n t i o n a l 
f l a s h - l a m p e x c i t a t i o n ( ?ιαχο = 295 nm, t y p i c a l p u l s e w i d t h 
o f 1.5 ns FWHM) and s i n g l e - p h o t o n - t i m i n g d e t e c t i o n (SPT). 
N u m e r i c a l r e c o n v o l u t i o n y i e l d s a b e s t - f i t t h r e e e x p o 
n e n t i a l f o r m a c c o r d i n g t o 
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AUTOCORRELATION OF RESIDUALS 
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F i g . 1a. N a n o s e c o n d t i m e - r e s o l v e d f l u o r e s c e n c e p r o f i l e 
o f p-VN a t > e m = 470 nm ( l o w - e n e r g y r e g i m e ) ; b r o k e n 
c u r v e ( ), l a m p ; d o t s (....), e x p e r i m e n t a l d a t a ; 
s m o o t h s o l i d l i n e ( ), b e s t - f i t t h r e e e x p o n e n t i a l 
f o r m , a c c o r d i n g t o E q u a t i o n I . 
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^ b en c 

TIME (ps) TIME (ps) 

F i g . 1b. P i c o s e c o n d t i m e - r e s o l v e d f l u o r e s c e n c e o f p-N-
VCz a t A e m = 380 nm ( E <j ) ; d o t t e d s p i k e ( ), a p p a r a 
t u s f u n c t i o n ( p r e p u l s e ) ; d o t t e d p a t t e r n (....), e x p e 
r i m e n t a l d a t a c o n v o l u t e ; s o l i d c u r v e ( ), t h r e e 
e x p o n e n t i a l f i t , a c c o r d i n g t o E q u a t i o n I I . 

F i g . 1c. P i c o s e c o n d f l u o r e s c e n c e r i s e o f p-N-VCz a t 
^em = ^ 0 n m (E2^» d o t t e d s p i k e (....), i n s t r u m e n t a l 
r e s p o n s e ( p r e p u l s e ) ; d o t t e d p a t t e r n (....), e x p e r i m e n 
t a l f l u o r e s c e n c e ; s o l i d l i n e ( ), b e s t - f i t t o 
t r i p l e - e x p o n e n t i a l r i s e c u r v e , a c c o r d i n g t o E q u a t i o n 
I I I . ( R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 38. C o p y 
r i g h t 1986: A m e r i c a n I n s t i t u t e o f P h y s i c s ) 
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F E ( t ) = - A 2 e x p [ - t / T 2 j - A 3 e x p [ - t / T 3 ] + A 4 e x p £ - t / T 4 ] 

s h o w i n g a d o u b l e - e x p o n e n t i a l b u i l d up w i t h a p p a r e n t r i s e 
t i m e s T 2 = 0.36 n s , Τ 3 = 13.4 n s , and a s i n g l e d e c a y t i m e 

= 41.9 ns ( A 2 = 0.15, A 3 = 0.05, a n d A 4 = 0 . 2 1 ) . 
F i g u r e s 1b and 1c c o r r e s p o n d t o f l u o r e s c e n c e p a t t e r n s on 
a ps t i m e s c a l e . They have been o b t a i n e d by s t r e a k c a m e r a 
d e t e c t i o n u s i n g a p a s s i v e l y m o d e - l o c k e d N d J + - p h o s p h a t e -
g l a s s l a s e r as an e x c i t a t i o n s o u r c e ( t h i r d h a r m o n i c s 
g e n e r a t i o n , \ X Q = 351 nm, s i n g l e - s h o t o p e r a t i o n ) . F i g u r e 
1b d i s p l a y s t h e h i g h - e n e r g y , p a r t i a l o v e r l a p e x c i m e r E-j 
( H a ) i n p-N-VCz ( 5. 1 0 " 5 b a s e m o l a r i n b e n z e n e , 25°) a t 
*em = ^80 n m * B e s t - f i t f u n c t i o n a l f o r m 

^ ( t ) = - B 1 e x p [ - t / T ] + B e x p Q - t / T ] + B ^ e x p Q - t / T ^ 

c o n t a i n s o ne g r o w t h t e r m ( r i s e t i m e Τ -j ~ 1 4 p s ) and one 
d e c a y t e r m ( Τ 2 « 4 0 0 p s ) , w h i l e Τ 3 = 2.6 ns - i n d e p e n 
d e n t l y i d e n t i f i e d i n a ns-SPT e x p e r i m e n t ( I X ) - was f i x e d 
( B 1 = 0.12, B 2 = 0.04, B7 = 0.09). F i g u r e 1c s h o w s t h e ps 
f l u o r e s c e n c e p r o f i l e o f t h e l o w - e n e r g y e x c i m e r E 2 i n p-N-
VCz a t t h e e m i s s i o n w a v e l e n g t h > e m = 460 nm ( 18. ). W i t h 
T 4 = 35 ns f i x e d ( c f . n s - e x p e r i m e n t i n R e f . ( l X ) ) t o 
a l l o w f o r t h e f l a t maximum r e c o n v o l u t i o n y i e l d s a t r i p l e -
e x p o n e n t i a l r i s e 

F E^( t ) = - C 1 e x p [ - t / T 1 ] - C 2 e x p [ - t / T 2 ] - C ^ e x p Q - t / T ^ 

w i t h a p p a r e n t r i s e t i m e s T<|«20 p s , T 2 « 75 ps and T^« 
3000 p s , r e s p e c t i v e l y ( C 1 = 0.096, C 2 = 0.009, Co = 
0.002, C 4 = 0.107 ) . 

F r o m a p h e n o m e n o l o g i c a l p o i n t o f v i e w , i t i s n a t u r a l 
t o i n t e r p r e t t h e m u l t i e x p o n e n t i a l c u r v e s i n E q u a t i o n s I , 
I I , and I I I on t h e b a s i s o f e n e r g y c a s c a d i n g m o d e l s . Such 
s chemes assume - p a r a l l e l t o a s i n g l e monomer and e x c i m e r 
s t a t e - a d d i t i o n a l e l e c t r o n i c d w e l l - s t a t i o n s t o be i n v o l 
ved i n s e r i a l e n e r g y r e l a x a t i o n p r o c e s s e s . I n a q u a n t i t a 
t i v e t r e a t m e n t , one has t o d i a g o n a l i z e , t h e n , r a t e e q u a -
t i o n s o f t h e f o r m 

χ = A χ ( 1 ) 

H e r e , χ a n d χ a r e c o l u m n v e c t o r s c o n t a i n i n g t h e com
p o n e n t s o f i n t e r a c t i n g t r a n s i e n t s and A i s t h e p h y s i 
c a l r e a c t i o n m a t r i x . F o r t h e t r a n s i e n t p a t t e r n o f t h e 
l o w - e n e r g y e x c i m e r E 2 i n p-N-VCz a d e t a i l e d a n a l y s i s 
b a s e d u p o n a t r a p c o n t r o l l e d r a t e c o n s t a n t f o r m a l i s m 
b e t w e e n c o u p l e d e x c i t e d s t a t e s h a s b e e n g i v e n r e c e n t l y 
( I X ) . I n a n a l o g y , t h e f o u r e x p o n e n t i a l f o r m o f E 2 ( F i g u r e 
1 c , E q u a t i o n I I I ) m i g h t be c o r r e l a t e d t o t h e n u m b e r o f 
f o u r k i n e t i c t r a n s i e n t s . A g a i n , s u c h a p r o c e d u r e s h o u l d 
a l l o w , i n p r i n c i p l e , t o r e c o v e r b o t h t h e t i m e c o n s t a n t s 
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and t h e s i g n o f t h e ρ r e - e χ ρ ο η e η t i a 1 s f o r p l a u s i b l e d a t a 
s e t s o f k i n e t i c f l u o r e s c e n c e p a r a m e t e r s . A s i m i l a r t r e a t 
ment w i l l , p r e s u m a b l y , h o l d f o r m o d e l i n g t h e b i e x p o n e n -
t i a l g r o w t h o f l o w - e n e r g y e x c i m e r f l u o r e s c e n c e i n p-VN 
( F i g u r e 1a, E q u a t i o n I ) . 

N e v e r t h e l e s s , we m u s t n o t e , t h a t t h e r i g o r o u s a p p l i 
c a t i o n o f m u l t i e x p o n e n t i a l t r i a l f u n c t i o n s i n p o l y m e r 
f l u o r e s c e n c e a n a l y s e s must be d i s c u s s e d w i t h some r e s e r 
v a t i o n s , i n g e n e r a l . F i r s t , t h e m a j o r i t y o f k i n e t i c e n t i 
t i e s p r o p o s e d f r o m t r a n s i e n t m e a s u r e m e n t s and p r o c e s s e d 
i n l i n e a r k i n e t i c schemes must be f o r m u l a t e d w i t h i n t h e 
r a t h e r u n s h a r p l i m i t s o f p h a n t o m - s t a t e s a s i n f a c t 
n o t h i n g i s known w i t h r e s p e c t t o t h e i r g e o m e t r i e s , t h e i r 
m u t u a l e n e r g e t i c a l p o s i t i o n s a n d t h e i r e m i s s i o n b a n d -
w i d t h s . S e c o n d , t h e n u m b e r o f e x p o n e n t i a l s r e c o n v o l v e d 
f r o m e x p e r i m e n t a l raw d a t a i s s t r o n g l y d e p e n d e n t on t h e 
q u a l i t y o f d a t a and
w h i c h t h e c o l l e c t i o
m i g h t be a r g u e d , t h e r e f o r e , t h a t t h e number o f e x t r a c t a b -
l e e x p o n e n t i a l s has no r e a l p h y s i c a l r e l e v a n c y o t h e r t h a n 
as a l o w e r l i m i t t o t h e a c t u a l number. Thus, t h e c o r r e s 
p o n d i n g t i m e c o n s t a n t s T i and a m p l i t u d e s A i j have l i t t l e 
m e a n i n g u n l e s s t h e e x p e r i m e n t h a s b e e n a b l e t o r e s o l v e 
a l l t h e e x p o n e n t i a l t e r m s . T h i r d , - and t h i s p o i n t h a s 
b e e n f u l l y a d d r e s s e d i n t h e i n t r o d u c t o r y s e c t i o n -, EET 
p e r s e , may i n d u c e t h e p o s s i b i l i t y o f n o n e x p o n e n t i a l 
r e l a x a t i o n k i n e t i c s , t h u s , c o m p r o m i s i n g any a n a l y s i s o f 
p o l y m e r f l u o r e s c e n c e i n t e r m s o f a suitf o f e x p o n e n t i a l s , 
no m a t t e r w h a t t h e q u a l i t y o f t h e d a t a i s . On t h e s e p r e 
m i s e s , m u l t i e x p o n e n t i a l r e c o n v o l u t i o n must be c o n s i d e r e d 
t o be o n l y a u s e f u l t o o l f o r a s i m p l e c u r v e p a r a m e t r i -
z a t i o n , w h i l e t h e n u m b e r o f e x p o n e n t i a l s e x t r a c t a b l e 
s t a n d s f o r a l o w e r b o u n d o f e x p e r i m e n t a l l y a c c e s s i b l e 
t e r m s i n an e x p o n e n t i a l s e r i e s a p p r o a c h o f a t y p i c a l l y 
n o n e x p o n e n t i a l p r o f i l e . T i m e - d e p e n d e n t m i g r a t i o n and non-
c l a s s i c a l t r a p p i n g d y n a m i c s i n l o w d i m e n s i o n a l a r o m a t i c 
p o l y m e r s have been f o r m u l a t e d , f i r s t , by F r e d r i c k s o n and 
F r a n k (33.) i n t h e i r c r i t i c a l p a p e r and, i n t h e m e a n t i m e , 
n o n c o n v e n t i o n a l r e l a x a t i o n o f p o l y m e r f l u o r e s c e n c e h a s 
become a s u b j e c t o f i n c r e a s i n g i n t e r e s t , b o t h t h e o r e t i 
c a l l y (23+ 2 i U 40) and e x p e r i m e n t a l l y (25_^ 26+ 2 8 ) . 
D i s p e r s i v e f i r s t - o r d e r k i n e t i c s o f s e r i a l h o p p i n g e v e n t s 
and i t s e f f e c t on t h e o b s e r v a b l e s o f monomer-and e x c i m e r 
f l u o r e s c e n c e i n a t r a n s i e n t e x p e r i m e n t w i l l be d i s c u s s e d 
i n t h e n e x t s e c t i o n . 

NONEXPONENTIAL MODELS 

As b r i e f l y o u t l i n e d i n t h e i n t r o d u c t o r y s e c t i o n , c o n -
f i g u r a t i o n a l and e n s e m b l e a v e r a g e s f o r an a d e q u a t e d e s 
c r i p t i o n o f EET i n an a r o m a t i c h o m o p o l y m e r have n o t been 
s o l v e d so f a r . F r o m a more q u a l i t a t i v e p o i n t o f v i e w , 
h o w e v e r , t h e c o n c e p t s o f d i a g o n a l d i s o r d e r and d i s p e r s i v e 
e x c i t a t i o n e n e r g y t r a n s p o r t - as a p p l i e d t o c o n d e n s e d 
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d i s o r d e r e d m a t t e r ( J_u) - h a v e t u r n e d o u t t o be q u i t e 
a p p r o p r i a t e s t r a t e g i e s f o r a r o m a t i c p o l y m e r s as w e l l . 
A c c o r d i n g l y , t h e s e p o l y m e r s may be t r e a t e d , i n i t s w i d e r 
c o n n o t a t i o n , as s p a t i a l l y d i s o r d e r e d o r g a n i c " w i d e gap" 
m a t e r i a l s f o r w h i c h t h e s t r o n g f l u c t u a t i o n s o f a r o m a t i c 
s i t e p o s i t i o n s p r o d u c e , i n a d d i t i o n , p r o n o u n c e d e n e r g e t i c 
d i s o r d e r . F o r 1οw-tem ρerature, b u l k p - N - V C z , w h i c h i s a 
g o o d m o d e l f o r a 3-D d i s o r d e r e d , r a n d o m s o l i d w i t h a 
G a u s s i a n - t y p e d i s t r i b u t i o n o f s e l f - e n e r g i e s (15, 4 1 T 4 2 ) T 

t h e s i t u a t i o n i s s c h e m a t i c a l l y s k e t c h e d i n F i g u r e 2 ( s i 
t u a t i o n a). I n t h e e l e c t r o n i c S - | - s t a t e t h e d i s o r d e r f o r m s 
up a) a density-οf-state d i s t r i b u t i o n N ( e ) o f e n e r g e t i 
c a l l y d i f f e r e n t and l o c a l i z e d JS-|J s t a t e s and b) a s i g n i 
f i c a n t o f f - d i a g o n a l b r o a d e n i n g o f i n t e r c h r o m o p h o r i c c o u p 
l i n g e n e r g i e s . An e l e m e n t a r y e x c i t a t i o n , (*), c r e a t e d a t 
r a n d o m w i t h i n t h e d i s t r i b u t i o n o f c a r b a z o l e s t a t e s i s , 
t h e r e f o r e , s u b j e c t t
p i n g s i t e s a n d b)
r a t e s . S i n c e b o t h t h e h o p p i n g r a t e s a n d t h e n u m b e r o f 
s i t e s d e c r e a s e as a f u n c t i o n o f i n t e r s i t e d i s t a n c e , d i s -
s i p a t i v e e n e r g y r e l a x a t i o n o f an e x c i t e d - s t a t e w a l k e r i s 
e x p e c t e d t o u n d e r g o a s y s t e m a t i c d e c e l e r a t i o n w h i l e t r a 
v e r s i n g t h r o u g h t h e d i s t r i b u t i o n ( i ) . T h e r e f o r e , as t i m e 
p r o c e e d s and r e l a x a t i o n e v o l v e s , t h e w a i t i n g t i m e s g r a 
d u a l l y i n c r e a s e and f i n a l l y , t h e y f o r m a l l y t e n d t o i n f i 
n i t e as t r a n s p o r t b e c o m e s , more and m o r e , i m m o b i l i z e d , 
e i t h e r i n e n e r g y - r e l a x e d , m o n o m e r i c t a i l s t a t e s , o r i n 
t r a p s a n d EFS o u t s i d e t h e d i s t r i b u t i o n o f b u l k s t a t e s . 
E x c i t o n i c h o p p i n g m o t i o n a c r o s s e n e r g y - d i s p e r s i v e c a r b a 
z o l e s i t e s must, t h e r e f o r e , p r o c e e d w i t h a d i s t r i b u t i o n 
o f j u m p - f r e q u e n e i e s φ( ν) , d e c r e a s i n g i n t i m e . C o n s e 
q u e n t l y , t h e n e t e f f e c t f o r an e x c i t e d - s t a t e c a r r i e r i s a 
n o n d i f f u s i v e r a n d o m w a l k w i t h a h o p p i n g f r e q u e n c y t o 
c o r r e s p o n d t o a t i m e d e p e n d e n t s t o c h a s t i c v a r i a b l e ( c f . 
l a s t s e c t i o n ) . A t i m e - d e p e n d e n t , e n s e m b l e - a v e r a g e d hop
p i n g r a t e f u n c t i o n o f t h e f o r m 

has been c o n f i r m e d by M o n t e - C a r l o s i m u l a t i o n (13.) and by 
a n a l y t i c a l t e c h n i q u e s ( 4.3. ). b ' c o r r e s p o n d s t o t h e i s o 
t r o p i c t r a n s f e r r a t e o f a d i f f u s i v e e x c i t o n i n a ( h y p o 
t h e t i c a l ) p e r i o d i c a l a r r a y o f e n e r g e t i c a l l y e q u i v a l e n t 
a r o m a t i c s i t e s a n d a i s t h e d i s p e r s i o n p a r a m e t e r ( 
0 < <x < 1 ) w h i c h i s r e l a t e d t o t h e h a l f w i d t h o f t h e 
G a u s s i a n d e n s i t y - o f - s t a t e d i s t r i b u t i o n ( JLSL ) · The t e r m 
c ' t a ~ 1 t a k e s i n t o a c c o u n t t h e n o n d i f f u s i v e , i . e. t i m e -
d e p e n d e n t , t r a n s p o r t r e g i m e where c 1 i s a c o m p l e x p h y s i 
c a l q u a n t i t y o f a h o p p i n g f r e q u e n c y a f f e c t e d by d i s o r d e r 
a n d d i s p e r s i o n . C l e a r l y , f o r m u l a t i o n o f a r a t e f u n c t i o n 
o f t h e f o r m g i v e n i n E q u a t i o n 2 m u s t i n d u c e n o n - a u t o n o 
mous c o e f f i c i e n t s i n n e t w o r k e q u a t i o n s o f k i n e t i c t r a n 
s i e n t s X ̂ . I n v e c t o r n o t a t i o n t h e e q u a t i o n s o f e v o l u t i o n 

k ( t ) = b ' + c ' t α ~ (2) 

r e a d 
χ = A ( t ) χ (3) 
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Ν(ε) 

k 2i 

F i g . 2. D i a g o n a l d i s o r d e r a n d deηsity-οf-states d i s 
t r i b u t i o n i n a r o m a t i c ν i n y 1 - h ο m ο p o 1 y m e r s ; a) 3 D, 
r a n d o m s o l i d s t a t e , b) and c) l o w d i m e n s i o n a l , n o n -
r a n d o m t o p o l o g y i n f l u i d s o l u t i o n . S e e t e x t f o r 
d e t a i l s . 
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H e r e i and χ a r e c o l u m n v e c t o r s o f t h e c o m p o n e n t s x ^ ( t ) 
and x i ( t ) , r e s p e c t i v e l y , and A ( t ) i s now a p h y s i c a l 
r e a c t i o n m a t r i x c o n t a i n i n g t i m e - d e p e n d e n t e l e m e n t s . F l u o 
r e s c e n c e o f k i n e t i c t r a n s i e n t s , e. g., t h e r e l a x a t i o n 
p r o f i l e s o f monomer- o r e x c i m e r f l u o r e s c e n c e a r e , t h e r e 
f o r e , s t r i c t l y n o n e x p o n e n t i a l f o r w h i c h c l o s e d f o r m , 
a n a l y t i c a l s o l u t i o n s c a n be f o u n d i n f e w c a s e s , o n l y . A 
c o n v i n c i n g m a n i f e s t a t i o n o f n o n e x p o n e n t i a l t r a p p i n g i n 
l o w - t e m p e r a t u r e , s o l i d s t a t e p-N-VCz i s a r e c e n t a n a l y s i s 
by Bàssler et al. ( 4JL )· W i t h t h e u s e o f r a t e f u n c t i o n i n 
E q u a t i o n 2, t h e t r a n s i e n t p s - r i s e p r o f i l e o f t h e l o w -
e n e r g y e x c i m e r E 2 h a s b e e n s a t i s f a c t o r i l y f i t t e d t o t h e 
n u m e r i c a l s o l u t i o n o f E q u a t i o n 3 w i t h a s i n g l e - f i t d i s p e 
r s i o n p a r a m e t e r a b e t w e e n 0.2 a n d 0.8 d e p e n d i n g on t h e 
t e m p e r a t u r e o f t h e s y s t e m . 

I n a l i q u i d s o l v e n t an a r o m a t i c h o m o p o l y m e r i s n o t a 
s t a t i c l o w t e m p e r a t u r
an a s s e m b l y o f t i m
s t a t e s . Thus, f o r t h e i n t e r p r e t a t i o n o f t r a p p i n g d a t a i n 
i n f l u i d s o l u t i o n we have t o m o d i f y t h e c o n c e p t , i n a s m u c h 
as s o l v e n t - c h r o m o p h o r e c o l l i s i o n s m u s t h a v e an i n t e r 
v e n i n g e f f e c t on EET. F i r s t , s t o c h a s t i c f l u c t u a t i o n s must 
show up i n s e g m e n t a l m o t i o n and t h u s , i n a p r o n o u n c e d 
t i m e - d e p e n d e n c e o f s p a c e - c o o r d i n a t e s o f a r o m a t i c s i t e s . 
T r a n s p o r t and t r a p p i n g a r e p r o c e e d i n g , t h e r e f o r e , t h r o u g h 
t h e i n t e r p l a y o f b o t h e l e c t r o n i c i n t e r s i t e c o u p l i n g and 
a c t i v a t i o n c o n t r o l l e d , s e g m e n t a l r o t a t i o n . F u r t h e r m o r e , 
r o t a t i o n a l s a m p l i n g w i l l i n t e r f e r e , i n g e n e r a l , w i t h 
i m m o b i l i z a t i o n o f EET. C o n s e q u e n t l y , b a c k t r a n s f e r ( d e -
t r a p p i n g ) f r o m i m p e r f e c t l y a b s o r b i n g s i n k s - as a r e s u l t 
o f t h e r m a l r e l e a s e and c o n f o r m a t i v e m o t i o n , w i l l l e a d t o 
r e v e r s i b l e t r a n s p o r t p a t h w a y s and, t h u s , t o an i n c r e a s e d 
p r o b a b i l i t y o f r e v i s i t i n g a s i t e . S e c o n d , s o l v e n t s c a t t e r 
t e n d s t o n a r r o w t h e e n e r g e t i c s p r e a d o f a r o m a t i c s i t e s . 
The e f f e c t o f t h e h e a t - b a t h on EET i s , t h e r e f o r e , t o 
s m e a r o u t t h e d i s t r i b u t i o n o f d e n s i t y - o f - s t a t e s , t h u s 
p r o m o t i n g , l a s t n o t l e a s t , d i f f u s i v e random w a l k s a c r o s s 
i s o e n e r g e t i c h o p p i n g s i t e s . 

The c a p a c i t y o f s o l v e n t - c h r o m o p h o r e p e r t u r b a t i o n t o 
e f f e c t m o t i o n a l n a r r o w i n g and t o o v e r c o m e s t a t i c s i t e 
e n e r g y d i s o r d e r i n a r o m a t i c p o l y m e r s depends on t h e mag
n i t u d e and t i m e s c a l e o f t h e s e i n t e r a c t i o n s and t h e w i d t h 
o f t h e s t a t i c d i s t r i b u t i o n o f c h r o m o p h o r e s . T h i s w i d t h , 
we b e l i e v e , i s p r e s u m a b l y d i f f e r e n t f o r c o r r e l a t e d c h r o 
mophores i n c o n c e n t r a t e d and d i l u t e s o l u t i o n s . T hus, t h e 
a n n i h i l a t i o n o f d i a g o n a l d i s o r d e r by m o t i o n a l n a r r o w i n g 
i s e x p e c t e d t o be i m p o r t a n t i n t y p i c a l 3-D m o r p h o l o g i e s 
o f c o n c e n t r a t e d s o l u t i o n s where p o s i t i o n a l f l u c t u a t i o n o f 
a r o m a t i c s i d e g r o u p s a r e n e a r l y random and s m a l l . Howe
v e r , f o r p o l y m e r m o r p h o l o g i e s u n d e r c o n s i d e r a t i o n h e r e -
p-N-VCz and p-VN i n d i l u t e , f l u i d s o l u t i o n o f a 'good' 
s o l v e n t - t h e e f f e c t o f c a n c e l l a t i o n o f s e l f - e n e r g y d i s 
t r i b u t i o n i s e x p e c t e d t o be c o m p a r a t i v e l y s m a l l . The 
c a u s e f o r i m p e r f e c t n a r r o w i n g i n t h e l o w c h r o m o p h o r e 
d e n s i t y l i m i t i s , p r e s u m a b l y , a k i n d o f r e m a i n i n g s t a t i c , 
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d i a g o n a l d i s o r d e r w h i c h i s e v i d e n c e d by inhomogeneοus 
b r o a d e n i n g o f t h e a b s o r p t i o n l i n e shape ( 4 _ 4 ) . T h i s r e s i 
due o f a d i s p e r s i v e c o n t r i b u t i o n a r i s e s f r o m a n o m a l o u s 
f l u c t u a t i o n s and l o c a l h e t e r o g e n e i t i e s o f c h r o m o p h o r e s , 
q u i t e t y p i c a l f o r t h e q u a s i - 1 - D d i m e n s i o n a l c o n t o u r o f an 
e x t e n d e d a n d d i l u t e a r o m a t i c h o m o p o l y m e r . S u c h f l u c 
t u a t i o n s a r e i n h e r e n t l y i l l - b e h a v e d and t h e i r s t a t i s t i c s 
a r e , p r e d o m i n a n t l y , n o n - G a u s s i a n . As a c o n s e q u e n c e , t h e 
d e n s i t y o f s t a t e - p r o f i l e and t h e d i s p e r s i o n p a r a m e t e r a r e 
r a t h e r u n d e f i n e d . D e s p i t e t h e s e f u r t h e r c o m p l i c a t i o n s , 
we may e x p e c t t h e l o w d i m e n s i o n a l i t y i n t a n d e m w i t h an 
' e f f e c t i v e " d i a g o n a l d i s o r d e r o f c h r o m o p h o r e s t o c a u s e a 
p r o f o u n d l y p a t h o l o g i c a l b e h a v i o r o f m i g r a t i n g s i n g l e t -
e x c i t a t i o n s i n t h e s e p o l y m e r s . T h e r e f o r e , a t r a p p i n g 
f u n c t i o n o f t h e f o r m 

k ( t ) = b + c t "

r e f l e c t i n g l o w d i m e n s i o n a l i t y , d i s o r d e r a n d i n h o m o g e -
n e i t y , a n d f o r m a l l y e q u i v a l e n t t o E q u a t i o n 2 f o r α = 1 / 2 
- s h o u l d p r o v i d e a q u i t e s a t i s f a c t o r y a p p r o a c h . I n Equ a 
t i o n 4 t h e s q u a r e r o o t l a w c o r r e s p o n d s t o t h e t i m e -
d e p e n d e n t t r a n s p o r t r e g i m e w h i c h h a s b e c o m e a t h e o r e 
t i c a l l y s ound r e s u l t f o r o n e - d i m e n s i o n a l - w a l k s , i n a p p r o 
p r i a t e l i m i t s ( 1J_^_ 4_5_j_ 4 _ 6 . ) . c i s a h o p p i n g f r e q u e n c y , 
a g a i n , a f f e c t e d by d i s o r d e r , d i s p e r s i o n , and l o w - d i m e n 
s i o n a l i t y , b r e p r e s e n t s t h e a s y m p t o t i c , d i s c r e t e h o p p i n g 
r a t e a l l o w i n g f o r t h e a d m i x t u r e o f i s o t r o p i c , d i f f u s i v e 
t r a n s p o r t . 

A s i m p l e m o d e l c a s e o f e x c i m e r p o p u l a t i o n v i a l o w 
d i m e n s i o n a l , d i s p e r s i v e t r a n s p o r t and r o t a t i o n a l s a m p l i n g 
i n f l u i d s o l u t i o n i s i l l u s t r a t e d i n F i g u r e 2 ( s i t u a t i o n 
b). H e r e , J X - J J c o r r e s p o n d s t o a d e n s i t y - o f - s t a t e s d i s t r i 
b u t i o n ( a r b i t r a r y ) w h i c h i s i n t e n d e d t o show s i g n i f i c a n t 
d i f f e r e n c e f r o m t h e G a u s s i a n s h a p e o f a 3D-disοrdererd 
c h r o m o p h o r e e n s e m b l e i n s i t u a t i o n a. X 2 d e n o t e s t h e e x 
c i m e r s t a t e , w h i c h i s d i s c r e t e and e n e r g e t i c a l l y w e l l 
b e l o w t h e t r a n s p o r t s t a t e s . The w a v y l i n e ( i ) d i s p l a y s 
t h e s e r i a l e v e n t s o f EET t h r o u g h t h e t r a n s p o r t band, t h e 
a r r o w p o i n t i n g a t downwards (|) s h a l l i n d i c a t e r o t a t i o n a l 
s a m p l i n g , w h i l e t h e a r r o w i n u p w a r d d i r e c t i o n ( t ) s h a l l 
i l l u s t r a t e t h e d i s s o c i a t i v e b e h a v i o r o f t h e e x c i m e r s t a t e 
( 3 J L )· I n k i n e t i c f o r m u l a t i o n t h e s i t u a t i o n d i s p l a y e d 
c o r r e s p o n d s t o a m o n o m e r - e x c i r a e r p a i r i n p r e s e n c e o f EET 
( p h e n o m e n o l o g i c a l r a t e f u n c t i o n : k ( t ) ) , r o t a t i o n a l sam
p l i n g ( r a t e c o n s t a n t : k 1 2 , s i m p l i f i e d a s s u m p t i o n , c f . 
b e l o w ) and d e t r a p p i n g ( r a t e c o n s t a n t : k 2<|). B e c a u s e o f 
t h e r e v e r s i b i l i t y o f t h e p r o b l e m e x a c t , a n a l y t i c a l s o l u 
t i o n s c a n n o t be f o u n d . Under t h e c o n d i t i o n o f weak c o u p 
l i n g (k 2-|«(k(t) + k 1 2 ) ) a n a s y m p t o t i c W KB a p p r o a c h 
p r o v e s u s e f u l f o r t h e d e s c r i p t i o n o f t h e t r a n s i e n t l o n g 
t i m e b e h a v i o r o f a f l u o r e s c e n c e o b s e r v a b l e ( 4_ 0. ) . W i t h 
k ( t ) f r o m E q u a t i o n 4 t h e f l u o r e s c e n c e r e s p o n s e f u n c t i o n s 
o f monomer χ -| ( t ) and e x c i m e r χ 2 ( t ) h a v e t h e a p p r o x i m a t e 
f o r m 
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x 1 ( t ) A n ( t ) e x p [ - ( 2 c t ) 1 / 2 J e x p f t/T - J + A 1 2(t)ex{£-t/T 2] 

x 2 ( t ) ~ A 2 1 ( t ) e x p [ - ( 2 c t ) 1 / 2 J expft/T.,] + A 2 2 ( t ) e xp[-1/T J 

w i t h 1/T 1 = k 1 + k-|2 + b, 1/T 2 = k 2 + k 2 1 and r a t e c o n 
s t a n t s k^ and k 2 w h i c h a r e composed q u a n t i t i e s o f r a d i a 
t i v e and n o n r a d i a t i v e d e a c t i v a t i o n f o r monomer and e x c i 
mer, r e s p e c t i v e l y . A ^ C t ) , A 1 2 ( t ) , A 2 1 ( t ) and A 2 2 ( t ) a r e 
t i m e d e p e n d e n t , b u t s l o w l y v a r y i n g a m p l i t u d e s d e p e n d i n g 
on t h e l o w e r bound t Q w i t h i n t h e W K B - l i m i t . C l e a r l y , t h e 
e q u a t i o n s o f r e l a x a t i o n a r e n o n e x p o n e n t i a l and d o m i n a t e d 
by t h e t y p i c a l , s t r e t c h e d e x p o n e n t i a l f o r m e x p [ - ( 2 c t f ] 
f o r a = 1/2 ( c f . n e x t s e c t i o n ) . W i t h i n t h e v a l i d i t y o f 
t h e W K B - a p p r o x i m a t i o n  t h e l o w e r b o u n d t  ( s h o r t - t i m e 
l i m i t ) c a n be as s h o r
w h i c h depend on t h
t r a n s f e r E q u a t i o n s 5 and 6 a p p e a r t o c o v e r a t i m e s c a l e 
f r o m t h e l a t e s u b - n s up t o t h e e a r l y ns r e g i m e i n a t i m e 
r e s o l v e d f l u o r e s c e n c e e x p e r i m e n t . A p r e l i m i n a r y r e s u l t o f 
n o n e x p o n e n t i a l c u r v e f i t t i n g t o t h e s u b - n s r i s e p r o f i l e 
o f t h e l o w - e n e r g y e x c i m e r i n p-1-VN i s s h o w n i n F i g u r e 
3 a . The n o i s y p o i n t s ( s y m b o l : o) c o r r e s p o n d t o t h e e x p e 
r i m e n t a l d a t a r e c o n v o l v e d f r o m t h e r a w d a t a ( F i g u r e 1a) 
by means o f m u l t i e x p o n e n t i a l c u r v e p a r a m e t r i z a t i o n ( s e e , 
E q u a t i o n I ) . The s m o o t h f u l l c u r v e i s an i n i t i a l f i t 
b a s e d u p o n E q u a t i o n 6. F i t - ρ a r a m e t e r s a r e g i v e n i n c a p 
t i o n o f F i g u r e 3 . The a g r e e m e n t b e t w e e n e x p e r i m e n t a l d a t a 
and t h e o r e t i c a l t r i a l f u n c t i o n i s s a t i s f a c t o r y , f o r t h e 
p r e s e n t , a n d , f u r t h e r m o r e , i t d e m o n s t r a t e s t h a t a n o n -
e x p o n e n t i a l f u n c t i o n a l f o r m , s u c h as E q u a t i o n 6 c a n r e 
p l a c e a sum o f two e x p o n e n t i a l s . 

H owever, t h e W K B - e q u a t i o n s 5 and 6 d e r i v e d f o r r e l a t i 
v e l y l o n g t i m e s c a n n o t h o l d , i n g e n e r a l , when a n a l y z i n g 
ps p r o f i l e s . I n t h e c a s e o f weak c o u p l i n g (k2«j k ( t ) ) and 
u n d e r c o n d i t i o n s o f p r e d o m i n a n t l y m i g r a t i v e p o p u l a t i o n 
( k 1 2 = 0) t h e s h o r t - t i m e s o l u t i o n t o t h e s i t u a t i o n b i n 
F i g u r e 2 h a s t h e f o r m 

x 2 ( t ) = B 1 | e x p [-t/T J e x p [ - ( 2 C t ) 1 / 2 J - e x p [ - t / T 2 ] | 

+ B 2 | e r f ^ ( 1 / T l - 1 / T 2 ) 1 / 2 t 1 / 2 + a j 

- e r f a j e x p [ - t / T 2 J (7) 

w i t h 1/T 1 = k 1 + k 1 2 + b, 1/T 2 = k 2 , a n d t h e c o m p o s e d 
q u a n t i t y a = c ( 1 /Τ 1 - 1 /Τ 2 ) " 1 / 2 . B-, and B 2 a r e c o n s t a n t s 
and e r f m i s t h e e r r o r f u n c t i o n . We s u g g e s t t h a t t h i s 
t y p e o f t r a p p i n g f u n c t i o n a l r e a d y a p p l i e d t o q u a s i - 1 D 
m o l e c u l a r c r y s t a l s (4jl) m i g h t be a p p l i c a b l e t o t h e f l u o 
r e s c e n c e o f t h e h i g h - e n e r g y , p a r t i a l o v e r l a p e x c i m e r i n 
p-N-VCz w h i c h i s a " p r e f o r m e d " t r a p ( 3 A 3, ) and t h u s , 
p r e s u m a b l y , s u b j e c t t o a d i r e c t , m i g r a t i v e p o p u l a t i o n 
f r o m {Χ-||· I n i t i a l a t t e m p t s o f f i t t i n g E q u a t i o n ( 7 ) t o 
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F i g . 3. N o n e x p o n e n t i a l c u r v e f i t t i n g b a s e d upon f l u o 
r e s c e n c e d a t a c o n v o l u t i o n s i n F i g u r e s 1a and 1b, r e 
s p e c t i v e l y . F i g . 3 a : d o t s ( s y m b o l o ) , e x p e r i m e n t a l 
( a r t i f i c i a l ) p a t t e r n , a c c o r d i n g t o E q u a t i o n I ; smo o t h 
s o l i d c u r v e ( ), p r e l i m i n a r y f i t t o E q u a t i o n 6 w i t h 
p a r a m e t e r s k-j = 0.02 n s " 1 , k 2 = 0.015 n s " 1 , and k 2 1 = 
0.01 n s " 1 f i x e d ; a d j u s t e d p a r a m e t e r s : b = 2 n s " 1 and c 
= 0.45 n s " 1 ^ 2 . F i g . 3b: d o t s ( o ) , e x p e r i m e n t a l ( s y n 
t h e t i c ) d a t a a c c o r d i n g t o E q u a t i o n I I ; s m o o t h s o l i d 
c u r v e ( ), f i t t o E q u a t i o n 7 ; p a r a m e t e r s : k 1 = 0.083 
n s " 1 and k ? = 0.05 n s " 1 ( f i x e d ) , b = 57 n s " 1 a n d c = 
1.5 n s " 1 / 2 . 
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t h e p a r a m e t r i z e d e x p e r i m e n t a l d a t a ( s e e , E q u a t i o n I I ) 
b a s e d upon t h e e x p e r i m e n t a l d a t a c o n v o l u t e o f F i g u r e 1b 
i s shown i n F i g u r e 3b. I t becomes e v i d e n t , t h a t E q u a t i o n 
(7) c a n r e c o v e r t h e e x p e r i m e n t a l r i s e , q u i t e s a t i s f a c t o 
r i l y . N e v e r t h e l e s s , we h a v e t o s t r e s s t h a t t h e a n a l y s i s 
o f t h e u l t r a f a s t ps r i s i n g e d g e o f Ε 1 - f l u o r e s c e n c e i s 
r a t h e r p r o b l e m a t i c - due t o t h e e n e r g e t i c o v e r l a p o f 
i n t e r f e r i n g m o n o m e r - l i k e p h o t o n s i n t h i s s p e c t r a l r a n g e 
( > e m = 380 nm) and t o s c a t t e r e f f e c t s c a u s e d by t h e c l o s e 
p r o x i m i t y o f e x c i t a t i o n w a v e l e n g t h ( ,?l e m = 351 nm). 

A v e r s i o n d i f f e r e n t f r o m s i t u a t i o n b t r e a t s m o n o m e r i c 
t a i l s t a t e s X 2 as k i n e t i c a l l y i n d e p e n d e n t d w e l l s t a t i o n s 
i n t h e c o u r s e o f e n e r g y - d i s p e r s i v e a n d 1ow - d i m e n s i ο η a 1 
t r a p p i n g ( s i t u a t i o n c i n F i g u r e 2 ) . E n e r g y r e l a x a t i o n 
p r o c e e d s , t h e r e f o r e , v i a 1) a d i s t r i b u t i o n o f h o s t - s i n 
g l e t s t a t e s {X-jj , 2) a s m a l l amount o f m o n o m e r i c  e n e r g y 
r e l a x e d t a i l s t a t e s
c r e t e , l o w - e n e r g y e x c i m e
t h e r m o r e , t h e s c h e m e c o n s i d e r s EET ( w a v y l i n e i ) a n d 
m i g r a t i o n a l s a m p l i n g ( s t r a i g h t a r r o w s , i î ) t o be s e p a r a b l e 
p r o c e s s e s w h i c h i s s a t i s f i e d a t l e a s t i n c a s e o f b u l k y 
a r o m a t i c s i t e s a t e a r l y t i m e s c a l e s . As a r e s u l t o f 
f a c t o r i z a t i o n o f m o t i o n , we assume t h e r e f o r e l o w - e n e r g y 
t a i l - s t a t e s J X 2 | t o be i n v o l v e d , p r e d o m i n a n t l y , i n r o t a t i o 
n a l s a m p l i n g p r o c e s s e s ( d i s t r i b u t i o n f u n c t i o n : ( t K k ^ ) ; 
r a t e c o n s t a n t o f d e t r a p p i n g : k 3 2 ) w h i c h a r e t r i g g e r e d by 
t h e d e n s i t y o f t r a n s p o r t s t a t e s |X-j} v i a m i g r a t i v e r e 
l a x a t i o n ( k ( t ) ) . I f we m o d e l , f i r s t , t h e d i s t r i b u t i o n o f 
t a i l s t a t e s t o be s u f f i c i e n t l y n a r r o w and t h u s , c o n s i d e r 
r o t a t i o n a l s a m p l i n g t o be a n o n d i s p e r s i v e p r o c e s s w i t h a 
d i s c r e t e r a t e c o n s t a n t k p ^ , t h e p r o b l e m c a n be t r e a t e d 
a n a l y t i c a l l y (3_8). W i t h k C t ) f r o m E q u a t i o n 4 t h e i - p u l s e 
s o l u t i o n t o t h e e x c i m e r X^ r e a d s 

x o ( t ) = A, , ( t ) e x p [ - t / T J + A o p ( t ) e x p [-t/Tp] 
+ A 3 3 ( t ) e x p [ ; - t / T 3 ] (8) 

1/T 1 e q u a l s k 1 + b ( k 1 = k 2 , r e c i p r o c a l l i f e t i m e o f 
i s o l a t e d c h r o m o p h o r e ) , w h i l e 1/T 2 and I / T 3 , r e s p e c t i v e l y , 
r e f e r t o t h e w e l l - k n o w n e i g e n v a l u e s f o r t h e c o e f f i c i e n t 
d e t e r m i n a n t o f a r e v e r s i b l e m o n o m e r - e x c i m e r p a i r ( 4_J_ ) · 
A 3 η(t) , Α 3 2 ( 0 , and A ^ j C t ) c o r r e s p o n d t o t i m e d e p e n d e n t 
a m p l i t u d e s w h i c h c o n t a i n n o n e x p o n e n t i a l c o n t r i b u t i o n s i n 
t e r m s o f s t r e t c h e d e x p o n e n t i a l s , errοr-functiοns a n d 
D a w s o n i n t e g r a l s (3.8.). I n F i g u r e 4a E q u a t i o n 8 h a s b e e n 
a p p l i e d t o t h e ps r i s e p r o f i l e o f E 2 - f l u o r e s c e n c e i n p-N-
VCz ( F i g u r e 1 c ) . The n o i s y p a t t e r n ( s y m b o l : 0, a r t i f i c i a l 
n o i s e ! ) c o r r e s p o n d s t o t h e p a r a m e t r i z e d f o u r e x p o n e n t i a l s 
o f t h e e x p e r i m e n t a l d a t a ( E q u a t i o n I I I ) , t h e s m o o t h f u l l 
c u r v e i s a p r e l i m i n a r y f i t b a s e d u p o n E q u a t i o n 8 w i t h 
t h r e e f i t - ρ a r a m e t e r s b, c, and k 2 ^ g i v e n i n c a p t i o n o f 
F i g u r e 4a. A g r e e m e n t b e t w e e n e x p e r i m e n t a l and t h e o r e t i c a l 
p r o f i l e i s s a t i s f a c t o r y , b u t , q u i t e o b v i o u s l y , n o t p e r 
f e c t , a s i n d i c a t e d by t h e s y s t e m a t i c d e v i a t i o n s w i t h i n 
t h e r a n g e f r o m 50 ps up t o 90 p s . U n d o u b t e d l y , a mor e 
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F i g . 4. N o n e x p o n e n t i a l c u r v e f i t t i n g t o d a t a c o n v o l u t e 
i n F i g . 1 c: d o t s ( o ) , ( s y n t h e t i c ) e x p e r i m e n t a l d a t a 
f r o m p a r a m e t r i z e d t h r e e e x p o n e n t i a l s o f E q u a t i o n I I I ; 
s m o o t h s o l i d c u r v e s ( ), p r e l i m i n a r y f i t s b a s e d 
u p o n E q u a t i o n 8 ( F i g . 4 a ) a n d t h e n u m e r i c a l s o l u t i o n 
w i t h k 2 3 ( t ) f r o m E q u a t i o n 9 ( F i g . 4 b ) . F i x e d p a r a 
m e t e r s : k 1 = k 2 = 0.083 n s " 1 , k ̂  = 0.02 n s " 1 , and k ^ 2 

= 0.009 n s " 1 . A d j u s t e d p a r a m e t e r s : b = 10 n s " 1 . c = 50 
n s ~ 1 / 2 , a n d k 2 3 = 50 n s " 1 ( F i g . 4 a ) ; b = 50 n s " 1 , c = 6 
n s " 1 , 0= 18 n s " 1 , a n d 7= 5.5 n s " 1 / 2 ( F i g . 4 b ) . 
( F i g . 4a r e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 38. 
C o p y r i g h t 1986: A m e r i c a n I n s t i t u t e o f P h y s i c s ) 
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r e a l i s t i c m o d e l o f r o t a t i o n a l s a m p l i n g must a c c o u n t f o r a 
d i s t r i b u t i o n o f r o t a t i o n a l f r e q u e n c i e s Φ(^ 2 3) · S i n c e t h e 
t a i l s t a t e s {X2} c o r r e s p o n d i n g t o b i c h r o m o p h o r i c s t a r t i n g 
c o n f o r m a t i o n s a r e s u b j e c t t o an e n e r g e t i c a l w i d t h ( s e e , 
s k e t c h i n c ) , t h e y a r e e x p e c t e d t o s t a r t t h e i r r e l a x a t i o n 
( t o w a r d e x c i m e r f o r m a t i o n ) u n d e r l o c a l l y and e n e r g e t i c a l 
l y v a r y i n g k i n e t i c c o n d i t i o n s . T h e r e f o r e , a d i s t r i b u t i o n 
o f u n i r a o l e c u l a r r o t a t i o n a l s t e p s , e a c h o c c u r i n g i n b o t h 
p a r a l l e l and s e r i a l p r o c e s s e s s h o u l d c a u s e d i s p e r s i o n , 
a g a i n , w i t h a t i m e - d e p e n d e n t , a v e r a g e r a t e f u n c t i o n 
^ 2 3 ^ ) r e f l e c t i n g t h e d y n a m i c c o r r e l a t i o n s o f m i c r o s c o p i c 
r o t a t i o n a l d i f f u s i o n on a m a c r o s c o p i c s c a l e ( c f . n e x t 
s e c t i o n ) . C l e a r l y , a r a t e f u n c t i o n o f t h e f o r m 

k 2 3 ( t ) = β + 7 t " 1 / 2 (9) 

- s u g g e s t e d p r e v i o u s l
l a r t o E q u a t i o n 4 -
t o t h e £-pulse b e h a v i o r o f t h e e x c i m e r X^, b u t i t h a s 
t u r n e d o u t t h a t n u m e r i c a l R u n g e - K u t t a c o m p u t e r s o l u t i o n s 
c an r e c o v e r t h e e x p e r i m e n t a l d a t a q u i t e w e l l ( c f . F i g u r e 
4b) . 

SUMMARY AND CONCLUDING REMARKS 

I n t h i s w o r k t h e m a i n a s p e c t h a s b e e n c o n c e r n e d w i t h 
t h e p r o b l e m o f e l e c t r o n i c e n e r g y r e l a x a t i o n i n p o l y c h r o -
m o p h o r i c e n s e m b l e s o f a r o m a t i c h o m o p o l y m e r s i n d i l u t e , 
f l u i d s o l u t i o n o f a "good" s o l v e n t . I n t h i s m o r p h o l o g i c a l 
s i t u a t i o n m i c r o s c o p i c EET and t r a p p i n g a l o n g t h e c o n t o u r 
o f an e x p a n d e d a n d m o b i l e c o i l m u s t be e x p e c t e d t o i n d u c e 
r a t h e r c o m p l e x r a t e p r o c e s s e s , as t h e y p r o c e e d i n t y p i 
c a l l y l o w - d i m e n s i o n a l , n o n u n i f o r m , and f i n i t e - s i z e d i s 
o r d e r e d m a t t e r . A m a c r o s c o p i c t r a n s p o r t o b s e r v a b l e , i . e . , 
e x c i m e r f l u o r e s c e n c e , must be i n t e r p r e t e d , t h e r e f o r e , as 
an e n s e m b l e and configurâtional a v e r a g e o v e r a c o n v o l u t e 
o f i n d i v i d u a l d i s o r d e r e d d y n a m i c a l s y s t e m s i n a s e r i e s o f 
s e q u e n t i a l r e l a x a t i o n s t e p s . As a c o n s e q u e n c e , t r a n s i e n t 
f l u o r e s c e n c e p r o f i l e s s h o u l d e x h i b i t a more c o m p l i c a t e d 
b e h a v i o r , a s i t c a n be m o d e l l e d , on t h e o t h e r h a n d , on 
t h e b a s i s o f l i n e a r r a t e e q u a t i o n s and m u l t i e x p o n e n t i a l 
r e c o n v o l u t i o n a n a l y s i s . 

T h u s , t h e q u e s t i o n o f c e n t r a l c o n c e r n r a i s e d i n o u r 
c o n t r i b u t i o n has been t h e m a c r o s c o p i c f o r m u l a t i o n o f EET 
and i t s r e l a t i o n t o t h e e x p e r i m e n t a l o b s e r v a b l e o f e x c i 
mer f l u o r e s c e n c e i n a t i m e - r e s o l v e d e x p e r i m e n t . EET has 
been d i s c u s s e d , h e r e , as a d i s p e r s i v e , i . e . , t i m e - d e p e n 
d e n t p r o c e s s i n d e t e r m i n i s t i c m ο η ο m e r - e χ c i m e r m o d e l s 
w h i c h had been t h e s u b j e c t o f a d e t a i l e d k i n e t i c a n a l y s i s 
i n r e c e n t w o r k ( 4 . 0 . ) . W i t h t h e u s e o f r a t e f u n c t i o n 
k ( t ) ( E q u a t i o n 4) i t i s n a t u r a l t o y i e l d t y p i c a l n o n -
e x p o n e n t i a l i n t e n s i t y - t i m e p r o f i l e s , e i t h e r i n f o r m o f an 
a s y m p t o t i c a p p r o a c h ( E q u a t i o n s 5 , 6 ) , o r i n c l o s e d f o r m 
a n a l y t i c a l s o l u t i o n s ( E q u a t i o n s 7 , 8 ) . The p h y s i c s e m e r -
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g i n g f r o m t h e s e f o r m u l a s , o r more p r e c i s e l y , t h e r a t i o 
n a l e b e h i n d k ( t ) r e s t s on t h e h y p o t h e s i s o f an " e f f e c 
t i v e " d i a g o n a l d i s o r d e r . T h i s s o r t o f a q u a s i - s t a t i c 
e n e r g e t i c d i s o r d e r a r i s e s f r o m t h e p a t h o l o g i c a l l y l a r g e 
s p r e a d o f s e 1 f - e n e r g i e s i n 1ow-dimensiοηa 1 a r o m a t i c 
v i n y l p o l y m e r s w h i c h c a n n o t be s m e a r e d o u t by t h e r e l a t i 
v e l y s l o w m o t i o n s o f b u l k y a r o m a t i c g r o u p s v i a B r o w n i a n 
r o t a t i o n a l s a m p l i n g . A l t h o u g h t h e s h a p e o f d e n s i t y - o f -
s t a t e s f u n c t i o n i s p r e d o m i n a n t l y n o n - G a u s s i a n - due t o 
t h e l o w - d i m e n s i o n a l i t y and t h e l o c a l i n h o m o g e n e i t i e s -, 
we may, n e v e r t h e l e s s , e x p e c t t h e d i s s i p a t i v e e x c i t e d -
s t a t e r e l a x a t i o n t o u n d e r g o a p r o f o u n d l y d i s p e r s i v e d y n a 
m i c s i n t h e s e p o l y m e r s . S i n c e b o t h t h e o f f - d i a g o n a l e l e 
m ents c o n t r o l l i n g t h e p r o b a b i l i t y o f n o n r a d i a t i v e t r a n s i 
t i o n and t h e d e n s i t y numbers o f h o p p i n g s i t e s d e c r e a s e as 
t h e i n t e r s i t e s e p a r a t i o n i n c r e a s e s  an e l e m e n t a r y e x c i 
t a t i o n i s s u b j e c t t
c o u r s e o f i t s e n e r g
t h e r a p i d j u m p s , t h e h o p p i n g e x c i t o n w i l l g r a d u a l l y be 
s l o w e d and, f i n a l l y , as t i m e g oes on, a r r i v e a t monome
r i c t a i l s t a t e s , w h e r e e x c i t o n i c r e s i d e n c e t i m e s a r e 
l a r g e and t h u s , r o t a t i o n a l s a m p l i n g becomes more and more 
l i k e l y t o compete w i t h m u l t i p o l a r t r a n s i t i o n s . 

A f i n a l n o t e r e g a r d i n g t h e d e c e l e r a t i o n o f e n e r g y -
d i s p e r s i v e EET i n t h e s e p o l y m e r s a p p e a r s i n o r d e r . Q u i t e 
o b v i o u s l y , e x c i t e d - s t a t e r e l a x a t i o n o f d i s o r d e r e d p o l y 
m e r s f a l l s i n t o a g e n e r a l c l a s s o f h i e r a r c h i c a l l y c o n 
s t r a i n e d d y n a m i c s where i n a s e r i e s o f s e q u e n t i a l , c o r r e 
l a t e d p r o c e s s e s a f a s t e r e v e n t i n i t i a l i z e s a s l o w e r one. 
A s i m p l e m o d e l c l a s s o f h i e r a r c h i c a l l y c o n s t r a i n t s u c c e s 
s i v e a n d i r r e v e r s i b l e s t e p s h a s b e e n s h o w n t o g i v e a 
t y p i c a l " W i l l i a m s - W a t t s " s t r e t c h e d e x p o n e n t i a l r e l a x a t i o n 
l a w (4. £ ) . E v e n i f a c o m p l e t e c o n n e c t i o n t o m i c r o s c o p i c 
c o n s t r a i n t s i n r e a l s y s t e m s c a n n o t y e t be b u i l t , t h e r e 
a r e , n e v e r t h e l e s s , good r e a s o n s t o assume t h a t a s i m i l a r 
s t r e t c h e d e x p o n e n t i a l f o r m m i g h t emerge f r o m e n e r g y r e l a 
x a t i o n o f d i s t r i b u t e d {X 1 j - s t a t e s i n a r o m a t i c p o l y m e r s 

rt ? 
G ( t ) = Ιφ(τ) e x p [ - t / r ] d r • e x p [ - ( t / r f j , 0<<*<1 

JQ (10) 

H e r e , t h e e x c i t a t i o n f u n c t i o n o f JX-|| - s t a t e s , G ( t ) , 
s p e c i f i e s t h e c o n f i g u r a t i o n a l and e n s e m b l e a v e r a g e o f a 
t i m e d e p e n d e n t p r o b a b i l i t y a c c o r d i n g t o w h i c h t h e p o l y m e r 
r e m a i n s e x c i t e d as a w h o l e a t a m o n o m e r i c s i t e , r i s t h e 
s i n g l e h o p p i n g t i m e f o r d i f f u s i v e e x c i t o n i c m o t i o n i n 
( h y p o t h e t i c a l ) r e g u l a r a r r a y s o f i s o e n e r g e t i c a r o m a t i c 
g r o u p s and φ(τ) i s t h e (unknown) d i s t r i b u t i o n o f s t e p p i n g 
t i m e s c a u s e d by t h e s t o c h a s t i c c o n s t r a i n t s o f s e r i a l 
e v e n t s i n t h e e n e r g y c a s c a d e . On t h e s e p r e m i s e s , t h e 
power l a w t e r m i n E q u a t i o n s 2 and 4, r e s p e c t i v e l y , w o u l d 
a r i s e n a t u r a l l y , t h e r e f o r e , f r o m a s e q u e n c e o f i r r e v e r 
s i b l e r e l a x a t i o n p r o c e s s e s . S i n c e t h e s e c o n s i d e r a t i o n s 
a r e v a l i d i n t h e a b s e n c e o f any r e v e r s e c o n s t r a i n t ( d i s 
s o c i a t i v e t r a p s ) , o n l y , i t s a p p l i c a b i l i t y t o r e v e r s i b l e , 
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d e t e r m i n i s t i c s c h e m e s , a s d i s c u s s e d h e r e , m u s t be r e 
s t r i c t e d t o w e a k l y c o u p l e d s y s t e m s , where d e t r a p p i n g i s 
o n l y a s m a l l p e r t u r b a t i o n t o t h e o v e r a l l t r a p p i n g p r o c e s s 
( 38, AO.). The power l a w was p r o p o s e d , o r i g i n a l l y , f o r t h e 
s i m u l a t i o n o f c h a r g e c a r r i e r t r a n s p o r t (5.0.), b u t i t h a s 
t u r n e d o u t , i n t h e m e a n t i m e , t o r e f l e c t , q u i t e g e n e r a l l y , 
t h e s t o c h a s t i c n a t u r e o f t r a n s i e n t r e l a x a t i o n phenomena 
i n d i s o r d e r e d m a t e r i a l s . T h u s , i t h a s b e e n d e m o n s t r a t e d 
t h a t t h e e x i s t e n c e o f a s t r e t c h e d e x p o n e n t i a l i n E q u a t i o n 
( 1 0 ) i s by no means l i m i t e d t o s e r i a l ( c o n s t r a i n e d ) 
d y n a m i c s . The l a w c a n be o b t a i n e d as a c o n s e q u e n c e o f 
i n d e p e n d e n t , p a r a l l e l ( u n c o n s t r a i n e d ) r e l a x a t i o n e v e n t s 
as w e l l ( 5 1 , 5 2 ) f o r w h i c h d i e l e c t r i c d i p o l e r e l a x a t i o n 
( 5 . 3 .), d i r e c t e n e r g y t r a n s f e r (5.4_), p h o t o c h e m i c a l c o n 
v e r s i o n (5.5.) a nd s p i n - r e l a x a t i o n (5.6.) a r e t y p i c a l e x a m 
p l e s . H o w e v e r , t h e g e n e r a l i t y and w i d e s p r e a d u s e o f t h e 
l a w i n d i f f e r e n t f i e l d
r a t h e r u n s p e c i f i c and
r e s p e c t t o d i f f e r e n t m e c h a n i s m s o f s t o c h a s t i c r e l a x a t i o n 
d y n a m i c s , a t l e a s t a t d i s t i n c t t i m e s c a l e s (2J_) . T h e r e 
f o r e , a r a t e f u n c t i o n o f t h e f o r m s u g g e s t e d i n E q u a t i o n 
(9) f o r m o d e l i n g a d i s t r i b u t i o n o f c o n s t r a i n e d and u n c o n 
s t r a i n e d e v e n t t i m e s i n r o t a t i o n a l s a m p l i n g m i g h t be a 
p l a u s i b l e a s s u m p t i o n . 

I n summary, we have shown t h a t e x c i m e r r i s e p r o f i l e s 
i n a r o m a t i c h o m o p o l y m e r s ( F i g u r e s 1a-1c) c a n be r a t i o n a 
l i z e d i n t e r m s o f a s t o c h a s t i c m o d e l w h i c h has n o t h i n g t o 
do w i t h t h e i n t e r a c t i o n o f s t a t e s i n l i n e a r k i n e t i c 
s chemes. E v e n i f a r i s i n g edge a n a l y s i s o f an e x c i m e r i n 
f l u o r e s c e n c e r e c o n v o l u t i o n must be v i e w e d w i t h some r e 
s e r v a t i o n s (3.8.), o u r r e s u l t s , i n p r i n c i p l e , d e m o n s t r a t e 
t h a t a m a c r o s c o p i c t i m e - d e p e n d e n t t e r m ( E q u a t i o n s 2, 4) -
r e p r e s e n t a t i v e f o r a m i c r o s c o p i c d i s p e r s i o n o f e v e n t 
t i m e s - c a n e m u l a t e two o r t h r e e e x p o n e n t i a l s . M o r e o v e r , 
t h e r a t e f u n c t i o n p r e s e n t e d ( E q u a t i o n 4) h a s t h e a d v a n 
t a g e o f y i e l d i n g a n a l y t i c a l s o l u t i o n s ( E q u a t i o n s 5-8 ) 
w h i c h a l l o w one t o a n a l y z e t h e r e l e v a n c y o f n o n e x p o n e n 
t i a l c o n t r i b u t i o n s t o ps and ns t i m e s c a l e s i n s y n t h e t i c 
d a t a s i m u l a t i o n ( 3 8 , 4_ 0. ). N e v e r t h e l e s s , we h a v e t o n o t e 
t h a t t i m e - d e p e n d e n t t r a p p i n g f u n c t i o n s show up i n i n 
c r e a s i n g m a t h e m a t i c a l c o m p l e x i t y , w h i l e , on t h e o t h e r 
h a n d , t h e p r o c e d u r e s f o r t e s t i n g a c c e p t a b i l i t y o f t h e s e 
f u n c t i o n s a r e v e r y c r u d e . U n d o u b t e d l y , t h e r e s u l t s o f 
p a r a m e t e r f i t t i n g need f u r t h e r p r o o f i n o r d e r t o e l i m i 
n a t e c r o s s c o r r e l a t i o n s a n d c o n v o l u t i o n e r r o r s . T h e r e 
f o r e , t e d i o u s c o m p u t a t i o n a l work i s n e c e s s a r y i n f o r t h 
c o m i n g t r a n s i e n t e x p e r i m e n t s w i t h r e g a r d t o a d i r e c t 
i m p l e m e n t a t i o n o f r a w d a t a t o a r b i t r a r y n o n e x p o n e n t i a l 
t r i a l f u n c t i o n s i n an i t e r a t i v e c o n v o l u t e - a n d - c o m p a r e 
a l g o r i t h m . A p a r t f r o m t h e u n c e r t a i n i t i e s i n n o n e x p o n e n 
t i a l d a t a a n a l y s i s , t h e E E T - p a r a m e t e r s b and c i n t h e 
a l g e b r a i c p o w e r l a w o f E q u a t i o n 4 a r e n o t e a s y t o d i s 
c u s s , f o r t h e moment ( c f . o r d e r o f m a g n i t u d e f i t s i n 
F i g u r e s 3, 4 ) , a s t h e y c o n t a i n - p a r a l l e l t o t h e s t a t i c 
p r o p e r t i e s o f l o w d i m e n s i o n a l i t y , d i s o r d e r and h e t e r o g e -
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n e i t y - t h e d y n a m i c a l e f f e c t o f m o t i o n a l n a r r o w i n g c a u s e d 
by s o l v e n t s c a t t e r a n d r o t a t i o n a l s a m p l i n g . As l o n g a s 
s y s t e m a t i c t r a n s i e n t e x p e r i m e n t s down t o l o w e r t e m p e r a 
t u r e s h a v e n o t b e e n d o n e , i t i s t h e r e f o r e y e t n o t p o s 
s i b l e t o a l l o w d r a w i n g o r d e r o f e s t i m a t e s f o r t h e a v e r a g e 
h o p p i n g t i m e o f a p o l y m e r e x c i t o n i n f l u i d s o l u t i o n . 

To c l o s e t h i s p a p e r , we b e l i e v e t h a t b o t h t h e t h e o r e 
t i c a l and e x p e r i m e n t a l a s p e c t s o f e x c i t e d - s t a t e r e l a x a 
t i o n i n a r o m a t i c p o l y m e r s w i l l c o n t i n u e t o be t h e s u b j e c t 
o f l i v e l y d e b a t e i n t h e n e a r f u t u r e . T h u s , t h e a n a l y s e s 
o f n o n - e q u i l i b r i u m t r a n s p o r t b a s e d upon a s y m m e t r i c e n e r 
g y - s p a c e m a s t e r e q u a t i o n s ( i L i , 51) as w e l l as t h e o r e t i c a l 
m o d e l s f o r a d e s c r i p t i o n o f EET a n d r o t a t i o n a l s a m p l i n g 
a r e c h a l l e n g i n g m a n y - p a r t i c l e p r o b l e m s i n p o l y m e r p h o t o 
p h y s i c s . F r o m an e x p e r i m e n t a l s t a n d p o i n t o f v i e w , t h e 
t i m e r e s o l u t i o n o f f l u o r e s c e n c e s y s t e m - c o n f i g u r a t i o n s 
r e q u i r e s f u r t h e r i m p r o v e m e n
c e p t s . M o r e o v e r , s i t e - s e l e c t i v
ques s h o u l d h e l p t o r e v e a l t r a n s i e n t e x c i t e d - s t a t e d i s 
t r i b u t i o n s , e n e r g y r e l a x a t i o n and t r a p p i n g on s u b - p s t i m e 
s c a l e s i n f o r t h c o m i n g m e a s u r e m e n t s . 
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Chapter 19 

Influence of Chromophore Organization 
on Triplet Energy Migration 

in Amorphous Polymer Solids 

Richard D. Burkhart and Norris J. Caldwell 

Department of Chemistry, University of Nevada, Reno, NV 89557 

A study of the comparativ
migration has bee
polymers and on vinyl aromatic polymers. In both cases 
specific rate constants for triplet exciton migration 
were estimated from rate constants for triplet-triplet 
annihilation. The rate data were obtained by using a 
laser pulse-optical probe method to determine triplet 
concentrations directly by triplet-triplet absorption. 
It is found that triplet exciton migration rates for 
polymers are ten-fold to one-hundred-fold larger than 
those for doped polymer matrices probably due to the 
more dense local chromophore concentrations in the 
former. 

Natural chemical and physical processes occurring in l iv ing organisms 
have tradit ional ly been a source of curiosity to practicing 
scientists and have often provided the jumping-off place for 
fundamental studies. Photochemists, in particular, have been led to 
f e r t i l e f ie lds for investigation after contemplating the various 
light-induced biological processes such as photosynthesis and the 
visual process. One of the very clear lessons which these 
investigations have brought to l ight is the importance of proper 
organization of molecules or chromophobe groups in order to 
accomplish the task at hand. Somehow the organism manages to achieve 
the proper structural arrangement taking advantage of chemical and 
physical laws and i ts own evolutionary propensities. Chloroplasts in 
the leaves of green plants provide the classical example. 

The challenge which these naturally occurring processes 
presents, of course, involves the laboratory construction of 
organizational units which also are able to perform some 
pre-determined, photo-initiated task. It seems to be widely accepted 
that a necessary f i r s t step to this end requires a clear 
understanding of the interaction between the mechanism of electronic 
energy migration and the role played by the positioning of 
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chromophoric groups(l). Most of the examples to be discussed here 
and, in fact, the majority of experimental studies have focussed upon 
organic chromophores which exist in the ground state with zero 
electron spin angular momentum. Thus, spin allowed singlet-singlet 
and t r i p l e t - t r i p l e t transitions and spin forbidden s ing let- t r ip let 
transitions are the primary ones to be considered. 

In the present work a major emphasis has been placed on those 
processes involving excited t r ip le t states. A partial just i f icat ion 
for this particular choice is that many different experimental 
methods exist for evaluating the rate of t r ip le t exciton migration. 
These include the use of spatial ly intermittent excitation (also 
called the transient grating method)(2), time-dependent optical 
anisotropyO), luminescence quenching(4), time dependent spectral 
shifts(5), and rates of t r i p l e t - t r i p l e t annih i lat ion^). In 
addition, the relatively long l ifetime of t r ip le t states places a 
l ighter burden of performanc  detectio  equipment d make  th
direct observation of thes

A severe and sometime
study of t r ip le t states is that i t is usually d i f f i c u l t to prepare 
them by direct photon absorption. Usually an intermediate excited 
singlet state must be formed followed by intersystem crossing or else 
a sensitization technique is used. In either case, one must be 
careful to distinguish between energy migration among t r ip lets on the 
one hand and among precursor states on the other. 

Doped Polymer Matrices 

The Secluded Pair. An example of the effects of energy migration 
involving excited electronic states which precede t r ip le t formation 
is provided by experiments on time-dependent optical anisotropyO). 
For example, when polystyrene matrices doped with 1,2-benzanthracene 
(BZN) are photoexcited using a vert ical ly polarized beam, the 
resulting phosphorescence polarization increases in absolute 
magnitude with increasing time over a period of 50 msec as does the 
delayed fluorescence polarization. The fact that these delayed 
luminescence polarizations are near zero when observed at f i f t y ysec 
after the excitation pulse is understandable i f rapid scrambling of 
the transition dipole vector has occurred among the precursor excited 
singlet states. But why, then, does the polarization not maintain 
this zero value at longer times? 

A plausible answer to this question leads to a f i r s t glimpse of 
some rudimentary structural features appearing even in these 
molecularly doped matrices. In any solute-solvent system, even an 
ideal one, there wi l l be some distribution function describing 
average intermolecular separation distances. Thus, i f the 
distribution is frozen at some instant in time there wi l l exist 
certain regions which are more densely populated than others. The 
model adopted here for the doped polymer matrix is essentially that 
of a f lu id solution, but not necessarily an ideal one, which has been 
instantaneously frozen so as to immobilize both solute and solvent 
molecules. In densely populated regions, t r i p l e t exciton migration 
wi l l give r ise to relat ively rapid t r i p l e t - t r i p l e t annihilation and a 
faster than average rate of t r ip le t migration and decay. It is these 
same regions in which there wi l l be the most complete scrambling of 
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the transition dipole both for precursor singlet states and t r ip le ts . 
As the emission intensity decreases the t r ip le t states which remain 
at longer times tend to be those in less populated regions with few 
neighbors properly situated to be an energy acceptor. Thus, at long 
times, t r ip le t emission comes primarily from those molecules which 
are the same ones excited by the i n i t i a l excitation pulse. 

Upon closer examination i t is found that the delayed 
fluorescence (DF) polarization from these BNZ/polystyrene matrices 
approaches a value near 0.25 which is one-half the theoretical 
maximum of 0.5. This fact suggests the existence of another type of 
structural feature, a so-called secluded pair , in which two molecules 
are signif icantly closer to each other than to any third species(7). 
A t r ip le t exciton localized at such a pair would be expected to 
spend, on average, f i f t y percent of i t s time at the molecule which 
or iginal ly absorbed the exciting photon and f i f t y percent at the 
partner s i te . Thus, t r i p l e t - t r i p l e t annihilation involving 
interaction of a second
with equal probabil ity,
excitation polarization or else randomly oriented with respect to i t . 

Thus, BNZ-doped polystyrene appears to possess two structural 
features which influence the characteristics of the delayed 
luminescence. One of these involves clusters of BNZ molecules 
consisting of relat ively densely populated regions along with others 
which are much less densely populated. The other consists of 
molecular pairs which are capable of trapping excitons by virtue of 
kinetic barriers as opposed to energetic ones. Although i t might 
seem that features of this sort would be common to a l l molecularly 
doped polymers, a search for them in N-ethylcarbazole (NEC) doped 
polystyrene revealed no indication of their presence. In particular, 
there was found to be no time dependence of the delayed luminescence 
polarization on the millisecond time scale(8). With NEC, however, 
one does find a dependence of the delayed luminescence polarization 
on dopant concentration. That i s , the polarization decreases 
monotonically as the concentration increases. 

Tr ip let Decay and Exciton Migration. The rate of t r ip le t state decay 
following a photoexcitation pulse is conveniently followed by 
monitoring the time dependence of the delayed fluorescence. A 
l imitation of this approach is that absolute t r ip le t concentrations 
cannot usually be evaluated and so rate constants for processes 
having a kinetic order greater than unity cannot be determined. 

More information about these important higher order decay 
processes is available by direct measurements of absolute t r ip le t 
concentrations. For example, in the case of BNZ-doped polystyrene i t 
was possible to obtain k 2 in the rate equation 

-dT/dt = kxT + k 2 T 2 (1) 

by measuring the time dependence of Τ using optical absorbance of 
this species(9). In this equation Τ is the t r ip le t concentration, k 1 

i s the rate constant for the f i r s t order decay of t r ip lets and k 2 i s 
the specif ic rate for t r i p l e t - t r i p l e t annihilation. 

The cluster model which was proposed to explain the time 
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dependent increase of the absolute delayed luminescence polarization 
would also predict that apparent k 2 values should decrease 
monotonically with time. T r ip le t - t r ip le t absorption studies on 
BNZ-doped polystyrene, in fact, were carried out to test this very 
point. It was indeed observed that in the f i r s t 25 msec following 
excitation there is a steady decline in k 2 and that the f inal 
asymptotic value of k 2 increased with increasing solute 
concentration^). Such experiments do not, of course, prove that the 
suggested model is correct but are, at least, consistent with the 
model's predictions and provide evidence for the power of this type 
of technique. 

An additional benefit to be derived from direct measurements of 
k 2 involves i t s relation to rates of exciton migration using the 
tneory of diffusion controlled processes. The rate constant for a 
purely diffusion controlled reaction may be written in the form (10) 

where r is the encounter diameter, D is the diffusion coeff ic ient and 
Ν is Avogadro's number. If D is expressed in cm /sec and r in cm, 
then k has the units of M sec . An estimate of 15 A was 
suggested by Birks( l l ) for the encounter diameter for t r i p l e t - t r i p l e t 
annihilation. The rate constants k . f and k 2 are linked by an 
efficiency factor, that i s , k 2=qk. f where q has upper and lower 
l imits of 2 and 0 respectively(12?. Thus, measurements of k 2 y ie ld 
experimental values of qD. Measurements of this sort have been made 
for a number of different polymer/dopant systems. These have been 
collected over the last several years in these laboratories and are 
summarized in Table I. 

Table I. Second Order Rate Constants for Tr ip let Decay 
Found in Various Polstyrene/Dopant Systems 

- — -

Dopant Molecule Concentration Τ k a xl0 Ί 

jM) (K) (M^sec" 1 ! 

N-carboethoxycarbozole 0.0944 77 1.8 
1,2-benzanthracene 0.230 298 11.1 
1,2-benzanthracene* 0.114 298 29.2 
naphthalene 0.047 298 
*Using poly( -methylstyrene) as the matrix 
•Long time asymptotic value of k 2 

For the polystyrene matrices i t is clear that k 2 values on the 
order of 10 to 10 seem to be typical . Values of qD were calculated 
from these rate constants using as encounter radi i either the 15 A 
suggested by Birks or the average intermolecular separation distance 
calculated from the equation derived by Chandrasekhar (13), whichever 
was smaller. The results are presented in Table II . Again very 
l i t t l e individuality among the dopant molecules is noted. 
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Table II . Values of qD for Various Dopant/Polystyrene Systems 

Dopant Molecule r* 
(A) 

Concentration 
(M) 

qDxlO 1 2 

(cm /sec) 

N-carboethoxycarbazole 14.4 0.0944 1.8 
1,2-benzanthracene 12.8 0.134 1.6 
naphthalene 18.2 0.047 1.6 

As a f inal step in this analysis i t may be assumed that these 
exciton migrations occur by a sequence of random f l ights for which 
the mean square displacement in unit time is equal to 6D. The mean 
square displacement is the product of the frequency of migratory hops 
(f) and the square of the length of each hop U )  Thus  fil = 6D 
and, using the mean separatio
abitrar i jy setting q =
600 sec" for the three systems of Table II . 

These results may well be typical of most polymer/dopant 
systems. Certainly the behavior of these systems with respect to 
t r i p l e t exciton migration seems quite similar in spite of their 
rather dist inctive molecular architecture. Let us now turn to an 
examination of systems in which chromophore units are regularly 
arranged by virtue of their being bonded to the backbone of a polymer 
chain. In this way, i t may be possible to assess the effects of 
chromophore organization on the mechanism of t r ip le t exciton 
migration and decay. 

Pure Polymer Systems 

General Observations. The t r ip le t photophysical behavior of most 
polymeric systems is quite dependent on the particular physical 
state. It is important to distinguish, for example, whether one is 
dealing with neat polymer films or with solutions. If the lat ter , 
then the f lu id i ty of the solution wil l also be important. 

One reason for this preoccupation with the physical state 
concerns the ease with which t r ip le t excimer formation occurs. 
Phosphorescence from t r ip le t excimers, for example, is common in 
sol id polymeric films but much less common in r ig id solutions. For 
this reason, the interpretation of rate processes involving t r i p l e t 
states tends to be simpler to handle and more susceptible to 
quantitative treatment for r ig id polymer solutions. 

An interesting feature of delayed luminescence from polymers 
which sets them apart from their monomeric analogues is the very 
prominent delayed fluorescence (DF) emission which is usually 
observed. This, in fact, may be taken as a primary feature of 
photophysical behavior which may be direct ly linked to chromophore 
organization. For many different polymers i t has been shown that the 
process of t r i p l e t - t r i p l e t annihilation is responsible for the 
prominent DF emission observed. In fact, for dilute polymer 
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solutions the annihilative process appears to be almost exclusively 
intramolecular in character(14,15). 

Since i t wil l be necessary to distinguish between t r ip le t 
excitons which are mobile from those which are trapped at an excimer 
forming s i te , the symbol Τ wi l l be used to represent molar 
concentrations of the former and T. for the latter . If more than one 
type of trapped t r ip le t is present, an additional numerical subscript 
wi l l also be used, i . e . T^9 T t 2 or9 in general, Tty 

Neat Polymer Films. It is interesting to compare the t r ip le t 
photophysical properties of poly(N-vinylcarbazole) (PVCAM16) on the 
one hand and poly(l-vinylnaphthalene) (P1VN)(17) on the other when 
each is examined as a pure polymer f i lm. Both polymers exhibit a 
prominent excimer phosphorescence band as well as a dist inct delayed 
fluorescence emission. In addition, the delayed fluorescence arises 
by a process of t r i p l e t - t r i p l e t annihilation for both polymers
Furthermore, the luminescenc
of the type 

Τ. ^ Τ + 4 ° (3) t m 

exist where ^E0 i s an excimer forming s i te . That i s , excimer 
formation is a reversible process. One manifestation of this 
equilibrium is the shi f t of the center of gravity of the 
phosphorescence band to longer wavelengths as the temperature is 
raised. Presumably this occurs because of the selective loss of the 
highest energy excimer species by detrapping as the temperature 
r ises . The mobile excitons produced are then free to probe available 
trap sites and, of course, wil l tend to populate the lower energy 
ones select ively. Thus, the average energy of populated excimer 
sites decreases with increasing temperature. 

An important difference in photophysical behavior between the 
naphthalenic and carbazole polymers is the lifetime of the mobile 
exciton compared with that of the t r i p l e t excimer. For PVCA the 
mobile exciton is much shorter l ived than the excimeric species but 
for P1VN just the reverse is true. In both polymers the primary mode 
of delayed fluorescence production involves a hetero-annihilation of 
the type 

Τ + T. —> X E* + 1M° (4) m t 

Thus, the delayed fluorescence l ifetime is essentially equal to that 
of Τ for PVCA and to T. for P1VN. The latter is easy to prove since 
excimer phosphorescence and delayed fluorescence lifetimes are the 
same for P1VN. For PVCA at 77 Κ τ « τ but no direct and 
independent measure of the lifetime of T p Tn PVCA has been 
accomplished at this time. 

Delayed fluorescence lifetimes for these two polymers indicate 
that there is more than one type of excimeric species present. It 
had been pointed out by Siebrand(18) that when this situation obtains 
and when the lifetime of mobile the exciton is less than that of the 
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excimeric species, then one should observe that the delayed 
fluorescence intensity goes through a maximum when plotted as a 
function of the absolute temperature. This predicted maximum i s , in 
fact, found for sol id films of PYCA and, as expected, is not observed 
for sol id films of P1VN. 

Polymers in Rigid Solution. The emission spectrum of PCVA in 
2-methyltetrahydrofuran (MTHF) at 77 Κ consists of prominent delayed 
fluorescence and phosphorescence bands(19). For this reason i t was 
decided to investigate the rate of t r i p l e t exciton decay in these 
r ig id solutions and to treat the data in terms of concurrent f i r s t 
and second order processes. For systems in which an equilibrium 
distribution of potential reactants may be assumed, eq 1 may be 
employed for data analysis. It i s not clear, however, that such a 
distribution is valid for polymer solutions especially in l ight of 
evidence suggesting that T-T annihilations occur principally by 
intra-coi l processes(14-15)

A recent investigatio
for analyzing data on the rate of t r i p l e t state disappearance using 
models involving only intramolecular migration of t r ip le t excitons 
(Burkhart, R. D. Chem. Phys. Lett . , in press). A one-dimensional 
model allowing only nearest neighbor migrations was compared with a 
three-dimensional random f l ight model. Physically rea l i s t i c results 
were obtained only with the three-dimensional model. 

Furthermore, the diffusion coeff icients for t r ip le t exciton 
migration extracted from this three-dimensional intramolecular model 
were nearly the same as those obtained using the conventional kinetic 
equation ( i . e . eq 1). The hopping frequencies for t r ip le t exciton 
migration in PYCA for these three models are summarized in Table 
111(20). Neither the electron exchange mechanism(21) nor the Forster 

Table III. Frequencies of Tr ip let Exciton Migration for Rigid 
Solutions of PYCA in MTHF at 77 Κ Using Various Models for 

Data Analysis 

Assumed Model Migration Frequency 
(cm"1) 

Conventional 3xl0 5 

Intra-co i l , one dimensional 6 7 4 
Intra-coi l , three dimensional 2x10* 

dipole-dipole mechanism(22) can account for the one-dimensional 
model. For the other two models, however, the frequencies are on the 
order of ten-fold larger than those found for doped polystyrene 
matrices. 

Thus, for the polymer systems investigated to this point, there 
are only modest enhancements of the exciton migration frequency 
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compared with molecularly doped polystyrene. Furthermore, the 
enhancements which are found may be due simply to a higher local 
density of chromophores in the case of the polymeric systems. 

Time-Dependent Phosphorescence Spectra of Polymers. Although a 
strong similarity exists between phosphorescence spectra of vinyl 
aromatic polymers and the corresponding monomeric analogues, i t is 
interesting to focus attention upon the differences which exist 
between these spectra. A sample comparison is provided in Figure 1 
between NEC and PVCA both as dilute solutions in MTHF at 77 Κ (23). 
Both spectra are recorded using comparable conditions and instrument 
parameters. 

In the spectrum of PYCA i t seems that the 0-0 emission band is 
present only as an unresolved shoulder and that the remaining 
structural features of this spectrum are somewhat broadened compared 
with those of NEC. An attempt was made to achieve better resolution 
of the 0-0 band of PYCA
scans of the emission band
variable delay times following excitation. These results are 
presented in Figure 2. 

Two observations about the 0-0 phosphorescence band of PYCA 
emerge from these experiments. In the f i r s t place a clear resolution 
of this band i s , in fact, achieved. In addition, the intensity of 
this band decreases relative to longer wavelength components by using 
long delay times on the order of several hundred milliseconds. An 
obvious corollary to this effect is that apparent phosphorescence 
decay times wil l depend upon the wavelength chosen for the 
measurement. Such effects are not large but they are readily 
measurable. 

Evidently these interesting t r i p l e t state phenomena are recorded 
here for the f i r s t time for a polymer system. Similar observations 
have been made, however, by Bassler and coworkers on amorphous 
benzophenone(5). The interpretation put forward to account for the 
effect involves t r ip le t exciton migration in the inhomogeneously 
broadened prof i le . As indicated above for sol id f i lm spectra, the 
tendency is for the migrating excitons to seek out the lowest energy 
s i tes . Therefore, excitons at relat ively high energy sites may not 
only relax to the ground state but may also migrate to lower energy 
sites releasing some fraction of their energy to the la t t i ce . The 
rate of disappearance of such excitons wi l l clearly be greater than 
that of lower energy ones which have fewer channels available for 
energy dissipation. 

In order to demonstrate this effect to best advantage i t was 
necessary to choose a PYCA sample having a relat ively low molecular 
weight. In this way interference of the phosphorescence emission by 
delayed fluorescence is minimized. These are provacative results 
because they indicate that there may be no well defined lowest 
t r i p l e t state in vinyl aromatic polymers unless special ster ic or 
electronic effects are present which nul l i fy inter-chromophore 
interactions. On the other hand, they may provide an additional tool 
with which to investigate rates of energy migration in polymers and 
in some polymer/dopant systems as well . 
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Figure 1. Phosphorescence spectra of NEC (upper) and PYCA 
(lower) in solution at 77 K. Both spectra are recorded at 50 
msec following the excitation pulse using a monochromator band 
pass of 6 nm. 

Ζ 

4 0 0 4 2 0 4 4 0 4 6 0 4 8 0 
W A V E L E N G T H (nm) 

Figure 2. Time resolved phosphorescence spectra of PYCA in 
solution at 77 Κ using a monochromator band pass of 2 nm. Delay 
times of 400 msec (upper) and 800 msec (lower) were used. 
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The different type
migration and transfe
energy within individual polymer chains are 
discussed. Certain advantages are offered by a 
method involving analysis of the quenching of 
phosphorescence of the donor chromophores by co-
polymerized phosphorescent traps. This approach 
is illustrated with new copolymers containing 
1-aceto-2-naphthyl methacrylate as the donor and 
2,4-diaceto-1-naphthyl methacrylate as the 
acceptor. The triplet states in poly(acetonaphthyl 
methacrylate) are mobile and a hopping frequency 
of 3x103 s-1 between individual donors was 
determined for poly(1-aceto-2-naphthyl methacrylate) 
in dilute solution in 1:1 THF/2-methyl THF glass at 
77K. 

The " t r ip let antenna effect" is the hopping or migration of t r ip le t 
excitation between donor chromophores until transfer to a t r ip let 
quencher can occur. Singlet and t r ip le t electronic energy migration 
have captured the imagination of many polymer photophysicists for 
several reasons (1-3). These processes represent the reproduction 
in a single macromolecule of the same "antenna effect" which feeds 
electronic excitation into the reaction centre of plant chloroplasts 
(4,5). The chloroplast is arguably the most important of all photo
chemical systems, and yet the antenna effect has been largely 
ignored by both biophysicists and classical photochemists. Here is 
a chance for polymer photophysicists to contribute to the larger 
sphere of science. Energy migration may also have an immediate 
practical consequence in the photochemistry of certain polymers 
(6). It leads to enhanced quenching, both by unreactive chromo-
phores (stabi l izers) and by photolaoile chromophores (sensit izers). 
What are the overall effects on the useful l ifetimes of new plas
tics? 
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Review of the Literature 

Estimates of the rate and range of t r i p l e t energy migration as 
measured by different techniques vary enormously. For this reason 
i t is worthwhile to summarize the l i terature on t r ip le t energy 
migration in polymers and to point out some assumptions in the d i f 
ferent experimental approaches. 

The major experimental approaches to detecting t r ip le t migra
tion are: 
1. By studies of delayed fluorescence at low temperature. 
2. By analysis of the quenching of phosphorescence by small mole

cules at low temperature. 
3. By observing the quenching of photochemical reactions of the 

tr ip let state, both by smal1-molecule quenchers and by copoly-
merized quenchers in f lu id solution. 
At low temperature t r ip le t lifetimes in polymers such as poly

(N-vinyl carbazole) an
long that i t is possibl
chain. Interaction of two migrating t r ip lets leads to t r i p l e t - t r i p 
let annihilation and delayed fluorescence. Thus the observation of 
delayed fluorescence by i t s e l f indicates t r ip le t energy migration 
(7-9) . Quantitative measurements of the rate of hopping ω of the 
t r ip le t excitation are obtained by observing the quenching of 
tr ip let phosphorescence and delayed fluorescence by added 
small-molecule quenchers such as 1,3-pentadiene or biacetyl (10,11) 
or by observing the effects of molecular weight on the ratio of 
intensit ies of delayed fluorescence and phosphorescence (12-15). 
The d i f f i c u l t y with interpretation of quenching by small molecules 
i s determination of the true number of contacts between an indiv i
dual chain and the quencher. Among the assumptions made in arriving 
at a value for ω from small-molecule quenching studies are an iso
tropic quencher distribution and an educated guess of the interac
tion distance between donors. Values of ω obtained for naphthalene-
containing polymers by the two methods dif fer substantially, from ω 
= 100-300 s " 1 for the quenching experiments (10,11,16,17) to ω = 
10 5 -10 6 s" 1 from molecular weight effects (10,15). 

Different problems are encountered when quenching studies are 
carried out on f lu id solutions at room temperature (2,18). Analysis 
of the quenching effect is usually made using the Stern-Volmer equa
tion: 

φ 0 /φ = τ 0 / τ = 1 + kg T 0[Q ] (1) 

where [Q] is the quencher concentration, kg is a rate constant for 
bimolecular quenching, and ψ 0 and τ 0 are the quantum yield and l i f e 
time of the t r ip let state in the absence of quencher. The quenching 
phenomenon can be studied both by observing a reduction in the 
quantum yield ψ of a photoreaction proceeding from the t r ip le t 
state, or by direct determination of the t r ip le t decay time by 
transient absorption spectroscopy. The problem begins with the 
interprétation by the rate constant k n , which contains contribu- x 

tions both from energy migration and diffusion. It is necessary to 
compare kg with the value of kg obtained for the same chromo
phore in a system where there can be no energy migration. Such a 
system can be a small molecule model compound containing only a 
single chromophore or a copolymer containing only a low mole frac-
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tion of chromophore-containing units. In the former case problems 
arise because the diffusion coefficient D of the polymer is smaller 
than that of the small molecule, so that the approximation is fre
quently made that D = 0 for the polymer. In the second approach 
there may be differences between homopolymer and copolymer in the 
accessibi l i ty of the chromophore to the quencher, depending on the 
relat ive size of adjacent monomer units. 

Webber and co-workers concluded that the mobility of the t r i p 
let state in poly(2-vinyl naphthalene) during i ts ys excited state 
l ifetime was negligible at room temperature (19). On the other hand 
Scaiano's group conducted a thorough study of quenching of polymers 
of substituted acrylophenones by small molecules (20), and observed 
that kg for the homopolymer was always less than kg for the 
di lute copolymer, a result which would also indicate the absence of 
signif icant t r ip let energy migration in f lu id solution. However, 
because this group believed they had evidence from another type of 
experiment (see below) fo
s" 1 ) in the homopolymers
energy migration in polymers was to decrease the eff ic iency of 
quenching by small molecules. It is d i f f i c u l t to visualize how a 
random process such as energy migration could consistently carry the 
excitation away from a potential quencher, and in our opinion, the 
body of results compiled by Scaiano's group actually constitutes 
strong evidence against ef f ic ient t r ip let migration in poly(acrylo-
phenone) and similar polymers at room temperature. 

A further class of experiments to determine the role of t r ip le t 
energy migration involves studies on polymers containing copolymer-
ized quenchers. For example Scaiano and co-workers observed that 
the quantum yield of chain scission in poly(acrylophenone) decreased 
with irradiation time. The authors concluded that terminal acrylo-
phenone chromophores created by the Norrish Type II reaction were 
acting as quenchers, and developed a model incorporating energy 
migration between chromophores on the chain to end groups. This 
analysis gave values of ω of up to 4 x l 0 n s" 1 (21,22). However, the 
same group examined copolymers of phenyl vinyl ketone with o-tolyl 
vinyl ketone and found that at 10% of the 2nd monomer the quantum 
yield of chain scission was reduced by only 50% (23). Such an 
eff ic iency of quenching is inconsistent with a high hopping fre
quency. Other experiments on copolymer!zed quenchers have also 
fa i led to uncover evidence for signif icant t r ip let energy migration 
on the time scale of the excited state l ifetime (24,25). It must be 
stressed that Scaiano's argument for ef f ic ient t r ip le t energy migra
tion also re l ies on a quenching experiment - and therefore should be 
subject to the same conclusion reached by that group in their stud
ies of the quenching by small molecules, namely that energy migra
tion reduces the eff iciency of quenching rather than enhancing i t . 

The preceding analysis and review of the l iterature indicate a 
need for additional types of experiments to study t r ip le t mobility 
in polymers. One experiment which has been particularly useful in 
studies of singlet energy migration in polymers, involves determina
tion of the quenching of donor emission by a known mole fraction of 
a copolymerized luminescent quencher (26). We have extended this 
approach to the study of t r ip let states. The polymers chosen for 
study are homopolymers of isomeric acetonaphthyl methacrylates 
(aceto-NMA, 1). A related monomer, 2,4-diaceto-l-naphthyl 
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1 2 

methacrylate 2 functions as a copolymerizable t r ip le t quencher. 
These polymers were chosen for several reasons. The phosphorescence 
of the acetonaphthyl este  chromophor  i  intens t 77K  that 
spectra of high quality
yield of intersysteTi crossin
interference from singlet energy migration is not a problem. 
F inal ly , the t r ip let states have πη* character and correspondingly 
long lifetimes at 77K. As a result the effects of t r ip le t energy 
migration are expected to be particularly evident. 

Experimental 

Materials Full details of the preparation, purif ication and 
spectroscopic characterization of the monomers and polymers will be 
published elsewhere (Holden, D.A.; Safarzadeh-Amiri, A. 
Macromolecules, submitted). Four isomeric acetonaphthols and 
2,4-diaceto-l-naphthol were synthesized by known reactions (27), as 
sunmarized in Scheme I. Purif ication of these compounds was 
achieved by a combination of recrystal1ization, d i s t i l l a t i o n and 
sublimation, and took advantage of the large differences in boil ing 
point and so lubi l i ty between intramolecularly Η-bonded isomers such 
as l-aceto-2-naphthol and intermolecularly Η-bonded isomers such as 
4-aceto-l-naphthol. The methacrylate esters were synthesized by 
reaction with methacryloyl chloride in CH2C1 2 at 0-20°C in the 
presence of 1 equivalent of pyridine. The monomers are crystal l ine 
solids and their structures were verif ied by IR, NMR and elemental 
analysis. 

Polymers were prepared by AIBN-initiated free-radical 
polymerization in degassed toluene at 60°C. With the exception of 
poly(4-aceto-l-naphthyl methacrylate), the polymers precipitated on 
formation. Polymers were purified by reprecipitation from CHC1 3 

into methanol. Copolymer compositions were determined by UV 
spectroscopy using the extinction coefficients of the corresponding 
homopolymers and of 2,4-diaceto-1-naphthyl methacrylate monomer as 
references. Tables I and II l i s t the properties of the homopolymers 
and copolymers used in the present study. 
Speçtrosçopic Techniques Luminescence spectra were recorded on a 
Perkln-Elrner MPF-2A spêCtrofluorimeter with phosphorescence and low 
temperature accessories. Sample ce l l s consisted of 3 mm o.d. tubes 
of low-fluorescent quartz connected to a 6 mm diameter stem, and all 
samples were deoxygenated with high purity nitrogen introduced 
through NMR septa via a pair of long stainless steel needles. 
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Scheme 1. Synthesis of isomeric acetonaphthols. 
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Table I. Homopolymers from isomeric acetonaphthyl methacrylates 

Monomer % Conversion M^xlO"4*) 

1- aceto-2-NMA 70 12.1 
6-aceto-2-NMA 15 11.3 
2- aceto-l-NMA 19 1.2 
4-aceto-l-NMA 15 4.3 

Solutions were prepared having optical densities at the excitation 
wavelength of 0.1 to 0.2 in a 1 mm c e l l . 2-Methyltetrahydrofuran 
(2-MeTHF) and THF were purified by d i s t i l l a t i o n from LiAlH^ under 
nitrogen and spectra were recorded of polymers dissolved in 1:1 
THF/2-MeTHF. This mixture gives a glass of the same high optical 
quality as 2-MeTHF. Relative quantun yields of phosphorescence were 
obtained by comparison of emission intensities of samples having the 
same optical densities a
Phosphorescence decays
and camera and cutting out the excitation beam using an 
electromechanical shutter. 

Results and Discussion 

The isomeric poly(acetonaphthyl methacrylates) are white powders 
soluble in THF, CH 2C1 2 and CHC1 o. Figure 1 is the infrared spectrum 
of a fi lm of poly(6-aceto-2-NMA) and shows clearly the ester and 
aromatic ketone carbonyl bands of equal intensity. The most 
remarkable feature of these polymers is the degree to which they 
retain static e lect r ic i ty . This property is much more marked for 
the poly(aceto-NMA) samples than for any poly(N-vinyl carbazole) 
sample prepared in our laboratory. It causes the polymer to 
disperse over the inside surfaces of glass sample v ia ls and makes 
transfer of the dry powders very d i f f i c u l t . Figure 2 compares the 
UV absorption spectra of the four homopolyers. Strongly marked 
differences exist between the isomeric polymers depending on whether 
the dipole moments of the two substituents on the naphthalene ring 
reinforce or cancel each other. 

Luminescence Behaviour The photophysics of poly(acetonaphthyl 
methacrylate) is dominated by the t r ip le t state. The absence of 
measurable fluorescence means that the quantum yield for intersystem 
crossing from S x to T x i s essential ly unity. Poly(aceto-NMA) is 
strongly phosphorescent at low temperature, as i l lustrated for one 
isomer in Figure 3. The presence of the C=0 substituent on the 
aromatic ring could also increase the rate of Jx to S 0 internal 
conversion, with a corresponding decrease in the phosphorescence 
quantum yield and l i fetime. This does not occur, however, as the 
decay curves of Figure 4 show. Enhancement of Sj-Tj intersystem 
crossing without an increase in the rate of Τχ-So intersystem 
crossing is typical of ππ* lowest t r ip lets (28). 

Studies of Tr iplet Antenna Effect When copolymers of l-aceto-2-NMA 
with small amounts of 2,4-diaceto-l-NMA are excited at a wavelength 
where almost a l l of the l ight is absorbed by the f i r s t monomer the 
phosphorescence spectrum consists of contributions from both 
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Figure 1. IR spectrum of a film of poly(6-aceto-2-naphthyl 
methacrylate). 

5r 
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Figure 2. UV spectra in CH2C1^ of isomeric poly(acetonaphthyl 
methacrylates). ( ) poly(l-aceto-2-NMA); ( ) 
poly(6-aceto-2-NMA); ( ) poly(2-aceto-l-NMA); ( ) 
poly(4-aceto-l-NMA). 
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λ (nm) 

Figure 3. Phosphorescence spectra in 1:1 THF/2-MeTHF glasses 
at 77K. ( ) 4-aceto-l-NMA; ( ) poly(methyl 
methacrylate-co-1.5% 4-aceto-l-NMA; ( ) poly(4-aceto-l-NMA). 

t i m e ( s e c o n d s ) 

Figure 4. Phosphorescence decays in 1:1 THF/2-MeTHF glasses at 
77K. ( · · · · ) poly(methyl methacrylate-co-0.51%-l-aceto-2-NMA); 
( ) poly(methyl methacrylate-co-5.6% 2-naphthyl 
methacryl ate) 
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chromophores. 2,4-Diaceto-l-NMA thus functions as a highly 
ef f ic ient t r ip let quencher. Typical phosphorescence spectra are 
shown in Fig. 5. These spectra can be readily separated into donor 
and acceptor components IQ and If the relative quantum 
yields Φ[)/Φ/\ of emission from the donor and acceptor 
chromophores are measured in a separate experiment, the quantum 
efficiency of t r ip le t quenching φ[>/\ can be determined using 
equation 2 (26): 

<t>DA ll\ Φ0 (2) 
1 " ΦΟΑ "ÏÏÏ ' ΊΑ 

Table II l i s t s values of ψρ/\ for a series of copolymers. At high 
mole fractions of quencher, the overlap of quenched regions on the 
polymer causes φρ/\ to approac
mole fraction f of 2,4
l imiting number of chromophores quenched per 2,4-diaceto-l-NMA unit 
as the quencher mole fraction approaches zero. Because of the 
d i f f i c u l t y of measuring copolymer compositions at low 
2,4-diaceto-l-NMA content, we were only able to go to 1% as the 
lower l imit . At this copolymer_composition ψο/\=0.40 and the 
average nimber of chromophores η quenched per 2,4-diaceto-l-NMA 
unit, given by equation 3, is 40 ± 4. 

Φ0Α 
η = lim 

f->0 f (3) 

This kind of quenching eff iciency is too high for single-step 
transfer from donor to acceptor and establishes the existence of 
t r ip le t energy migration. This value of ïï is obtained direct ly from 
experimental data and so represents a better way of expressing data 
for t r ip le t energy migration than the hopping frequency ω, a 
quantity derived using several assumptions. For comparison with 
the results of others, however, we can calculate ω from η assuming 
that t r ip le t energy migration is a random walk process: 

ω = η 2 / τ 0 (4) 

where τ 0 is the donor phosphorescence lifetime with no quencher 
present. For η = 40 and τ 0 = 0.51 seconds the calculated hopping 
frequency is 3 χ 1 0 3 s" 1 . This value l ies between those determined 
for poly(vinyl naphthalene) from analysis of quenching by small 
molecules and from observation of molecular weight effects on the 
relat ive intensities of delayed fluorescence and phosphorescence 
(10, 13, 29). It is many orders of magnitude less than those 
determined by Scaiano's group from interpretation of chain-scission 
behaviour in poly(acrylophenones) in f lu id solution (21,22). Energy 
migration does not have a high activation energy. In the case of 
poly(acrylophenones), the t r ip let l ifetime at room temperature is 
shortened from i ts 77K value by several orders of magnitude because 
of the onset of ef f ic ient deactivation processes, including 
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3.9%> 2 , 4 - d i a c e t o - l - N M A 

W A V E L E N G T H ( nm) 

Figure 5. Phosphorescence spectra of polymers in 1:1 
THF/2-MeTHF glasses at 77K. ( ) poly(l-aceto-2-NMA); ( ) 
poly(l-aceto-2-NMA-co-3.9% l-aceto-2-NMA, \çX 292 nm. The 
spectra are normalized to the same intensity at 496 nm. 
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Table I I Quantim Yields <J>DA of Tr iplet Energy Transfer in 
Copolymers of l-Aceto-2-NMA With 2,4-Diaceto-l-NMA Traps 

a b 
Sample Mol % 2,4-diaceto-l-NMA % *n 4>DA 

in feed in copolymer conversion 

1 1.15 1.0 58 84000 0.40 
2 2.36 1.8 60 109000 0.62 
3 4.80 3.9 65 119000 0.85 
4 7.21 6.6 58 62000 0.88 
5 9.74 8.7 54 75000 0.91 

a By membrane osmometry 
b In 1:1 THF/2-MeTHF glass at 77K. 

photochemical react iv ity of the tr ip let state. One would therefore 
expect t r ip le t energy migration to be an insignif icant process in 
such polymers at room temperature. 

In summary the use of polymers containing copolymerized 
luminescent quenchers has allowed determination of the mobility of 
the t r ip le t state in individual chains of poly(l-aceto-2-naphthyl 
methacrylate). Triplet energy migration was shown to be a 
signif icant process in polymers when the lifetime of the migrating 
excited state is unshortened by photochemical reaction or quenching 
by oxygen. 
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Chapter 21 

Aromatic Polymers 
in Dilute Solid Solutions 

Electronic Energy Transfer and Trapping 

Walter Klöpffer 

Battelle-Institute e.V., Am Romerhof 35, D-6000 Frankfurt am Main, 
West Germany 

Energy transfer
environment is y  (length), 
one dimensional exciton hopping, exciton trapping at 
monomeric trapping sites of unknown structure and the 
absence of (sandwich) excimer emissions. The methods 
used to elucidate the mechanism of energy transfer com
prise UV-absorption, fluorescence and phosphorescence 
spectra and quenching, delayed fluorescence caused by 
triplet-triplet annihilation and dynamic measurements. 

Energy transfer in polymers has been studied in the pure solid 
state, in heterogeneous systems (e.g. polymer blends), in liquid 
solutions and in solid solutions. The last case, which will be 
considered here, provides relatively simple and clear experimental 
conditions since interactions between the macromolecules can be 
excluded by dilution and molecular movement is severely restricted 
by low temperature and rigid environment. Thus, excitonic energy 
transfer can be studied without competing molecular movement. The 
luminescence of dilute, solid solutions of aromatic polymers is not 
dominated by excimers - in sharp contrast to the other modes of 
observation - so that side group fluorescence and phosphorescence 
can be observed. This does not mean, however, that exciton trapping 
processes are absent in these systems. 

If the exciton motion is considered to be due to random hopping 
between the aromatic side groups along the chain, this movement 
should be quasi-one-dimensional (1). The term "exciton", i f used for 
energy migration in amorphous polymer systems, always refers to the 
exciton hopping model as opposed to the exciton as a crystal state 
(exciton band model). The disadvantage of lower order in these sys
tems compared to molecular crystals is counterbalanced by a higher 
degree of "isolation" in dilute solutions of macromolecules, jumps 
between different chains being very unlikely. Another unique fea-

0097-6156/87/0358-0264$06.50/0 
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t u r e , which l i n k s the experiments discussed here with photosynthesis 
(2) and recent t h e o r i e s (3̂ ) i s the f i n i t e volume of polymer c o i l s or 
f i n i t e length of the polymer chains. This property causes the most 
unusual e f f e c t of the molar mass dependence of t r i p l e t - t r i p l e t 
a n n i h i l a t i o n (4-7). 

There are, however, numerous other l e s s showy observations 
which give i n s i g h t i n t o energy t r a n s f e r of aromatic macromolecules. 
Some of these w i l l be discussed i n the f o l l o w i n g three s e c t i o n s , 
followed by a b r i e f account on t r i p l e t - t r i p l e t a n n i h i l a t i o n . 

U l t r a v i o l e t Absorption 

UV-Absorption spectroscopy would deserve more a t t e n t i o n i n polymer 
research than i t a c t u a l l y r eceives ( 8 ) . The absorption bands of 
aromatic groups i n polymers have n e a r l y the same s p e c t r a l p o s i t i o n 
as the corresponding bands of monomeric models  provided that the 
backbone i s not of the TT
absence of any a d d i t i o n a
concluded that the ground-state i n t e r a c t i o n between the aromatic 
groups i s s m a l l . The polymer bands are broader than the correspond
i n g monomer bands due to the f a c t that s p e c t r o s c o p i c a l l y there i s no 
t r u l y d i l u t e polymer s o l u t i o n ( 8 ) , the s i d e groups being t i g h t l y 
connected with the backbone and - at l e a s t i n case of homo polymers 
- i n c l o s e neighborhood with t h e i r f e l l o w s . 

This broadening of the bands p a r t l y compensates the obvious 
decrease of the molar absorption c o e f f i c i e n t (£ ) at the band 
maxima. I t i s not t r u e , however, that the compensation i s complete, 
as was roughly estimated i n an e a r l i e r paper (9^. P e r f e c t compen
s a t i o n would mean that the t o t a l absorption strength of a p a r t i c u l a r 
t r a n s i t i o n (n-*m), as measured by the o s c i l l a t o r s trength ( f ) and 
r e l a t e d to the i n t e g r a t e d absorption band (Equation 1), i s the same 
i n the polymer and i n a s u i t a b l e monomeric model. 

Recent q u a n t i t a t i v e work by J . Kowal (10) i n v o l v i n g c a r e f u l band 
separation showed that the hypochromy, i . e . a true decrease of 
fnm» i n Poly(N-vinylcarbazole) (PVCA) may reach the order of the 
strong hypochromy observed i n s o l u t i o n s of h e l i c a l DNA (11). In THF 
s o l u t i o n , e.g., the o s c i l l a t o r s trength of the f i r s t two t r a n s i t i o n s 
( 1A-* 1L b, 29,000 cm"1 and 1 A - * 1 L a , 34,000 cm*-1) amounts to 
f = 0.050 and 0.14 f o r N-Ethylcarbazole, but only f = 0.037 and 
0.085 f o r PVCA O 0 ) . 

There i s no s i g n i f i c a n t d i f f e r e n c e between r a d i c a l l y and c a t -
i o n i c a l l y prepared PVCA samples although the t a c t i c i t y i s reported 
to be d i f f e r e n t (12) and other s p e c t r a l p r o p e r t i e s d i f f e r d r a s t i c 
a l l y (13-15). The r e s u l t s obtained on PVCA confirm e a r l i e r work by 
Okamoto et al. (16) r e p o r t i n g hypochromy data on se v e r a l aromatic 
polymers i n l i q u i d s o l u t i o n obtained by g r a p h i c a l band sep a r a t i o n . 

(1) 

£ i s given i n 1 mol- 1 cm-1 1 i n cnr*1 
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UV-absorption s t u d i e s on aromatic polymers at low temperature 
s o l i d glasses seem to be scarce. In Figure 1, the low temperature 
spectra of PVCA and i t s monoraeric model N-Methyl-carbazole i n MTHF 
gl a s s at 77 Κ are compared (17). The monomer c l e a r l y shows b e t t e r 
r e s o l u t i o n due to sharper absorption bands i n the two lowest t r a n s i 
t i o n s but again the hypochromic e f f e c t i n the polymer i s evident. 

In order to e x p l a i n the hypochromy i n macromolecules, h e l i c a l 
regions have been postulated t h e o r e t i c a l l y (18) and evidenced i n the 
case of DNA (11) whose absorption strength returns to a normal value 
i n h e l i x breaking s o l v e n t s . A small hypochromic e f f e c t has indeed 
been measured i n i s o t a c t i c r e l a t i v e to a t a c t i c Polystyrene by Vala 
and Rice (18). In the case of PVCA, however, n e i t h e r PVCA rad nor 
PVCA cat i s purely s y n d i o t a c t i c or i s o t a c t i c , r e s p e c t i v e l y (12) and 
no s i g n i f i c a n t d i f f e r e n c e between PVCA samples of d i f f e r e n t o r i g i n 
has been observed by Kowal (10) and Okamoto et al. (16). A l t e r n a 
t i v e l y , t h e r e f o r e , the t i g h t packing of bulky aromatic s i d e groups 
i n wormlike chains, eve
sid e r e d as a p o s s i b l e caus
served. 

Fluorescence and S i n g l e t Energy Transfer 

In c o n t r a s t to f i l m - and l i q u i d s o l u t i o n f l u o r e s c e n c e , which i n most 
cases i s exciraeric (9,19-22), s o l i d s o l u t i o n s are mostly of the 
monomeric type (here, as throughout t h i s a r t i c l e , "monomer" does not 
designate the chemical monomer but rat h e r a s u i t a b l e model substance 
of the basic u n i t ) . 

Figure 2 shows t y p i c a l s o l i d s o l u t i o n spectra o f c a t i o n i c a l l y 
prepared PVCA and 1,3-Biscarbazolylpropane (BCP). The main d i f f e r 
ence of t h i s polymer spectrum r e l a t i v e to the low molar mass model 
i s a small red s h i f t which i s a l s o observed i n other aromatic poly
mers (Table I ) , with exception of the more open-structured 
Poly(2-naphthylmethylacrylate). In the case of P2VN no monomer data 
f o r e x a c t l y the same solvent and temperature could be found i n 
l i t e r a t u r e , the blue s h i f t i n d i c a t e d may therefore be f o r t u i t o u s . 
The reason f o r the red s h i f t , which i s not observed i n absorption 
(Figure 1), may e i t h e r be a l a r g e r Stokes s h i f t of a l l side groups, 
due to the d i f f e r e n t e l e c t r o n i c environment f e l t by the si d e groups, 
or the fluorescence may o r i g i n a t e from a few side groups a c t i n g as 
trap s which are populated by energy t r a n s f e r . Again, the traps may 
have a d i s c r e t e s t r u c t u r e or represent low energy t a i l s t a t e s ob
served i n d i s p e r s i v e e x c i t a t i o n transport (30-35) which i s l i k e l y i n 
a l l amorphous molecular systems. 

A d i s t i n c t i o n between the d i f f e r e n t p o s s i b i l i t i e s can be 
achieved by time-resolved fluorescence and quenching experiments 
which have not yet been performed f o r aromatic polymers i n s o l i d 
s o l u t i o n . A more d e t a i l e d d i s c u s s i o n on ex c i t o n trapping i n pseudo 
one-dimensional systems i s presented i n the next s e c t i o n , since much 
more information i s a v a i l a b l e about phosphorescence quenching and 
t r i p l e t e xcitons than about fluorescence. 
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Figure 1. UV-absorption spectra of PVCA and monomeric model 
N-methylcarbazole; r e p l o t t e d a f t e r Schneider (17) 
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Figure 2. Fluorescence spectra of PVCA cat and PCP. The emission 
i n t e n s i t i e s of polymer and dimeric model are not comparable; the 
e x c i t a t i o n spectrum i s not corrected f o r equal quantum i n t e n 
s i t y ; e x c i t a t i o n at 330 ± i | nm 
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Table I: 

Energy Transfer and Trapping 

Polymer Redshift Observed in Fluorescence 

269 

Polymer S-j/cnr1 <a) L i t -

PolyO-vinylnaphthalene) 200 (b) (_19) 
(P1VN) 

Poly(2-vinylnaphthalene) blue shift? (c) (23-25) 
(P2VN) 

Poly(acenaphthylene) 560 (26) 
(PACN) 

Poly(N-vinylcarbazole) 300-360 (d) (14,27,28) 
(PVCA) 

Poly(2-naphthylraethyl- 0 (29) 
methacrylate) 

(a) Wavenumber of S Q of monomeric model compound minus 
Si—>S 0 of polymer, measured at 0-0 or 0-1 etc. vibronic 
peak of the fluorescence spectra; the fluorescence spectra of 
polymer and model have been measured in the same solvent at 
77 Κ i f not indicated otherwise. 

(b) The spectra of monomeric model and polymer have slightly d i f f e r 
ent shapes. 

(c) 2 EtN at -80 °C, THF: 0-3 peak at 29690 cnr 1; P2VN at 77 K, 
MTHF and THF/Diethylether: 0-3 peak at 30.000 cnr 1 

(d) The higher value has been measured by Itaya et al. (14) relative 
to oligomers of PVCA. 

An indication for energy transfer along the chain is obtained from 
radically prepared PVCA (Figure 3) whose fluorescence spectrum is a 
superposition of monomer type emission (the shoulder at 28,000 cm""1 

= 357 nm corresponds to the 0-0 peak at 356 nm in Figure 2) and a 
new band at 26,900 cm-1 ? 372 nm which exactly coincides with the 
0-1 vibrational peak in the cationic PVCA. 

There can be l i t t l e doubt that this new band, which is always 
more prominent in the radically prepared, predominantly syndiotactic 
PVCA samples (12-14,28) is due to the "second excimer", "high energy 
excimer" or "Trap II", which f i r s t was detected in solid PVCA at low 
temperature (4,15,36)» The correctness of this interpretation has 
recently been conformed in a study of the meso- and rac-2,4-di-N-
carbazolyl-pentanes as models of isotactic and syndiotactic se
quences of PVCA (37). It is now generally accepted that syndiotactic 
sequences of PVCA tend to form a partial overlap excimer with low 
binding energy and, hence, high frequency fluorescence. This model 
of Trap II has been proposed by Itaya et al. for the f i r s t time 
(14). The complementary preference of isotactic sequences to form 
the "true excimer", "low energy excimer" or " f u l l overlap (sandwich) 
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Figure 3· Fluorescence spectra of PVCA rad and BCP; emission 
s l i t width i n d i c a t e d ; f r e e of re a b s o r p t i o n , corrected f o r equal 
quantum i n t e n s i t y 
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excimer" is also evident from the studies of stereoregular models 
(37). It was f i r s t demonstrated for models of polystyrene by Bokobza 
et al. (38). 

This excimer, which is easily formed in most aromatic polymers, 
is not observed in glassy solutions. Why, then, can the high energy 
excimer be observed in solid solutions of PVCA rad? G.E. Johnson 
(40) pointed out that the excimer-forming site corresponding to this 
excimer - now known to involve the overlap of only one aromatic ring 
(14) - needs only a small activation energy, i f any. They are pre
sent, therefore, even at low temperature and frozen in during s o l i 
dification of the solvent. It should furthermore be noted that this 
process is not completely absent in cationically prepared PVCA in 
qualitative agreement with i t s only partial isotactic character. In 
some PVCA cat samples, the 0-1 vibronic peak appears to be much 
stronger than shown in Figure 2, indicating some Trap II emission 
(28). 

The absence of lo
and other aromatic polymer
thermal activation to form a sandwich-pair (excimer-forming site) of 
two neighboring bulky aromatic groups. This has been shown by Frank 
for P2VN and Poly(4-vinylbiphenyl) (21 ,39). 

It can furthermore be concluded that during cooling (in most 
cases just putting the sample tube into liquid nitrogen) the macro
molecules have enough time to disperse the (low energy-)excimer-
forming sites which must be present at room temperature as can be 
concluded from the films formed at this or higher temperature (9, 
21, 39). 

Since i t is not likely that (nearly) each sidegroup forms a 
"Trap II" even in radically prepared PVCA, energy transfer has to be 
involved from the randomly excited groups to the high energy-
excimer-forming sites. Since Forster-type long range transfer can 
safely be excluded i f the acceptor i s an excimer-forming site (9_), 
only exciton hopping can explain this energy transfer. This has 
independently been shown by fluorescence depolarization of solid 
solutions of PVCA by Schneider (17). 

Phosphorescence and Triplet Energy Transfer 

Phosphorescence, the spin forbidden, radiative T-j S Q transition 
can easily be observed in most solid solutions of aromatic poly
mers. For reasons to be discussed in the next section, low excita
tion intensity and low molar mass of the polymers favor phosphores
cence relative to delayed fluorescence. Excitation i s done in most 
cases via the singlet system, but especially naphthalene based poly
mers can be sensitized conveniently due to the large S-j - T-| gap 
(11,000 cm-1) of this chromophore (J_). If S0-> S n absorption 
is used for creating the triplets, intersystem crossing may occur 
from the singlet exciton, as i t moves along the chain or from the 
trapped singlet states discussed in the preceeding section. 

There can be no doubt that mobile triplets do exist in solid 
solutions of aromatic polymers, but this does not mean that the 
phosphorescences observed are necessarily emitted from (hopping) 
excitons (41). 
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A typical phosphorescence spectrum of atactic PS has been 
published by Vala, Haebig and Rice (19) together with the monomeric 
model ethylbenzene. The two spectra do not show substantial differ
ences. PVCA i s compared with N-isopropyl-carbazole and BCP in Figure 
4. The loss of vibronic resolution, due to inhomogeneous broadening 
of the polymer phosphorescence and a bathochromic shift of a few 
hundred cm-1 relative to monomeric or oligomeric models is 
characteristic for a l l polymers investigated (Table II). Although 
the shifts observed are smaller than typical binding energies of 
excimers (which again are not observed) they considerably surpass 
the thermal energy kT of 53.5 cm-1 at 77 K. 

Table II: Polymer Red Shift Observed in Phosphorescence 

Polymer T<|/cnr1(a) L i t

Poly(styrene) 
(PS) 

Poly(1-vinylnaphthalene) 
(P1VN) 

Poly(2-vinylnaphthalene) 
(P2VN) 

Poly(N-vinylcarbazole) 
(PVCA) 

Poly(4-vinylbenzophenon) 
(PVB) 

Polyriboadenylic acid 

250 (b) 

410 

480 (c) 

410-510 

370 (d) 

500 (e) 

(19) 

(42) 

(6,43) 

(4,28) 

(44) 

(45) 

(a) Wavenumber of T«|-*S 0 of monomeric model compound minus T-|-> 
S 0 of polymer, measured at 0-0 or 0-1 etc. vibronic peak of 
the phosphorescence spectra; the phosphorescence spectra of 
polymer and model have been measured in the same solvent at 77 Κ 
i f not indicated otherwise 

(b) Spectra of monomeric model and PS have slightly different reso
lution; the value given is an average of the differences of 3 
corresponding peaks 

(c) Nishijima 1s polymer was a copolymer of 2VN (60 %) with styrene 
(43) 

(d) Copolymer of 4-vinylbenzophenone (70 molï) with styrene measured 
against a VB/S copolymer with only 0.7 % VB 

(e) A helical oligomer showed a red shift of 350 cm-1 vs. mono
meric model 

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



KLÔPFFER Energy Transfer and Trapping 273 

Figure 4. Phosphorescence spectra of r a d i c a l l y prepared PVCA(V), 
is o p r o p y l c a r b a z o l e (NIPCA) and 1 , 3-bis-N-carbazolylpropane i n 
MTHF g l a s s at 77 K; the i n t e n s i t i e s are not comparable; emission 
s l i t width i n d i c a t e d . Reproduced w i t h permission from Ref. 
/ 1 0 / . Copyright 1986 Huthig & Wepf V e r l a g , B a s e l , Heidelberg, 
New York 
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One method of ga i n i n g i n s i g h t i n t o the mechanism of energy t r a n s f e r 
i s quenching, using the luminescence ( i n t h i s case phosphorescence) 
as a probe. The quenching molecules are chosen according to t h e i r 
energy l e v e l s , s o l u b i l i t i e s , emission c h a r a c t e r i s t i c s , e t c . Two 
types of experiments have been performed on s e v e r a l aromatic poly
mers, which w i l l be tr e a t e d here i n an analogous way: 

S e n s i t i z e d phosphorescence of copolymers c o n s i s t i n g of s u i t a b l e 
host/quencher p a i r s , the quenching molecules being the m i n o r i t y 
components and have the lower t r i p l e t l e v e l s 
Erraolaev-type quenching experiments (46) where s u i t a b l e 
quenchers (phosphorescent as w e l l as non phosphorescent ones) 
are added i n v a r y i n g concentrations to the s o l u t i o n and frozen 
i n . 

In both methods, the polymer or copolymer to be studied i s i n 
d i l u t e , s o l i d s o l u t i o n , t y p i c a l l y 10"** to 10-3 mol base u n i t 1~ 1. 
The f i r s t method has the advantage that the r a t i o raol quencher/mol 
basic u n i t of polymer i
p o s i t i o n . The copolyme
the molar mass should be known i n order to know the average number 
of quenching groups per macromolecule ( i f t h i s number i s ̂ < 1, 
"ordinary" k i n e t i c s are suspected to f a i l ) . 

In the second method, the volume concentration i s known (where 
i n most cases the remarkable s h r i n k i n g of the sample volume upon 
c o o l i n g i s neglected) r a t h e r than the above mole r a t i o . The problem 
i s that we do not know e x a c t l y how many quenching molecules are near 
enough to one of the polymer chains i n order to e f f i c i e n t l y trap the 
excitons moving along the chain. 

In the usual e v a l u a t i o n procedure a Stern-Volmer p l o t ( I 0 / I 
or "quenching f a c t o r " Q = ( I 0 - I ) / I vs. molar concentration of 
quencher) i s i n t e r p r e t e d according to a theory of V o l t z et al. (47) 
developed f o r quenching of s i n g l e t s i n s o l u t i o n by d i f f u s i o n (both 
molecular and e x c i t o n i c ) plus Fôrster's d i p o l t r a n s f e r . In the f o l 
lowing, the one dimensional character of e x c i t o n d i f f u s i o n i s empha
s i z e d using the 1D-random walk model by H.B. Rosenstock (48). This 
model assumes a m a j o r i t y of equal l a t t i c e p o i n t s , a small f r a c t i o n 
being replaced by "absorbing p o i n t s " (quenchers). The e x c i t o n moves 
around i n a random next neighbor hopping process and has a spon
taneous "emission p r o b a b i l i t y " per u n i t time. This emission proba
b i l i t y i s i n the r e a l world a c t u a l l y the sum of r a d i a t i v e and non-
r a d i a t i v e r a t e constants. 

In an ID-random walk, the high p r o b a b i l i t y of m u l t i p l e v i s i t s 
to i n d i v i d u a l l a t t i c e p oints makes energy t r a n s f e r l e s s e f f e c t i v e 
compared to the 3D-case where the p r o b a b i l i t y of re t u r n to the 
s t a r t i n g point i s included by F = 0.34 i n Equation (2) 

Q = (1-F) · η · c (2) 

d e s c r i b i n g the dependence of quenching f a c t o r Q on n, the number of 
ex c i t o n jumps per l i f e t i m e and c, the r a t i o mol quencher/mol host 
(49-51). Equation (2) expresses the l i n e a r dependence of Q on c 
which i s c h a r a c t e r i s t i c f o r Stern-Volmer p l o t s ( f o r small c, the 
mole r a t i o i s p o r p o r t i o n a l to the molar concentration used i n SV 
p l o t s ) . The main r e s u l t of Rosenstock 1s work (48) i s shown graphic
a l l y i n Figures 5 and 6. Figure 5 i s a s t r a i g h t f o r w a r d t r a n s c r i p t i o n 
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of Rosenstock's Figure 4 (48) into the notation more familiar in 
luminescence quenching. This diagram allows the calculation of η i f 
Q has been measured at least for one mole ratio c. Before using this 
evaluation one has to be sure that the system behaves as a one 
dimensional one. In Figure 6, Q(c) is calculated for three values of 
n. As can be seen, the dependence of Q on c changes smoothly from 
linear to quadratic above Q# 1, i.e^ 50 % quenching. This i s in 
sharp contrast to ordinary SV or 3D-random walk behavior showing a 
linear dependence of Q(c). It is in qualitative agreement, however, 
with Fôrster's long range transfer (51-53) despite the completely 
different energy transfer mechanisms (single step vs. multi step) 
involved in the two models. The reason for this unexpected coinci
dence may be the great importance of quenchers near to the original
ly excited molecules in both models, favoring energy transfer at 
high quencher concentrations overproportionally. 

The Q(c) curves shown in Figure 6 allow a distinction between 
3D- and ^D-behavior, provide

F5rster fs transfer
T-T-transfer) 
Q-values higher than 1 can be measured (sufficient solubility of 
quencher, no quencher absorption at excitation wavelength etc.) 

In practice, this method w i l l only be applicable i f energy transfer 
is relatively efficient, since at high quencher concentrations 
single step tr i p l e t transfer according to Dexter (84) and Ermolaev 
(46) w i l l always be possible and may simulate a transition to the 
quadratic region. This type of energy transfer i s usually evaluated 
using F. Perrin's (54) formula given in Equation (3). 

I / I 0 = exp. (-C/C0) (3) 

C is the concentration of quenching molecules in mol 1~1 and C Q 

is the c r i t i c a l concentration. The c r i t i c a l concentration for this 
mechanism is mostly high due to short range of electron exchange 
interaction (84). For benzophenone (energy donor)/naphthalene 
(energy acceptor = quencher) C Q = 0.20 mol 1~1, corresponding to 
a c r i t i c a l radius r 0 = 1.27 nm (46) or C 0 = 0.186 mol l " 1 and 
r 0 = 1.29 nm, according to a more refined evaluation (55). 

Keeping in mind the limits mentioned above, a re-evaluation of 
published quenching data according to the 1D-model i s possible. In 
order to calculate the mole ratios needed from volume concentrations 

reported in literature, a simple model has been used which wi l l 
not be discussed here in detail. It uses cubic cells of equal size, 
each c e l l containing either a solvent molecule, a quenching molecule 
or a basic unit of the polymer. It is furthermore assumed that 4 
places around each basic unit are available to quenching molecules 
to which there i s no specific interaction - neither attractive nor 
repulsive. Under these assumptions we obtain Equation (4): 

c = 0.4£QuJ (4) 

c i s the ratio mol (effective) quencher/mol basic unit and fQuJ is 
the volume concentration of the quencher in mol 1-1. 
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Figure 6. ̂ D-quenching curves c a l c u l a t e d from Figure 5 assuming 
d i f f e r e n t numbers of jumps during e x c i t o n l i f e t i m e (η), as i n d i 
cated. For comparison, one 3D-quenching curve a f t e r Equation (2) 
i s shown f o r the highest value of η 
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The product of c χ P, where Ρ = M (Pol)/M (basic unit) is the 
average degree of polymerization, gives the average number of 
quenching molecules per macromolecule. In case of copolymers with a 
quenching minority component (c << 1), c i s molar composition in mol 
quenching/mol main component. The influence of end groups is con
sidered to be negligible in a l l cases, i.e. the model is not well 
suited for oligomers. The results of the evaluation are shown in 
Table III. 

The "upward" curvature in the SV plot (in our case the equi
valent plot Q vs. c) which is also "not uncommon" in liquid solution 
and probably an indication for down chain exciton diffusion accord
ing to Webber (62), has been found in Nos. 5-8, 10,11 and 13. Only 
in No. 12,Q(c) is definitely linear up to Q=6 (74). 

The most convincing quadratic dependence and an indication for 
linear behaviour at low c is found in the f i r s t quantitative work on 
polymer phosphorescence quenching by Eisinger and Schulman (61 )  see 
Figure 7. They followed
the quenching of phosphorescenc
ions, what was taken as evidence for t r i p l e t excitons by these 
authors. The number of exciton jumps, n, i s calculated to be in the 
order of 101* to 105 for P2VN and PVCA and about an order of 
magnitude lower for the other polymers investigated. 

There remain, however, some questions about the real meaning of 
these data and the correctness of the evaluation procedure. First of 
a l l , the data presented in Table II suggest efficient trapping of 
the tr i p l e t excitons by intr i n s i c , not excimeric traps of unknown 
structure. This is corroborated by reports of a l l authors who per
formed quenching and phosphoresence decay measurements that the 
phosphorescence lifetime is not shortened by adding the quencher. 
This is a clear proof that i t is primarily not the free tripl e t 
which is observed in phosphorescence but rather a trapped species, 
since otherwise Equation (5) should apply. 

Q = ( I Q - D / I = C*o-*)/V (5) 
A more discriminating picture of the role of traps in tr i p l e t ex
citon mobility can be drawn from the work by Webber (64, 65) who 
studied the kinetics of tripl e t quenching using a quencher molecule 
with a short lived tri p l e t state (biacetyl) as a probe of the t r i p 
let exciton lifetime. In a study on P2VN (64.), PACN (64) and PVCA 
(65) i t has been shown that trapping i s more efficient in PVCA com
pared to P2VN where triple t excitons exist long after the decay of 
delayed fluorescence (next section). 

PACN has been interpreted as slow exciton macromolecule in 
accordance with this work (No. 4 in Table III) and with the micro-
structure which prevents any close overlap of nearby naphthalene 
groups needed for efficient electron exchange interaction. 

Coming back to the interpretation of the results presented in 
Table III we have to admit that a satisfactory theory including the 
role of traps does not yet exist. The following considerations, how
ever , do show nevertheless that the exercise was useful : 
1) In the region of high mol ratios of quencher to basic unit, the 

intrinsic traps, being in the minority, should play a minor 
role. The 1D-random walk theory should therefore hold in the 
quadratic part of the Q(c) plot. 
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Table I I I : E v a l u a t i o n of Phosphorescence Quenching 
According to the ^D-Hopping Model 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

Polymer Quencher c(Q=1) CxP L i t . 

PS 

P1VN 

P2VN 

PACN 

PVCA 

Piperylene 2x10-1* 
(Q = 0.6) ? 
(a) 

-"- 2.6x10-3 8-32 

-"- 8.9x 10-3 5(c) 

PVCA-co-alt. 
f u m a r o n i t r i l 

PVCA (rad.) 

PVCA (cat.) 

P o l y ( a c r y l o -
phenone) 
( i s o t a c t i c ) 

P o l y ( a c r y l o 
phenone) 
( a t a c t i c ) 

P o l y ( v i n y l -
benzophenone-
co-styrene)(77% 

Poly(naphthyl)-
methacrylate) 

P o l y ( a d e n y l i c 
acid) 

-"- 1.8x10-3 1-23 

Piperylene 3.4x10-3 1-10 

Naphthalene 10-2 

1.3x10-2 3-39 

1.5x10-2 

VB) 

Piperylene 5.4x10-3 

Mn++ 
Co++ 
Ni++ 

5.6x10-3 ? 

5.5x10** 

4.7x10 3 

6.5-11x10** 

3.2x10^ 

12-45 3700 

2200 

1600 

(d) 

1.35X101* 
(e) 

(56) 

<±> 

(57) 

(58) 

(59) 

(Jl) 

(13) 

(60) 

(60) 

(44) 

(74) 

(62) 

(a) Highest Q measured 
(b) 3 experimental point 
(c) At Q=1; l i n e a r c o r r e l a t i o n up to Q=2 
(d) No t r a n s i t i o n to quadratic region up to Q=6, 

CQuJ =0.08 mol 1-1 
(e) Average from 

Q=1 n=1l800; Q=10 n=13200; Q=100 n=15700 
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2) The mole ratio of intrinsic trap to basic unit should roughtly 
be euqal to c at Q=1 (50 percent quenching), see 4th column in 
Table III. 

3) A f i r s t indication of the true dimensionality of exciton dif
fusion can be gained, at the basis of which more elaborate 
kinetic experiments and theories (3,30-34,66-71 ) can be put into 
action. 

4) The hopping times estimated from the data of Table III ( t n = 
1/kn = T/n) are more re a l i s t i c than data presented earlier. 
The measured phosphorescence decay (in the order of several 
seconds for aromatic polymers) is not suitable as tri p l e t 
exciton lifetime (7Γ), since this figure characterizes the trap 
rather than the exciton. The mean tri p l e t exciton lifetime i s 
mostly found in the order of 10 ms. Taking this value and η = 
101* to 105 we obtain hopping times in the order of 0.1 to 1 
ps, corresponding t  triple t hoppin  rate f 10^ t  10? 
s-1 for aromatic macromolecule
fer. They should no
(although this is assumed in the simple random walk model) since 
exciton migration in unordered systems is dispersive, i.e. time-
dependent (30). 
Finally i t should be pointed out that a ID-model similar to 

the one used in this paper has been applied by Slobodyanik et al. 
(72) to singlet transfer in solid solutions of PVCA copolymers with 
varying degrees of energy trapping nitrocarbazole groups. The exper
imental data excellently f i t a Q(c) curve with a linear and a 
quadratic part, yielding η 3000 in agreement with the value given 
by Slobodyanik (72). Care must be taken, however, due to the possi
b i l i t y of Forster fs single step transfer in this system, which could 
result in a Q(c) dependence indistinguishable from 1D exciton 
hopping. 

Delayed Fluorescence and Triplet-Triplet Annihilation 

In the previous section, delayed fluorescence has been disregarded 
although i t constitutes an additional deactivation channel for tr i p 
lets in P1VN (1,56), P2VN (6,57,73), PVCA (4,5,7,13,59,65), P2NMA 
(74,75) but not in PACN (64_). 

Delayed fluorescence in a rigid matrix proves tr i p l e t excitons 
i f other delayed S-j—>SQ emissions, as high temperature phos
phorescence or ionisation followed by ion-electron recombination can 
be excluded (15). The delayed fluorescence observed in solid solu
tions of Polyriboadenylic acid (45) seems to be due to this latter 
process (78). 

For P2VN, Avakian et al. (79) showed that indeed T-T annihila
tion causes the delayed fluorescence using magnetic f i e l d modulation 
of DF in solid solutions of this polymer. The basic processes in 
generating delayed fluorescence by t r i p l e t - t r i p l e t annihilation (80) 
are shown in Equation (6). 

T-|(mobile) + T-| (mobile or trapped)—* S n + S 0 (6) 
S n —> S l — » S 0 + DF 
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In the case of polymers with high t r a p p i n g e f f i c i e n c y , the hetero-
f u s i o n (81) between mobile t r i p l e t s ( excitons) and trapped ones i s 
l i k e l y to p r e v a i l . The delayed s i n g l e t s can therefore be created as 
excitons or as trapped s t a t e s . 

The main f a c t s about T-T a n n i h i l a t i o n i n s o l i d s o l u t i o n s of 
aromatic polymers may be summarized as f o l l o w s : 
1. Delayed fluorescence (DF) can be observed i n s e v e r a l aromatic 

polymers i n a d d i t i o n to phosphorescence a f t e r e x c i t a t i o n v i a the 
s i n g l e t system or using t r i p l e t s e n s i t i z e r s . 

2. The DF can be quenched by s u i t a b l e t r i p l e t quenching molecules 
(e.g. those l i s t e d i n Table I I I ) . 

3. The non exponential decay of DF i s always much f a s t e r ( i n the 1 
to 100 ms range) than the phosphorescence decay ( i n the 0.1 to 
10 s range f o r if ft* states) which i s mostly close to or even 
i d e n t i c a l with the exponential decay of monomeric models. 

4. The DF spectra are very s i m i l a r to those of prompt fluorescence
5. The i n t e n s i t y of D

with i n c r e a s i n g mola
t i o n s being kept constant. The slope of t h i s increase d i f f e r s 
s t r o n g l y f o r d i f f e r e n t polymers. At high M a s a t u r a t i o n region 
can be observed. 

6. The r e l a t i v e i n t e n s i t y of DF in c r e a s e s , that of phosphorescence 
decreases with i n c r e a s i n g e x c i t a t i o n i n t e n s i t y , i f a l l other 
c o n d i t i o n s i n c l u d i n g M are kept constant. 

Two extreme cases can e a s i l y be understood, at l e a s t q u a l i t a t i v e l y : 
low M + low e x c i t a t i o n i n t e n s i t y and high M + high e x c i t a t i o n i n t e n 
s i t y . In the f i r s t case, only a few polymer chains are occupied by a 
t r i p l e t (mobile or trapped), the m a j o r i t y being unoccupied. In t h i s 
case, the bimolecular process (Equation 6) cannot take place due to 
the sequestration of the t r i p l e t s . In the second case, ordinary 
"macroscopic" k i n e t i c s may already apply, a l b e i t modified by the 
ID-system. 

I t i s the intermediate range which i s not yet f u l l y under
stood. C l e a r l y , the d i s t r i b u t i o n of the t r i p l e t s among the chains 
should be governed by Poisson s t a t i s t i c s which q u a l i t a t i v e l y p r e d i c t 
the M- and i n t e n s i t y e f f e c t s observed. Q u a n t i t a t i v e l y , however, 
Poisson s t a t i s t i c s f a i l to e x p l a i n the e f f e c t s , s ince M i n f l u e n c e s 
the DF and Ρ i n t e n s i t y even i n a region where there should be 
simultaneously many excitons per chain so t h a t , s t a t i s t i c a l l y , there 
should be l i t t l e d i f f e r e n c e s between the i n d i v i d u a l macromolecules. 
Yokoyama et al. proposed (59) that t r i p l e t traps at the chain ends, 
supposed not t o c o n t r i b u t e to T-T a n n i h i l a t i o n , could e x p l a i n the M 
dependence of DF. I f t h i s i s t r u e , there remains the question, why 
het e r o f u s i o n , so common i n other systems, should not work between 
t r i p l e t excitons moving along the chain and trapped t r i p l e t s at the 
chain ends. 

Webber and Swenberg (82) worked out a master equation theory 
f o r e x c i t o n i c a n n i h i l a t i o n processes i n low dimensional, f i n i t e 
l a t t i c e s . This theory seems to describe w e l l the process f o r poly
mers with few or shallow t r a p s , as P2VN, but not f o r those contain 
i n g many r e l a t i v e l y deep t r a p s , as PVCA. F i n a l l y , a l i s t of those 
features which at the present time prevent a f u l l understanding of 
T-T a n n i h i l a t i o n i n d i l u t e , s o l i d s o l u t i o n s of aromatic polymers 

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



21. KLOPFFER Energy Transfer and Trapping 283 

should give us an appreciation of the problems to be solved in the 
future : 
1. 1D (or near so) exciton hopping and possible transition to 

higher dimensionality in tightly packed coils. 
2. Disordered systems li k e l y to show dispersive exciton hopping. 
3. Presence of trap sites of s t i l l unknown structure, leading to 

heterofusion. 
4. Possible pecularities of 1D T-T annihilation (83). 
5. Finite volume or, better, f i n i t e length effects, and Poisson 

distribution. 
6. Possible influences of the end groups. 
As a f i r s t step to solve part of these problems, better quantitative 
data, using well defined polymers in narrow molar mass fractions are 
needed, combining steady state and time-resolved experiments. 

Acknowledgement is made to the donors of the Petroleum Research 
Fund, administered by th  America  Chemical Society  fo  partial 
support of this activity
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Chapter 22 

Excited-State Singlet Energy Transport 
in Polystyrene 
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Photophysical propertie  polystyren  copolymer
of styrene and a chemically attachable quencher have 
been determined in dilute solution and in sol id f i lms. 
In dilute solution, it is found that energy migration 
is not extensive. In room temperature sol id f i lms, 
quenching studies shown effective long range energy 
transport. Rough estimates of the excimer forming 
s ite concentration and hopping rate have been reported. 
Temperature dependent studies on films down to ~20K 
have shown that both monomer and excimer emission come 
from intr ins ic traps. Steady state and time resolved 
fluorescence measurements as a function of temperature 
have allowed determination of the activation energy for 
monomer detrapping and have placed an upper l imit on 
the activation energy of migration. 

Singlet excited state energy migration in aromatic polymers has been 
proposed to be important for many years (1). There remains, however, 
considerable disagreement (1,2) as to the" extent of excitation mobil
ity, and little information (3) is available as to the time-scale of 
energy migration. 

Our current work (1,4) in this f i e l d attempts to direct ly ad
dress these questions. We here report the results and interpreta
tion of photophysical experiments involving two different types of 
perturbation of the phototypical aromatic polymer, polystyrene. 
F i r s t , we have prepared a series of co-polymers of styrene with an 
excitation quencher, 2-(2'-hydroxy-5'-vinylphenyl)-2H-benzotriazole, 
abbreviated 2H5V. Secondly, we have looked at the effect of temper
ature on the photophysical properties of these polymers. 

Experimental 

Preparation and characterization of the polymers has been described 
in detail (4). Results are summarized in Table I. 

Fluorescence measurements employed a Perkin-Elmer MPF-66 spec-
trofluorimeter with an excitation wavelength of 260 nm and excita-
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tion and emission spectral s l i t widths of 2 run. A band pass f i l t e r 
was used to further isolate 260 nm excitation l ight . 

The excitation was chopped at a frequency of 34Hz and phase-
sensitive detection was used. In this way, the long-lived (seconds 
at 20K) phosphorescence and delayed fluorescence were selectively ex
cluded from these data, and only the "prompt" fluorescence was anal
yzed. Data including the long-lived signals were measured in separ
ate experiments, and wi l l be reported elsewhere. 

Time-resolved studies employed previously-described (4) equip
ment but were improved upon as follows. Part of the excitation Nd-
YAG laser beam was sp l i t off and delivered to the phototube, serving 
as a marker pulse to trigger our Biomation 6500 for data acquisit ion; 
the sample emission signal was timed by a laser pulse delay l ine to 
arrive 1̂5 ns after the marker pulse. Laser j i t t e r was thereby mini
mized, and computer signal averaging more precise. 

Variable-temperatur
ogy Model 21 closed-cycl
ted as films upon quart ,
posure to l ight . They were mounted on a copper sample holder bolted 
to the cold stage of the refrigerator, with copper grease used to 
give good thermal contact of a l l surfaces. A Chromel-Au (0.07%Fe) 
thermocouple was mounted on the opposite side of the sample holder, 
at the same height as the sample. A copper heat shield was mounted 
over the cold stage/sample, a shroud with quartz windows was emplaced 
and the sample space was pumped on for ^24 hours in order to remove 
O2 and CH2CI2 dissolved in the polymer. Samples prepared in this way 
were extremely photostable. 

Background: Aromatic Excited States and Excimers 

Excimers, that is complexes of excited state molecules with corres
ponding ground state molecules, are [5) characteristic of aromatic 

excited states. For our present purposes we wish to consider 
the lowest excited state of benzene and substituted derivatives 
together with the corresponding excimer. 

The lowest singlet excited state (imr ) of, for example, ethyl 
benzene, shows absorption and emission maxima at , respectively (1), 
^260 and ^280 nm. The temperature dependence of the emission in d i 
lute polar organic solution has been investigated ( lb) , and i t was 
found that there is a temperature dependent non-radiative rate compo
nent that follows an Arrhenius law A e " A E / k T with an activation energy 
ΔΕ^2300 cm"1 and A^IO 1 ^" 1 . The ratio of the emission quantum y ie ld 
(ΦΕ) and lifetime(-r) is temperature independent, consistent with a 
temperature independent radiative rate constant k v , and l imiting low 
temperature values of Φ£ and τ , achieved by ^250K, are 0.12 and 21 
ns, respectively, in dichloroethane solution. 

Excimer formation of ethylbenzene in excited state has been 
studied in concentrated (.1-1M) methylcyclohexane solution at -78°C 
by Hirayama, et al (6). They found, in addition to the "monomer" 
emission, a broad concentration dependent excimer emission with ^ m a x 

= 322 nm. From the concentration dependence they were able to ex
tract " intr ins ic" monomer and excimer y ie lds , that i s , the quantum 
yields i f a l l excited states were present as either monomer or exci
mer; these amounted to, respectively, 0.30 and 0.021 under the given 
conditions. 
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The intr ins ic weakness of benzene excimer emission derives from 
i ts extreme dipole forbiddeness (7_). Its weakness relative to mono
mer emission under dilute solution conditions additionally results 
from the diffusion l imit upon excimer formation rates, along with 
thermally induced excimer dissociation. These latter considerations 
are largely irrelevant to polymers, vide infra . 

Polystyrene in Dilute Solution 

In Figure 1 we compare emission spectra for polystyrene in dilute 
solution and as a sol id f i lm, and for a model monomer, ethyl benzene, 
in dilute solution. Polystyrene in solution exhibits, in addition to 
a monomer-like emission, a broad excimer emission maximizing at ^330 
nm. This emission spectrum is not unique to high molecular weight 
polymer. Indeed, 1,3-diphenylpropane exhibits (_la,8) very similar 
total emission spectra. Th  excime  emissio  l ifetim  i  (4) 12.5
in CH2C12 at room temperature
excimer emission rise time
nanosecond in cyclohexane solution. 

Importantly, emission spectra of polystyrene and of model com
pounds in r ig id dilute solution (3j, e . g . , 1:1 diethylether-tetrahy-
drofuran at 77K, are a l l essential ly ident ica l , with no trace of ex
cimer emission. 

The model which has been developed (1,3) to f i t these results 
involves formation of excimers via thermally activated phenyl group 
motion. Such motion is restricted in a r ig id matrix, and "pre-form-
ed n excimer s i tes , where l i t t l e phenyl motion would be required for 
collapse to the excimer, are evidently rare. 

However, Itagaki, et al (_3) propose that energy migration 
along polymer chains is s t i l l important, as a result of a detailed 
analysis of molecular weight effects on photophysical parameters, 
with the average number of phenyl rings covered by singlet energy mi
gration estimated to be ^7-8 in the high molecular weight polymers; 
the characteristic timescales of energy hopping and of polymer inter
nal rotation to an excimer-forming conformation were proposed to be, 
respectively, 3̂0 ps and 7̂ ns. The relat ively short 1 ns monomer 
decay lifetime and excimer r ise time thus was inferred to result 
from excitation sampling along the chain to find favorable conforma
tions, with the additional restr ict ion that excimer dissociation to 
monomer was negligibly slow on the timescale of the excimer l i fet ime. 
The latter restr ict ion is characteristic of aromatic polymers in gen
eral . 

We determined photophysical properties for our copolymers in 
dilute solution, and found effects (9) upon either total emission 
spectra (Figure 2) or emission l i fetimes. However, because the mole 
% quencher in our copolymers is quite small, this result is complet
ely consistent with the interpretation of Itagaki, et al (3). ΑΠ 
we can say from our results is that energy migration is not extensive 
in dilute solution. 

Solid Polystyrene 

The emission spectrum of sol id polystyrene at room temperature has 
already been shown in Figure 1. It shows a broad excimer emission at 
325 nm and only a trace of monomer-like emission. The excimer and 
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Figure 1. Emission spectra of ethylbenzene and polystyrene. 
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Figure 2. Emission spectra for CH2CI2 solutions of poly(sty-
rene-Co-2H5V) copolymers. The phenyl group concen
tration is constant at 5 X 10"3M. 

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



290 PHOTOPHYSICS OF POLYMERS 

Table I. COMPOSITION AND MOLECULAR WEIGHT DATA FOR 
P0LY(STYRENE-C0-2H5V) COPOLYMER SAMPLES 

2H5V, 
mol % 

2H5Y, 
mol/L M "η V n in i t ia tor 

0.0 0.0 328000 87000 3.78 Polysciences 
0.00155 1.55X10" •4 402000 202000 2.06 peroxide 
0.00273 2.73X10-•4 463000 218000 2.12 peroxide 
0.00616 6.16X10" •4 364000 192000 1.89 peroxide 
0.0114 1.15X10-•3 410000 200000 2.05 peroxide 
0.0285 2.88X10-•3 511000 302000 1.69 AIBN 
0.527 5.32X10-•3 511000 302000 1.69 AIBN 
0.154 1.55X10" •2 480000 280000 1.71 AIBN 
0.268 2.70X10-
0.483 4.88X10-
0.570 5.76X10- 306000 167200 1.83 
2.55 2.58X10" •1 241700 116400 2.08 peroxide 
4.78 4.83X10-•1 peroxi de 

monomer-like emission decay lifetimes are respectively 21.5 ns and 1 
ns. We have not been able to observe an excimer rise-time to date 
and conclude that i t must be <1 ns. The absence of correlation of 
monomer decay and excimer rise is intriguing. In contrast to our so
lution results, the copolymers show large emission quenching effects 
as so l ids , Figure 3. For the 0.0527 mole % 2H5V sample, for which 
there is 7̂0% emission quenching and also samples with lower 2H5V 
content, we found no change in emission decay l i fet ime, which strong
ly suggests that an excimer precursor is being quenched. Curiously, 
the monomer-like emission lifetime was also unaffected. 

For higher 2H5V contents, decreases in emission lifetimes could 
be observed, Figure 4. The decays were now no longer exponential 
but could be f i t to the Forster quenching equation (4). An analysis 
of the time resolved data then allowed us to deconvolute the total 
emission quenching into that due to (presumed) precursor quenching 
and that due to Forster quenching of the excimer, Figure 5. From the 
relative eff iciency of trapping of mobile excitation by 2H5V quencher 
and by excimer traps, we could conclude that excimer sites occurred 
only about 1 per 950 monomers. This is a factor of 10 lower than an 
estimate for polystyrene by Franck and Harrah (Id) but very similar 
to an estimate by Kloppfer (10) for poly (vinylcarbazole). It is 
furthermore possible to obtain a crude estimate for a s i te-to-s i te 
hopping rate i f 3-D isotropic diffusion is assumed. At 50% quenching 
(0.025 mole % 2H5V), the rate for excitation quenching, kg, should be 
equal to the mobile excitation decay lifetime in the absence of added 
quenchers, τ ^ 0 ) " 1 . Then, in the 3-D case (11) 

k Q = ( M 0)" 1 = XpPk^ (1) 

where Xn is the molar fraction of quenchers, Ρ is a lattice-dependent 
constant ^ . 7 for cubic la t t i ces , and k^ is the single-step excita
tion hopping rate. Thus, we have Equation 2. 
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Figure 4. Time resolved excimer emission for poly(styrene-Co-
2H5V) copolymers at room temperature. 
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kmm *(5.7 X l O 3 ) ^ 0 ) - 1 (2) 

If T M ° is about 500 D S (which is allowed by the data presently ava i l 
able; then ^ 1013S""1, two orders of magnitude faster than e s t i 
mated by Itagaki, et al (3) for polystyrene in dilute solution. A 
similar estimate of hopping frequency for poly (vinyl carbazole) in 
the sol id state has been made by Bassler, et al. (12). This is not 
entirely surprising, since the sol id polymer should on the average 
present several phenyl groups close enough (6^) for dipole-dipole 
energy transfer. It should be noted however, that the turning over 
of the precursor quenching at high mole % 2H5Y in Figure 5 is incon
sistent with an isotropic model, e . g . , apparently about 15-20% of the 
i n i t i a l excitation is unavailable for quenching via singlet migra
t ion, possibly because i t is trapped in restricted regions (excimer-
rich or quencher-poor) of the inherently inhomogeneous polymer. Con
currently, the readily quenchabl
need not necessarily be

We now decided to extend our measurements to low temperatures, in 
the hope of slowing down excitation transport to an accessible time 
regime. Emission spectra for pure polystyrene at low temperatures 
are shown in Figure 6. At the lowest temperatures a very strong mon
omer-like emission is evident. As the temperature is increased, 
this emission rapidly decreases, while excimer emission increases, 
resulting in a clean isoemissive point at 327 nm (13). 

At 150K, nearly a l l monomer-like emission has disappeared and the 
signif icant change above this temperature is that the excimer emis
sion s l ight ly broadens with loss of the isoemissive point. 

The presence of an isoemissive point is symptomatic of an inter-
conversion between two emissive species. However i t is noteworthy 
that the excimer emissive is not extrapolating to zero at the lowest 
temperatures. Because of the well-defined isoemissive point, we were 
able to deconvolute the total emission into monomer excimer emissions 
using the T>150K excimer emission as one l imit . The resulting mono
mer emissions are shown in Figure 7; the spectral prof i le compares 
well with that for dilute ethyl benzene Figure 1 and ( lb) . The tem
perature dependence of the integrated intensities is sTTown in Figure 
8, and an Arrhenius plot of the monomer emission data is shown in 
Figure 9. 

We also determined the temperature dependence of the emission 
l i fet imes, as shown in Figure 10. It is remarkable that the excimer 
decay lifetime is almost completely temperature independent, showing 
no detectable rise time, while the monomer lifetime decreases rapid
ly with temperature. An Arrhenius plot of the monomer lifetime data 
is shown in Figure 11. It gives, within experimental error, the 
same activation energy as that for the monomer intensity, Figure 9. 

F inal ly , we performed similar experiments for the various copo
lymers. As shown in Figure 12 for one of the copolymers, despite a 
large (70%) decrease in excimer intensity, the thermal behavior is 
qualitatively ident ica l , and an Arrhenius plot of the monomer inten
sity data, Figure 13, gives the same activation energy, ν^Ο-ΙδΟς^ 1 . 

As indicated in Figure 8, the l imiting (at presently accessible 
temperatures) low-temperature excimer emission intensity is only 
about 20% lower than the room-temperature value and no rise-time con
sistent with the monomer decay can be discerned. The l imiting low 
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Figure 5. Excimer emission intensity as a function of composi
tion for copolymers at room temperature. 

nm 

Figure 6 . Temperature dependent fluorescence for a f i lm of pure 
polystyrene. 
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Figure 7. Data of Figure 6 after subtraction of excimer emis
sion. See text. 
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Figure 8. Temperature dependence of integrated resolved emis
sion for a polystyrene f i lm. 
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Figure 1 0 . Temperature dependence of fluorescence decay l i f e 
times of a polystyrene f i lm. 
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Figure 12. Temperature dependent fluorescence for a poly(sty-
rene-Co-2H5V) copolymer, 0.0527 mole % 2H5V. 
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Figure 13. Arrhenius f i t to the monomer intensity data of Fig 
ure 12. 
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temperature monomer lifetime (̂ 22 ns) is very similar to that of 
ethyl benzene in dilute solution (16.). We therefore conclude that the 
emissive monomer is predominantly not_ the source of low-temperature 
excimers, but that at higher temperatures i t can be detrapped in a 
thermally activated process, activation energy VL40cm _ 1, to y ie ld ex
cimer additional to the low-T l imit . Note that the l imiting low-
temperature relative emission intensities are consistent with this 
hypothesis. Hirayama's (6) " intr ins ic" monomer and excimer quantum 
yields of, respectively, 0.30 and 0.021, for ethylbenzene predict 
that i f the emissive monomer comprises 20% of the total i n i t i a l exci
tation that monomer emission should be 3̂ times as intense as excimer 
emission, which is consistent with Figure 6. Moreover, the hypothe
sis that the emissive monomer is a relat ively small fraction of the 
total i n i t i a l excitation is consistent with our inab i l i ty to measure 
excimer rise times corresponding to monomer decay as simulations of 
the biphasic curves resulting from a 2̂0% rise component convoluted 
with the normal excime
able from single componen
the emissive monomer were the exclusive excimer precursor. 

We think that this shallow trap monomer is predominantly "pre
formed" and achieved by the i n i t i a l absorption of a photon. Thus, 
comparison of Figures 6 and 12 shows that monomer emission is de
creasing considerably less rapidly than excimer emission at low tem
perature. The activation energy is consistent with expectation (_3, 
lcU16) for a phenyl rotation and the activated process is l ike ly then 
sucTTa rotation into a conformation where energy-transfer to a neigh
boring phenyl group can occur. We have not attempted to correlate 
the population of the shallow trap with chain dyads because we sus
pect that interactions with phenyl groups of adjacent chains are much 
more important in the sol id polymer. 

On the other hand, the excimer emission because i t is 80% non-
correlated with monomer trap emission and because i t is effect ively 
quenched in the copolymers even at low temperatures, must largely 
arise from a mobile precursor. The activation energy for hopping of 
this precursor is implied to be <10 cm" 1. This is not unreasonably 
low(12>17), and indeed, the zero-point energy of the phenyl chromo-
phore could in principle allow completely activationless hopping 
(tunneling) at reasonable rates. Determination of the true situation 
wi l l require measurements at s t i l l lower temperatures, which are now 
in progress. We note that the polystyrene emission spectrum at 4.2K 
reported in (Id) indicates a monomer/excimer intensity ratio nearly 
the same as our 20K spectra. 

Before we leave this section we should note that our explanation 
of the monomer emission as due to a special pre-formed shallow trap 
suggests that the low-temperature monomer/excimer emission intensity 
should be morphology dependent, hence dependent upon sample history, 
molecular weight, etc. This is indeed the case and we have found 
that different batches of polymer, aged samples, or samples prepared 
in different ways than described, may give s l ight ly different inten
sity ratios at 20K. However, our results for samples prepared as de
scribed are completely reproducible and the temperature dependences 
remain qual itat ively the same for deviant samples. 
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CONCLUSIONS 

It is clear from our results that the i n i t i a l excitation in so
l i d polystyrene must be extremely mobile in contrast to the case of 
the polymer in solution. However, i t is now clear that available 
experimental results do not direct ly examine the mobile excitation. 
In part icular, observed "monomer-like" emission is due to a shallow 
trap, which vit iates a previous analysis (Id,18) that assumed i t to 
be due to the mobile excitation. Direct determination of mobile ex
citation dynamics wi l l require extension of photophysical measure
ments to the picosecond time regime and efforts by us to accomplish 
this goal are now in progress. 
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Chapter 23 

Significance of Energy Migration 
in the Photophysics of Polystyrene 

J. R. MacCallum 

Chemistry Department, University of St. Andrews, St. Andrews, Scotland 

The photophysical behavior of poly(vinyl aromatics) has 
stimulated much in te res t from both practical and 
theoretical points
molecules exhibit electroni
resulted in, among other things, development of the 
concept of synthetic antennae macromolecules (1). The 
object of this paper is to introduce a note of caution 
to interpretation of observed photophysical phenomena. 
The bulk of the d i s c u s s i o n is concerned with 
polystyrene, although the behaviour of poly(vinyl 
naphthalene) will also be considered. 

The basic feature of the concept of e.e.m. is the 
proposal that excitation energy can be transferred from 
one aromatic group to another until the energy is 
irreversibly trapped by either an excimeric structure or 
an additive. The starting point of my review is an 
examination of data reported for small molecule 
analogues which have very similar characteristics such 
as absorption/emission, overlap, quantum y ie ld , and 
l i fet ime, as the repeat units of the macromolecules 
under c o n s i d e r a t i o n . In f a c t r o t a t i o n a l and 
translational freedom is higher in the small molecule 
analogues. Since the poss ib i l i ty of e.e.m. in f lu id 
solutions of benzene and its methylated derivatives, (2) 
and naphthalene (3) had been investigated and rejected 
it seemed there is a good case for examining the 
evidence available to support the thesis that energy 
migration is a common phenomenon in macromolecules. 

Solutions 
Quenching Studies. A number of papers have been 
published (4,5,6) reporting mesurement of both monomer 
and excimer quenching for polystyrene. The evidence 
adduced for the occurrence of e.e.m. is that obtained by 
comparing the measured rate constant for monomer 
quenching with that calculated for diffusion limited 
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c o n t a c t s . The f o l l o w i n g comments are r e l e v a n t to t h i s 
p rocedure : 

( a ) an a c c u r a t e monomer d e c a y l i f e - t i m e i s 
r e q u i r e d of the quenching ra te c o n s t a n t . 

(b) uni form d i s t r i b u t i o n of the quencher between 
the polymer c o i l and the bulk of the s o l u t i o n i s 

assumed. 
( c ) c o r r e c t i o n must be made f o r the o v e r l a p of 

monomer and excimer e m i s s i o n . 

A number of p u b l i c a t i o n s have appeared in which 
m i g r a t i o n c o e f f i c i e n t s f o r p o l y s t y r e n e a re d e t e r m i n e d 
but which do not f u l f i l l (a) and ( c ) . C o r r e c t i o n f o r 
non-random d i s t r i b u t i o n of quencher, ( b ) , i s complex, i f 
even p o s s i b l e . For PVN t h e c o m p l e x i t y o f the decay 
p r o f i l e f o r the monome
r a t h e r d i f f i c u l t to i n t e r p r e

The most important c o n d i t i o n which should be t e s t e d 
e x p e r i m e n t a l l y i s t h a t of o v e r l a p of emiss ion bands. I t 
has been shown t h a t e x c i m e r o v e r l a p w i t h monomer 
e m i s s i o n i s s i g n i f i c a n t f o r p o l y s t y r e n e (5) thus any 
d e t e r m i n a t i o n of r e l a t i v e excimer/monomer y i e l d s must 
make a l l o w a n c e f o r t h i s f a c t o r . T h i s c o r r e c t i o n i s 
l a r g e when the area of excimer peak i s much g r e a t e r than 
t h a t o f the monomer, a s i t u a t i o n which p r e v a i l s f o r 
s o l u t i o n s o f p o l y s t y r e n e . E x a m i n a t i o n o f e m i s s i o n 
s p e c t r a o f n a p h t h a l e n e c o n t a i n i n g po lymers i n d i c a t e s 
t h a t when excimer i s formed the emiss ion o v e r l a p s to a 
l a r g e e x t e n t w i t h monomer e m i s s i o n . A f u r t h e r 
exper imenta l problem can a r i s e when the wave- length of 
e x c i t a t i o n r a d i a t i o n i s c l o s e to t h a t of e m i s s i o n , f o r 
t h i s s i t u a t i o n Raman s c a t t e r i n g can c o n t r i b u t e to the 
observed i n t e n s i t i e s . 

P o l a r i s a t i o n . In the event t h a t e . e . m . takes p lace then 
the emiss ion from the t r a p , excimer in the case of pure 
polymers , should be c o m p l e t e l y d e p o l a r i s e d . Some t ime 
ago d a t a was p u b l i s h e d on the emiss ion of excimer f o r 
both p o l y s t y r e n e and p o l y ( α - m e t h y l s t y r e n e ) i n d i c a t i n g 
p o l a r i s e d emiss ion (8) and t h e r e f o r e l i t t l e e . e . m . More 
r e c e n t l y P h i l l i p s quest ioned the v a l i d i t y of the data 
and r e p o r t e d mesurements which s u g g e s t t h e e x c i m e r 
emiss ion i s d e p o l a r i s e d (?_). An exper imenta l d i f f e r e n c e 
between the two s e t s of d a t a i s apparent - P h i l l i p s 1 

s o l u t i o n s were more d i l u t e than these used in r e f . 8. 
The r a n g e o f c o n c e n t r a t i o n s has s u b s e q u e n t l y been 
extended with the r e s u l t s shown in F i g u r e 1. A p o s s i b l e 
e x p l a n a t i o n f o r t h e e f f e c t o f c o n c e n t r a t i o n s and 
m o l e c u l a r w e i g h t s on the e x t e n t of p o l a r i s a t i o n o f 
e x c i m e r e m i s s i o n i s t h a t t h e r a t e o f r o t a t i o n a l 
r e l a x a t i o n of t h i s bulky e n t i t y becomes s lower than the 
emiss ion l i f e - t i m e as these two parameters i n c r e a s e . I t 
i s d i f f i c u l t to r e c o n c i l e the c o n c e p t of e . e . m . w i t h 
p o l a r i s e d excimer e m i s s i o n . 
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• Δ • 
I 5 10 15 20 25 30 35 

[ P s r y . l / 10~3 mo l dm" 3 

F i g u r e 1. Emiss ion a n i s t r o p y ( r ) of excimer f o r 
s o l u t i o n s of p o l y s t y r e n e of v a r y i n g c o n c e n t r a t i o n 
and molar mass. 

• - MW 3000 Δ - MW 20,400 

0' MW 195,000 V - MW 490,000 

Ο - MW 15,000,000 
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Decay P r o f i l e , I t has been proposed t h a t the monomer 
e m i s s i o n d e c a y i s p r e d o m i n a n t l y e x p o n e n t i a l w i t h an 
a d d i t i o n a l minor l a t e e x p o n e n t i a l component a t t r i b u t e d 
to e x c i m e r d i s s o c i a t i o n ( 1 0 , 1 1 ) , The c o n t r i b u t i o n of 
the l a t e component i s l e s s than 1% of the p o p u l a t i o n of 
e m i t t i n g s p e c i e s . Regard less of mechanism, e . e . m . i s a 
d i f f u s i v e p r o c e s s , one to three d i m e n s i o n a l , in that an 
e x c i t o n m i g r a t e s i n t o a t r a p . Such a p r o c e s s must 
i n e v i t a b l y r e s u l t i n a n o n - e x p o n e n t i a l d e c a y of the 
m i g r a t i n g e x c i t o n , i . e . the e x c i t e d monomer. The 
observed e x p o n e n t ! a l i t y of the monomer emiss ion can on ly 
be r a t i o n a l i s e d on t h e b a s i s that (a) e . e . m . i s very 
r a p i d and i s complete before the decay measurement can 
be made, that i s w i t h i n 500 ps of e x c i t a t i o n , or (b) no 
s i g n i f i c a n t amount of e . e . m . takes p l a c e . 

The t h e o r e t i c a l i m p l i c a t i o n s of (a) are f a s c i n a t i n g 
s i n c e s i n g l e step t r a n s f e
would o c c u r on a t i m e - s c a l
p r e d i c t e d by exchange of d i p o l e t r a n s f e r and would be of 
the magnitude t y p i c a l of c r y s t a l s which e x h i b i t g round-
s t a t e i n t e r a c t i o n . Furthermore, i f (a) were the c a s e 
then a l l excimer t r a p s would be populated on t h i s very 
f a s t time b a s i s . However the observed behaviour shows a 
d e f i n i t e r i s e - t i m e of the order of a nanosecond f o r the 
excimer s t a t e . 

T r a p p i n g E x p e r i m e n t s . A p o s s i b l e m e a n s f o r 
d e m o n s t r a t i n g e . e . m . i s by c h e m i c a l i n c o r p o r a t i o n of 
v e r y s m a l l number o f t r a p s which c o m p e t e w i t h t h e 
e x c i m e r t r a p s f o r t h e m i g r a t i n g e x c i t o n . E f f i c i e n t 
t r a n s f e r to the t r a p as measured by s t e a d y - s t a t e or 
t r a n s i e n t decay behaviour would suggest e . e . m . p layed a 
r o l e in p o p u l a t i n g the t r a p . The key f a c t o r in t h i s 
type of experiment i s that a l l molecules must c o n t a i n a 
t r a p . N o n - u n i f o r m d i s t r i b u t i o n o f t r a p s makes d a t a 
i n t e r p r e t a t i o n v e r y d i f f i c u l t . R e c e n t l y t r a p p i n g 
exper iments have been performed and i t has been c la imed 
t h a t the r e s u l t s p r o v e t h e o c c u r r e n c e o f e . e . m . i n 
p o l y s t y r e n e ( 1_2 ) . H o w e v e r , on e x a m i n i n g t h e 
e x p e r i m e n t a l d e t a i l s i t i s apparent that f o r the very 
l o w c o n c e n t r a t i o n o f t r a p u s e d a n u m b e r o f 
m a c r o m o l e c u l e s do not c o n t a i n a t r a p and c o n s e q u e n t l y 
the sample i s non-un i fo rm. With no c o r r e c t i o n made f o r 
t h i s f a c t the i n t e r p r e t a t i o n of the observed behav iour 
i s open to q u e s t i o n . Use o f t r a p s i s n o t a good 
p r o c e d u r e s i n c e the a c t u a l s p a t i a l d i s t r i b u t i o n of the 
t r a p must be known and must be uniform before r e l i a b l e 
a n a l y s i s of exper imenta l data can be made. 

Mechanism 

The p h o t o p h y s i c a l behav iour of p o l y s t y r e n e in s o l u t i o n 
can be e x p l a i n e d by a B i r k s - t y p e scheme in which kQM i s 
an a v e r a g e r o t a t i o n a l c o n s t a n t w h e r e b y a 1 : 3 
i n t r a m o l e c u l a r e x c i m e r i s f o r m e d . On t h i s b a s i s , 
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assuming excimer d i s s o c i a t i o n i s r e l a t i v e l y unimportant 
we have 

The on ly temperature dependent parameter i s krjM and 
the a c t i v a t i o n energy f o r s o l u t i o n s has been measured as 
4 . 1 k c a l m o l ~ l ( 4_) · T e m p e r a t u r e v a r i a t i o n o f t h e 
r e l a x a t i o n o f p o l y s t y r e n e main c h a i n bonds has been 
i n v e s t i g a t e d (1_^) g i v i n g an a c t i v a t i o n energy o f 4,1 
kcal mol~1 and a room temperature va lue of 4 X 10^ s~' . 
The agreement between these two d i f f e r e n t e x p e r i m e n t a l 
measurements suggests they are both concerned wi th the 
same p r o c e s s . 

S o l i d S t a t e 

D a t a a v a i l a b l e on p o l a r i s a t i o n measurements i s i n 
c o n f l i c t . Two m a j o r d i f f i c u l t i e s a r e f o u n d f o r 
m e a s u r e m e n t s on s o l i d s t a t e s a m p l e s ; t h e y a r e ( 1 ) 
s c a t t e r of e x c i t a t i o n and emiss ion r a d i a t i o n , and (2) 
s t r a i n r e s u l t i n g i n b i r e f r i n g e n c e i n t h e s a m p l e s . 
However, data other than p o l a r i s a t i o n are a v a i l a b l e f o r 
exami n a t i o n . 

On c o o l i n g f i l m s o f pure p o l y s t y r e n e to 77K the 
r a t i o IΕ / ^ M goes t o a l m o s t zero ( H ) . Assuming t h a t 
excimer t r a p s are preformed in the f i l m when c a s t , the 
p o p u l a t i o n of such t r a p s w i l l remain c o n s t a n t , once the 
f i l m i s formed. N e i t h e r the exchange nor t h e d i p o l e -
d i p o l e mechanism o f e n e r g y t r a n s f e r i s p a r t i c u l a r l y 
s e n s i t i v e to temperature and thus i t i s d i f f i c u l t to see 
why t h e t r a p s s h o u l d not be p o p u l a t e d a t v e r y low 
temperatures , i f indeed the mechanism of p o p u l a t i o n i s 
by e . e . m . i n t o the t r a p s . 

The d i s p o s i t i o n o f p h e n y l g r o u p s i n t h e s o l i d 
amorphous polymer i s of r e l e v a n c e to the p h o t o p h y s i c a l 
p r o p e r t i e s . F o l l o w i n g r e f r a c t i v e index measurements 
P r e s t has p r o p o s e d (1_5) t h a t the p h e n y l u n i t s a r e 
o r i e n t e d i n the p l a n e o f the f i l m and indeed a t h i n 
l a y e r of h i g h l y s t r a i n e d p o l y m e r can be p r o d u c e d by 
s o l v e n t c a s t i n g . S ince the bulk of e x c i t a t i o n r a d i a t i o n 
i s a b s o r b e d in the s u r f a c e o f a s a m p l e t h e m a j o r 
component of the emiss ion can occur from a b i r é f r i n g e n t 
s u r f a c e l a y e r , s o t h a t t h e o b s e r v e d 
p o l a r i s a t i o n / d e p o l a r i s a t i o n can be dominated by t h i s 
i n f l u e n c e r a t h e r than by e . e . m . , and t h e r e f o r e by sample 
p r e p a r a t i on . 

The s t r u c t u r e o f amorphous p o l y s t y r e n e has been 
examined u s i n g X - r a y s ( T_6 ) and the a n a l y s i s suggests 
t h a t pheny l -pheny l c o n t a c t s dominate with both i n t e r and 
i n t r a m o l e c u l a r c o n t a c t s r e s u l t i n g in s t a c k i n g e f f e c t s . 
Such an i n t e r a c t i o n i s c o n s i s t e n t with the s t a b i l i t y 
d e r i v e d from face to face c o n f i g u r a t i o n s ( 1 7 , 1 8 ) . Thus 

I n t e n s i t y excimer ( I f ) kDM k FD 

I n t e n s i t y monomer ( I M ) kFNl( k FD + k I D ) 
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i t i s r e a s o n a b l e to propose t h a t excimer fo rmat ion in 
polymer f i l m s r e s u l t s from a l i b e r a t i o n a l motion of the 
f a c e - t o - f a c e p h e n y l u n i t s f o l l o w i n g v i b r a t i o n a l 
r e l a x a t i o n of the e x c i t e d monomer u n i t . Th i s mechanism 
would account f o r the n o n - o b s e r v a t i o n of excimer at very 
low t e m p e r a t u r e s at which the v i b r a t i o n a l e n e r g y i s 
i n s u f f i c i e n t to a t t a i n the r e q u i r e d c o n f o r m a t i o n . 

Blends of p o l y s t y r e n e with p o l y ( v i n y l methyl e t h e r ) 
have been examined by G e l l e s and Frank ( 1_9) and the 
r e s u l t s ana lysed us ing s o p h i s t i c a t e d s t a t i s t i c a l methods 
i n v o l v i n g e . e . m . A number of important assumptions are 
made: 

(a) r o t a t i o n a l sampl ing i s not i m p o r t a n t . 
(b) i n t e r m o l e c u l a r excimer occurs in c o n c e n t r a t e d 
but not d i l u t e s o l u t i o n s
(c) the c o n c e n t r a t i o
independent of
(d) the p r o b a b i l i t y of hopping i s the same f o r a l l 
s t e p s . 

I t w o u l d be r e a s o n a b l e t o c o n f i r m some o f t h e s e 
assumptions by other exper imenta l means b e f o r e c i t i n g 
t h i s w o r k as u n e q u i v o c a l e v i d e n c e f o r e . e . m . 
F u r t h e r m o r e t h e a u t h o r s made no c o r r e c t i o n f o r 
monomer/excimer band o v e r l a p . 

S o l i d s t a t e behav ior of p o l y ( v i n y l naphthalene) i s 
s o m e w h a t s i m i l a r t o t h a t o f p o l y s t y r e n e . The 
c o n t r i b u t i o n f rom e x c i m e r i s much d i m i n i s h e d at low 
t e m p e r a t u r e s . Indeed i n f r o z e n d i l u t e s o l u t i o n s of 
copolymers c o n t a i n i n g added t r a p s e x c i m e r d i s a p p e a r s 
t o t a l l y ( 2 0 ) . 

In a number of ways the p h o t o p h y s i c a l behav iour of 
small molecu les and polymers are s i m i l a r . The r e j e c t i o n 
o f e . e . m . among the low m o l e c u l a r weight analogues of 
p o l y s t y r e n e and p o l y ( v i n y l n a p h t h a l e n e ) r e q u i r e s the 
p r o p o s i t i o n t h a t the macromolecules have some s p e c i a l 
p r o p e r t y which promotes e . e . m . , i f t h a t phenomenon does 
i n f a c t o c c u r . One v e r y o b v i o u s f a c t o r i s the 1,3 
d i s p o s i t i o n of the aromat ic groups along the main c h a i n . 
H o w e v e r i t i s not a p p a r e n t why t h i s f a c t o r s h o u l d 
enhance chromphore to chromophore e n e r g y t r a n s f e r . A 
d e f i n i t e c o n s e q u e n c e of the p l a c i n g of chromophores 
a long a polymer backbone i s the enhanced p o s s i b i l i t y of 
forming excimer by r o t a t i o n a l r e l a x a t i o n . Conformat ion 
of the m o l e c u l e s , both l a r g e and s m a l l , i s i m p o r t a n t . 
P o l y m e r mo 1 e c u 1 e / s ο 1 ν e η t i n t e r a c t i o n s h a v e b e e n 
d e m o n s t r a t e d by v a r i a t i o n of s o l v e n t b u t an e a r l y 
o b s e r v a t i o n by Hirayama (21 )̂ i s worth h i g h l i g h t i n g . I t 
was shown t h a t IΕ/^ M f ° r ^«3 d i p h e n y l propane changed 
m a r k e d l y on c h a n g i n g s o l v e n t i n d i c a t i n g t h a t 
phenyl/phenyl and p h e n y l / s o l vent i n t e r a c t i o n s p layed an 
important r o l e in d e t e r m i n i n g the e f f i c i e n c y of forming 
the e x c i m e r i c s t r u c t u r e . 
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Chapter 24 

Complex Decay of Fluorescence 
in Synthetic Polymers 

David Phillips 

The Royal Institution, 21 Albemarle Street, London, W1X 4BS, England 

Some simple fluorescence decay laws are given which result from 
models concerned with relaxation phenomena, heterogeneity, 
molecular motion an
exhibiting fluorescence
poly(diacetylene) in rigid crystal form; to polystyrene in fluid 
solution, and to vinyl naphthalene co-polymers in fluid solution are 
considered briefly. 

The great sensitivity of fluorescence spectral, intensity, decay and anisotropy 
measurements has led to their widespread use in synthetic polymer systems, where 
interpretations of results are based upon order, molecular motion, and electronic 
energy migration (1). Time-resolved methods down to picosecond time-resolution 
using a variety of detection methods but principally that of time-correlated single 
photon counting, can in principle, probe these processes in much finer detail than 
steady-state techniques, but the complexity of most synthetic polymers poses severe 
problems in interpretation of results. 

The single or dual exponential fluorescence decay encountered in simple 
small molecules in fluid or rigid media, is not often normally expected in synthetic 
polymers. There are, in general, several causes which have been reviewed 
(1,['Non-exponential kinetics.' Phillips, D. in NATO ASI 'Excited-state Probes in 
Biochemistry and Biology' Szabo, A.G.and Masotti, L. Eds. Plenum Press, (in 
press.] ) of the deviations from simple mathematical forms of decay law. Stated 
briefly, these are heterogeneity, motion, complex formation, and energy transfer and 
migration. 

HETEROGENEITY 

For more than one simultaneously excited,non-interacting species, the decay of 
total fluorescence will be described in principle by 'Equation 1'. The situation with 
two non-interacting species is fairly common, but as the number of species 
increases, interactions such as energy transfer are bound to become more 
probable, complicating the kinetics. 

0097-6156/87/0358-0308$06.00/0 
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I(t) = Σ A i e - ^ i (1) 
i 

In the extreme of a large number of non-interacting sites, such as molecules 
adsorbed on a solid surface, in defects in molecular crystals or in some polymeric 
species, the decay may be better described by a distribution of decay times, suitably 
weighted about some mean value. 

A recent treatment by Albery et al (3) gives a rate-parameter k as a 
distribution represented by 

k = k exp (γχ) (2) 

Thus the decay of concentration C of a species from initial concentration C 0 is given by 
+00 

C = J exp(-x 2) exp[-xexp(7x]d  (3) 

J exp (-x 2)dx 

C 0 

where 

1/2 τ = kt, and J exp (-x 2)dx = π 
-oo 

Since any sample of polymer is characterised by a distribution of molecular weights 
and the fluorescence of a chromophore is in principle environmentally sensitive, even 
for non-interacting chromophores it would not be surprising i f a distribution of decay 
times were observed in these situations, which however, corresponds to that observed 
in a free chromophore in solution, and the decay should be modelled adequately by a 
rate constant. This is certainly not the case for interacting chromophores, where the 
local environment w i l l be critical in determining the decay rate of any particular 
fluorophore. In a homopolymer, the principal cause of heterogeneity w i l l be the 
tacticity of the polymer, isotactic, syndiotactic and atactic polymers being expected to 
behave very differently. In cases where nominally 'atactic' polymers consist of 
isotactic and syndiotactic sequences, the decay may in favourable simple cases be 
interprétable in terms of a summation of exponential decays of two kinetically distinct 
species. For a wide distribution o f sites, a kinetic model recognising this 
heterogeneity may be more appropriate, although this yields information of limited 
usefulness. 

In co-polymers, heterogeneity of environment of a chromophore by virtue 
of composition becomes of overriding concern. In our earlier work on co-polymers of 
vinyl naphthalene (4-10) and polystyrene (11-13), the models adopted to explain 
results deliberately emphasised heterogeneity at the expense of, say, energy migration. 

R E L A X A T I O N 

In many synthetic polymers, particularly the vinyl aromatic type, excimer formation is 
significant. In the simplest case of excimer formation in free molecules in fluid 
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solution, the decays of uncomplexed chromophore (monomer) and excimer are of the 
form 

I M ( t ) = A ^ i * + A l C-*2 l (4) 

IE(t) = A 3(e^i t-e- x2t) (5) 

In synthetic polymers, the interpretation is necessarily more difficult. The 
form of 'Equation 4' and 'Equation 5' requires that the kinetics of formation and decay 
of complexes are modelled adequately by rate-constants and that they take place in a 
homogeneous medium. If, as in synthetic polymers, the population of excimer trap 
sites, may occur through energy migration or rotational diffusion, a rate-constant may 
not be an adequate representation of the process, some time-dependent parameter being 
required (see below.) Heterogeneity may also play an important role. Thus in earlier 
work the fluorescence decay
by a scheme based upon simpl
account for the occurrence in co-polymers of monomer sites which, by their isolation, 
could not form excimers (4-10). For polymers which contain isotactic and 
syndiotactic sequences, or rather, are made up of meso and racemic triads (14), the 
kinetics may be similarly a superimposition of simple schemes appropriate for the 
different sequences. 

M O T I O N 

Translational diffusion results in a decay law of the form (15) of 'Equation 6'. Itagaki 
(16) et al have proposed a decay law for restricted rotational motion of similar type. 

I(t) = exp ( -At-2Bt 1 / 2 ) (6) 

They propose that in excimer-forming v inyl aromatic polymers in fluid 
solution, the 

I(t) = A exp {-(at + bt 1 / 2 )} + Β exp (-ct) (7) 

rate-determining step in excimer formation is rotational diffusion, leading to use of a 
term such as 'Equation 7' to model the fluorescence. Data from other workers data 
were claimed to be compatible with this model, although the normal stringent tests of 
acceptability were not applied in this case. In general, fluorescence anisotropy 
measurements are of more importance in determining motion in synthetic polymers in 
fluid solutions but such measurements are beyond the scope of this paper. 

E N E R G Y M I G R A T I O N 

In cases where energy migration is a dominant feature of luminescence, as in 
molecular crystals, various forms of decay are expected depending upon 
circumstances, but relying upon solutions, usually complex, to the basic rate 
equations where E(t) is the time-dependent population of the initially excited 
(exciton) state, T(t) the population of the trap state, k E the decay rate constant for band 
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states, k T the decay rate constant for the trap states, and k L(t) the time-dependent 

E(t) = - [k E + k L ( t ) ]E( t ) (8) 

T(t) = -k T T(t) + k L ( t )E(t) (9) 

trapping rate functions, the form of which depends upon the effective transport 
topology. For a strictly one-dimensional transport, Fayer has given the form of k L(t) 
as'Equation 10'. 

k L ( t ) = A f 1 / 2 (10) 

For quasi-one-dimensional, two-dimensional, and three-dimensional diffusional 
processes, other forms are appropriate (17-21)  Thus very extensive theoretical and 
picosecond experimental wor
randomly distributed molecule
significant deviations in the behaviour of finite volume systems compared with the 
infinite volume systems considered above. The treatment is mathematically complex 
and the results w i l l not be given here explicitly. Frederickson and Frank (22) have 
used this treatment to suggest possible forms for the decay of monomer and growth 
and decay of excimer fluorescence in vinyl aromatic polymers where electronic energy 
migration might be a dominant process. In this work the suggestion was made that 
complex mathematical forms resulting from this treatment might be simulated by 
multiple exponentials, and thus care was needed in attaching physical significance to 
parameters derived from this procedure. A simplification of the Frederickson and 
Frank approach gave as the decay law for a monomelic species in a polymer exhibiting 
energy migration the expression. 

I(t) = A exp {-(at+bt1/2)} + Β exp(-ct) (11) 

A n exact solution to the 'Equation 8' and'Equation 9' for one-dimensional 
and higher dimensionality cases of diffusion has been developed. However this is 
beyond the scope of the present paper, although results in one case are discussed 
below. 

The concept of 'fractal' dimensionality is clearly of use in interpreting 
results of energy transfer experiments; thus for example for a two-dimensional 
donor-acceptor system, the fluorescence decay function of the donor is given by 

I(t) = exp [-t/xD - γ A ( t / τ 0 ) β ] (12) 

where, β = d/s, γ - x A (d /d )V d R d Γ (1-β) (13) 

τ 0 is the lifetime of the donor, s is the order of the multipolar interaction, x A is the 

fraction of fractal sites occupied by the acceptor, d is the Euclidean dimension, d the 
fractal dimension, R Q the critical transfer distance and V d the volume of a unit sphere in 
d dimension. 
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T E S T I N G O F M O D E L S 

It is clear from the above discussion that selection of a mathematical model which w i l l 
describe uniquely the fluorescence decay of a complex polymer system is at best a 
hazardous procedure. W e describe below three areas of such fitting: one 
successful, another possibly so, a third in which recent experiments may require that 
previous conclusions be revised. 

P O L Y D I A C E T Y L E N E O N E - D I M E N S I O N A L S Y S T E M . 1 O H is a monomer which 
leads to the production of orientated fibrous polymer ( P D A - I O H ) on solid-state 
polymerization (27). Detailed methods of preparation of this polymer can be found 
elsewhere (28,29) the structure being given below, where R and R' are - C H 3 and 
- C H 2 O H respectively for 1 0 H and are, so far, the smallest substituents capable of 
providing a unique polymerization direction and a reactive lattice packing, primarily as 
a virtue of hydrogen-bonding occuring between the - C H O H groups  On 
polymerization fibrillation occur
latter is due to the difference
apart) and the polymer repeat unit length (0.49 nm.) The weak V a n der Waals 
interactions of the - C H 3 groups are therefore disrupted. This produces fibres having 

good crystallinity with a high degree of chain alignment as shown by the optical 
dichroism. The polymer chain axes lie along the fibre axis as revealed by electron 
diffraction studies. Typically, the fibres are more than 10 μ ιη in length and about 60 
nm in diameter, as obtained from small-angle-X-ray scattering studies (27). This 
polymer is clearly less perfect than other P D A single crystals, and as such luminesces. 
Loca l defects such as chain kinks, dislocations, cross-links (unlikely), etc. therefore 
alter the dimensional i ty to 3>1. In other words these systems are 
quasi-one-dimensional. Misa l igned chains have been observed by electron 
microscopy. The effect of disorder (present only to a small extent) should have 
important consequences on the diffusivity and drift velocity of carriers or excitations 
in the material. The exact I D decay law for excitons has been derived (25) as follows. 

The survival fraction of random walkers in I D n(r\ = 0,t) for the case of physical 

interest (η<χ) where χ is the concentration of deep traps, η is a dimensionless field 
parameter, and W is the zero field jump rate between neighbours, is given by 

The I D decay law from photoconduction experiments is known to be of the form 

(12) 

c - c = c - c 

-Τι 
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E(t) = n 1 (t) e-KEl 

Substitution of the 

T(t)= & _ Ê - Y t ' J , 

Substitution of these equations gives for the time-dependence of Τ 
Sds 

[1-e" ^ ] 

π 2 ( e s - e - s ) Y 

where γ = l+s 2 Z, t '= = π 3 ί Ρ Α ) ί , Ζ = K F - K T , 
16 W 1 

P A = 16π2χ2\ν. W{ = TC 2 X 2W , Y = K T 

J W

(13) 

(14) 

This equation can be solved numerically, and in normalised form the 

function can be represented on a log vs t a plot as a straight line when α = 0.45 
(Figure 1.) The actual fluorescence decay of l O H at room temperature is shown in 
Figure 2. 

Detailed analysis of several decay and pump curves revealed good fits for 

two exponential terms. However, the time constants ( τρ obtained crucially depended 

on the sampling-window of the decay profile chosen. Longer lifetime values were 
obtained at longer times; t-values changing from ca. 20 ps - 2.25 ns. This suggests 
that the decay is neither single-nor double-exponential but involves a distribution of 
decay times. It must be appreciated that very lengthy programming effort would be 
required to fit these data, after either deconvolution of the data or reconvolution of 
the fitting function, to the equations derived from the MPW-theory (25) for lD-exciton 
migration. To get over this problem the data were fitted to six exponentials to 
deconvolve from the instrument response function and then replotted on a log intensity 

vs t a plot. A linear plot was obtained for α = 0.42 (Figure 3), in good agreement 

with theory. The same treatment for data obtained at 4.2K yielded the best fit for α = 
0.45, as shown in Figure 4. 

We conclude therefore that in the case of this highly-ordered, rigid polymer, 
time-resolved fluorescence measurements of excitation migration yield results which 
are compatible with an exact solution for one-dimensional diffusion. 
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Figure 1.Simulated ( I D exact) decay based upon M P W theory 2 5 . Plot of 

intensity vs. t a , a = 0.45 (from Ref. 27.) 
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Figure 2. Fluorescence decay of P D A - l O H (300K) Raw data XQ = 476.5 

nm, λ Γ = 565 nm (from Ref. 27.) 
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10 

Figure 3. Experimental

300K, with α = 0.425. 

Figure 4. Experimental fit of log intensity vs t a for P D A l O H fluorescence at 

4 .2K, with α = 0.45. 
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S T Y R E N E P O L Y M E R S . In our earlier work on styrene (12,13,30), heterogeneity 
was emphasised as being the major cause of complex decay of fluorescence, leading to 
the adoption of a multiple component analysis. W e have tested the simplest alternative 
model, 'Equation 15' against a multiple exponential model, where we have shown, 
(Figures 5 and 6) that a dual component fit is acceptable statistically for homopolymer 
monomer decay. Figures 7and 8 show that the simplified 'Equation 15' is certainly 
unacceptable. 

One clear deficiency in 'Equation 15' is that reverse dissociation of the 
excimer is omitted, although there is spectroscopic evidence 1 2 that it does occur 
slightly in polystyrene. Inclusion of an additional exponential term to account for this 
phenomenon may wel l improve the fitting of "Equation 15', but this method w i l l only 
with difficulty be distinguished from other simpler methods. 

I(t) = exp [-(at + bt 1 / 2 )] (15

That simple models suffice in polystyrene polymers is further illustrated by work we 
have carried out on polystyrene copolymerised with a small concentration of 

phenyl oxazole P O S (11). In this work, careful study of the decay characteristics of 
emission at wavelengths selected to isolate the styrene monomer, styrene excimer, and 
POS trap, when fitted to an empirical three-component model without constraint gave 
the same three decay constants, with of course, different weighing factors in the 
different spectral regions, Figure 9. It seems to us to be inconceivable that the 
recovery of identical decay parameters could be entirely coincidental. Moreover, the 
values recovered for decay of monomer correlate wel l with grow-in of trap. This 
would not be expected on the basis of a time-dependent trapping function. W e feel 
that in the case of styrene polymers, the case for careful multiple-component fitting and 
subsequent physical interpretation may still be reasonable. 

V I N Y L N A P H T H A L E N E . In our earlier work (4,10), analysis of fluorescence was 
based solely upon results obtained in the monomer fluorescence spectral region, and 
again a model was adopted in which heterogeneity was stressed. W e have recently 
reinvestigated some of these systems briefly, and reached the following conclusions. 

(1) Even at very long time gates, the fluorescence spectrum in the excimer 
region of fluorescence in a vinyl naphthalene/methyl methacrylate co-polymer is not 
time-dependent, and thus either the excimer is unique, o r , different excimer sites have 
identical decay times. 'Tail-fitting' to excimer decays at a variety of wavelengths gave 
the same result confirming this conclusion. (Table 1.) 

(2) Excimer fluorescence decays could be modelled adequately by a 
triple-component scheme, but decay parameters recovered did not correlate well with 

those from analysis of monomer decay. (Table 2.) 
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Figure 5. Double-exponential f i t to polystyrene decay measured at 
270 nm with e x c i t a t i o n at 257.25 nm. 
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Figure 6. Residuals and a u t o c o r r e l a t i o n f o r p l o t s i n Figure 5. 
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Figure 7. Fluorescence decay of polystyrene measured at 270 nm 
f i t t e d to Equation 15. 
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Figure 8. Residuals and a u t o c o r r e l a t i o n f o r p l o t s i n Figure 7

Figure 9. Fluorescence spectra and decay c h a r a c t e r i s t i c s of POS 
cont a i n i n g polystyrene. M*, styrene monomer reg i o n , dual decay 
k i n e t i c s . D*, styrene excimer region, t r i p l e decay c h a r a c t e r i s 
t i c s (double f i t shown does not c o r r e l a t e w i t h other wave lengths, 
thus meaningless). P* i s POS fluorescence, t r i p l e decay charac
t e r i s t i c s when styrene e x c i t e d (see box), but s i n g l e , τ = 1.68 ns 
when e x c i t e d d i r e c t l y . EGS i s early—gated time—resolved spectrum 
which matches c l o s e l y spectrum of P* e x c i t e d d i r e c t l y , and d i f 
ference between lat e - g a t e d spectrum LGS and known spectrum of D*. 
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(3) Pre-exponential factors for excimer decay do not sum to zero. 
Analysis of 'synthetic' data recovers input parameters perfectly, thus the result must be 
taken as real. 

In the light of these new experiments, the kinetic model based upon 
heterogeneity is no longer internally consistent, and future work on these polymers 
must consider other appropriate models, including those of Itagaki et al, (16) and 
Frederickson and Frank (22). 

C O N C L U S I O N S 

We conclude that interpretation of even the most precise experiments on fluorescence 
decay in synthetic polymers w i l l be difficult, given the complexities of such systems. 
However, with physically well-defined systems, adequate discrimination between 
models should be possible. In less well defined systems, such as co-polymers of 
vinyl aromatic monomers in fluid solution, discrimination between models may be 
more intractable, but some progress can be made i f extensive  and complete
experiments are attempted. 
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Chapter 25 

Ensemble Average Conformation 
of Isolated Polymer Coils 

in Solid Blends 
Using Electronic Excitation Transport 

K. A. Peterson, M . B. Zimmt, S. Linse, and M . D. Fayer 

Department of Chemistry, Stanford University, Stanford, CA 94305 

A method for calculatin
incoherent excitatio
randomly tagged in low concentration on isolated, 
flexible polymer chains is described. The theory 
relates the ensemble average root-mean-square radius 
of gyration ( Rg2 1/2) of a polymer coil to the rate 
of excitation transport among the chromophores. 
Analysis of experiments which monitor the rate of 
excitation transport among naphthyl chromophores in 
low concentration on isolated coils of poly-(2-
vinylnaphthalene-co-methyl methacrylate) in poly-
(methyl methacrylate) (PMMA) host by time-resolved 
fluorescence depolarization spectroscopy allows the 
quantitative determination of the copolymer 
Rg2 1/2. Rg2 1/2 is determined for 23,000 MW and 
60,000 Mw copolymers containing 9% 2-vinylnaphtha-
lene (2-VN) monomers. The results are identical to 
determinations of (Rg2 1/2 for PMMA in θ-solvents 
by other methods. The dependence of Rg2 

1/2 on the 
fraction of 2-VN monomer in the copolymer is 
determined for three 23,000 MW copolymers containing 
9%, 6% and 4% 2-VN. The measured Rg2 1/2 are 
independent of 2-VN concentration. The results 
demonstrate the quantitative utility of excitation 
transport techniques in the investigation of polymer 
conformation in the solid state. 

There has been increasing interest in recent years in using 
incoherent electronic excitation transport as a probe of molecular 
interactions in solid state polymer systems. The macroscopic 
properties of such systems arise from the microscopic interaction of 
the individual polymer chains. The bulk properties of polymer 
blends are critically dependent on the mixing of blend components on 
a molecular level. Through the careful adjustment of the 
composition of blends technological advances in the engineering of 
polymer materials have been made. In order to understand these 
systems more fully, i t is desirable to investigate the interactions 
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of i n d i v i d u a l polymer chains w i t h the host environment. E x c i t a t i o n 
t r a n s p o r t observables are s e n s i t i v e to the s p a t i a l o r i e n t a t i o n and 
sep a r a t i o n of chromophores and can provide a d i r e c t probe of these 
microscopic i n t e r a c t i o n s . 

The dependence of e x c i t a t i o n t r a n s p o r t on l o c a l chromophore 
c o n c e n t r a t i o n has been used to provide q u a l i t a t i v e i n f o r m a t i o n on 
the c h a r a c t e r i s t i c s of polymers i n blends. Excimer fluorescence 
r e s u l t i n g from e x c i t a t i o n t r a n s p o r t has been employed to 
c h a r a c t e r i z e polymer m i s c i b i l i t y , phase s e p a r a t i o n and the k i n e t i c s 
of s p i n o d a l decomposition (1-3). Q u a l i t a t i v e c h a r a c t e r i z a t i o n of 
phase s e p a r a t i o n i n blends (4.5) and the degree of chai n 
entanglement as a f u n c t i o n of sample p r e p a r a t i o n and h i s t o r y (6.7) 
has a l s o been i n v e s t i g a t e d through t r a n s p o r t w i t h t r a p p i n g 
experiments. I n these experiments one polymer i n the blend contains 
donor chromophores and the second contains acceptors. S e l e c t i v e 
e x c i t a t i o n of the former and d e t e c t i o n of the l a t t e r provides a 
q u a l i t a t i v e measure of

Due to the s e n s i t i v i t
the s e p a r a t i o n and o r i e n t a t i o n of chromophores, techniques which 
monitor the r a t e of e x c i t a t i o n t r a n s p o r t among chromophores on 
polymer chains are d i r e c t probes of the ensemble average 
conformation (8). I t i s s t r a i g h t f o r w a r d to understand 
q u a l i t a t i v e l y the r e l a t i o n s h i p between e x c i t a t i o n t r a n s p o r t 
dynamics and the s i z e of an i s o l a t e d polymer c o i l which i s 
randomly tagged i n low c o n c e n t r a t i o n w i t h chromophores. An 
ensemble of tagged c o i l s i n a polymer blend w i l l have some 
ensemble averaged root-mean-squared ra d i u s of g y r a t i o n , (R ) ' . 
I f i n one host (R ) ' f o r the guest c o i l s i s l a r g e because of 
favor a b l e guest-host thermodynamic i n t e r a c t i o n s , the average 
di s t a n c e between chromophores w i l l be l a r g e . Since the r a t e of 
e x c i t a t i o n t r a n s p o r t depends on 1/r where r i s the chromophore 
se p a r a t i o n , t r a n s p o r t w i l l be slow. I f the same guest polymer i s 
place d i n a d i f f e r e n t host i n which the guest-host thermodynamic 
i n t e r a c t i o n s are l e s s f a v o r a b l e , the c o i l s w i l l c o n t r a c t , and the 
average chromophore se p a r a t i o n w i l l decrease. This decrease w i l l 
r e s u l t i n more r a p i d e x c i t a t i o n t r a n s p o r t . The 1/r dis t a n c e 
dependence makes the e x c i t a t i o n t r a n s p o r t observables very 
s e n s i t i v e to small changes i n (R ) ' . 

The two most common methods used to determine (R ) ' of 
i n d i v i d u a l polymer chains are Rayleigh s c a t t e r i n g and neutron 
s c a t t e r i n g . Rayleigh, or l i g h t s c a t t e r i n g has been extremely 
u s e f u l i n studying polymers i n s o l u t i o n (9.10). However, t h i s 
technique i s not e a s i l y a p p l i e d to polymers i n the amorphous s o l i d 
s t a t e due to l a c k of c o n t r a s t i n r e f r a c t i v e index of the blend 
components. Neutron s c a t t e r i n g has been s u c c e s s f u l l y a p p l i e d to 
studying i s o l a t e d polymer c o i l s i n s o l i d blends (11-15). Although 
the neutron s c a t t e r i n g technique has the advantage of p r o v i d i n g a 
d i r e c t probe of chai n s t r u c t u r e , i t i n v o l v e s s e v e r a l l i m i t a t i o n s 
which may be overcome by e x c i t a t i o n t r a n s p o r t techniques. F i r s t , 
i n order to produce c o n t r a s t , the polymer component being 
i n v e s t i g a t e d , or the host polymer must be deuterated. Deuteration 
has been shown to a f f e c t the mechanical and thermodynamic 
p r o p e r t i e s of a number of polymers and polymer blends (16.17). 
Second, a monochromatic neutron source i s r e q u i r e d , and f i n a l l y , 
i t i s d i f f i c u l t to i n v e s t i g a t e the behavior of i s o l a t e d guest 
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polymers i n a s o l i d a t very low concentrations (< 1%) due to 
s c a t t e r i n g from the host polymer. Many blends are already phase 
separated even at these low concentrations. For these types of 
blends i n p a r t i c u l a r , e x c i t a t i o n t r a n s p o r t techniques w i l l prove 
extremely u s e f u l . The e x c e l l e n t s i g n a l - t o - n o i s e r a t i o o b tainable 
i n e x c i t e d s t a t e t r a n s p o r t experiments allows measurements on 
blends w i t h guest polymer concentrations t h a t are orders of 
magnitude lower than the s e n s i t i v i t y l i m i t s of neutron s c a t t e r i n g . 
I n a d d i t i o n , f o r chains w i t h m u l t i p l e , randomly p l a c e d 
chromophores, the e f f e c t of the l a b e l e d monomer u n i t s on the c o i l 
conformation can be determined by performing a s e r i e s of 
experiments on copolymers c o n t a i n i n g v a r i o u s mole f r a c t i o n s of 
l a b e l . This allows e i t h e r the e l i m i n a t i o n of any such e f f e c t s or 
an e x t r a p o l a t i o n to zero chromophore co n c e n t r a t i o n . 

Previous experiments measuring fluorescence d e p o l a r i z a t i o n 
a r i s i n g from e x c i t a t i o n t r a n s p o r t among chromophores on i s o l a t e d 
guest c o i l s i n s o l i d polyme
of determining the r e l a t i v
host environments (18). The a b i l i t y of these experiments to 
provide a q u a n t i t a t i v e measure of (R ) ' was l i m i t e d by the 
th e o r i e s used to analyze the r e s u l t s , and not by the technique 
i t s e l f . Each of the two th e o r i e s which were i n i t i a l l y a p p l i e d to 
the experiments includes some aspects of polymer c h a i n s t r u c t u r e 
and both provided q u a l i t a t i v e l y c o r r e c t experimental p r e d i c t i o n s , 
but n e i t h e r were q u a n t i t a t i v e l y c o r r e c t . F r e d r i c k s o n , Andersen, 
and Frank (FAF) (19-22) developed a theory f o r energy t r a n s p o r t 
(with or without traps) on i s o l a t e d , Gaussian polymer c o i l s . They 
used an extension of the diagrammatic s e l f - c o n s i s t e n t method 
developed by Gochanour, Andersen, and Fayer (23) f o r e x c i t a t i o n 
t r a n s p o r t i n s o l u t i o n . The FAF theory used the i n f i n i t e c h a i n 
l i m i t (Debye form) f o r the segment p a i r - c o r r e l a t i o n f u n c t i o n of an 
i d e a l polymer c o i l . Ediger and Fayer (EF) (8) modeled 
chromophores randomly tagged on a polymer chain of a p a r t i c u l a r 
r a d i u s of g y r a t i o n as chromophores randomly d i s t r i b u t e d i n a 
sphere; r e l a t i n g the radius of g y r a t i o n of the sphere to the 
rad i u s of g y r a t i o n of the polymer. Polymer s t a t i s t i c s were 
in c l u d e d by averaging over the d i s t r i b u t i o n of r a d i i of g y r a t i o n 
u s i n g the F l o r y - F i s k d i s t r i b u t i o n f u n c t i o n . 

Although both t h e o r i e s c o r r e c t l y p r e d i c t e d the shape of the 
time-dependent anisotropy, the EF theory p r e d i c t e d values f o r 
t h e t a - c o n d i t i o n PMMA which were lower than expected (as compared 
to determinations by l i g h t s c a t t e r i n g and neutron s c a t t e r i n g ) 
w h i l e the FAF theory r e s u l t e d i n values which were too hig h . The 
reason f o r the d i s p a r i t i e s i n the e x c i t a t i o n t r a n s p o r t s i z e 
determinations has been shown to be due to inadequate models of 
the s p a t i a l d i s t r i b u t i o n of chromophores on a polymer c h a i n (18). 

The accurate d e s c r i p t i o n of e x c i t a t i o n t r a n s p o r t on i s o l a t e d 
polymer c o i l s i s an i n t e r e s t i n g and d i f f i c u l t problem. 
Chromophores attached to a polymer present an inhomogeneous medium 
f o r e x c i t a t i o n t r a n s p o r t . Rather than being randomly d i s t r i b u t e d , 
as i n a s o l u t i o n , the p o s i t i o n s of the chromophores are c o r r e l a t e d 
through the covalent bonds of the polymer. A l s o , the f i n i t e s i z e 
of the polymer l i m i t s the number of s i t e s the e x c i t a t i o n can 
sample. This inhomogeneity i n the chromophore d i s t r i b u t i o n 
r e s u l t i n g from the requirements of polymer c h a i n s t r u c t u r e can 
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l e a d to complicated expressions f o r the chromophore p a i r 
c o r r e l a t i o n f u n c t i o n . Both the FAF and EF t h e o r i e s i n v o l v e 
complicated s e r i e s expansions i n Laplace space, making i n c l u s i o n 
of accurate forms f o r the chromophore d i s t r i b u t i o n f u n c t i o n 
computationally d i f f i c u l t . 

Recently, we have developed a theory f o r e x c i t a t i o n t r a n s p o r t 
on i s o l a t e d , f i n i t e s i z e , f l e x i b l e polymer c o i l s which contains a 
more reasonable model of the p a i r c o r r e l a t i o n f u n c t i o n , and which 
i s amenable to the i n c l u s i o n of any form of the p a i r c o r r e l a t i o n 
f u n c t i o n (24). The theory i s based on a method developed by Huber 
(25.26) f o r d e s c r i b i n g e x c i t a t i o n t r a n s p o r t i n i n f i n i t e , 
d i s o r d e r e d systems. This method has the advantage of being a 
r e l a t i v e l y s t r a i g h t f o r w a r d time-domain c a l c u l a t i o n , making the 
i n c l u s i o n of d i f f e r e n t chromophore d i s t r i b u t i o n f u n c t i o n s 
mathematically t r a c t a b l e . The method i n general, can be a p p l i e d 
to many systems where there are s p a t i a l r e s t r i c t i o n s on and/or 
c o r r e l a t i o n s between chromophor
dis c u s s the a p p l i c a t i o
among chromophores randomly d i s t r i b u t e d i n low co n c e n t r a t i o n on 
i s o l a t e d , f l e x i b l e polymer chains. The theory u t i l i z e s a f r e e l y 
j o i n t e d c h a i n p a i r c o r r e l a t i o n f u n c t i o n w i t h i n a truncated 
cumulant expansion expression f o r the e x c i t a t i o n t r a n s p o r t 
dynamics. Recent experimental r e s u l t s (28) are a l s o described 
which demonstrate tha t e x c i t a t i o n t r a n s p o r t experiments, i n 
con j u n c t i o n w i t h t h i s theory, are capable of p r o v i d i n g 
q u a n t i t a t i v e i n f o r m a t i o n on the ensemble average c o n f i g u r a t i o n of 
polymer c o i l s i n s o l i d blends. 

Theory 

I n t h i s s e c t i o n , we describe a theory f o r c a l c u l a t i n g observables 
r e s u l t i n g from incoherent e x c i t e d s t a t e t r a n s p o r t among chromophores 
randomly d i s t r i b u t e d i n low c o n c e n t r a t i o n on i s o l a t e d , f l e x i b l e 
polymer chains. The p a i r c o r r e l a t i o n f u n c t i o n used to describe the 
d i s t r i b u t i o n of the chromophores i s based on a Gaussian c h a i n model. 
The method f o r c a l c u l a t i n g the e x c i t a t i o n t r a n s f e r dynamics i s an 
extension to f i n i t e , inhomogeneous systems of a truncated cumulant 
expansion method developed by Huber f o r i n f i n i t e , homogeneous 
systems (25.26). 

B r i e f l y , the truncated cumulant expansion method f o r 
d e s c r i b i n g energy t r a n s p o r t (with or without traps) among 
chromophores randomly d i s t r i b u t e d i n s o l u t i o n considers only 
i n t e r a c t i o n s between p a i r s of chromophores. An exact 
c o n f i g u r a t i o n average leads to a power s e r i e s i n the trap 
c o n c e n t r a t i o n ( f o r donor to trap t r a n s p o r t ) or i n the donor 
c o n c e n t r a t i o n ( f o r donor to donor t r a n s p o r t ) which i s then 
truncated to f i r s t order. The r e s u l t i s i d e n t i c a l to Fors t e r - t y p e 
equations f o r donor-trap t r a n s p o r t i n the l i m i t o f hi g h trap 
c o n c e n t r a t i o n . I t i s an approximation f o r donor-donor t r a n s p o r t 
s i n c e any paths i n v o l v i n g more than two chromophores which leads 
to the r e t u r n of the e x c i t a t i o n to the o r i g i n a l l y e x c i t e d molecule 
are excluded. Only the r e s u l t f o r e x c i t a t i o n t r a n s p o r t among 
i d e n t i c a l chromophores (no traps) w i l l be given here. The 
extension to systems w i t h traps i s s t r a i g h t f o r w a r d (27). 

In systems i n v o l v i n g donor-donor e x c i t e d s t a t e t r a n s p o r t , the 
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fundamental q u a n t i t y of t h e o r e t i c a l and experimental i n t e r e s t i s 
G s ( t ) ; the ensemble averaged p r o b a b i l i t y t h a t an o r i g i n a l l y 
e x c i t e d chromophore i s e x c i t e d at time t (23). G s ( t ) contains 
c o n t r i b u t i o n s from e x c i t a t i o n s that never leave the o r i g i n a l l y 
e x c i t e d chromophores, and from e x c i t a t i o n s that r e t u r n to the 
i n i t i a l l y e x c i t e d chromophores a f t e r one or more t r a n s f e r events. 
G s ( t ) does not c o n t a i n l o s s of e x c i t a t i o n due to l i f e t i m e 
(fluorescence) events. 

F i r s t , the general method f o r c a l c u l a t i n g G s ( t ) f o r any 
system f o r which the p o s s i b l e s i t e s of the chromophores are 
nonequivalent w i l l be o u t l i n e d . Then, the necessary equations f o r 
t r e a t i n g the problem of i s o l a t e d polymer chains w i l l be given. 

General Method. In systems where the chromophore d i s t r i b u t i o n i s 
other than random i n an i n f i n i t e volume, two important p o i n t s must 
be taken i n t o account i n the c a l c u l a t i o n of G s ( t )  r e g a r d l e s s of 
which formalism i s used
i n performing the s p a t i a
molecules surrounding the i n i t i a l l y e x c i t e d molecule, the 
appropriate r a d i a l d i s t r i b u t i o n f u n c t i o n must be employed. This i s 
true f o r nonrandom d i s t r i b u t i o n s i n i n f i n i t e or f i n i t e systems. 
The second change a p p l i e s only to f i n i t e systems. In an i n f i n i t e 
system, the ensemble average over a l l c o n f i g u r a t i o n s i s 
t r a n s l a t i o n a l l y i n v a r i a n t . Therefore the average can be performed 
about any s t a r t i n g p o i n t . I n a f i n i t e system the t r a n s l a t i o n a l 
i n v a r i a n c e i s l o s t . The ensemble averaged observable must be 
c a l c u l a t e d f o r a p a r t i c u l a r p o i n t of i n i t i a l e x c i t a t i o n and then 
the observable must be averaged over a l l p o s s i b l e s t a r t i n g 
l o c a t i o n s . 

Using the truncated cumulant treatment, f i r s t G^(t) i s found 
f o r an i n i t i a l l y e x c i t e d chromophore ( l a b e l e d 1) f i x e d i n space, 
averaged over a l l p o s s i b l e p o s i t i o n s of a second chromophore: 

(N-l) 
I n G{(t) -

2A 
(e - l ) P ( r 1 2 ) d r 1 2 (1) 

and where f o r incoherent, d i p o l e - d i p o l e ( F o r s t e r type) energy 
t r a n s p o r t w i t h which we are concerned w i t h here, 

o12 

R 0 

-12-
(2) 

r i s the fluorescence l i f e t i m e and RQ the c r i t i c a l t r a n s f e r 
r a d i u s f o r donor-donor t r a n s p o r t (29). For experiments i n h i g h 
v i s c o s i t y media, the chromophores are e s s e n t i a l l y s t a t i c and the 
appropriate o r i e n t a t i o n dependent RQ must be used (8.21). Ν i s 
the number of chromophores i n the system. P ( r i 2 ^ r 1 2 ^ s t* i e 

p r o b a b i l i t y t h a t there i s a chromophore at a dis t a n c e from 
chromophore 1. The i n t e g r a l i s over the p h y s i c a l space and A i s 
the appropriate n o r m a l i z a t i o n f a c t o r . Next, i t i s necessary to 
average over the p o s s i b l e p o s i t i o n s of the i n i t i a l l y e x c i t e d 
chromophore 
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1 
G s ( t ) = -

A 
G f ( t ) d r \ (3) 

For an i n f i n i t e , d i s o r d e r e d system, P C r - ^ d r - j ^ i s Unr^ ^ r l 2 
and Equations 1 and 3 become i d e n t i c a l to the r e s u l t s of Huber. 
This cumulant expansion method has been shown to be i n e x c e l l e n t 
agreement w i t h the i n f i n i t e order diagrammatic theory of 
Gochanour, Andersen, and Fayer (23) which has been demonstrated 
t h e o r e t i c a l l y and exper i m e n t a l l y to be an accurate d e s c r i p t i o n of 
energy t r a n s p o r t i n homogeneous s o l u t i o n s (30.31). This truncated 
cumulant expansion method has a l s o been shown to provide a 
reasonable d e s c r i p t i o n of energy t r a n s p o r t among chromophores 
randomly d i s t r i b u t e d i n a s p h e r i c a l volume (24). The method has 
al s o been a p p l i e d to t r a n s p o r t i n two-dimensions and t r a n s p o r t 
between planes (27.) . In a d d i t i o n to d e s c r i b i n g e x c i t a t i o n 
t r a n s p o r t among chromophore
cha i n , t r a n s p o r t betwee
end of a polymer ch a i n ha  (24) ,
cumulant expansion i s not necessary as e x c i t a t i o n t r a n s p o r t 
between two chromophores can be t r e a t e d e x a c t l y . 

Other i n v e s t i g a t o r s have a l s o a p p l i e d the truncated cumulant 
expansion to energy t r a n s p o r t i n a sphere and to polymer systems 
(32). However, they chose to approximate G s ( t ) r a t h e r than G^(t) 
by the cumulant expansion. This approach approximates the average 
over the i n i t i a l e x c i t a t i o n l o c a t i o n . Performing the expansion on 
G^(t) allows an exact average over the p o s i t i o n of the i n i t i a l 
e x c i t a t i o n and r e s u l t s i n a more accurate approximation to G s ( t ) . 

E x c i t a t i o n Transport on I s o l a t e d . F l e x i b l e Polymer Chains Randomly 
Tagged w i t h Chromophores. I n t h i s s e c t i o n , the expressions to 
descri b e energy t r a n s p o r t on i s o l a t e d polymer chains w i t h a small 
number of chromophores randomly d i s t r i b u t e d along the c h a i n are 
given. The chromophore c o n c e n t r a t i o n i s chosen low enough tha t 
there i s a low p r o b a b i l i t y of having more than one chromophore per 
s t a t i s t i c a l segment of the chain. This assures t h a t there are no 
angular c o r r e l a t i o n s among the chromophores' t r a n s i t i o n d i p o l e s and 
tha t t r a n s p o r t i s three dimensional r a t h e r than quasi one 
dimensional (along the c h a i n backbone). The o v e r a l l c o n c e n t r a t i o n 
of tagged c o i l s i n the blend i s taken to be low enough tha t there 
i s no i n t e r c h a i n t r a n s f e r , i . e . , a l l e x c i t a t i o n t r a n s f e r occurs 
among chromophores tagged on the same chain. 

The forms of Equations 1 and 3 permit any model of the 
polymer p a i r c o r r e l a t i o n f u n c t i o n to be used i n the t r a n s p o r t 
c a l c u l a t i o n . Here we are c o n s i d e r i n g f l e x i b l e chains and i t i s 
reasonable to use a f r e e l y j o i n t e d c h a i n model, which obeys 
Gaussian s t a t i s t i c s , i n the c a l c u l a t i o n s . The ch a i n segment 
le n g t h i s i d e n t i f i e d w i t h the s t a t i s t i c a l polymer segment (Kuhn 
segment) length. In t h i s model, the conformation averaged r a d i a l 
p r o b a b i l i t y of f i n d i n g any other polymer segment a dis t a n c e r from 
a segment i i s (33) 
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P i ( r ) d r 
4π Ν 

— Σ 
(N-l) j - 1 2 7 r a 2 | i - j | 

3/2 
exp 

-3r: 12 
L2A 2|i-j|J 

r 1 2 d r 1 2 (4) 

where Ν i s the number of s t a t i s t i c a l segments and a i s the 
s t a t i s t i c a l segment length. Since the chromophore c o n c e n t r a t i o n 
on the ch a i n i s small we i d e n t i f y the p r o b a b i l i t y of f i n d i n g a 
second chromophore ( l a b e l e d 2) at a dis t a n c e r ^ 2 from an i n i t i a l l y 
e x c i t e d chromophore ( l a b e l e d 1) placed on segment i w i t h the 
p r o b a b i l i t y t h a t there i s a polymer segment a t th a t d i s t a n c e . 
Replacing r w i t h r ^ 2 i n Equation 4 ( t h i s w i l l be denoted by 
p i ( r 1 2 ) ) and m u l t i p l y i n g by Ν - 1 (N i s the number of chromophores 
on the chain) y i e l d s the conformation averaged p r o b a b i l i t y of 
f i n d i n g another chromophore a distance r ^ 2 from the i n i t i a l l y 
e x c i t e d chromophore, ex c l u d i n g the s m a l l c o r r e c t i o n due to 
a d d i t i o n a l , u n e x c i t e d chromophore

The c o r r e c t i o n du
co n t a i n i n g the i n i t i a l l y e x c i t e d chromophore, i , can be in c l u d e d 
by c a l c u l a t i n g the average number (n) of une x c i t e d chromophores on 
segment i and u s i n g some reasonable chromophore d i s t r i b u t i o n 
f u n c t i o n ( p ' ( r 1 2 ) ) f o r t h i s segment. Then the p r o b a b i l i t y of an 
unex c i t e d chromophore being a dista n c e r ^ 2 away from the i n i t i a l l y 
e x c i t e d chromophore on the i t h segment i s 

P i ( r 1 2 ) d ï 1 2 n p ' ( r 1 2 ) + (Ν - 1 - n) P j / r ^ ) 12 (5) 

For low concentrations of chromophores, n i s a sm a l l number 
and the choice of p ' ( r ^ 2 ) i s not c r i t i c a l . I t i s only necessary 
to concentrate the appropriate chromophore d e n s i t y i n the r e g i o n 
of space of the i t h segment. A simple model f o r p' ( r ^ 2 ) i s to 
assume t h a t the i n i t i a l l y e x c i t e d chromophore i s i n the center of 
the segment and surrounded by a random d i s t r i b u t i o n of the η 
chromophores, i . e . , 

_ ο 
p' ( * 1 2 ) d r 1 2 - ^ 7 rr£ 2dr 1 2 0 < r 1 2 < a/2 

(6) 
= 0 r 1 2 > a/2 

I f Equation 5 w i t h Equation 6 i s s u b s t i t u t e d f o r ( N - l ) -
P ( r 1 2 ) d r j L 2 i n Equations 1-3 and the p o s i t i o n of the i n i t i a l l y 
e x c i t e d chromophore i s averaged over by summing the e q u a l l y 
weighted c o n t r i b u t i o n s from each segment i , the expression f o r 
G s ( t ) i s 

1 Ν 
G S ( t ) = - I 

Ν i - 1 

The upper l i m i t of i n t e g r a t i o n i n Equation 7 can be extended to 
i n f i n i t y s i n c e c o n t r i b u t i o n s to the energy t r a n s p o r t from distances 
greater than s e v e r a l RQ are n e g l i g i b l e and a l s o s i n c e Ρ ^ ( * Ί 2 ) 

becomes very s m a l l f o r l a r g e values of r 1 2 r e l a t i v e to 

4π 
Exp — 2 

P i ( r 1 2 ) ( e 
-2ω 1 2ί Ί 
' - l ) r 1 2 d r 1 2 V (7) 
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For small c o i l s w i t h l a r g e values of RQ a l i m i t of 
i n t e g r a t i o n appropriate to the f i n i t e c o i l s i z e may be used. 

R e l a t i o n of Theory to Experimental Observables 

In t h i s s e c t i o n we discuss how G s ( t ) can be obtained 
e x p e r i m e n t a l l y from time-resolved fluorescence d e p o l a r i z a t i o n 
data. G s ( t ) i s d i r e c t l y r e l a t e d to the time-dependent 
fluorescence anisotropy which can be measured through time-
r e s o l v e d fluorescence d e p o l a r i z a t i o n , p o l a r i z e d t r a n s i e n t g r a t i n g 
or p o l a r i z e d a b s o r p t i o n techniques (30.31). 

In time-resolved fluorescence d e p o l a r i z a t i o n experiments a 
sample of randomly o r i e n t e d chromophores i s e x c i t e d by a short 
pulse of plane p o l a r i z e d l i g h t . The decay of the fluorescence 
i n t e n s i t i e s p o l a r i z e d p a r a l l e l ( I n ( t ) ) and perpen d i c u l a r (Ij„(t)) 
to the e x c i t i n g l i g h t can be w r i t t e n as 

I i i ( t ) -
11 . (8) 

I ± ( t ) - e-V'a - r ( t ) ) 

r i s the fluorescence l i f e time and r ( t ) i s the time dependent 
fluorescence anisotropy. r ( t ) contains i n f o r m a t i o n about a l l 
sources of d e p o l a r i z a t i o n and can be obtained from the i n d i v i d u a l 
p a r a l l e l and perpendicular components of the fluorescence 
i n t e n s i t y . From Eqation 8 

I i i ( t ) - I ( t ) 
r ( t ) - - J (9) 

I||(t) + 2 I ± ( t ) 

I f the t r a n s i t i o n d i p o l e s of the chromophores i n a s o l i d 
polymer matrix are randomly o r i e n t e d , the main source of 
d e p o l a r i z a t i o n i n these experiments w i l l be due to e x c i t a t i o n 
t r a n s p o r t . The i n i t i a l l y e x c i t e d ensemble i s p o l a r i z e d along the 
d i r e c t i o n of the e x c i t a t i o n Ε f i e l d and gives r i s e to p o l a r i z e d 
fluorescence. Transport occurs i n t o an ensemble of chromophores 
w i t h randomly d i s t r i b u t e d d i p o l e d i r e c t i o n s and the fluorescence 
becomes u n p o l a r i z e d . The random d i s t r i b u t i o n i s assured by the 
low c o n c e n t r a t i o n of the chromophores. To a s l i g h t extent, on the 
time s c a l e of i n t e r e s t , d e p o l a r i z a t i o n a l s o occurs as a r e s u l t of 
chromophore motion. In t h i s case the fluorescence a n i s o t r o p y i s 
approximately 

r ( t ) - C ^ ( t ) G s ( t ) (10) 

where <£(t) i s the r o t a t i o n a l c o r r e l a t i o n f u n c t i o n which contains 
the e f f e c t s due to motion of the chromophores. C i s a time-
independent constant that describes the degree of p o l a r i z a t i o n of 
the e x c i t a t i o n and emission t r a n s i t i o n s i n v o l v e d . There are two 
approximations i n Equation 10. The f i r s t i s that the r o t a t i o n a l 
and energy t r a n s p o r t c o n t r i b u t i o n s to d e p o l a r i z a t i o n are 
independent. This i s an e x c e l l e n t approximation f o r the very slow 
and s m a l l extent of r o t a t i o n a l d e p o l a r i z a t i o n i n polymer blends on 
the time s c a l e of i n t e r e s t . The second approximation i s t h a t 
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G s ( t ) decays to zero r e s u l t i n g i n complete d e p o l a r i z a t i o n , i . e . , 
the i r r e v e r s i b l e t r a n s f e r of e x c i t a t i o n from the i n i t i a l l y e x c i t e d 
donor i n t o the ensemble of unexcited donors r e s u l t s i n t o t a l l o s s 
of p o l a r i z a t i o n . For c o i l s w i t h a low c o n c e n t r a t i o n of randomly 
placed chromophores t h i s i s approximately t r u e . The r e s i d u a l 
p o l a r i z a t i o n i s only 4%, which r e s u l t s i n an i n s i g n i f i c a n t e r r o r 
(34). 

I n order to o b t a i n G s ( t ) f o r a given polymer, experiments on 
two d i f f e r e n t samples must be performed. These samples d i f f e r 
only i n t h a t the guest copolymers have a d i f f e r e n t f r a c t i o n of 
chromophore c o n t a i n i n g monomers. Copolymer A i s the polymer of 
i n t e r e s t and has an appreciable number of chromophores, such that 
e x c i t a t i o n t r a n s p o r t w i l l occur. I t s fluorescence anisotropy, 
r A ( t ) , i s given by Equation 10. Copolymer Β has such a small 
number of chromophores tha t e x c i t a t i o n t r a n s p o r t i s n e g l i g i b l e 
( G s ( t ) - 1) and only chromophore motion c o n t r i b u t e s to the 
anisotropy, 

r B ( t ) - C ^ ( t ) (11) 

G s ( t ) a r i s i n g from the e x c i t a t i o n t r a n s p o r t on copolymer A can be 
c a l c u l a t e d from the two experimental a n i s o t r o p i e s : 

G s ( t ) - r A ( t ) / r B ( t ) (12) 

This method of determining G s ( t ) has the advantage t h a t d e t a i l e d 
knowledge of the parameters C and o(t) i s unnecessary. 

To o b t a i n a value f o r (R ) / of the copolymer A, we compare 
the e x p e r i m e n t a l l y determined G s ( t ) to a t h e o r e t i c a l c a l c u l a t i o n 
of G s ( t ) (from Equations 4-7) f o r the same copolymer. Once the 
molecular weight and number of chromophores are known (these can 
be independently determined), the theory has only one a d j u s t a b l e 
parameter; the s t a t i s t i c a l segment length. Since Gaussian chain 
s t a t i s t i c s are assumed, t h i s parameter i s d i r e c t l y r e l a t e d to 
< R g

2 ) 1 / 2 by 

<R 2> - — (N a 2) (13) 
6 6 

Thus, a f i t of the experimentally determined G s ( t ) w i t h a 
t h e o r e t i c a l l y c a l c u l a t e d G s ( t ) determined by a d j u s t i n g the 
s t a t i s t i c a l segment length w i l l give a measure of (R ) ' f o r the 
copolymer. 

Experimental R e s u l t s and D i s c u s s i o n 

E a r l i e r experiments have shown the u t i l i t y of e x c i t a t i o n t r a n s p o r t 
measurements i n p r o v i d i n g r e l a t i v e i n f o r m a t i o n regarding c o i l s i z e 
i n polymer blends (18). Here, we w i l l summarize the r e s u l t s of 
recent experiments (28) which demonstrate t h a t monitoring 
e x c i t a t i o n t r a n s p o r t on i s o l a t e d c o i l s i n s o l i d blends through 
time-resolved fluorescence d e p o l a r i z a t i o n techniques provides a 
q u a n t i t a t i v e measure of (R 2 ) ' f o r the guest polymer. 
Experiments on d i f f e r e n t molecular weight guest copolymers are 
necessary to show the general a p p l i c a b i l i t y of the theory r e l a t i n g 
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G s ( t ) to ( R g ) / and to confirm the u t i l i t y of assuming a 
Gaussian segment d i s t r i b u t i o n f o r PMMA. Since the presence of the 
naphthalene groups co u l d perturb the average c h a i n conformation, 
(R ) ' was determined f o r a s e r i e s of copolymers of e s s e n t i a l l y 
the same molecular weight but d i f f e r i n g i n the average number of 
naphthalenes on the chains. The r e s u l t s demonstrate th a t the 
copolymer s i z e i s independent of the number of naphthalenes per 
c o i l f o r r e l a t i v e l y low naphthalene concentrations. 

M a t e r i a l s and Technique. Five copolymers of methylmethacrylate 
(MMA) and 2-vinylnaphthalene (2-VN) were used i n the fluorescence 
d e p o l a r i z a t i o n experiments. Copolymer (I) contains so few 
chromophores tha t d e p o l a r i z a t i o n occurs only due to molecular 
motion. Three of the copolymers (4-23, 6-22 and 9-23) were of the 
same weight average molecular weight (~ 23,000) but v a r i e d i n the 
percentage of chromophore c o n t a i n i n g monomers  Copolymer (9-60) was 
of a high e r molecular weigh
copolymer s y n t h e s i s , c h a r a c t e r i z a t i o
are to be found i n reference (28). Table I gives a summary of the 
c h a r a c t e r i s t i c s of the f i v e copolymers. The host polymer f o r a l l 
blends was PMMA, number average molecular weight ~ 120,000. 

Table I . Copolymer C h a r a c t e r i s t i c s 

Copolymer Mole f r a c t i o n Molecular Average number 
2-VN weight Chromophores/chain 

I 0, .0015 -50,000 ~2, .5 < 1 
4-23 0, .040 22,700 1. .4 9 ± 1 
6-22 0, .059 22,400 1. .5 13 ± 2 
9-23 0, .087 23,400 1. .5 20 ± 1 
9-60 0, .087 59,800 1. .3 49 ± 2 

The experimental apparatus and methods of data a c q u i s i t i o n and 
a n a l y s i s are a l s o f u l l y d e scribed i n reference (28). B r i e f l y , the 
samples were e x c i t e d 25 psec l a s e r pulses a t a wavelength of 320 
nm (320 nm i s the peak of the absorption o r i g i n ) . The spot s i z e 
of the e x c i t a t i o n beam at the sample was 1 mm and the energy per 
pulse was < 0.5 /zJoule. The fluorescence was detected a t 337 nm. 
Great care was taken to ensure th a t there were no s i g n i f i c a n t 
e f f e c t s due to imp u r i t y fluorescence, r e a d s o r p t i o n , systematic 
p o l a r i z a t i o n b i a s e s , or b i r e f r i n g e n c e i n the samples. 
Concentrations of the copolymers i n the blends such t h a t the 
copolymers chains were i s o l a t e d were determined through 
fluorescence d e p o l a r i z a t i o n c o n c e n t r a t i o n s t u d i e s (18.28). I n 
a d d i t i o n , emission s p e c t r a a t these low concentrations showed no 
s i g n i f i c a n t naphthalene excimer emission, i n d i c a t i n g t h a t there i s 
no aggregation of naphthalene chromophores on d i f f e r e n t chains or 
w i t h i n the same chain. 

Determination of ( R 2 ) 1 / 2 f o r Copolymers of D i f f e r e n t Molecular 
Weights. Time-resolved fluorescence d e p o l a r i z a t i o n experiments 
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were performed on samples made from copolymer 9-23 (0.087 mole 
f r a c t i o n 2-VN, 23,400 M^ and from copolymer 9-60 (0.087 mole 
f r a c t i o n 2-VN, 59,800 M^) i n 120,000 M w PMMA. I n both cases, the 
amount of copolymer i n the host polymer was 3/8 weight percent. 
Figure l a shows the p o l a r i z e d fluorescence decays ( I i i ( t ) and I_i_(t)) 
f o r the copolymer 9-23/PMMA blend. Figure l b (lower curve) shows 
the fluorescence anisotropy, r ( t ) , c a l c u l a t e d from the data, u s i n g 
Equation 9. A l s o shown (upper curve) i s r ( t ) obtained i n the same 
manner f o r the 0.0015 mole f r a c t i o n 2-VN copolymer I . This sample 
contains so few chromophores that d e p o l a r i z a t i o n occurs s o l e l y as a 
r e s u l t of chromophore motion. There i s no e x c i t a t i o n t r a n s p o r t . 

As discussed above, to o b t a i n the experimental G s ( t ) f o r 
copolymer 9-23, i t i s necessary to take the r a t i o o f the 
a n i s o t r o p i e s of copolymer 9-23 to copolymer I . The r e s u l t i n g 
experimental G s ( t ) curve i s shown i n Figure 2. Figure 3 shows the 
experimental G s ( t ) obtained i n the same manner f o r copolymer 9-60
In both, we a l s o show th
the theory described above
parameter, the s t a t i s t i c a l segment l e n g t h a, r e s u l t s i n (R ) ' 
of 37 ± 3 Â and 61 ± 3 Â f o r the 23,400 M w and 59,800 M w 

copolymers, r e s p e c t i v e l y . The s e n s i t i v i t y of the technique i s 
demonstrated by t h e o r e t i c a l curves a t ±2 Â from the best f i t s . 

The measured (R ) / of these two polymers v a r i e s w i t h the 
square root of the cnain length. This i s as expected f o r f l e x i b l e 
c o i l s (35) and i n d i c a t e s t h a t the Gaussian segment d i s t r i b u t i o n 
f u n c t i o n u t i l i z e d i n the a n a l y s i s of the data i s a p p l i c a b l e to 
these copolymers. Neutron s c a t t e r i n g experiments on i s o l a t e d PMMA 
c o i l s i n a deuterated PMMA host show t h i s same s c a l i n g of (R ) ' 
w i t h molecular weight (15). 

Since these blends are e s s e n t i a l l y PMMA i n PMMA, the 
copolymers are approximately i n 0-conditions (36). (The e f f e c t of 
the naphthalene groups i s discussed below.) True Β-conditions f o r 
a s o l i d blend would be PMMA i n a PMMA host of the same molecular 
weight. We do not expect t h a t a host M w of 120,000 r e s u l t s i n a 
s i g n i f i c a n t d e v i a t i o n from θ-conditions s i n c e , i n a previous 
fluorescence d e p o l a r i z a t i o n experiment, n e a r l y i d e n t i c a l r ( t ) 
curves were obtained f o r a 20,000 M w 2-VN/MMA copolymer i n both 
20,000 M^ and 120,000 M̂ , PMMA hosts (18). Assuming t h a t these 
copolymers are e s s e n t i a l l y PMMA at θ-conditions, i t i s p o s s i b l e to 
compare these r e s u l t s w i t h l i g h t s c a t t e r i n g measurements of 
(R g ) ' f o r e q u i v a l e n t molecular weight PMMA i n θ-solvents. The 
values can be e a s i l y c a c u l a t e d from t a b u l a t e d data (37). For 
23,000 1^ and 60,000 M w PMMA at θ-condition, <R 2 ) 1 / 7 ~ s h o u l d be 39 
± 4 Â and 64 ± 7 Â, r e s p e c t i v e l y . The r e s u l t s from the e x c i t a t i o n 
t r a n s p o r t experiments are i n e x c e l l e n t agreement w i t h these 
va l u e s . 

E f f e c t of the Presence of Naphthalene Groups. Although the r e s u l t s 
f o r the two copolymers w i t h 0.087 mole f r a c t i o n of naphthalene 
c o n t a i n i n g monomers agree very w e l l w i t h other determinations of 
(R ) ' f o r θ-condition PMMA, i t i s s t i l l necessary to a s c e r t a i n 
t h a t the presence of the chromophores does not s i g n i f i c a n t l y 
p erturb the average c h a i n conformation. This was accomplished by 
o b t a i n i n g experimental G s ( t ) curves f o r three copolymers of 
e s s e n t i a l l y the same molecular weight, but v a r y i n g i n the amount of 
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Figure 1. (a) P o l a r i z e d fluorescence decays f o r d e t e c t i o n 
p a r a l l e l ( I i i ( t ) ) and perpendicular ( I j _ ( t ) ) to the e x c i t a t i o n 
p o l a r i z a t i o A . The sample i s copolymer 9-23 (23,400 M^, 0.087 
mole f r a c t i o n 2-VN) i n a 120,000 M w PMMA host. Copolymer 
c o n c e n t r a t i o n i s 0.38 wt. percent. (b) Fluorescence 
a n i s o t r o p i c s , r ( t ) , c a l c u l a t e d from experimental l||(t) and 
I±(t) (see Equation 9). The upper curve i s a copolymer w i t h a 
very small mole f r a c t i o n (0.0015) of 2-vinylnaphthalene 
(copolymer I ) . E x c i t a t i o n t r a n s p o r t does not occur and the 
time dependence i s due to very slow r o t a t i o n a l d e p o l a r i z a t i o n . 
The lower curve i s from the data shown i n Figure l a . Here, the 
time dependent d e p o l a r i z a t i o n i s due to both e x c i t a t i o n 
t r a n s p o r t and the small amount of r o t a t i o n a l d e p o l a r i z a t i o n . 
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0.9 H 

Figure 2. The experimental G s ( t ) f o r copolymer 9-23 (23,400 
M^ 0.087 mole f u n c t i o n 2-VN) i n a 120,000 M w PMMA host. A l s o 
shown are t h e o r e t i c a l G s ( t ) curves c a l c u l a t e d u s i n g Equation 7 
f o r a 23,400 ^ PMMA chai n w i t h 20 naphthalenes. The best f i t 
r e s u l t s i n an (R_ ) ' of 37 Â. This r e s u l t i s i n c l o s e 
agreement w i t h l i g h t s c a t t e r i n g determinations of (R ) ' f o r 
a PMMA c o i l i n a θ-condition media. The upper and lower 
t h e o r e t i c a l curves are f o r 39 À and 35 Â, r e s p e c t i v e l y . 
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1 

Figure 3. The experimental G s ( t ) i s f o r copolymer 9-60 (59,800 
My, 0.087 mole f r a c t i o n 2-VN) i n a 120,000 PMMA host. A l s o 
shown are t h e o r e t i c a l G s ( t ) curves f o r a 59,800 M^ PMMA chai n 
w i t h 49 naphthalenes. The best f i t y i e l d s an ( R g ) ' o f 6 1 À. 
The upper and lower t h e o r e t i c a l curves are f o r 63 À and 59 À, 
r e s p e c t i v e l y . 
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naphthalene i n the chains. These three copolymers are designated 
9-23, 6-22, and 4-23 i n Table I and c o n t a i n 8.7, 5.9, and 4.0 mole 
percent of naphthalene c o n t a i n i n g monomers, r e s p e c t i v e l y . The 
samples c o n s i s t e d of 3/8 weight percent of the d e s i r e d copolymer i n 
the 120,000 M w host PMMA. Figure 4 shows the experimental G s ( t ) 
curves obtained f o r these copolymers along w i t h the t h e o r e t i c a l 
best f i t s . The r e s u l t i n g values f o r <R g

2> 1 / 2 are 37 ± 3 A, 39 ± 3 
À, and 38 ± 3 Â f o r the three copolymers i n order from the h i g h e s t 
to the lowest naphthalene content. These r e s u l t s are i n 
q u a n t i t a t i v e agreement w i t h s o l u t i o n (R ) ' measurements under Θ-
c o n d i t i o n s . I n a d d i t i o n , these r e s u l t s i n d i c a t e t h a t the presence 
of the naphthalene c o n t a i n i n g monomers does not s i g n i f i c a n t l y 
perturb the average c o i l dimensions, a t l e a s t up to naphthalene 
concentrations of nine mole percent. 

I t i s a l s o necessary to consider the p o s s i b i l i t y t h a t there 
are angular c o r r e l a t i o n s between naphthalene chromophores  as they 
c o u l d e f f e c t the d e p o l a r i z a t i o
between chromophores cou l
theory assumes there are no such c o r r e l a t i o n s . The ch a i n i s 
t r e a t e d as a random f l i g h t , i . e . no angular c o r r e l a t i o n s between 
d i f f e r e n t s t a t i s t i c a l segments. The requirement then i s t h a t the 
chromophores are separated by a distance a t l e a s t as great as the 
s t a t i s t i c a l segment length. Or e q u i v a l e n t l y , f o r randomly 
d i s t r i b u t e d chromophores, the number of chromophores should be 
cons i d e r a b l y l e s s than the number of s t a t i s t i c a l segments. 

The 2-VN monomers are randomly incorporated i n t o the 
copolymers used i n t h i s study. The r e a c t i v i t y r a t i o s f o r 
c o p o l y m e r i z a t i o n of 2-VN (monomer 1) w i t h MMA (monomer 2) are r-^ = 
1.0 and r 2 = 0.4 at 60 °C (38)· The copolymerizations were 
c a r r i e d to only 15% conversion, ensuring there was no s i g n i f i c a n t 
d e p l e t i o n of e i t h e r monomer species during the p o l y m e r i z a t i o n . 
The 2-VN i s present as the minor component of the copolymer, i n 
a l l cases the mole percent of 2-VN i s l e s s than 10. These 
c o n d i t i o n s are s u f f i c i e n t to guarantee a random d i s t r i b u t i o n of 
2-VN i n the copolymers. 

C a l c u l a t i n g from the θ-condition ( R g 2 ) 1 ' f o r a 23,000 M w 

PMMA c o i l , the number of s t a t i s t i c a l segments i s 37 and the 
s t a t i s t i c a l segment length i s 15.7 À w i t h 6.2 monomer u n i t s per 
segment. Since n e i t h e r of the monomer species are depleted during 
p o l y m e r i z a t i o n , the p o l y m e r i z a t i o n process can be t r e a t e d 
s t a t i s t i c a l l y as random sampling w i t h replacement. Then, f o r a 
copolymer c o n t a i n i n g 9 mole percent 2-VN, the p r o b a b i l i t y t h a t any 
segment of 6 monomer u n i t s contains 2 or more naphthalene 
chromophores i s 9.5%. For a 4% 2-VN copolymer o f the same length 
t h i s p r o b a b i l i t y i s only 2.2%. Therefore, the l i k e l i h o o d t h a t 
there i s some angular c o r r e l a t i o n between chromophores i s s m a l l . 

Although the p r o b a b i l i t y of having two chromophores w i t h i n 
the same s t a t i s t i c a l segment i s small f o r the copolymers used i n 
t h i s study, i t i s s t i l l important to consider what e f f e c t two 
chromophores i n the same s t a t i s t i c a l segment w i l l have on the 
d e p o l a r i z a t i o n observables. The gre a t e s t c o r r e l a t i o n would occur 
between 2-VN monomer u n i t s which are nearest neighbors, as i n the 
case of p o l y ( 2 - v i n y l naphthalene) (P2VN). Ediger and Fayer (8) 
have c a l c u l a t e d the expected emission anisotropy f o r a naphthalene 
which i s a nearest neighbor of the o r i g i n a l l y e x c i t e d chromophore. 
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Figure 4. Data i s shown f o r three copolymers of e s s e n t i a l l y 
the same molecular weight but d i f f e r i n g i n mole f r a c t i o n of 2-
VN. Curve A i s copolymer 4-23 (22,700 M^ 0.04 mole f r a c t i o n 
2-VN), curve Β i s copolymer 6-22 (22,400 M^ 0.087 mole 
f r a c t i o n 2-VN), and curve C i s copolymer 9-23 (23,000 M^ 0.087 
mole f r a c t i o n 2-VN). A l s o shown are the best f i t t h e o r e t i c a l 
G s ( t ) curves f o r equivalent molecular weight PMMA chains w i t h 
the appropriate number of naphthalenes. The r e s u l t i n g values 
f o r <R 2 ) 1 / 2 are 38 Â, 39 Â, and 37 À i n order from A to C. 
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They used the most s t a b l e c o n f i g u r a t i o n s of 1,3-di(2-naphthyl) 
propane and t h e i r r e l a t i v e weights determined by I t o et al. (39) 
as an approximation of the chromophore c o n f i g u r a t i o n s i n P2VN. 
The r a t i o of the anisotropy of the acceptor to that of the donor 
f o r t h i s worst case i s only - 2.5 times greater than f o r a 
randomly d i s t r i b u t e d s o l u t i o n . For the 2-VN/MMA copolymers used 
i n t h i s study the occurrence of 2-VN diads i s very s m a l l and the 
i n f l u e n c e on the time dependent p o l a r i z a t i o n i s c e r t a i n l y 
n e g l i g i b l e . The equivalence of the (R ) ' determinations f o r 
copolymers 9-23, 6-23 and 4-23 supports the c o n c l u s i o n t h a t there 
i s no s i g n i f i c a n t e f f e c t on the observables due to angular 
c o r r e l a t i o n s between chromophores. 

Table I I summarizes the r e s u l t s f o r the v a r i o u s copolymers i n 
t h i s study. A comment on the e r r o r bars a s s o c i a t e d w i t h the 
measurements of (R ) ' i n t h i s study i s necessary. The 
t h e o r e t i c a l G s ( t ) curves a t ±2 Â shown i n Figures 2 and 3 are to 
show the s e n s i t i v i t y o
reported e r r o r s i n Tabl
measurement of the average number of naphthalenes per chai n and 
the weight average molecular weight. The f a c t t h a t there i s 
r e a l l y a d i s t r i b u t i o n of the number of chromophores and the 
molecular weight does not s i g n i f i c a n t l y a f f e c t the r e s u l t . The 
molecular weight d i s t r i b u t i o n can be c o n t r o l l e d and t e s t e d during 
sample p r e p a r a t i o n . The samples used i n t h i s study have 
s u f f i c i e n t l y narrow molecular weight d i s t r i b u t i o n s to avoid 
problems. The e f f e c t of the d i s t r i b u t i o n i n the number of 
chromophores per chai n about the average number has been t e s t e d by 
t h e o r e t i c a l c a l c u l a t i o n s and shown to be i n s i g n i f i c a n t (24). 
However, e r r o r i n the determination of t h e i r average val u e s , 
e s p e c i a l l y i n the number of chromophores per chai n f o r the smaller 
copolymers can l e a d to e r r o r s of a few angstroms i n the 
t h e o r e t i c a l f i t . 

TABLE I I . Summary of Res u l t s 

Copolymer ( R g 2 ) 1 / / 2 Determined by ( R g
2 ) 1 / / 2 f o r equ i v a l e n t 

E x c i t a t i o n Transport ^ θ-condition PMMA 

4-23 38 ± 3 39 ± 4 
6-22 39 ± 3 39 ± 4 
9-23 37 ± 3 39 ± 4 
9-60 61 ± 3 64 ± 7 

Concluding Remarks 

These experiments, i n con j u n c t i o n w i t h the theory d e s c r i b e d here, 
demonstrate the u t i l i t y of e x c i t a t i o n t r a n s p o r t induced 
fluorescence d e p o l a r i z a t i o n i n the study of polymer blends. The 
technique allows q u a n t i t a t i v e determination of (R ) ' f o r 
i s o l a t e d guest c o i l s i n a polymer matrix. The accuracy of the 
measurements i s comparable to determinations performed w i t h 
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neutron s c a t t e r i n g methods. However, we b e l i e v e t h a t the 
e x c i t a t i o n t r a n s f e r technique o f f e r s greater f l e x i b i l i t y i n two 
ways. F i r s t , the s i g n a l - t o - n o i s e r a t i o achievable i n e x c i t a t i o n 
t r a n s p o r t experiments allows measurements on blends w i t h guest 
polymer concentrations t h a t are one or more orders of magnitude 
lower than the s e n s i t i v i t y l i m i t s of neutron s c a t t e r i n g . Second, 
and most importantly, the e f f e c t of the l a b e l e d monomer on the 
copolymer conformation can be a s c e r t a i n e d by performing a s e r i e s 
of experiments on copolymers c o n t a i n i n g v a r i o u s mole f r a c t i o n s of 
l a b e l . Despite the i n s e n s i t i v i t y of the present r e s u l t s to the 
mole f r a c t i o n of 2-VN, l a b e l c o n c e n t r a t i o n dependence s t u d i e s must 
be performed on every blend system i n order to q u a n t i f y the e f f e c t 
of l a b e l induced p e r t u r b a t i o n . 

The accuracy of the a n a l y s i s presented i n t h i s paper i s 
determined by the v a l i d i t y of two key approximations: (1) the 
d e s c r i p t i o n of the energy t r a n s f e r dynamics by the f i r s t order 
cumulant expansion method
p a i r d i s t r i b u t i o n f u n c t i o n
and s u c c e s s f u l l y a p p l i e d t o , the problem of energy t r a n s f e r i n 
dis o r d e r e d i n f i n i t e volume systems, the cumulant method can be 
modif i e d to provide a h i g h l y accurate d e s c r i p t i o n of energy 
t r a n s f e r i n f i n i t e volume systems such as polymer c o i l s (24). 

Gaussian p a i r d i s t r i b u t i o n f u n c t i o n s are commonly employed in 
c a l c u l a t i o n s i n v o l v i n g f r e e l y j o i n t e d chains. Except i n the l i m i t 
of i n f i n i t e l y long polymer molecules, t h i s d e s c r i p t i o n i s 
approximate. The q u a n t i t a t i v e agreement between the θ-condition 
^ R g ) values determined f o r the 23,000 ^ and 60,000 M w polymer 
c o i l s i n s o l i d and s o l u t i o n s t a t e s shows t h a t the Gaussian p a i r 
d i s t r i b u t i o n f u n c t i o n i s adequate to describe these chains. 

I n the experiments discussed here, we have determined 
(R ) ' f o r PMMA i n th.e s o l i d s t a t e under θ-conditions. The 
techniques and theory employed are e a s i l y extended to other s o l i d 
s t a t e polymer systems. For example, changes i n average c o i l 
conformation w i t h v a r i o u s host polymers i n both m i s c i b l e and phase 
separated blends can be i n t e r r o g a t e d . S i m i l a r l y , the e f f e c t s of 
r e s i d u a l s o l v e n t i n s o l v e n t c a s t systems and of sample processing 
and h i s t o r y can be i n v e s t i g a t e d . 

I n a d d i t i o n , the t h e o r e t i c a l a n a l y s i s used i n t h i s paper to 
der i v e (R» ) ' from the data i s s u f f i c i e n t l y powerful and 
f l e x i b l e t hat t r a n s p o r t observables f o r any p a i r d i s t r i b u t i o n 
f u n c t i o n can be c a l c u l a t e d simply by r e p l a c i n g the Gaussian p a i r 
d i s t r i b u t i o n f u n c t i o n i n Equation 7. In f a c t , use of the theory in 
c o n j u n c t i o n w i t h a s e r i e s of d e p o l a r i z a t i o n experiments covering a 
wide range of polymer types and molecular weights c o u l d serve to 
determine the a p p l i c a b i l i t y of the segmental d i s t r i b u t i o n s 
f u n c t i o n s proposed f o r v a r i o u s types of polymers. However, i t is 
necessary to be c a r e f u l i n drawing conclusions about model p a i r -
c o r r e l a t i o n f u n c t i o n s based on the q u a l i t a t i v e shape of the 
t h e o r e t i c a l G s ( t ) curves alone (28). When p o s s i b l e , i t i s u s e f u l 
to check the v a l i d i t y of the chromophore d i s t r i b u t i o n model 
employed by making q u a n t i t a t i v e comparisons of e x c i t a t i o n t r a n s f e r 
r e s u l t s i n θ-condition media to s t r u c t u r a l determinations by other 
methods such as l i g h t s c a t t e r i n g . 

E x c i t a t i o n t r a n s p o r t experiments have already provided u s e f u l 
q u a l i t a t i v e i n f o r m a t i o n on polymer systems. However, the 
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a d d i t i o n a l a b i l i t y to o b t a i n q u a n t i t a t i v e i n f o r m a t i o n on polymer-
environment i n t e r a c t i o n s through changes i n the c o i l s i z e makes 
energy t r a n s p o r t techniques even more powerful. The s e n s i t i v i t y 
of e x c i t a t i o n t r a n s p o r t observables to small changes i n 
chromophore d i s t r i b u t i o n coupled w i t h the r e l a t i v e s i m p l i c i t y of 
time r e s o l v e d fluorescence experiments and the f l e x i b i l i t y of the 
t r a n s p o r t theory makes e x c i t a t i o n t r a n s p o r t induced fluorescence 
d e p o l a r i z a t i o n spectroscopy a va l u a b l e and unique t o o l f o r the 
study o f s o l i d s t a t e polymer systems. 
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Chapter 26 

Chromophoric Polypeptides 
One-Dimensional Chromophoric Assembly in Solution 

Masahiko Sisido 
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53 Kawahara-cho, Shogoin, Sakyo, Kyoto 606, Japan 

A new class of polypeptide  carryin  aromati  chro
mophores, such
synthesized in th
matic amino acids or sequential polypeptides with 
nonchromophoric amino acids, which favor α-helical 
main-chain conformation. Ground-state conforma
tions of these polypeptides in solution were deter
mined by the comparison of the experimental circular 
dichroic (CD) spectrum with the theoretical one, 
calculated for some minimum-energy conformations 
predicted by the ECEPP conformational analysis. In 
most cases, these polypeptides were found to take an 
α-helical main-chain conformation in solution and 
the aromatic groups were arranged regularly along 
the helix. Interchromophoric interactions in the 
excited state was studied by static and dynamic 
fluorescence spectroscopy including circularly po
larized fluorescence (CPF) spectroscopy. It was 
found that the mode and extent of interchromophoric 
interactions depend strongly on spatial arrangement 
of the chromophores along the helical main chain. 

Polypeptides carrying aromatic chromophores on their side chains 
are a new class of chromophoric polymers which may show the fol
lowing characteristic features (1). (1) In principle, one can 
prepare any peptide or polypeptide which has a particular sequence 
of different types of chromophores. (2) Polypeptides can take regu
lar and rigid conformation even in solution. Therefore, one can fix 
the side-chain chromophores in a one-dimensional arrangement. (3) 
Chirality of polypeptides allows one to use chiroptical spectrosco
py, such as circular dichroism (CD), fluorescence-detected circular 
dichroism (FDCD), and circularly polarized fluorescence (CPF) (2) 
besides the conventional static and dynamic spectroscopy. The use 
of chiroptical spectroscopy sometimes increases greatly the infor
mation on the structure of the side-chain arrangement and on the 
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interactions among the side-chain chromophores, (4) Chromophoric 
peptides and polypeptides, being biologically relevant substances, 
can be used as probes for biological studies and be considered as 
potential candidates for "bioelectronic devices" (3). 

This article reviews recent progress in the preparative, struc
tural, and the spectroscopic study of homo and sequential polypep
tides containing optically active aromatic amino acids. 

Synthesis of Optically Active Aromatic Amino Acids and Polypeptides 

Since the primary purpose of this study is to obtain stereoregular 
aromatic polypeptides which take a regular conformation, i t is 
essential to synthesize optically pure aromatic amino acids. Al
though many aromatic amino acids which do not occur in nature have 
been synthesized in the past  few have been optically resolved  We 
have undertaken the synthesi
amino acids carrying aromati
tron-donating amino acid (p-dimethylaminophenylalanine), an electron 
-accepting one (p-nitrophenylalanine), and those with large TT-elec-
tron conjugation (1- and 2-naphthylalanines, anthrylalanine, and 
pyrenylalanine). Other aromatic amino acids, such as carbazolylala-
nine and ferrocenylalanine, have been synthesized, but their optical 
resolution has not been successfully achieved yet. 

There are several ways to prepare peptides, polypeptides, and 
a r t i f i c i a l proteins carrying these aromatic amino acids as their 
constituents. Homopolypeptides can be prepared by the polymeriza
tion of amino acid N-carboxyanhydrides (NCAs) derived from the 
corresponding amino acids (4). Sequential polypeptides of the form 
(ABC..,W) are prepared by the polymerization of the corresponding 
oligopeptide active esters ABC..,W-X. Small peptides of any sequen
ce can be synthesized by a step-by-step procedure (_5 ). Finally, 
cultivation of some bacteria in the presence of a r t i f i c i a l amino 
acids will possibly incorporate them into the proteins produced by 
the bacteria. In the following, attention w i l l be focused on homo
polypeptides and sequential copolypeptides carrying one type of 
chromophore on a chain. 

Poly(L-Arylalanines)(6-9) 

Synthesis and Ground-State Conformation Homopolypeptides carrying 
1- and 2-naphthyl groups, poly(L-l- and 2-naphthylalanine) = poly(l-
and 2-napAla) (6/7), and 1-pyrenyl group, poly(L-l-pyrenylalanine) = 
poly(l- pyrAla) (8,9), as the aromatic group have been synthesized 
in a form of block copolymers with poly(γ-benzyl DL-glutamate) unit 
which functions as a solubilizing agent (I). 

—(-NH-CH-COt— 

Ar 

f NH-ÇH-CO}-—• 
< p y 2 
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CD s p e c t r a o f p o l y ( l - and 2 - n a p A l a ) s i n t r i m e t h y l p h o s p h a t e (TMP) 
s o l u t i o n showed an i n t e n s e e x c i t o n s p l i t t i n g a t t h e Bb a b s o r p t i o n 
band o f n a p h t h y l chromophobe a r o u n d 2 2 3 0 nm^ The m o l a r e l l i p t i c i t y 
r e a c h e d a maximum o f 6x10 (deg cm dmol ) w i t h r e s p e c t t o t h e 
n a p h t h y l chromophore. The o b s e r v a t i o n o f s t r o n g e x c i t o n s p l i t t i n g 
i n d i c a t e s a r e g u l a r h e l i c a l a r r a n g e m e n t o f t h e n a p h t h y l g r o u p s a l o n g 
a h e l i c a l p o l y p e p t i d e main c h a i n . A t h e o r e t i c a l c a l c u l a t i o n o f t h e 
CD s p e c t r u m b a s e d on e x c i t o n t h e o r y (ljO) was p e r f o r m e d f o r p o s s i b l e 
m a i n - c h a i n and s i d e - c h a i n c o n f o r m a t i o n s p r e d i c t e d f r o m t h e ECEPP 
(11) c o n f o r m a t i o n e n e r g y c a l c u l a t i o n . I t was c o n c l u d e d t h a t 
p o l y ( l - n a p A l a ) has a r i g h t - h a n d e d α - h e l i c a l m a i n - c h a i n , whereas 
p o l y ( 2 - n a p A l a ) i s i n a l e f t - h a n d e d h e l i x . ^ 

E x c i t o n c o u p l e t was a l s o o b s e r v e d i n t h e Ba a b s o r p t i o n band 
( a r o u n d 240 nm) o f p o l y ( p y r A l a ) i n TMP. C o n f o r m a t i o n a l a n a l y s i s 
b a s e d on t h e ECEPP p o t e n t i a l f u n c t i o n s and t h e t h e o r e t i c a l CD compu
t a t i o n s u g g e s t e d a l e f t - h a n d e d α - h e l i c a l mai  c h a i  a l o n  w h i c h t h
s i d e - c h a i n p y r e n y l g r o u p

I n t e r a c t i o n s i n t h e E x c i t e d - S t a t e o f P o l y ( a r y l a l a n i n e s ) The i n t e r -
chromophore d i s t a n c e s between t h e n e a r e s t p a i r o f n a p h t h y l g r o u p s i n 
t h e most p r o b a b l e g r o u n d - s t a t e c o n f o r m a t i o n i s e s t i m a t e d t o be 7.1 A 
(1-5 p a i r , t h e numbers i n d i c a t e t h e amino a c i d u n i t s c a r r y i n g t h e 
n e a r e s t p a i r o f n a p h t h y l g r o u p s ) f o r p o l y ( L - l - n a p h t h y l a l a n i n e ) and 
6.0 A (1-5 p a i r ) f o r p o l y ( L - 2 - n a p h t h y l a l a n i n e ) . The i n t e r c h r o m o -
p h o r e d i s t a n c e s a r e t o o l o n g t o f o r m e x c i m e r s i n t h e e x c i t e d s t a t e . 
A c t u a l l y no e x c i m e r was f o u n d i n p o l y ( 1 - n a p A l a ) when i t s c h a i n 
l e n g t h was l o n g enough ( d e g r e e o f p o l y m e r i z a t i o n > abo u t 40) t o h o l d 
s t a b l e h e l i x c o n f o r m a t i o n . However, a s m a l l b u t d e f i n i t e amount o f 
e x c i m e r was f o u n d i n p o l y ( 2 - n a p A l a ) i n TMP. 

CPF s p e c t r o s c o p y measures a d i f f e r e n c e i n i n t e n s i t i e s o f l e f t -
and r i g h t - c i r c u l a r l y p o l a r i z e d components o f a f l u o r e s c e n c e e m i t t e d 
f r o m a c h i r a l f l u o r o p h o r e and r e f l e c t s t h e c h i r a l i t y o f c o n f o r m a 
t i o n s and i n t e r a c t i o n s i n t h e e x c i t e d s t a t e (2^). F i g u r e 1 shows 
CPF s p e c t r a o f p o l y ( l - and 2 - n a p A l a ) s measured i n DMF s o l u t i o n ( 1 2 ) . 
The o r d i n a t e o f t h e CPF s p e c t r a i s t h e Kuhn's e m i s s i o n d i s s y m m e t r y 
f a c t o r g , 

gem = 2 U L " V / ( I L + V ' where I and I i n d i c a t e i n t e n s i t i e s o f l e f t - and r i g h t - c i r c u l a r l y 
p o l a r i z e d components o f f l u o r e s c e n c e . 

The e x c i m e r o f p o l y ( 2 - n a p A l a ) showed an i n t e n s e c i r c u l a r p o l a 
r i z a t i o n , i n d i c a t i n g t h a t t h e e x c i m e r has a skewed c h i r a l c o n f i g u 
r a t i o n . T h e r e f o r e , t h e e x c i m e r i n p o l y ( 2 - n a p A l a ) may be formed n o t 
i n t h e randomly c o i l e d p a r t ( e . g . , a t t h e t e r m i n i ) ,where no p a r t i 
c u l a r e x c i m e r c o n f i g u r a t i o n i s e x p e c t e d , b u t i n t h e h e l i x p a r t o f 
t h e p o l y p e p t i d e . S i n c e t h e i n t e r c h r o m o p h o r e d i s t a n c e i n t h e h e l i x 
p a r t (6.0 A) may be t o o f a r t o f o r m an e x c i m e r , a s m a l l d i s t o r t i o n 
o f t h e s i d e - c h a i n a n d /or m a i n - c h a i n w i l l be n e c e s s a r y t o f o r m t h e 
e x c i m e r . 

I t was a l s o f o u n d i n t h e CPF s p e c t r a t h a t no c i r c u l a r p o l a 
r i z a t i o n was d e t e c t e d i n t h e monomer f l u o r e s c e n c e o f p o l y ( l - and 2-
n a p A l a ) s . T h i s i n d i c a t e s t h a t t h e l o w e s t - e n e r g y e x c i t e d s t a t e o f 
t h e n a p h t h y l p o l y m e r s i s v i r t u a l l y l o c a l i z e d on a monomeric n a p h t h y l 
g r o u p and n o t d e l o c a l i z e d o v e r n e i g h b o r i n g chromophores t o f o r m an 
e x c i t o n s t a t e . 
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Although the center-to-center interchromophore distance in the 
most probable ground-state conformation of poly(pyrAla) has been 
estimated to be about 7.4 A (9), a moderately strong excimer was 
observed. The intensity of the excimer emission is however smaller 
than that of a random DL-copolypeptide of pyrenylalanine, which does 
not form any regular conformation. Therefore the effect of regular 
conformation to supress excimer formation is again exemplified in 
this polypeptide. CPF spectroscopy was again used to study the 
nature of the excimer in poly(pyrAla) (8). Figure 2 shows CPF 
spectra of poly(pyrAla) (average degree of polymerization =20) in 
TMP. The spectra clearly indicate the presence of two types of 
excimers: one with a positive CPF signal (Left-handed circularly 
polarized light is more intense than the right-handed one) centered 
at longer wavelength than about 550 nm, the other with a negative 
CPF signal at around 460 nm. The contribution of the positive 
component is greater at low temperatures and that of the negative 
one increases at highe
of the latter excimer require
excimer with positive circular polarization forms without large 
conformational relaxation. This multiplicity in excimer emission may 
be interpreted by the multiplicity in the mode of side-chain inter
actions, e.g., excimer can be formed between both 1-4 and 1-5 pairs 
of the pyrenyl groups, alternatively, i t can be formed in the h e l i 
cal part as well as in the randomly coiled part of the polypeptide. 

Rate of Energy Migration along Poly(L-l-naphthylalanine) Chain A 
preliminary experiment on the rate of energy migration along poly(l-
napAla) has been carried out (L3). Polymer samples containing a 
diethylanilino (DEA) group covalently attached at the terminal (II) 
were prepared for this purpose. In structure II the poly(y-benzyl 
DL-glutamate) unit was attached as a solubilizing agent, as before. 

( C 0H C ) 2N-^^-( CH2 ) 3C0- ( NH-ÇH-CO^-fNH-ÇH-CO^T^NH ( CH0 ) ,-CH 
CH2 

Oo 
2 5 2 ^ 2 3 CH2 " <$H ) 1 2 0 2 5 ?II-n) 

CO 

-0 C H 2 

The number-average degree of polymerization of the poly(1-napAla) 
unit n, was 10 and 30, which was adjusted by the polymerization 
conditions. As a reference sample, compound III, which has the 
same structure as the terminal unit of polymer II, was also synthe
sized. 

( C 2H 5 ) 2 N " ^ ^ ~ ( C H
2
 )
 3CO-NH-CH-CO-0-CH3 

6H2

 j (III) 

Fluorescence spectra of the polypeptides and the model compound 
showed an exciplex emission centered at 500 nm in dichloroethane 
(95%)/dimethylformamide (5%) mixed solvent under nitrogen atmosphere 
at room temperature. Since the attachment of the DEA group to the 
chain end was not quantitative, the dynamics of energy migration was 
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F i g u r e 1. CPF s p e c t r a o f p o l y ( 1 - n a p A l a ) ( -1 and p o l y ( 2 -
n a p A l a ) ( ) i n ̂ - b u b b l e d DMF, [Nap] = 3.0x10 M. 
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F i g u r e 2. CPF s p e c t r a o f p o l y ( p y r A l a ) (number a v e r a g e d e g r e e 
o f p o l y m e r i z a t i o n = 2 0 ) i n ̂ - b u b b l e d DMF a t d i f f e r e n t t e m p e r a 
t u r e s . [ P y r ] = 6x10 M. 
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discussed from the rise and decay curves of the exciplex emission. 
The results are listed in Table I. 

Table I. Results of rise and decay curve analysis of 
the exciplex emission from polymer II and compound III 

Sample Tn (nsec) (nsec) 
11-10 X2.5 " 45 
11-30 4.5 55 
III ~ 46 

The rise and decay curves were fitted to the followeing 
equation: I(t) = a[exp(-t/T 2) - expi-t/T^)]. 

The rise time for the model compound could not be measured by 
the instrument employed (time resolution may be about one nano
second). On the other hand, a delay of the order of a few nano
second was detected in the rise of the exciplex emission in the 
polypeptide systems an
If one assumes random hoppin
a uniform probability for the excitation of one of the naphthyl 
group, the time required for an elementary hopping process may be 
calculated to be about a few hundred picosecond or less. For a more 
detailed study, however, polymer samples carrying a definite number 
of naphthyl chromophores w i l l be needed. 

Sequential Polypeptides Carrying Naphthyl or Pyrenyl Chromophores 
(14,15) 

As described above, there is a multiplicity in the interactions 
among chromophores in the aromatic homopolypeptides. One of the 
reasons for the multiplicity is that 1-4, 1~5, and other inter
actions are possible in the homopolypeptides. In this sense, the 
homopolypeptides are not true one-dimensional chromophoric systems. 
To attain one-dimensional systems, sequential polypeptides carrying 
one chromophore in each helix turn were prepared. 

Sequential Polypeptide Carrying 1-Naphthyl Groups, Ground-State 
Conformations Polypeptides having a regular array of chromophores 
with varying spacings can be prepared by polymerization of oligopep
tide active esters of the form, Η-A -B-X, where A is a spacer amino 
acid having no chromophore and Β is an aromatic amino acid such as 
naphthylalanines and pyrenylalanine, and X is an active ester group. 
In particular, i f one selects an amino acid which favors α-helical 
conformation as A, the chromophore attached to Β wi l l arrange regu
larly along a ri g i d framework of an α-helix. This expectation was 
actually realized in the case of poly[Lys(Z) -1-napAla] (m = 1 - 4, 
a l l amino acids are L-form) (IV), where Lys(S) unit functions as an 
α-helix-forming spacer (14). 

—H- NH-CH-CO ) -NH-CH-CO -Î— • m ι 
(ÇH ) CH2 (m=l - 4) (IV) 
NH 
?o j ~ OO 
°- c H2<y> 
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F i g u r e 3 shows e x p e r i m e n t a l CD s p e c t r a o f t h e s e q u e n t i a l p o l y 
p e p t i d e s i n t r j m e t h y l p h o s p h a t e (TMP) s o l u t i o n . S t r o n g e x c i t o n 
c o u p l e t s i n t h e Bb a b s o r p t i o n band o f n a p h t h y l g r o u p , p a r t i c u l a r l y 
i n t h e c a s e o f m=2, i n d i c a t e r e g u l a r and h e l i c a l a r r a n g e m e n t o f t h e 
n a p h t h y l g r o u p s . T h e o r e t i c a l CD s p e c t r a were c a l c u l a t e d a s s u m i n g a -
h e l i c a l main c h a i n and t h e minimum-energy s i d e - c h a i n c o n f o r m a t i o n 
p r e d i c t e d f r o m t h e ECEPP c o n f o r m a t i o n a l c a l c u l a t i o n s . The r e s u l t s 
a r e shown i n F i g u r e 4. The t h e o r e t i c a l CD c u r v e s o f p o l y [ A l a - 1 -
n a p A l a ] q u a l i t a t i v e l y r e p r o d u c e t h e f e a t u r e s o f t h e e x p e r i m e n t a l 
s p e c t r a f o r t h e f o u r s e q u e n t i a l p o l y p e p t i d e s . F i g u r e 5 i l l u s t r a t e s 
t h e most p r o b a b l e α - h e l i c a l c o n f o r m a t i o n s o f t h e s e q u e n t i a l p o l y p e p 
t i d e s drawn by u s i n g t h e NAMOD (16) m o l e c u l a r d i s p l a y program. The 
i n t e r c h r o m o p h o r e d i s t a n c e s between t h e c e n t e r s o f t h e n e a r e s t p a i r 
o f t h e n a p h t h y l g r o u p s i n t h e c o n f o r m a t i o n s shown i n F i g u r e 5 a r e : 
7.1 (m=l, 1 - 5 ) ; 6.7 (m=2f 1 - 4 ) ; 6.7 (m=3,l-5); and 13.4 (m=4, 1-6) 
A. 

E n e r g y M i g r a t i o n a l o n g H e l i
p o l y p e p t i d e s showed v i r t u a l l y no e x c i m e r e m i s s i o n . T h i s i s i n 
a c c o r d a n c e w i t h t h e ab s e n c e o f e x c i m e r e m i s s i o n i n p o l y ( 1 - n a p A l a ) , 
and a g a i n s u g g e s t s t h e r e g u l a r and r i g i d a r r a n g e m e n t o f n a p h t h y l 
g r o u p s a l o n g t h e α - h e l i c a l main c h a i n . 

The e x t e n t o f t h e i n t r a m o l e c u l a r e x c i t a t i o n e n e r g y m i g r a t i o n 
was e v a l u a t e d f r o m t h e e f f i c i e n c y o f t h e f l u o r e s c e n c e q u e n c h i n g o f 
t h e p o l y p e p t i d e s by u s i n g d i a c e t y l as an e x t e r n a l q u e n c h e r (17)· 
F i g u r e 6 shows S t e r n - V o l m e r p l o t s f o r t h e s e q u e n t i a l p o l y p e p t i d e s 
and t h e h o m o p o l y p e p t i d e s o f L - l - n a p A l a , p o l y ( 1 - n a p A l a ) , and DL-1-
n a p A l a , p o l y ( D L - l - n a p A l a ) . The e n e r g y m i g r a t i o n i s most e f f i c i e n t i n 
t h e h o m o p o l y p e p t i d e o f L - n a p A l a . The e f f i c i e n c y o f p o l y ( D L - l - n a p -
A l a ) i s a l i t t l e l o w e r t h a n t h e L - p o l y m e r , b u t s u b s t a n t i a l l y h i g h e r 
t h a n t h e f o u r s e q u e n t i a l p o l y p e p t i d e s . The h i g h t r a n s f e r e f f i c i e n c y 
o f L- and D L - h o m o p o l y p e p t i d e s c a n be i n t e r p r e t e d by t h e m u l t i p l i c i t y 
i n t h e p a t h s f o r e n e r g y m i g r a t i o n a l o n g t h e p o l y m e r c h a i n . T h a t i s , 
i n t h e h o m o p o l y p e p t i d e s e n e r g y m i g r a t i o n between b o t h 1-4 and 1-5 
p a i r s o f n a p h t h y l g r o u p s may be f r e q u e n t , whereas i n t h e s e q u e n t i a l 
p o l y p e p t i d e s o n l y 1-5 (m=l and 3 ) , 1-4 (m=2), o r 1-6 (m=4) e n e r g y 
m i g r a t i o n may be a l l o w e d ( as above, t h e numbers i n d i c a t e amino a c i d 
u n i t s ) . 

I t i s i n t e r e s t i n g t h a t t h e s e q u e n t i a l p o l y p e p t i d e w i t h two 
L y s ( Z ) u n i t s as a s p a c e r (m=2) i s more e f f i c i e n t t h a n t h a t w i t h one 
L y s ( Z ) u n i t as a s p a c e r (m=l), a l t h o u g h t h e d e n s i t y o f n a p h t h y l 
chromophore i s l o w e r i n t h e f o r m e r p o l y p e p t i d e . The e f f i c i e n c y f o r 
m=l i s s i m i l a r t o t h a t o f m=3. These f i n d i n g s c a n be i n t e r p r e t e d 
a g a i n by t h e d i f f e r e n c e s i n t h e p o s i t i o n s o f t h e n e a r e s t p a i r o f 
n a p h t h y l g r o u p s : 1-5 f o r m=l and 3, 1-4 f o r m=2, and 1-6 f o r m=4. 
The s i m i l a r e n e r g y m i g r a t i o n e f f i c i e n c i e s o f m=l and m=3 i n d i c a t e a 
n e g l i g i b l e e n e r g y m i g r a t i o n between 1-3 p a i r o f m=l. 

I t i s a l s o i n t e r e s t i n g t h a t t h e p o l y p e p t i d e o f m=4 showed mod
e r a t e l y e f f i c i e n t e n e r g y m i g r a t i o n when i t i s compared w i t h t h e 
e f f i c i e n c y i n a p o l y p e p t i d e (m=49r) c o n t a i n i n g 2% o f n a p A l a u n i t , i n 
w h i c h an e n e r g y m i g r a t i o n i s v i r t u a l l y i m p o s s i b l e . The c e n t e r - t o -
c e n t e r d i s t a n c e between t h e n e a r e s t n a p h t h y l g r o u p s i n m=4 i s 13.4 
A, w h i c h i s a l i t t l e l o n g e r t h a n t h e c r i t i c a l t r a n s f e r d i s t a n c e R Q 

f o r a n a p h t h y l - n a p h t h y l p a i r (12 A ) . 
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λ ( nm ) 

Figure 3. Experimental CD spectra of poly[Lys(Z) -1-nap^la] 
in trimethyl phosphate at room temperature, [Nap] = ?.0χ10 M. 
Numbers in the figure indicate the number of Lys(Z) units, m. 
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F i g u r e 4. T h e o r e t i c a l CD s p e c t r a o f p o l y [ A l a - 1 - n a p A l a ] i n 
α - h e l i c a l c o n f o r m a t i o n w i t h t h e l e a s t - e n e r g y s i d e - c h a i n c o n f o r 
m a t i o n p r e d i c t e d f r o m t h e ECEPP e n e r g y c a l c u l a t i o n . Numbers i n 
t h e f i g u r e i n d i c a t e m. 
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F i g u r e 6. S t e r n - V o l m e r p l o t s f o r t h e q u e n c h i n g o f t h e monomer 
e m i s s i o n o f p o l y [ L y s ( Z ) m ~ l - n a p A l a ] i n Ν - b u b b l e d _£rimethyl 
p h o s p h a t e by d i a c e t y l as a q u e n c h e r . [Nap] = 2.0x10 M, room 
t e m p e r a t u r e . 
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Fluorescence Decay Analysis Fluorescence decay curves were measured 
for the monomer emission of the sequential polypeptide and the 
random copolypeptide having a very small amount of naphthyl groups 
(17). Although no excimer was observed in the stationary fluores
cence spectra, the decay curves did not f i t single exponential 
functions, but fit t e d dual-exponential curves. The lifetime of the 
fast-decaying component is about 12 ns, whereas that of the slow 
component is between 50 - 60 ns irrespective of the length of the 
spacer. Since the polypeptide with a very small content of the 
naphthyl group (m=49r) showed a single exponential decay with a 
lifetime of 55 ns, the presence of the fast-decaying component 
cannot be explained by any interaction of excited naphthyl chromo
phore with amide or other chromophores of the polypeptide chain. A 
possible interpretation for the fast component is that a special 
pair of naphthyl groups deactivates very rapidly the excited state. 
However, the nature of the interaction i s not clear at present

Sequential Polypeptide
formations Sequential polypeptides carrying pyrenyl chromophores 
(V) were also prepared (15). 

NH-< 
(ÇH 2) 4 CHn (m=2,3) (V) 

No particular ground-state interaction was detected in the ab
sorption spectra of the two polypeptides. Circular dichroic spectra 
of the polypeptides are yery similar^to each other and showed an 
exciton splittings at the La and the Bb absorption bands: [θ]353 = 
17300, [θ]348 = -36500, [θ]283 = -30200, [θ]279 = 21100 (m=2); 
[ θ ]355 = 10200, [θ]349 = -30100, [θ]283 = -21000, [θ]280 = 18J00 
(m=3). However only a small negative peak was observed at the Ba 
band: [θ]241 = -26800 (m=2); [θ]247 = -26300 (m=3). The shape of CD 
spectra at the amide transition band around 200-220 nm suggested 
right-handed α-helical main-chain conformations for the two polypep
tides. These features indicate that the main chain takes α-helical 
conformation but the orientation of the side-chain pyrenyl groups 
are more fluctuated than in the case of naphthyl groups. 

An empirical conformation energy calculation based on the ECEPP 
functions indicated two stable side-chain orientations (A and B) are 
possible for α-helical main chain. A theoretical CD computation, 
however, suggested that orientation Β (χ^ = 290°, χ 2 = 285°) is more 
populated than A. 

In the case of m=2 in dimethylsulfoxide solution, the right-
handed α-helical main chain conformation has been confirmed by the 
circular dichroism in the vibrational region (VCD). (A preliminary 
result of joint research with Professor T. Keiderling, University of 
Il l i n o i s at Chicago). By the VCD spectroscopy one can obtain infor
mation on the main chain conformation of polypeptides without any 
interference by the side-chain chromophores (18). The VCD couplet 
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a t t h e amide I r e g i o n o f p o l y [ L y s ( Z ) - 1 - p y r A l a ] showed a t y p i c a l 
p a t t e r n f o r r i g h t - h a n d e d α - h e l i c a l c o n f o r m a t i o n . 

E x c i m e r E m i s s i o n and CPF S p e c t r a F l u o r e s c e n c e s p e c t r a o f t h e two 
p o l y p e p t i d e s i n TMP s o l u t i o n a r e shown i n F i g u r e 7 ( l o w e r c u r v e s ) . 
S m a l l e x c i m e r e m i s s i o n s a r e o b s e r v e d i n t h e two p o l y m e r s . The 
monomer/excimer i n t e n s i t y r a t i o was i n d e p e n d e n t o f ^ t h e p o l y m e r c o n 
c e n t r a t i o n a t l e a s t down t o [ p y r ] = 1x10 mol L , s u g g e s t i n g an 
i n t r a m o l e c u l a r c h a r a c t e r o f t h e e x c i m e r . S i n c e t h e i n t e r c h r o m o -
p h o r e d i s t a n c e s i n t h e most p r o b a b l e c o n f o r m a t i o n s p r e d i c t e d f r o m 
t h e c o n f o r m a t i o n a l e n e r g y c a l c u l a t i o n a r e much l o n g e r t h a n t h e e x c i 
m e r - f o r m i n g d i s t a n c e , t h e e x c i m e r s s h o u l d be formed a t t h e p o i n t 
where c o n f o r m a t i o n s o f t h e main c h a i n a n d / o r t h e s i d e c h a i n a r e 
l a r g e l y d i s t o r t e d . 

The upper c u r v e s o f F i g u r e 7 shows CPF s p e c t r a o f t h e two 
p o l y p e p t i d e s . A l a r g  p o s i t i v  CPF s i g n a l i t t h  e x c i m e
r e g i o n , i n d i c a t i n g t h a t
c o n f i g u r a t i o n s . The CP
same, s u g g e s t i n g t h a t t h e g e o m e t r i c a l c o n f i g u r a t i o n s o f t h e two 
e x c i m e r s a r e v e r y s i m i l a r t o e a c h o t h e r . The d i s s y m m e t r y f a c t o r i s 
v i r t u a l l y c o n s t a n t o v e r t h e e x c i m e r r e g i o n , i f t h e c o n t r i b u t i o n o f 
monomer e m i s s i o n w h i c h showed no c i r c u l a r p o l a r i z a t i o n was sub
t r a c t e d . The s p e c t r a i n F i g u r e 7 c o n t r a s t s t h a t o f p o l y ( L - l - p y r A l a ) 
shown i n F i g u r e 2, where n e g a t i v e and p o s i t i v e s i g n a l s were ob
s e r v e d . The CPF s p e c t r a o f t h e s e q u e n t i a l p o l y p e p t i d e s were v i r t u 
a l l y t e m p e r a t u r e i n d e p e n d e n t o v e r t h e t e m p e r a t u r e r a n g e o f 5 - 60°C. 
T h i s a g a i n c o n t r a s t s t h e c a s e o f p o l y ( L - l - p y r A l a ) , f o r w h i c h a 
marked t e m p e r a t u r e dependence was o b s e r v e d . These f i n d i n g s s u g g e s t 
t h a t , a t l e a s t i n t h e s t a t i o n a r y s p e c t r u m , c o n t r i b u t i o n o f one t y p e 
o f e x c i m e r i s p r e d o m i n a n t i n t h e s e q u e n t i a l p o l y p e p t i d e . T h i s may 
r e f l e c t t h e f a c t t h a t o n l y one t y p e o f s i d e c h a i n i n t e r a c t i o n (1-4 
f o r m=2, 1-5 f o r m=3) i s p o s s i b l e i n t h e l a t t e r p o l y m e r s . 

T i m e - R e s o l v e d F l u o r e s c e n c e S p e c t r a P r e s e n c e o f F a s t - D e c a y i n g E x c i 
mer T i m e - r e s o l v e d f l u o r e s c e n c e s p e c t r a were measured on a t i m e -
c o r r e l a t e d s i n g l e - p h o t o n c o u n t i n g a p p a r a t u s w i t h a m o d e - l o c k e d s y n 
c h r o n o u s l y pumped dye l a s e r as a l i g h t s o u r c e . The r e s u l t i s shown 
i n F i g u r e 8 ( a p r e l i m i n a r y r e s u l t o f j o i n t r e s e a r c h w i t h Dr. Y. 
T a n i g u c h i , Advanced R e s e a r c h L a b . , H i t a c h i , L t d , Tokyo, J a p a n ) . The 
t i m e - r e s o l u t i o n o f t h e s y s t e m i s a few h u n d r e d p i c o s e c o n d , w h i c h i s 
d e t e r m i n e d by t h e t i m e c o n s t a n t o f t h e d e t e c t o r . I n F i g u r e 8 an 
e x c i m e r e m i s s i o n c e n t e r e d a r o u n d 430 nm a p p e a r s s h o r t l y a f t e r e x c i 
t a t i o n ( r i s e t i m e = 0.3 n s ) , w h i c h d e c a y s w i t h a l i f e t i m e o f 5.0 n s . 
A f t e r 40 ns o r more, t h e f l u o r e s c e n c e s p e c t r u m becomes s i m i l a r t o 
t h e s t a t i o n a r y s p e c t r u m ( F i g u r e 7, b o t t o m ) . The l i f e t i m e o f t h e 
s l o w - d e c a y i n g component i s 100-120 n s . The r e l a t i v e p o p u l a t i o n s 
( p r e e x p o n e n t i a l f a c t o r s ) o f t h e f a s t component measured a t 440 and 
480 nm a r e a b o u t t h e same (0.69 a t 440 nm and 0.76 a t 480 nm, f o r 
f a s t component) i n d i c a t i n g t h a t t h e e m i s s i o n bands o f t h e two e x c i 
mers a r e l a r g e l y o v e r l a p p e d . A t p r e s e n t we have no c l e a r - c u t 
i n t e r p r e t a t i o n f o r t h e f a s t - d e c a y i n g e x c i m e r . 
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p o l y [ L y s ( Z ) m - p y r A l a ] in T M P 

[ p y r l = 1-0 x 10~5 M , 5°C 

F i g u r e 7 . F l u o r e s c e n c e ( l o w e r c u r v e s ) and CPF (u p p e r c u r v e s ) 
s p e c t r a o f p o l y [ L y s ( Z ) - p y r A l a ] i n Ν - b u b b l e d t r i m e t h y l p h o s 
p h a t e , 5°C. [ P y r ] = 1.8x10 M. ( ): m=2, ( ): m=3. 

5000. 

4000. 

3000. 

0 - 0 - 5 ns 

p o t y ( L 2 P ) /TMP 

3 6 0 . 0 4 0 0 . 0 4 4 0 . 0 4 8 0 . 0 5 2 0 . 0 

W a v e l e n g t h / nm 
Figure 8. Time-resolved fluorescence spectra of poly[Lys(Ζ)2~ 
pyrAla] i n ̂ - b u b b l e d t r i m e t h y l phosphate at room temperature. 
[Pyr]=2xl0~ 5 M. 
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C o n c l u d i n g Remarks 

Most o f t h e a r o m a t i c p o l y p e p t i d e s p r e s e n t e d i n t h i s r e v i e w were 
f o u n d t o e x i s t i n α - h e l i c a l c o n f o r m a t i o n s i n s o l u t i o n and t h e 
s i d e - c h a i n chromophores were shown t o be a r r a n g e d a l o n g t h e h e l i x . 
F u r t h e r m o r e , i n some s e q u e n t i a l p o l y p e p t i d e s , o n l y one t y p e o f s i d e -
c h a i n i n t e r a c t i o n was t h o u g h t t o be a l l o w e d . However, CPF s p e c t r a 
and t i m e - r e s o l v e d s p e c t r a showed some m u l t i p l i c i t y i n t h e s i d e - c h a i n 
i n t e r a c t i o n s . I n p a r t i c u l a r , f a s t - d e c a y i n g components were d e t e c 
t e d b o t h i n t h e monomer e m i s s i o n o f t h e s e q u e n t i a l p o l y p e p t i d e s 
c a r r y i n g n a p h t h y l g r o u p s and i n t h e e x c i m e r e m i s s i o n o f t h o s e c a r 
r y i n g p y r e n y l g r o u p s . I t i s a f u t u r e p r o b l e m w h e t h e r any new and 
s p e c i a l mechanism i s r e q u i r e d t o i n t e r p r e t t h e s e a p p a r e n t l y complex 
r e s u l t s . 
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Chapter 27 

Exciton Migration 
in Copolymers of Acenaphthylene 

W. R. Cabaness, S. A. Zamzam, and C. T. Chen 

Department of Chemistry, The University of Texas at El Paso, 
El Paso, TX 79968-0513 

Excited states and energy migration by way of excitons 
have been studied in random copolymers of acenaphthylene 
(ACN) with acrylonitril
2-vinyl napthalene (2VN)
vinyl acetate and hydrolyzed to give free hydroxyl groups. 
The latter were reacted with acyl chlorides: 1-naphthoyl, 
2-naphthoyl, benzoyl and cinnamoyl. Exciton migration 
lengths, L, quenching rate constants, kqe, and efficien
cies of energy transfer were calculated based on steady 
state fluorescence spectra using oxygen or dimethylaniline 
as quenchers. The average exciton migration lengths are: 
92.5 poly(ACN-co-AN), 130 poly(ACN-co-MAN), 100.5 
poly(ACN-co-2VN) and 79.4 Å for polymers containing ester 
groups. 

The absorption of UV energy by fluorophores attached to a polymer 
chain and the subsequent energy migration by way of excitons are sub
jects of theoretical interest (1-3). Other workers (4) have 
described polymers containing pendant chromophores as "antenna poly
mers" which may function as energy gathering devices or allow singlet 
energy to proceed to a trap. More fundamental questions as the exact 
mechanism of exciton migration between fluorophores, the required 
orientation and maximum distance remain unanswered for many systems. 

We have studied excited states in polyacenaphthylene (PACN) and 
in random copolymers of acenaphthylene with the following comonomers: 
2-vinylnaphthalene (2VN), acrylonitrile (AN), methacrylonitrile (MAN) 
and N-vinylcarbazole (VCz) (5.6). Also ACN was copolymerized with 
vinyl acetate, and the acetate groups were removed by hydrolysis. 
The hydroxylated copolymers, poly(acenaphthylene-co-vinyl alcohol), 
were reacted with the following acyl chlorides: 1-naphthoyl, 
2-naphthoyl, benzoyl and cinnamoyl. The latter polymers contain an 
ester group as a spacer between the main chain and one of the 
fluorophores. The choice of an ester group as a connecting unit 
between the polymer chain and fluorophore is probably a poor one 
since it is known that carbonyl groups easily form triplets and 
photo-Fries rearrangements can occur (7). 

A copolymer containing a dimethylsiloxy spacer was prepared by 
reacting poly(acenaphthylene-co-vinyl alcohol) with dimethyldichloro-
silane followed by reaction with 2-naphthol. (See Figure 1). 

0097-6156/87/0358-0358$06.00/0 
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Two types of copolymers of ACN were investigated in this work. 
The f i r s t type contains ACN units separated by photo-inactive groups 
in the main chain such as AN or MAN. This permits a comparison of 
the homopolymer, PACN, to polymers containing smaller numbers of 
chromophores and the latter being randomly spaced along the polymer 
chain. The second type is a copolymer of ACN and another monomer 
containing different chromophore. In the f i r s t type only excited 
s inglet , A*, and excimers, (AA)* are important states while in the 
second type two excimers, (AA) and (BB)*, and the exciplex (AB)* 
are possible. 

Exciton hopping to the same chromophore and using equi-energetic 
states depend on dipole-dipole orientation and the interaction 
distance, R 0 . 

* ο ο * 
A . + A . A. + A . 

In copolymers the excito
structure available, an
When exciton migration involves excimers or exciplexes, long 
sequences of excimer-forming-sites (EFS) must be correctly 
orientated for maximum distance. 

Poly(ACN) has a r ig id chain structure yet can form excimers with 
alternate units along the chain (8), or by stacking in a he l ica l con
formation. Excimer formation has been reported for alternate copoly
mers of ACN with styrene (9) and for ACN with maleic anhydride (10). 
The situation i s different for 2-vinylnaphthalene since alternating 
copolymers of 2VN with methyl methacrylate or methacrylic acid did 
not form excimers, yet random copolymers of the same systems showed 
excimer fluorescence (11). Only random copolymers of ACN were 
prepared in this work. 

Quenching was carried out using oxygen or Ν,Ν-dimethylaniline to 
obtain steady state fluorescence spectra. Then exciton migration 
lengths were calculated by three methods described below with the 
assumption that the fluorophores show exponential decay. An 
arbitrary comparison between the migration length and the polymer's 
end-to-end distance was made. Since the migration length is based on 
a one-dimensional random walk, a more meaningful comparison is 
between migration lengths in copolymers and homopolymers. 

In equation 1 the singlet exciton migration length, L, is 
related to the Stern-Volmer constant, K s v , and the Forster encounter 
radius, R 0, and N 0 i s Avogadro's number (12). 

L = D v ^N^ i (1) 

Webber and co-workers have proposed two equations which allow 
the calculation of A /D where Λ is the singlet energy migration rate 
and D is the diffusion constant for the quencher (13). In equation 
2, k|qe i s the bimolecular rate constant for quenching of the polymer 
while k™ refers to a model compound of low molecular weight such as 
ethylnapnthalene. 

Λ /D = [ ΐ ζ - ( l / 2 ) k ^ / ( l / 2 ) k ^ (2) 

A similar equation 3 gives theA/D ratio when the model system i s a 
polymer containing only a small percentage of chromophore (11). 
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m 

qe 
(3) 

Then the exciton migration length, L, assuming a one-dimensional ran
dom walk, is given by equation 4: 

where r is the l ifetime of the excited state in the polymeric system. 

Experimental 

Copolymers of ACN and AN were prepared with varied compositions by 
emulsion polymerization in water-ethanol (4:1 by vol) degassed with 
nitrogen. A surfactant was added and potassium persulfate was the 
i n i t i a t o r . Polymerizations were carried out at ca  90 eC for 24 h
Copolymers were precipitate
solution in benzene and
of poly(ACN-co-2VN) was reported previously (6). 

A l l samples of ACN used in polymerizations were recrystal l ized 
twice from methanol-pentane (3:1). AN and MAN were d i s t i l l e d prior 
to use. Copolymers of ACN and MAN were prepared by solution poly
merization in benzene at 60CC for 36 h. AIBN was the in i t i a to r , and 
the polymers were isolated by precipitation into 600 mL of methanol 
followed by two subsequent precipitations from benzene into methanol. 

Vinyl acetate and ACN were copolymerized in dry benzene at 60°C 
for 36 h using AIBN as in i t i a to r . The molar ratio of monomers, vinyl 
acetate to ACN was 20 to 1. Polymers were isolated by precipitation 
into methanol, followed by two subsequent precipitations from benzene 
into methanol. Poly(ACN-co-vinyl acetate) (0.5 g) was dissolved in 
100 mL of THFoand mixed with 25 mL of 1 Ν methanolic NaOH. After 
heating to 60°C for 10 h, the mixture was precipitated into 600 mL of 
methanol. The polymer was purif ied by dissolving in THF and precip i
tation in methanol. Poly(ACN-co-vinyl alcohol) (0.4 g) was dissolved 
in 50 mL of pyridine and treated with benzoyl chloride in benzene. 
The mixture was st irred at room temperature for 10 h and precipitated 
into 600mL of methanol. The copolymer was purif ied by two precipita
tions from THF into methanol. A similar procedure was used for 
reacting other acyl chlorides with poly(ACN-co-vinyl alcohol). 

PolyLacenaphthyylene-co-dimethyl-(2-naphthoxy)-vinyloxysilaneJ 
was prepared by treating poly(ACN-co-vinyl alcohol)(0.4 g) in 50 mL 
of THF with dichlorodimethylsilane (0.8 mL) and triethylamine (0.5 mL) 
at 60°C for 10 h. Then, 2-naphthol (1.0 g) in 20 mL of THF was added 
and heating was continued for another 10 h at 60°C. The mixture was 
cooled and poured into 600 mL of diethyl ether. The polymer was 
purif ied by two precipitations from THF into ether. 

Copolymer compositions of poly(ACN-co-AN) and poly(ACN-co-MAN) 
were determined by elemental nitrogen analyses. The percentages of 
ACN in hydrocarbon copolymers were determined by UV spectroscopy, 
using the measured optical density for ACN in PACN at 310 nm in 
1,2-dichloroethane as solvent. For poly(ACN-co-2VN) the 
compositions were checked by NMR spectroscopy (300 MHz). In a l l 
cases, conversions were held to ten percent or less in order to avoid 
dr i f t in copolymer composition. 

L = [2ΛτΡ]1 (4) 
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Steady state fluorescence spectra were obtained on an 
Amino-Bowman J4 instrument using a Hg-Xe l ight source. Samples were 
prepared immediately before use with 1,2-dichloroethane. Several 
excitation wavelengths 290, 325 and 353 nm were tr ied with each 
series of ACN copolymers to obtain emission bands of highest inten
s i ty . For quenching experiments using oxygen, samples were degassed 
with nitrogen, a ir and oxygen in sequence (14). The concentrations 
of Ν,Ν-dimethylaniline when used as a quencher were zero, 2.3 and 
12.9 χ 10" 3 M. The diffusion coefficient for oxygen in β 

1,2-dichloroethane at 298°K was calculated to be 8.79 χ 10 cm2/sec 
by the Stokes eguation (15). The following values were used in 
calculations: τ , excimer in P2VN, is 45 ns (17); k , model polymer, 
i s 1.52 χ 109 1 m-is- 1 (11), kg e , 2-ethylnaphthalefll, i s 4.96 χ 109 1 
m-ls-1 (11). ~ ^ 

Results and Discussion 

Stern-Volmer plots were
values calculated. Exciton migration lengths were calculated using 
equation (1) and equations (2), (3) and subsequently equation (4). 
This procedure gave three values of the migration length for 
comparison. 

Migration lengths in random copolymers of ACN with AN are not 
greatly affected by composition. Copolymers containing 47 and 80% 
ACN had the longest migration length of 70A compared to 63 A for 
PACN using equation (1). The above percentages correspond to an 
overall monomer composition of 1:1 and 4:1. Random poly(ACN-co-AN) 
showed monomeric fluorescence at 355 nm and excimer fluorescence at 
405 nm. The IQ/IM ratios were 0.88 and 0.61 for the 47 and 80% ACN 
copolymers, respectively, and the same value for PACN was 0.52. The 
incorporation of photo-inactive units such as AN in the copolymer 
increase chain f l e x i b i l i t y and allows more excimer formation. 
Exciton migration lengths are l i s ted in Table I. 

For a series of poly(ACN-co-MAN) copolymers the amount of chro
mophore, ACN, was limited to f ive, seven and 14 percent to determine 
the effect on migration length and excimer formation. The results 
are given in Table II including the end-to-end distances for com
parison. A copolymer containing five percent ACN had the longest 
exciton migration distance of 149 A which exceeds i t s end-to-end 
distance of 31 A. The migration lengths decreased as the ACN 
content increased from five to 14 percent but in a l l cases were 
longer than the end-to-end distances. 

The fluorescence spectra of poly(ACN-co-MAN) showed monomer 
emission at 346 nm and excimer emission at 405 nm. The intensity of 
the excimer emission band decreased as the percentage of ACN 
decreased from 14 to 5% and shifted to a longer wavelength at 412 nm. 
Corresponding IQ/IM ratios decreased from 0.33 ro 0.13, respectively. 

The second type of copolymer studied in this work contained ACN 
and another monomer which was also a fluorophore. A series of copoly
mers of ACN and 2VN were prepared which varied in composition from 
5.5 to 94.5% ACN. Calculated exciton migration lengths and K s v values 
are given in Table I I I . A copolymer containing 53.5% ACN or ca. 1:1 
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(c) (d

Figure 1. Copolymers of acenaphthylene: (a) poly(ACN-co-MAN); 
(b) poly(ACN-co-2VN); (c) poly(ACN-co-vinyl ester) where acyl 
is benzoyl, cinnamoyl, 1-naphthoyl and 2-naphthoyl; (d) poly 
[ACN-co-dimethyl-(2-naphthoxy)-vinyloxysilane]. 

Table I 
Compositions, Quenching Constants and 

Migration Lengths in Poly(ACN-co-AN) 
mol % ACN ,a b c d 
in copolymer K

Q X / > M " L>A L>A 

36 157 68 62 101 
47 168 70 68 107 
66 134 63 46 87 
76 113 58 24 72 
78 139 64 50 90 
80 169 70 69 108 
90 131 62 44 85 
95 138 64 50 90 

100 137 63 49 89 

a K s v for excimer emission at 405 nm. 

b L = &<sv/ 2 * R o N oï 1 / 2 ' 

c A / b = [k j e - ( i ) k j e î / ( i ) k j e . 

d A/D = [kq e - k q^J/ kq e and for column b and c, L = [2 Λ τΡΪ 2. 
The diffusion coeff ic ient, D, is 8.79 χ 10"6cm2/s for oxygen in 
1,2-dichloroethane at 298 K. Oxygen was used as quencher. 
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Table II 
Compositions, End-to-End Distances and 
Migration Lengths in Poly(ACN-co-MAN) 

mol % ACN 
in copolymer <72>1/2, Â A L , Â B L, Â ° L, Â D 

5 31 88 107 149 
7 70 78 86 125 

14 

Calculated using Flory*s equation: [η] = φ <r > ' Μ~ 
^Calculated using equation (1). . 
Ca lcu lated using equations (2) and (4). Calculated using equations 
(3) and (4). 

Table III 
Compositions, Quenching Constants and 
Migration Lengths in Poly(ACN-co-2VN) 

mol% ACN 
in copolymer K S V,M-1 a L . A b L , Â C L,Â D 

5.5 126 61 39 82 
17.3 148 66 56 96 
41.7 130 62 43 85 
53.5 291 93 118 160 
59.8 139 64 50 90 
80.3 165 70 67 106 
94.5 130 62 43 85 

K s v for exciplex emission at 400 nm. 

b-d 
Same as Table I. Oxygen was used as quencher. 
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composition had the longest L value of 160 Â. This ratio favors 
exciplex formation and may indicate that exciplexes provide and 
adventitous pathway for exciton migration. Copolymers of other com
positions, both greater than and less than 50% ACN, gave 
approximately 60A for migration lengths as calculated by equation 
(1). A regrouping of fluorophores may occur during exciton 
migration in the 1:1 copolymer (19). While such an effect might be 
expected to be temperature dependent, no studies in this area were 
attempted. 

* migration , * 
Β (A B)L A Β - Β Α (Β A)^ Β 

Table VI gives the exciton migration lengths for five copolymers 
of ACN obtained by reacting poly(ACN-co-vinyl alcohol) with different 
acyl chlorides. The migration length as a percentage of the end-to-
end distance i s 167% fo
fluorophores 2-vinyl naphthoate
the average is 116% and for dimethyl-(2-naphthoxy)vinyloxysilane, 
146%. 

Table IV 
Compositions, End-to-End Distances and Migration 

Lengths in Copolymers of ACN 

copolymers3 

ACN in 
copolymer, % 

ca lc j , 
< r 2 > 2 , A L, Â b,c 

poly(ACN-co-lVNo) 78.0 56 94 
poly(ACN-co-2VNo) 85.2 71 80 
poly(ACN-co-VB) 87.4 74 87 
poly(ACN-co-VC) 84.5 72 85 
poly(ACN-co-DMVS) 81.5 35 51 

a 
leg. 1-vinyl naphthoate, lVNo; 2-vinyl naphthoate, 2VNo; vinyl 
benzoate, VB; vinyl cinnamate, VC; dimethyl-(2-naphthoxy) vinyloxy-
silane, DMVS. 
Calculated using equation (1). 
CN,N-Dimethylaniline was used as quencher. K s v for exciplex emission 
was used. Exciplex emission occurred in the 420 to 440 nm region. 

Poly(ACN-co-vinyl cinnamate) showed an increase in intensity of 
the exciplex peak (433 nm) on increasing the concentration of oxygen. 
This behavior i s similar to the formation of a CT complex (16). When 
dimethylaniline was used as the quencher, normal quenching curves 
were observed. 

The eff ic iencies of energy transfer were calculated using 
equation (5) and l i s ted in Table V. 

% = K s v(Q)/[l + K S V)(Q)] (5) 
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Oxygen was used as quencher at a concentration of 12.9 χ 10" M. 
Solvent in a l l cases was 1,2-dichloroethane. The intensity of the 
excimeric (or exciplex) emission band was selected to calculate K s v 

values. 

Summary 

In random copolymers of ACN and AN, compositions of 47 and 80% ACN 
gave the longest exciton migration distances. In poly(ACN-co-MAN) a 
copolymer containing only five percent ACN had a migration distance 
of 149A. This indicates chromophores remotely situated on a polymer 
chain can interact with energy transfer (18). 

Table V 
Eff ic iencies of Energy Transfer % in Copolymers of ACN 

copolymers 
poly(ACN-co-AN) 47.0 0.66 
poly(ACN-co-AN) 80.0 0.59 
poly(ACN-co-MAN) 5.0 0.63 
poly(ACN-co-2VN) 53.5 0.65 
poly(ACN-co-lVNo) 78.0 0.67 
poly(ACN-co-2VNo) 85.2 0.76 
poly(ACN-co-VB) 87.4 0.78 
poly(ACN-co-VC) 84.5 0.76 
poly(ACN-co-DMVS) 81.5 0.50 

In a series of copolymers of ACN and 2VN in which the com
positions varied from 5.5 to 94.5% ACN, a copolymer containing 53.5% 
ACN had the longest migration distance of 160 A. Energy from an 
exciplex may transfer to an exciplex-forming s i t e . 

Copolymers of ACN with other monomers containing fluorophores 
and attached to the polymer chain by ester groups had exciton 
migration distances which are greater than their calculated end-to-end 
distances, (Table IV). It is noted that ester groups may be photo-
lab i l e . 

Efficiency of energy transfer,)^, is approximately 0.63 for 
copolymers of ACN with AN, MAN or 2VN. The efficiency is higher for 
copolymers with ester groups, ca. 0.74 and i s lowest for the polymer 
containing s i l i con , 0.50, (Table V). 
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Chapter 28 

Kinetic Spectroscopy of Relaxation 
and Mobility in Synthetic Polymers 

K. P. Ghiggino, S. W. Bigger, T. A. Smith, P. F. Skilton, and K. L. Tan 

Department of Physical Chemistry, University of Melbourne, Parkville, 
Victoria, Australia 3052 

Time-resolved fluorescence spectroscopy and fluorescence 
anisotropy measurement
(i) excimer formatio
of poly(acenaphtha1ene) (PACE) and poly(2-naphthy1 
methacrylate) (P2NMA) and (ii) the conformational 
dynamics of poly(methacrylic acid) (PMA) and poly 
(acrylic acid) as a function of solution pH. For PACE 
and P2NMA, analysis of projections in which the 
spectral, temporal and intensity information are 
simultaneously displayed have been used to re-examine 
kinetic models proposed to account for the complex 
fluorescence decay behaviour that is observed. Time
-resolved fluorescence anisotropy measurements of 
fluorescent probes incorporated in PMA have led to 
the proposal of a "connected cluster" model for the 
hypercoiled conformation of this polymer existing at 
low pH. 

For many years, fluorescence techniques have proved to be extremely 
powerful and sensitive tools for studying the mechanisms of 
excitation energy dissipation in polymers and for probing 
macromolecular structure and dynamics (1-4). However, recent 
developments in time-resolved fluorescence instrumentation have led 
to dramatic improvements in the quality of fluorescence decay data 
obtainable and, when combined with computer-aided data analysis 
procedures, give rise to new possibilities for resolving the 
heterogeneous emission and complex fluorescence decay behaviour 
observed for many polymer systems. In this paper the application of 
such time-resolved fluorescence techniques is described for 
investigating (i) excimer formation and energy transfer in polymers 
containing naphthyl and anthryl chromophores, and (ii) cluster size 
and chain mobility in poly(methacrylic acid) (PMA) and poly(acrylic 
acid) (PAA) as functions of solution pH. 

It is now well established that the temporal decay of 
fluorescence from solutions of polymers containing pendant aromatic 

0097-6156/87/0358-0368S06.00/0 
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chromophores rarely follows the conventional kinetic schemes that 
are applicable to simple molecules (2,3). The multi-exponential (or 
non-exponential) fluorescence decay kinetics observed in the monomer 
and excimer regions of the emission spectrum have been variously 
attributed to more than one kinetically distinct monomer and/or 
excimer species (3,5) , spectrally and temporally distinct emitting 
sites (6,7) , configurational and conformational influences upon 
excimer formation (8,9), non-equilibrium diffusion-controlled 
excimer sampling Ç10) and time-dependent energy trapping (11) . The 
mechanisms and rates of the transfer of energy to incorporated 
chromophores which act as trap sites also have attracted considerable 
attention due to their relevance to photodegradation and light-
harvesting phenomena. Guillet and co-workers (12,13) have 
demonstrated clearly that transfer within aromatic polymer chains 
to chemically bound acceptor chromophores can occur with high 
efficiency and i s significantly influenced by polymer structure and 
conformation. 

The kinetics of thes
systems are undoubtedly complex. However, i t i s possible to obtain 
an overview of the relaxation behaviour following light absorption 
through the recording of time/fluorescence intensity/wavelength 
hypersurfaces. These surfaces, when combined with fluorescence 
decay analyses, can provide additional insight into the number and 
identity of the emitting species present as well as the rates of 
energy relocation in the polymer chain. In the present work, time-
resolved fluorescence analyses on poly(acenaphthalene) (PACE) with 
and without anthryl end-groups have been undertaken and compared 
with previous studies on poly(2-naphthyl methacrylate) (P2NMA). 

A further application of time-resolved fluorescence measurements 
is in the study of conformational dynamics of polymer chains in 
solution. Fluorescence anisotropy measurements of macromolecules 
incorporating suitable fluorescent probes can give details of 
chain mobility and polymer conformation (2,14). A particular 
example studied in this laboratory i s the conformational changes 
which occur in aqueous solutions of polyelectrolytes as the solution 
pH i s varied (15,16). Poly(methacrylic acid) (PMA) i s known to 
exist in a compact hypercoiled conformation at low pH but undergoes 
a transition to a more extended conformation at a degree of 
neutralization (a) of 0.2 to 0.3 (16). Similar conformational 
transitions are known to occur in biopolymer systems and consequently 
there i s considerable interest in understanding the nature of the 
structures present in model synthetic polyelectrolyte solutions. 

Experimental 

Materials. PACE and P2NMA (see Figure 1) were prepared by free 
radical polymerization of the purified monomers in degassed benzene 
using azo bis-isobutyronitrile (AIBN) i n i t i a t o r at 75°C Anthracene 
end-groups were incorporated in the polymers by polymerization in 
the presence of 9-chloromethylanthracene (6% by weight) which acts 
as a chain transfer agent. The polymers were purified by multiple 
reprecipitations using benzene/methanol as the solvent/non-solvent 
unti l no further changes in the fluorescence spectra were observed. 
Polymerization yields of approximately 15% were obtained and the 
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weight average molecular weights (in polystyrene equivalents) of the 
terminated polymers as determined by g e l permeation chromatography 
were 24000 (PACE) and 23300 (P2NMA). Solu t i o n absorbances of l e s s 
than 0.5 a t the wavelength of maximum absorbance were used i n order 
to avoid i n t e r c h a i n i n t e r a c t i o n s during the e x c i t e d - s t a t e l i f e t i m e . 

Poly(methacrylic acid) and p o l y ( a c r y l i c acid) (PAA) were 
prepared by AIBN i n i t i a t e d polymerization of the f r e s h l y d i s t i l l e d 
monomer i n deoxygenated methyl e t h y l ketone at 6 0 ° C The 
i n c o r p o r a t i o n of 9,10-dimethylanthracene (9,10-DMA) end-groups i n 
the polymer was achieved by the a d d i t i o n of the chain t r a n s f e r agent 
(1% by weight) to the polymerization mixture. Unreacted 9,10-DMA 
was separated from the polymer by g e l permeation chromatography 
using a column packed with Sephadex LH-20 and methanol as the eluent. 
A n a l y s i s of the PMA sample by NMR i n d i c a t e s that the polymer produced 
under these c o n d i t i o n s c o n s i s t s of 57% s y n d i o t a c t i c , 33% h e t e r o t a c t i c 
and 10% i s o t a c t i c t r i a d s (15)  S o l u t i o n concentrations were 0.02 M 
i n repeating u n i t s of th

A l l solvents were f r e s h l
organic solvents were degassed by m u l t i p l e freeze-pump-thaw c y c l e s . 

Instrumentation. A schematic representation of the time-resolved 
fluorescence spectrophotometer developed i n t h i s laboratory i s given 
i n Figure 2. The e x c i t a t i o n source i s a synchronously mode-locked 
and c a v i t y dumped dye l a s e r (Spectra Physics 171 mode-locked argon 
ion laser/377 dye laser/344 c a v i t y dumper). The l a s e r provides 
tunable l i g h t pulses of approximately 10 ps duration a t r e p e t i t i o n 
rates up to 82 MHz i n the s p e c t r a l region 565 to 630 nm (using 
Rhodamine 6G dye). Laser alignment and pulse q u a l i t y are monitored 
with a Spectra Physics 409 a u t o c o r r e l a t o r and 403B high speed 
photodiode. Studies on naphthalene-containing polymers were 
performed using u l t r a v i o l e t r a d i a t i o n at 295 nm which i s produced 
by means of a temperature-tuned second harmonic generation (SHG) 
ADA c r y s t a l (J. K. L a s e r s ) . Pulse r e p e t i t i o n rates of 4 MHz or 
800 kHz were employed. Fluorescence from the sample i s passed 
through a Jobin-Yvon H-20 holographic g r a t i n g scanning monochromator 
before d e t e c t i o n by a P h i l i p s XP2020Q p h o t o m u l t i p l i e r tube. 

The time-correlated s i n g l e photon counting e l e c t r o n i c s 
incorporate ORTEC modules i n c l u d i n g a 454 timing f i l t e r a m p l i f i e r , 
583 constant f r a c t i o n d i s c r i m i n a t o r , 457 time-to-amplitude converter 
(TAC) and a Tracor-Northern NS-710A multichannel analyzer (MCA). The 
optimum response function of the p h o t o m u l t i p l i e r tube and e l e c t r o n i c s 
i s 400 ps FWHM. Data from the MCA are stored using a dedicated 6802 
microcomputer and are then t r a n s f e r r e d to a VAX 11/780 system f o r a l l 
subsequent manipulation and analyses using Fortran 77 programs that 
were developed i n t h i s laboratory. 

Fluorescence decay p r o f i l e s are analysed as a sum of up to three 
exponentials by an i t e r a t i v e reconvolution procedure which has been 
described elsewhere (17-19) and i s based on the Marquardt algorithm. 
Goodness of f i t i s judged by i n s p e c t i o n of the weighted r e s i d u a l s , 
a u t o c o r r e l a t i o n f u n c t i o n of the weighted r e s i d u a l s , reduced c h i -
square value and the Durbin-Watson parameter. 

Time-resolved emission (TRE) spectra are generated by s e t t i n g 
voltage d i s c r i m i n a t o r s on the output of the TAC to s e l e c t a "time 
window" i n the decay p r o f i l e . The monochromator i s then 
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Figure 1. Structures of poly(acenaphthalene) (PACE) and 
poly(2-naphthyl methacrylate) (P2NMA). 
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Figure 2. Schematic representation of the time-resolved 
fluorescence spectrometer. Inset diagram: i n t e n s i t y / t i m e / 
wavelength hypersurface f o r PACE i n benzene at 25°C. 
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synchronously scanned over the desired wavelength range with the MCA 
operating in multichannel scaling mode. Multiple ΤRE spectra can be 
displayed as either a two or three dimensional intensity/wavelength/ 
time representation. Three dimensional hypersurface representations 
are generated by non-linearly interpolating between, and connecting 
intensity values of the gated spectra for a given wavelength. 
Intensity/wavelength/time cross-sectional diagrams (or time-resolved 
fluorescence "contour" diagrams) are generated using a weighted non
linear least squares polynomial surface procedure (20). Area-
normalized TRE spectra can be used for convenient pictorial 
representation, since the absolute emission intensity of individual 
time-resolved spectra vary substantially with time after excitation. 

An Applied Photophysics Model SP 2X nanosecond spectrometer 
incorporating an alternating polarization rotation unit (15) was 
used for the time-resolved fluorescence anisotropy measurements. An 
excitation wavelength of 365 nm was employed for excitation of the 
anthracene end-groups an
Schott GG 400 f i l t e r . 

Results and Discussion 

TRE Studies of PACE and P2NMA. An intensity/time/wavelength surface 
for PACE in benzene at 25°C i s shown in Figure 2 (inset diagram) and 
the corresponding contour diagram i s presented in Figure 3. 
Fluorescence arising from monomeric sites with a maximum near 340 nm 
and an excimer emission with a maximum at 400 nm are clearly evident. 
It should be noted that these surfaces are generated using area-
normalized time-resolved spectra and thus the apparent rates of 
monomer fluorescence decay and "grow-in" of excimer emission depicted 
in Figures 2 and 3 are distorted. Analysis of these diagrams 
indicates that there are only two spectrally distinct species present. 
Support for this conclusion i s provided by the presence of one 
isoemissive line in each surface at 373 nm which would be most 
unlikely to occur i f more than two different species contribute to 
fluorescence. In addition, the application of Principal Component 
Analysis (21) to the TRE spectra i s able to clearly resolve two 
spectral components with a high degree of confidence. 

Analysis of the fluorescence decay profiles indicates that a two 
exponential f i t , which would be expected for conventional monomer/ 
excimer kinetics (2-4) , i s inadequate to describe the decay at any 
wavelength of observation throughout the emission band. A f i t to a 
sum of three exponentials leads to significant improvements in the 
f i t t i n g c r i t e r i a and examples of the results obtained at wavelengths 
in the monomer and excimer regions of the spectrum are presented in 
Table I. 

Lifetimes obtained from t r i p l e exponential f i t s at 25 nm 
wavelength intervals across the emission band are reasonably 
consistent and give mean values of τι = 0.80 ± 0.14 ns, τ 2 = 6.8 ± 
0.8 ns and T3 = 33 + 4 ns (1 standard deviation error limits). 
However, the pre-exponential factor for τχ becomes negative in the 
excimer region while the magnitude of the contribution of each 
lifetime component to the total emission remains constant throughout 
the excimer band. 
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Table I. Fluorescence Decay Data for PACE and P2NMA 
Homopolymers in Benzene at 25°C 

Data are f i t t e d to functions of the form I(t) = ΣΑ.exp(-t/τ.) 

POLYMER X o b s ( n m ) V n s ) / A l T 2(ns)/A 2 x 3(ns)/A 3 

PACE 325 
450 

0.97/42359 
0.74/-12474 

6.1/29170 
7.7/31535 

38.7/5126 
33.1/27775 

P2NMA 340 
460 

3.1/37679 
3.1/-9717 

12.0/18930 34.1/3369 
34.1/25445 

For P2NMA in benzene at 25°C, analysis of the time-resolved 
fluorescence surface (not shown) also indicates that only two 
spectrally distinct specie
a fluorescence maximum a
maximum at 395 nm. A minimum of a sum of three exponentials i s 
required to f i t the fluorescence decay profiles in the monomer 
spectral region whilst in the excimer emission band a difference of 
two exponentials proves to be adequate (see Table I ) . The lifetimes 
extracted are consistent throughout the spectrum resulting in the 
mean values of τχ = 3.00 ± 0.14 ns, T2 = 12.6 ± 1.5 ns and 13 = 33.88 
± 0.74 ns (1 standard deviation error limits). In this case the τ 2 
component i s significant only in the monomer spectral region and i t s 
contribution to the total emission follows the same trend as the 
monomer emission band (Figure 4). The pre-exponential factor 
associated with the component becomes negative in the excimer band 
although i t should be noted that the absolute values of the pre-
exponential factors associated with τχ and 13 do not become equal in 
this spectral region, contrary to the situation predicted by 
conventional excimer kinetic schemes (2-4). 

The results presented above may be compared with previous 
studies on these polymers. It has been suggested that more than one 
spectrally distinct excimer species may exist in some naphthalene-
containing polymers (6,22). Analyses of the spectral surfaces for 
the polymers studied in this work clearly indicate that only one 
spectrally distinct monomer and one excimer species contribute to 
emission. Phillips and co-workers (3,23) also found that the 
monomer fluorescence decay from PACE requires a minimum of three 
exponential terms to provide adequate f i t t i n g . They explained their 
results on the basis of a kinetic model involving two temporally 
distinct excited monomers (M̂ *,M2*) which can form the excimer (D*) 
as outlined in Scheme 1. Reverse dissociation of the excimer was 
also considered important. 

This scheme leads to a sum of three exponential terms being 
required to f i t the monomer and excimer fluorescence decay curves 
(2,23). The results obtained in the present study are consistent 
with the earlier conclusions of Phillips in so far as the presence 
of monomer emission at a l l decay times after excitation confirms 

D* Scheme 1 
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Figure 4. Total fluorescence spectrum for P2NMA in benzene at 
25°C. Overlaid data (large circles) indicate the contribution of 
the components with lifetimes τ^, τ 2 and τ$ to the total emission. 
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that excimer dissociation occurs. Three decay times would also arise 
from a kinetic scheme whereby two distinct subgroups of monomer 
chromophores are able to form the excimer with different average rate 
constants (2,24)(c.f. Scheme 2). It should be noted, however, that 
the relative magnitudes of the pre-exponentials obtained for PACE 
are not as expected from analysis of Schemes 1 and 2 (24). 

M2* £ D* M1* Scheme 2 

The results obtained with P2NMA also indicate the presence of 
only two spectrally distinct emitting sites. The τ2 component 
present in the short wavelength region, whose spectral 
characteristics correspond to monomer fluorescence, may be 
attributed to chromophores which do not participate in excimer 
formation since no corresponding decay component i s observed at 
wavelengths above 400 nm  The τ2 component observed in the monomer 
fluorescence decay curve
identification of isolate
excimers i s in agreement with the scheme proposed by Guillet and co
workers (25) for a range of naphthyl alkyl methacrylate polymers. 
However, the fact that the pre-exponential terms for the τχ and τ3 
components are not equal and opposite in the excimer region suggests 
that the conventional monomer/excimer kinetic scheme i s s t i l l not 
applicable to this polymer. 

Recent theoretical approaches indicate that transient 
diffusional effects on excimer sampling (10) and time-dependent 
energy trapping phenomena (11) may lead to functional forms for 
fluorescence decay in polymers that are different to the sum of 
exponential terms implemented here. The treatment of one-dimensional 
electronic energy transport as applied to vinyl aromatic polymers 
(11), indicates that the sum of exponential terms in the fluorescence 
decay that i s predicted from Schemes 1 and 2 might be applicable to 
the polymers under investigation i f the rate of energy migration i s 
low. Alternatively, i f efficient energy migration i s present then 
non-exponential fluorescence decay kinetics might be expected. In 
certain cases, i t has been shown that data described by a sum of 
exponentials can also be simulated by non-exponential decay functions 
(10). In the present work functions comprising the sums of two or 
three exponential terms could be used to adequately describe the 
data. However, the extracted pre-exponential parameters are 
inconsistent with monomer/excimer kinetic schemes that are based on 
distinct excited-state species. The unambiguous assignment of the 
appropriate kinetics that describe the excited-state dynamics in 
these vinyl aromatic polymers awaits further improvement in the 
quality and time resolution of fluorescence decay data. 

A further il l u s t r a t i o n of the application of time-resolved 
fluorescence surfaces in studying energy distribution in polymers i s 
provided by the intensity/time/wavelength surface for PACE with a 
9-methylanthryl end-group (see Figure 5). Although nearly a l l the 
excitation radiation at 295 nm i s absorbed by the acenaphthyl 
chromophores, there i s considerable emission that i s characteristic 
of the anthryl groups present in the total fluorescence spectrum 
indicating that energy transfer to the end-group occurs. The 
anthracene emission very rapidly "grows i n " (<2 ns) and then the 
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area-normalized spectra remain reasonably constant up to approximately 
20 ns after excitation. This behaviour suggests that energy transfer 
to the anthryl groups fron non-adjacent acenaphthyl chromophores 
occurs during the excited state lifetime of the latter. At longer 
time periods after excitation, weak monomer/excimer emission remains 
indicating that not a l l excited monomer sites participate in the 
energy transfer process. The efficiency of energy transfer 
(determined as described by Guillet (12)) increases with the addition 
of the non-solvent ether suggesting that long-range dipole-dipole 
interaction i s the most likely mechanism for excitation energy 
relocation in this polymer (c.f. Figure 6 ) . 

Although the emission from polymers with pendant aromatic 
groups i s complex and there remains controversy concerning the 
specific kinetic models required to describe their fluorescence 
decay behaviour, the results presented above il l u s t r a t e the 
usefulness of time-resolved fluorescence surfaces for obtaining an 
overview of the energy relaxatio

Fluorescence Polarization Studies of PMA and PAA. Time-resolved 
fluorescence polarization measurements are potentially a powerful 
means for studying molecular mobility. The fluorescence anisotropy 
function r(t) may be generated by monitoring the decay of vertically 
(Iy(t)) and horizontally (Ijj(t)) polarized components of emission 
following excitation by vertically polarized light pulses 
(Equation 1). 

r(t) = [I v(t) - I H ( t ) ] / [ I v ( t ) + 2I R(t)] = d(t)/s(t) (1) 

The orientation autocorrelation function P2[cos 6(t)] i s given 
by r(t) and reflects the motion undergone by the fluorescent 
chromophore (2,14). A number of models for Brownian motion have 
been proposed (14) but in the simple case of a rigid sphere, r(t) 
i s described by a single exponential decay where Tc, the rotational 
correlation time i s related to the hydrodynamic volume of the sphere 
and the viscosity of the medium through the Stokes-Einstein relation 
(14,16). More complex motions of fluorophores necessitate the 
development of models which f i t the functional form of r(t) 
experimentally obtained (14). 

For the case of a fluorophore incorporated in two spherical 
rotating bodies of different size, the difference decay function, 
d(t) = Iy(t) - ΙΗ (^ ) would be expected to be a double exponential 
leading to two rotational correlation times T c 1 and TC2 Ç L 6 ) - The 
motion of fluorescent anthracene probes solubilized in acid 
solutions of the polyelectrolyte PMA was recently described using 
such a model (16). In this earlier work, the size of the rotating 
units was shown to be much smaller than that expected for whole 
polymer rotation. This leads to the conclusion that the hypercoiled 
conformation of PMA that exists in aqueous solutions at low pH 
consists of a number of smaller compact structures. Further 
investigations of the mobility of 9,10-DMA end-groups incorporated 
in PAA and PMA, and studied over the whole neutralization range of 
the carboxylic acid groups of the polymers, are reported here. 

The steady-state fluorescence polarization measured for 9,10-DMA 
attached to PAA and PMA at degrees of neutralization (a) in the range 
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WAVELENGTH (nm) 

Figure 5. Time-resolved fluorescence spectra for PACE with a 
9-methylanthryl end-group in benzene at 25°C. Excitation 
wavelength 295 nm. 

0 20 40 60 80 
% ETHER IN SOLVENT 

Figure 6. Efficiency of energy transfer from acenaphthyl 
chromophores to the 9-methylanthryl end-group in benzene/ether 
solvent mixtures. 
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0 to 1 i s given in Figure 7. There i s a dramatic decrease in the 
emission polarization of PMA at an α value between 0.2 and 0.3 which 
reflects the increased mobility of the fluorophore as the hypercoiled 
conformation of PMA collapses. The absence of this transition region 
in the case of PAA has been previously noted in various other 
measurements made on solutions of this polyelectrolyte (16,26). 
There i s a small increase in the steady-state emission polarization 
of both polymers at higher values of a. 

The decay of d(t) for 9,10-DMA in PAA and PMA at α = 0 i s 
presented in Figure 8. For PMA a sum of two exponentials i s required 
to obtain a reasonable f i t of the data (as indicated by the random 
distribution of residuals for the two exponential f i t ) while for 
PAA a single exponential function i s adequate. The fluorescence 
decay (s(t)) behaviour of 9,10-DMA attached to these polymers i s 
well described by a single exponential function with a lifetime of 
approximately 13.5 ns and i s relatively insensitive to the degree of 
neutralization of the polymer
obtained from an analysi
given in Table II. 

It i s apparent from Table II that at low values of α two 
correlation times are required to describe the motion of the probe 
in PMA whilst only one x c i s associated with the probe attached to 
PAA. The rotational correlation time that i s expected for whole 
polymer rotation can be calculated from Equation 2 (_26) . 

τ = YMn[n]/3RT (2) c 
where η i s the viscosity of the solvent, [η] i s the intrinsic 
viscosity of the polymer, M the polymer molecular weight and the 
coefficient γ depends on the selected chain model (γ = 1.2 for a 
spherical impermeable particle and γ = 2 for a Gaussian c o i l (15)). 
Values of τ α equal to 346 ns (spherical particle) or 576 ns (Gaussian 
coil) are obtained for the PMA sample with a viscosity average 
molecular weight of 120000 and [η] = 0.228 dl/g. It i s apparent that 
the rotational correlation times obtained from the analysis of the 
time-resolved fluorescence anisotropy data are much smaller than the 
values expected for whole polymer rotation, although they are 
considerably larger than that of the free 9,10-DMA probe. 

One explanation that can be offered to explain the two τ α values 
obtained for PMA at low values of α i s that they represent the 
independent rotation of small clusters of the polymer chain. The 
larger value of Tc (approximately 50 ns) can be associated with a 
rotating spherical cluster of radius 3.8 nm and of polymer molecular 
weight equal to 19000. Rotating units of similar size have been 
observed when the probes 9-methylanthracene and 9,10-DMA are 
solubilized in the PMA hypercoil structure (15,16) and when the more 
polar fluorescent probes Rhodamine Β (_27) and 1,8-anilinonaphthalene 
sulfonic acid (1,8-ANS) (2IB) are bound to PMA for a value of α equal 
to 0. The smaller rotating unit present in PMA and PAA whose value 
of Tc i s approximately equal to 5 ns (which corresponds to 
particles whose radii are approximately equal to 2 nm) may arise 
from the rotation of a small section of the chain which i s just 
sufficient to surround the 9,10-DMA probe and protect i t from 
unfavourable entropie interactions with water. This shorter TC was 
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Figure 7. Steady-state fluorescence p o l a r i z a t i o n f o r PMA and 
PAA w i t h 9,10-DMA end-groups as a f u n c t i o n of degree of 
n e u t r a l i z a t i o n (a) of the c a r b o x y l i c a c i d groups. 
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Figure 8. Fitted decay profiles for d(t) = (Iy(t) - Ifl(t)) for 
9,10-DMA end-groups attached to (a) PMA at α = 0, (b) PAA at 
α = 0. Points: experimental data; solid line: f i t t e d curve. 
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not observed when the more polar Rhodamine Β probe, bound to PMA at 
α = 0, was studied (21). In addition, the value of Tc for the 9,10-
DMA probe attached to the PMA polymer in methanol (MeOH) i s less 
than 1 ns suggesting that the larger structures only arise in 
aqueous media. 

Table II. Steady-State Fluorescence Anisotropy r 
and Rotational Correlation Times (Tc) from 
Time-Resolved Measurements for PMA and PAA 
with 9,10-DMA End-Groups as a Function of 

α (Polymer Concentration 0.02 M in Repeat Units) 

α Polymer r T c l(ns) τ 0(ns) cz 
0 PAA 0.076 _ 4.0 

PMA 
0.1 PAA 

PMA 0.176 36.3 4.6 
0.2 PAA 0.059 - 4.5 

PMA 0.136 13.1 4.3 
0.4 PAA 0.060 - 6.3 

PMA 0.073 - 4.2 
0.8 PAA 0.067 - 8.7* 

PMA 0.071 11.6 1.6 
1.0 PAA 0.073 - 7.8* 

PMA 0.075 9.1 0.8 
MeOH PMA - - 0.8 
* poor f i t to single exponential 

The data in Table II indicate that as the carboxylic acid 
groups of the PMA polymer are ionized the larger rotating clusters 
collapse, leaving the smaller rotating units that are associated with 
the 9,10-DMA probe as well as a short length of polymer chain. The 
mobilities of the probe attached to the PMA and PAA polymers are 
similar in this intermediate region. As α approaches unity the 
decay of d(t) once again deviates from single exponential behaviour 
for both PMA and PAA. It i s known that electrostatic repulsions 
between the charged carboxylic acid groups at high values of α 
encourage the polyelectrolyte chains to assume an extended rod-like 
conformation (JL5) . The motions of such non-spherical structures are 
likely to be reflected in complex fluorescence anisotropy decay 
behaviour from the 9,10-DMA probe. Due to the quality of d(t) data 
presently available, a more comprehensive analysis at this stage 
does not seem warranted. 

It should be noted that the short excited-state lifetime of the 
9,10-DMA probe makes the accurate determination of slower polymer 
rotations d i f f i c u l t . Preliminary studies using pyrene (a longer-
lived fluorescent probe) solubilized in PMA at α = 0, have indicated 
an additional larger value of Tc than i s observed using the 9,10-DMA 
end-group probe (Ghiggino and Tan unpublished observations), 
suggesting that the polymer chain conformation may consist of 
clusters of various sizes. These results demonstrate the usefulness 
of time-resolved fluorescence anisotropy measurements for 
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investigating the dynamics of polyelectrolyte chains in solution. 
The information on anisotropic particle motions and heterogeneity in 
probe siting and mobility which can be obtained i s not readily 
available from steady-state emission experiments or other 
experimental techniques. 

Conclusion 

The application of time-resolved fluorescence spectroscopy to studies 
of excimer formation and energy transfer in PACE and P2NMA provides 
an overview of the emitting species present and the dynamics of 
energy relaxation in these polymers. The results of fluorescence 
decay analyses suggest that kinetic models which have been proposed 
to explain monomer/excimer kinetics may require further refinement. 
In particular, the application of multi-exponential decay kinetics 
anticipated from models that assume distinct photophysical species 
within polymer chains ma
possibility of non-exponentia
from energy migration and trapping (11) should also be considered. 
Additional studies of the mobilities of fluorescent probes 
incorporated in PMA using time-resolved fluorescence anisotropy 
measurements provide further support for a "connected cluster" model 
to describe the conformation of this polyelectrolyte in aqueous 
solution at low pH. 
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Chapter 29 

Alternating Copolymers 
of 2-Vinylnaphthalene and Methacrylic Acid 

in Aqueous Solution 

Fenglian Bai1, Chia-Hu Chang, and S. E. Webber 

Department of Chemistry and Center for Polymer Research, University of 
Texas at Austin, Austin, TX 78712 

Alternating copolymer
methacrylic acid (P
and found to be soluble in water for pH's above ca. 
6.5. There is a relatively small component of 
excimer fluorescence which is dependent on pH. An 
average hydrodynamic diameter of this polymer has 
been measured for H2o, THF and methanol (plus sodium 
methoxide). It has been found that the intensity of 
the excimer fluorescence is not a simple function of 
coil density. The naphthalene fluorescence was found 
to be quenched very efficiently by Cu2+ with an 
apparent second order rate constant of ca. 
4x1014M-1s-1. This quenching is dynamic (i.e. 
intensity and lifetime quenched at equivalent rates) 
which is interpreted as the joint result of rapid 
down-chain energy migration and electrostatic binding 
of Cu2+ to the polymer. Energy trapping by adsorbed 
anthracene and 9-anthracene methanol is compared to 
9-anthracene methanol covalently bound to 
P(2VN-alt-MA). The quantum efficiency of trapping is 
quite high for all cases, approaching 100% for the 
latter case. It is argued that the photophysics of 
this polymer system cannot be treated as a simple 1-D 
lattice, presumably because of a tightly coiled 
configuration in solution. 

In an earlier paper we have reported on the photophysical behavior 
of alternating 2-vinylnaphthalene - methacrylic acid or 
methylmethacrylate copolymers (P(2VN-alt-MA) or P(2VN-alt-MMA))1. 
In agreement with earlier reports2, the alternating copolymers 
Current address: Institute of Chemistry, Academia Sinica, Beijing 100 080, People's 
Republic of China 

0097-6156/87/0358-0384$08.25/0 
© 1987 American Chemical Society 

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



29. BAI ET AL. Alternating Copolymers in Aqueous Solution 385 

displayed greatly diminished excimer fluorescence relative to 
random copolymers of similar composition. Singlet energy 
migration constants were estimated by thé "comparative quenching 
technique" to be on the order of lo g e r a s " 1 . Covalently bound 
anthracene was found to be an excellent energy trap for the 
naphthalene singlet state in P2VN-alt-MA-co-Anth with a quantum 
yield of anthryl sensitization (χ) on the order of 0.6 for an 
anthryl loading of ca. 1.2 mol$ . 

The present paper presents the results of a study of 
P(2VN-alt-MA) and P(2VN-alt-MA-co-Anth) in aqueous solutions for 
pH's higher than 6.5. At lower pH's polymer dissolution is not 
possible and even in the basic pH range concentrations higher than 
10~3M i n naphthalene groups w i l l become turbid after a period of 
time, presumably because of aggregation induced by hydrophobic 
interactions between the naphthalene groups. Our i n i t i a l aim was 
to determine i f the polymer configuration in aqueous solution 
permitted energy migratio
excimer traps would be produced
formation to solvent type are presented. We find that a minor 
amount of excimer fluorescence is present in aqueous solvent but 
photon harvesting by a covalently bound anthryl species is even 
more efficient than in organic solvents. 

The photophysics of this system was further characterized by 
1) solubilizing anthracene (Anth) or 9-anthryl methanol (AnOH) in 
the polymer and determining the quantum efficiency of anthracene 
sensitization, and 2) studying Cu quenching of the naphthalene 
fluorescence. In the case of Anth or Cu 2 + an apparent second 
order rate constant for naphthalene fluorescence quenching in 
excess of 10 M~'s was obtained. A rate constant 3""1* orders of 
magnitude larger than diffusion controlled is almost certainly the 
result of strong binding of the quenching species to the polymer 
c o i l , producing a high local concentration. In previous studies 
in which a small mole fraction of chromophore was covalently 
attached to a polyelectrolyte, this enhancement factor was on the 
order of 1-2 orders of magnitude^. We believe the additional 
enhancement we observe is the result of energy migration among the 
naphthalene groups. This is especially clear in the case of Cu + 

quenching because the quenching mechanism appears to be a 
"dynamic" one, i.e. the fluorescence intensity and lifetime are 
quenched at essentially the same rates. In our previous 
experience with Cu primarily static quenching was observed in 
systems in which energy migration was impossible. 

The present work illustrates the wide range of phenomena that 
are exhibited by amphiphilic alternating copolymers. It remains 
to be seen how large a range of chromophores can be polymerized in 
this manner and what kind of solution properties - photophysical 
behavior relations w i l l be found. 

Experimental 

1. Polymers, Solution Preparations 
The P(2VN-alt-MA) ( 1 ) and P(2VN-alt-MA-co-Anth) (1.2 mol?) 

polymers are those reported e a r l i e r 1 . 
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- C H 2 - C H - C H 2 - Ç ( C H 3 ) 
ifS COOH 

1 

For the l a t t e r polymer the term "co-" denotes random placement of 
the anthracenes. The degree of polymerization (DP) of 
P(2VN-alt-MA) was p r e v i o u s l y estimated to be ca. 3500 based on GPC 
(using polystyrene c a l i b r a t i o n curves). P(2VN-alt-MA-co-Anth) was 
prepared by d i r e c t e s t e r i f i c a t i o n of the former polymer with 
9-anthryl methanol. Thu
fo r these two polymers

The method of preparing aqueous or methanol s o l u t i o n s of 
these polymers i s important because the degree of d i s p e r s i o n of 
the polymer i s dependent on the r a t e of d i s s o l u t i o n . Our method 
i s as f o l l o w s : A stock s o l u t i o n of the polymer (1.5mg/mL) i n 
f r e s h l y d i s t i l l e d DMF i s added to pH 11 water (NaOH) dropwise wi t h 
vigorous s t i r r i n g on a Vortex-Genie mixer. In the s o l u b i l i z a t i o n 
s t u d i e s Anth or AnOH are d i s s o l v e d i n the same DMF s o l u t i o n that 
i s to be added to the water. The Anth or AnOH and polymer DMF 
s o l u t i o n are s t i r r e d 30 minutes before adding to water. A f t e r 
a d d i t i o n of the polymer i s complete the pH i s adjusted downward by 
adding HC1 as needed. The DMF i s never more than 3.7 v o l ? of the 
f i n a l s o l u t i o n . A d d i t i o n of DMF up to ca. 10 v o l ? i s p o s s i b l e 
without modifying the fluorescence s p e c t r a . A l l aqueous and 
methanol s o l u t i o n s were placed i n a c l e a n i n g bath s o n i c a t o r f o r 
2-3 minutes and f o r l i g h t s c a t t e r i n g s t u d i e s a l l s o l u t i o n s were 
c e n t r i f u g e d f o r ca. 30 minutes i n a bench-top c e n t r i f u g e to remove 
any l a r g e dust p a r t i c l e s from the l i g h t path. 

Methanol / sodium methoxide s o l u t i o n s were prepared s i m i l a r l y 
except that no s o n i c a t i o n and c e n t r i f u g a t i o n step was c a r r i e d out. 
These s o l u t i o n s seem to be very unstable and polymer p r e c i p i t a t i o n 
can occur under mechanical s t r e s s . 

A l l s o l v ents to be used i n l i g h t s c a t t e r i n g experiments were 
f i l t e r e d through m i l l i p o r e 0.2μπι PTFE or c e l l u l o s e n i t r a t e 
f i l t e r s . Aqueous s o l u t i o n s were f i l t e r e d s e v e r a l times through 
the l a t t e r to remove p e r s i s t e n t dust p a r t i c l e s . There does not 
seem to be any problem with the polymer adhering to the f i l t e r 
m a t e r i a l based on UV absorption spectra taken before and a f t e r 
f i l t r a t i o n . 
2. L i g h t S c a t t e r i n g Studies 

A l l l i g h t s c a t t e r i n g s t u d i e s were c a r r i e d out on a Brookhaven 
model BI-200 using a p o l a r i z e d HeNe l a s e r (632.8nm). The samples 
were i n a thermostatted index matching bath (xylene) and the 
r e s u l t s we r e p o r t are based on Photon C o r r e l a t i o n L i g h t 
S c a t t e r i n g , using the Brookhaven model BI-2020 c o r r e l a t o r and the 
s u p p l i e d software. A l l data presented are f o r 90° s c a t t e r i n g 
angle at 20°C. 

The polymer samples we are using are polydisperse such that 
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the correlation function of the scattered light is not expected to 
decay as a single exponential. Hence the correlation function is 
assumed to be of the form 

C(t) = Jl + bg(t)J 2 (1) 

with 

ln(g(t)) - 7t + M2t2 + · · (2) 

where the average gamma_value above is related to an "effective" 
hydrodynamic diameter (d H) by 

7 = D(ilirn sin(6 s/2)/X 0) 2 (3) 

D = kT/(3irndH) 

where in eqn. (3) XQ =
9 g = scattering angle. In eqn. η is the viscosity, which is 
assumed to be equal to that of the pure solvent (the concentration 
of the polymer is quite low, on the order of 10""' - 10~*2mg/mL). 
In the f i t to the data the measured value of C(t) at long times 
was used to establish the relative magnitude of b in eqn. ( 1 ) . 

The value of d H for various situations is presented in Table 
J _ . We wish to emphasize sets of experiments in which changes in 
d

H are noted upon addition of a reagent or carrying out some other 
operation on the solution, (eg. group (b) of Table 1). 
Significant variations can occur in the value of ïïH in nominally 
identical experiments. This variation seems to be a function of 
the age of the solution, rate of addition of the DMF stock 
solution to the solvent, etc., as described above. The data in 
Table 1 represent the values obtained after the solution 
preparation method had been refined to a consistent methodology. 
It is problematical i f a l l the d R values presented in Table 1 
represent isolated or partially aggregated polymer coils for the 
case of CH^OH or CHoOH/CHoONa given the increase of du upon 
sonication for the rormer and the mechanical instability of the 
latter (see subsection 1 of this section). If these methanolic 
solutions are composed of aggregates the naphthalene - naphthalene 
interactions must be minimal based on the absense of excimer 
fluorescence (see next section). 
3. Steady - State and Time - Dépendent Fluorescence 

A l l steady state fluorescence spectra were obtained using a 
Spex Fluorolog 2 with a 450W Xe lamp and a Hammamatsu R508 
photomultiplier. Spectra were uncorrected for photomultiplier 
response except for quantum yield measurements. The latter were 
obtained by comparison to compounds of known fluorescence quantum 
yield. Unless noted otherwise solutions were not deaerated 
because of the relatively low solubility of Op in water. 

A l l solutions were relatively dilute such that the 0D at 
290nm was << 0.1. The fluorescence intensity was sufficiently low 
that a l l decay curves were obtained at the Center for Fast 
Kinetics Research at the University of Texas. This system uses 
Standard photon-counting electronics but the excitation source is 
a synch-pumped cavity-dumped dye laser pumped by a Nd:YAG laser 
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Table 1. Effective Hydro-dynamic Diameters 

Conditions d
H(nm) 

a) Effect of pH 
pH - 8.3 5H.5(±1.8)a 

pH - 10 66 

b) Effect of Added Salt (pH - 8-8.5) 
[Cu2+] = 5χ1<Γ?Μ 53 

[KCl] - 3x1 (T5M 57 

[KC1] - 1x1 (T2M 59 

c) Effect of Added Methanol (pH 8.5) 
V % MeOH - 12$ 62 

d) Addition of Anth or AnOH 
[Anth] - 4x10*7M 87 

[AnOH] - HX1(T7M 51 

e) Organic Solvents 
THF 37 
DMF 83 
CH30H 66 
CH30H, sonicate at 50°C 105 
CH30H/CH30Na 261 

a. Standard deviation based on 4 replica experiments. 
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mode-locked at 81.66 MHz. The dye-laser is cavity-dumped at 
800kHz allowing a very rapid build-up of a satisfactory decay 
curve even for weakly emitting samples. The instrument response 
function for this system is ca. JJOOps. Multiple exponential (eqn. 
( 5 ) ) f i t s were performed without reconvolution with the instrument 
response function. It is our experience with this system that for 
components longer than ca. 1 ns reconvolution is not essential: 

I f l ( t ) = Z a i e " * t / T i (5) 

Emission wavelength selection is by means of interference or 
cut-off f i l t e r s . 

Results 

A. Steady State Fluorescence  Excime  Formatio
In our earlier repor

2-vinylnaphthalene - methacryli
(P(2VN-alt-MA)) the weakness of the excimer fluorescence was 
noted 1. This observation was not unexpected since excimer 
formation in polymers is thought to occur primarily between 
nearest neighbor chromophores. Based on the Work of Guillet 
et.al. i t is reasonable to expect that in a poor solvent the 
relative intensity of the excimer fluorescence w i l l increase as 
the c o i l diameter decreases . For P(2VN-alt-MA) in water we 
observe an excimer emission which becomes more intense as the pH 
is decreased (Fig. 1). However, the intensity of this excimer 
peak is much smaller than for a random copolymer of 
2-vinylnaphthalene and methacrylic acid (or methylmethacrylate) in 
a good solvent. Furthermore, when the spectrum in Fig. 1 is 
deconvoluted into monomer and excimer components, the excimer is 
blue-shifted from ca. 400-*ΠOnm for P(2VN-co-MA) in good organic 
solvents to 385~390nm for P(2VN-alt-MA) in H20. We presume this 
is the result of the inability of the naphthalene rings to achieve 
the optimal separation for excimer stabilization. However, one 
cannot simply ascribe the extent of excimer formation to the " c o i l 
diameter". From Table 1 i t is observed that the hydrodynamic 
diameter for P(2VN-alt-MA) in THF is smaller than H2o (pH = 8.3 or 
10.0). Since THF is a poor solvent for polymethacrylic acid we 
speculate that the -C00H groups are extensively hydrogen bonded to 
each other and this forces the naphthalene groups into a 
configuration that is not favorable for excimer formation. 
Additionally THF is a good solvent for the homopolymer P2VN such 
that there should be l i t t l e tendency for naphthalene - naphthalene 
aggregation. 

To test this idea P(2VN-alt-MA) was dissolved in methanol 
containing methoxy ion (Me0H/Me0~) which we presume to completely 
deprotonate the polymer. The hydrodynamic diameter for 
P(2VN-alt-MA) in this solvent system was extremely large (see 
Table 1) which we assume must correspond to a nearly completely 
extended c o i l because of extensive electrostatic repulsion. The 
fluorescence spectrum for this solution in Fig. 1 appears to be 
completely devoid of excimer fluorescence and a close comparison 
of the THF and Me0H/Me0~ spectra suggests that the former does 
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have a t a i l extending to long wavelengths that may be a v e s t i g i a l 
excimer band. 

Thus we see that f o r t h i s c l a s s of polymer the r e l a t i o n s h i p 
between hydrodynamic diameter and excimer/monomer r a t i o d D / I M ) i s 
i n d i r e c t . The r a t i o Ι β/Ι Μ i s low f o r the highest and the lowest 
d H values r e s p e c t i v e l y while f o r water d H has an intermediate 
value and Ι β/Ι Μ i s a maximum. C l e a r l y I D / I M i s p r i m a r i l y a 
fu n c t i o n of the short range s t r u c t u r e of the polymer. Thus we 
i n t e r p r e t our f i n d i n g s as f o l l o w s : 

1) In THF the s o l v a t i o n of the -COOH groups i s very poor 
such that i n t r a c o i l hydrogen bonding i s encouraged. This 
produces a l o c a l polymer s t r u c t u r e that d i s f a v o r s 
naphthalene excimer formation. 

2) In H 2o the s o l v a t i o n of the naphthalene groups i s very 
poor but the a l t e r n a t i n g s t r u c t u r e makes i n t r a c o i l 
naphthalene aggregation d i f f i c u l t  More complete 
deprotonation o
excimer formation

3) In MeOH/MeO~ s o l v a t i o n i s e x c e l l e n t f o r the m e t h a c r y l i c 
a c i d moieties and f a i r f o r the naphthalene groups. The 
expansion of the c o i l f u r t h e r decreases excimer 
formation. 

These s p e c u l a t i o n s are i l l u s t r a t e d i n F i g . 2. 

As we w i l l d iscuss i n the next s e c t i o n , energy t r a n s f e r 
between the naphthalene groups i s f a c i l e , thus we suppose that 
most excimer formation occurs v i a energy migration to excimer 
forming s i t e s . Thus i n the cases discussed above we a s s o c i a t e the 
degree of excimer fluorescence with the mole f r a c t i o n of excimer 
forming s i t e s ( X e f s ) . Thus we w r i t e : X f (MeOH/Me(D < X e f s ( T H F ) 
« X e f s ( H 2 0 ) -

As i s t y p i c a l f o r polymeric systems, the fluorescence decay 
of the monomer and excimer i s non-exponential. The fluorescence 
decay was f i t s a t i s f a c t o r i l y t o a biexponentiâl f u n c t i o n (see eqn. 
(5)) and the parameters f o r the monomer (observed at 3^0nm) and 
the excimer (observed at wavelengths longer than ^OOnm) are 
presented i n Table 2. Also presented are the "quantum y i e l d 
weighted average l i f e t i m e s " (eqn. (6)) and the average l i f e t i m e 
(eqn. ( 7 ) ) , defined by 

<τ> = Σ ν ΐ / Σ 3 1 τ 1 ( 6 ) 

and 

τ = Z a . X i / z a i (7) 

The d e f i n i t i o n of the average decay i n eqn. (6) uses as a 
weighting f a c t o r the r e l a t i v e fluorescence y i e l d of the i t h 
component: 

<τ> = Σ 3 ι Φ ^ χ . (8) 

where 

* f l = k r ^ i / k p Z a j i j (9) 
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T H F 

F i g . 2 I l l u s t r a t i o n of p o s s i b l e polymer s t r u c t u r e s i n Ĥ o and 
THF ( s p e c u l a t i v e ) . 
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Table 2. Fluorescence Decay Parameters for Alternating Copolymer in Different pH 

Solution 

PH 34

V A 1 T2/A2 <x>a τ 3/Α 3 xi|/Aij 

10.5 6.41/0.466 37.80/0.534 33.75 23.2 4.78/0.700 53.28/0.300 

9 . 8 3.40/0.593 31.43/0.407 27.61 14.8 6.64/0.789 46.08/0.211 

9.0 3.22/0.604 28.78/0.396 25.05 13.3 3.73/0.776 40.37/0.224 

8.5 3.61/0.630 28.15/0.370 23.75 12.7 3.98/0.795 44.48/0.205 

7.9 3.98/0.685 26.84/0.315 21.27 11.2 3.29/0.803 36.66/0.197 

7.1 3.61/0.712 24.63/0.288 19.04 9.7 5.27/0.791 44.46/0.209 

6.3 5.83/0.706 26.85/0.294 19.65 12.0 5.78/0.772 46.53/0.228 

a. See eqn. (6) of text 

b. See eqn. (7) of text 
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and k r i s the r a d i a t i v e r a t e of the chromophore. Eqn. (8) and (9) 
are a p propriate f o r chromophores i n d i f f e r e n t environments that 
may modify the t o t a l decay r a t e but not the r a d i a t i v e r a t e 
constant. The quan t i t y τ w i l l be discussed l a t e r (eqn. (16), 
(17)). I t w i l l be noted that <τ Μ> (monomer average l i f e t i m e 
measured at 3̂ 0 nm) tends to decrease with decreasing pH, 
presumably as a r e s u l t of a higher d e n s i t y of excimer forming 
s i t e s ( e f s ) . The values of <Td> (excimer average l i f e t i m e 
measured at wavelengths longer than H00 nm) do not vary 
s y s t e m a t i c a l l y w i t h pH. No r i s e time i s observed f o r the excimer 
fluorescence decay, which may be the r e s u l t of very f a s t t r a n s f e r 
to the e f s or the e f f e c t of overlapping monomer and excimer 
fluorescence. We have argued p r e v i o u s l y t h a t the absence of a 
r i s e time f o r a s e n s i t i z e d t r a p emission can imply a common 
precursor s t a t e f o r both the monomer and tr a p e x c i t e d s t a t e s , i n 
a d d i t i o n to the expected monomer to tr a p energy t r a n s f e r 5

B. Fluorescence Quenchin
We have p r e v i o u s l y

quencher f o r polyanion - bound chromophores . In these previous 
papers i t was found that the apparent second order r a t e constant 
was extremely high, presumably because of the e l e c t r o s t a t i c 
a t t r a c t i o n between C u 2 + and the p o l y e l e c t r o l y t e . The quenching 
was found p r e v i o u s l y to be l a r g e l y s t a t i c i n t h a t the t o t a l 
f luorescence i n t e n s i t y was quenched very e f f i c i e n t l y but there was 
l i t t l e or no l i f e t i m e quenching. 

The present polymer system e x h i b i t s unusual behavior on two 
counts: 1) The Stern-Volmer constant f o r i n t e n s i t y quenching i s 
extremely l a r g e , l e a d i n g to an apparent second order r a t e constant 
f o r quenching i n excess of 10 Ms"" ; 2) The l i f e t i m e quenching 
constant i s n e a r l y as large as the i n t e n s i t y quenching constant, 
implying a "dynamic" quenching mechanism. Normally t h i s mechanism 
i s observed when both the chromophore and quencher i n t e r a c t 
through c o l l i s i o n s r a t h e r than the formation of s t a b l e contact 
complexes. 

The relèvent equations i n our case are: 

I 0 / I = 1 + 4 ^ [ c u 2 + ] (10) 

- 1 + k j 1 ) < x > 0 [ c u 2 + l (11) 

<τ> 0/< τ> = 1 + 4 2 ) f C u 2 + ] = 1 + k<2> < τ > 0 Γ θ υ
2 Ί (12) 

1 + K ^ i C u 2 * ] - 1 • k j 3 ) T Q [ c u 2 + l (13) 

In eqns. (10) through (13) the s u p e r s c r i p t 1, 2, and 3 r e f e r 
to the steady s t a t e and l i f e t i m e measurements r e s p e c t i v e l y , w h i l e 
<τ> and τ r e f e r to the average l i f e t i m e s of the naphthalene 
monomer fluorescence defined i n eqn. (6) and (7). The s u b s c r i p t 0 
r e f e r s to the value i n the absense of C u 2 + . The fluorescence 
decay parameters are given i n Table 3. The values of K g v and k 
are given i n Table *4 and the quenching curves are dis p l a y e d i n 
F i g . 3. 

The f a c t that the C u 2 + quenching i s so e f f i c i e n t i m p l i e s that 
the C u 2 + i s bound to the polymer (presumably by e l e c t r o s t a t i c 
a t t r a c t i o n ) , r e s u l t i n g i n a high l o c a l c o n c e n t r a t i o n . This 
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Table 3 . Lifetime of P2VN-alt-MA With Addition of Cu 2 + a at pH 8.0 

395 

[Cu 

a. Iemi * 340 nm 

i + 2]x10 8 
A1 A2 τ 2 <T>ave 7 e 

0 0.578 0.422 5.372 28.82 24.05 15.27 
6.9 0.683 0.317 4.675 25.07 19.22 11.14 

13.8 0.724 0.276 2.797 1 7.28 12.96 6.79 
20.6 0.724 0.276 2.755 14.92 10.05 6.11 
27.5 0.742 0.258 2.488 12.59 8.93 5.09 
34.4 0.724 0.276 1.664 9.038 6.64 3.70 

emi > 400 nm 

[Cu + 2]xi 0 8 A1 A2 T1 T 2 <x>b 7 e 

0 0.715 0.285 5.743 51.23 41.24 18.71 
6.9 0.798 0.202 4.681 41.38 30.06 12.09 

13.8 0.853 0.147 4.816 38.44 24.28 9.76 
20.6 0.821 0.179 3.525 27.31 18.47 7.78 
27.5 0.820 0.180 5.918 31.91 20.00 10.60 
34.4 0.841 0.159 3.272 22.61 14.22 6.35 

a. [Naph] - 1x10~4M 

b. <τ> defined by eqn. (6) 
c. τ defined by eqn. (7) 

Table 4. K g v a n d k value for Cu 2 + Quenching at pH 8.0 

Based on K
S V(M~ 1> a k q(M~ 1s~ 1> b 

V l 10.5X106 4.4x1014 

V 7 8.4x106 5.5x10111 

<τ>0/<τ> 7.5X106 3.1x10^ 
8.8(±1.5)x106 4.3(±1.2)x101li 

a. From least square f i t of data 
b. From eqn. (10) to (13) respectively 
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"concentrating effect" has been observed many times for 
polyelectrolytes^ 3' . For the very low concentrations of Cu 
used there is no evidence that the polymer c o i l density is 
perturbed, as might be expected i f ionic cross-linking occurred 
(see Table 1). Since dynamic quenching is observed either (1) the 
singlet energy migrates rapidly along the c o i l until a bound Cu + 

ion i s encountered, or (2) the Cu ion can migrate until an 
excited naphthalene is encountered, or both. In any case 
essentially a l l excited naphthalenes are accessible to the 
quencher. 

In order to obtain an estimate of the intracoil energy 
migration rate from the present results one must evoke some model 
for the system. This w i l l be taken up in the Discussion section. 
Such an interpretation should not distract from the primary 
experimental observation presented in this subsection: excited 
state quenching by Cu 2 + is extremely efficient in this polymer 
system with an apparen
we have encountered previously
C. Energy Transfer to Solubilized and Covalently Bound Anthryl 
Groups:Steady State Results 

We have previously reported energy trapping by anthryl groups 
covalently bound to P(2VN-alt-MA) in THF solutions. The quantum 
efficiency of energy trapping is given by χ. χ is obtained from 
the expression 

( Ι Α / Ι Ν ^ Φ η / Φ α ) β χ/0-χ> <ι« 
where I i N a r e the intensities of corrected anthracene and 
naphthalene fluorescence respectively, φ ^ and are the 
corresponding quantum yields of fluorescence and χ represents the 
ratio of photons that are i n i t i a l l y absorbed by the sensitizer 
(naphthalene) that are transferred to the acceptor (anthracene) to 
total photons absorbed by the donor. (See Fig. Η for spectra of 
P(2VN-alt-MA-co-Anth)) in THF and H o (pH 10). χ can also be 
obtained from a comparison of the absorption spectrum and the 
acceptor excitation spectrum. The value of χ for 
P(2VN-alt-MA-co-Anth) (1.2 mol?) in THF solutions is approximately 
0.65 while for H o χ ranges from ca. .90 to 1.0 over the pH range 
10.4 to 7.7 (Table 5). This increase in χ is consistent with a 
solution structure in which the average separation of naphthalene 
groups is diminished, thus enhancing down-chain energy migration 
as well as decreasing the average naphthalene - anthracene 
separation. Anthracene sensitization is also very efficient in 
the Me0H/Me0~ system for which we postulate a very open structure 
for the polymer chain (see section (A)). We ascribe the high 
efficiency of the sensitization in this case to the absense of 
excimer traps. Thus we may write for intracoil c o i l 
sensitization: χ(THF) < x(Me0H/Me0~) < χ(Η 2ο). This is not the 
same ordering as found for the excimer fluorescence intensity (see 
previous section). This illustrates that the efficiency of 
photon-harvesting by polymers cannot be optimized exclusively by 
reducing the extent of excimer formation. However, the present 
system may not be typical for polymers in which exclusively 
down-chain energy transfer occurs because of the large Forster 
radius for naphthalene to anthracene dipole-dipole transfer (ca. 
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6.88 20.65 41.30 ΧΙΟ M 
[ C u - 2 ] 

F i g . 3 I 0 / I , <τ0>/<τ> C u 2 + quenching curve f o r P(2VN-alt-MA). 
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nm F i g . i | Fluorescence spectra of P(2VN-alt-MA-co-Anth) i n 

d i f f e r e n t s o l v e n t s . 
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25.5A'). Thus sensitization of the anthracene is most likely a 
combination of down-chain energy migration and a single-step 
Forster transfer. 

It is well-known that polyelectrolytes can solubilize 
hydrophobic species in water, presumably by a hydrophobic 
attraction between some portion of the polymer and the adsorbate. 
It was thought that we could gain some insight as to the structure 
of P(2VN-alt-MA) polymers in water by comparing the χ values for 
solubilized anthryl groups with the covalently bound sample 
discussed above. As probe molecules we chose 9-anthryl methanol 
(AnOH) and anthracene (Anth). The method for preparing solutions 
containing these probes was described in the Experimental section. 
The results we report are sensitive to the solution preparation 
methodology which suggests that these "solutions" are metastable 
phases and not a true equilibrium solution. To a lesser extent 
the same may be said of the solutions without the addition of 
anthryl probes. 

Addition ôf Anth an
emphasizes the subtle effects of small molecules on the polymer 
c o i l and the microenvironment of the solubilized small molecule. 

The maximum concentration of Anth added to the P(2VN-alt-MA) 
solution ([Naph] = 1x10 M) corresponded to an average 
concentration of An on thé order of 5x10~7M (.5 mol% relative to 
naphthalene). Above this level turbidity could be observed in the 
solution (approximately 10x higher concentrations of AnOH are 
possible - see below). The hydrodynamic radius increased 
significantly upon the addition of Anth (see Table 1) which 
suggests the onset of aggregation since i t does not seem 
reasonable that the Anth moieties could act as a better "solvent" 
for the polymer. 

Sensitized anthracene fluorescence is easily observed for 
this system (Fig. 5), and χ tends to increase with increased 
anthryl loading and decreased pH (Fig. 6), as expected. The χ 
values compare well with P(2VN-alt-MA^-co-Anth) in THF but are not 
high as for this latter polymer in water (cf. Fig. *J and 5). Thus 
the solubilized Anth does not seem to be as intimately associated 
with the naphthalene regions of the polymer as was the case of 
P(2VN-alt-MA-co-Anth). Since essentially no dissolution of Anth 
in the absense of the polymer is possible, we assume that a l l Anth 
is adsorbed onto the chain. Thus our results suggest that there 
exists hydrophobic regions of the polymer that are relatively 
distant from the naphthalene regions. Based on our results with a 
random copolymer P(2VN(10 mol£)-co-MA) (see below) i t seems li k e l y 
that these regions might be associated with the -CH- group of MA. 
For later reference we note that there was no spectral shift 
between directly excited and sensitized Anth. 

The use of AnOH as a probe is complicated by the fact that a 
much higher (ca. 10x) concentration i s possible before solution 
turbity is noted. Thus i t seems li k e l y that a certain amount of 
AnOH is present in bulk solution. We note from Table 1 that AnOH 
does not significantly perturb d H. This is supported by the 
observed χ values, which are comparable to those of Anth for a 
much lower mole fraction of adsorbate. Likewise there is a 
distinct blue-shift in the fluorescence of directly excited AnOH 
relative to sensitized AnOH (see Fig. 5). Thus there are at least 
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F i g . 5 a) Fluorescence spectra f o r P2VN-alt-MA/Anth(ads) at 
in d i c a t e d pH; b) Fluorescence spectra f o r P2VN-alt-MA/AnOH(ads) 
at i n d i c a t e d pH. A l l sp e c t r a e x c i t e d at 290 nm except x-x which 
was e x c i t e d at 3^5 nm. 
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Table 5. χ Values for P2VN-alt-MA-co-Anth (1.2 mol %) 

Solvent/pH x(*) 
H
20/10.i| 89.9 
H
20/10.0 93.5 

H
20/ 9.1 99.3 

H
20/ 8.6 99.3 

H
20/ 7.7 99.5 
MeOH,Na

THF 65.0 

F i g . 6 P l o t of χ vs. pH f o r i n d i c a t e d loadings of anthracene. 
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two distinct environments for the AnOH, which we speculate to be 
bound and free AnOH. 

For comparison with the alternating copolymer we synthesized 
a random polymer of 2-VN and MA containing ca. 10 mol? of 2-VN 
(higher naphthyl contents did not dissolve in basic H 2o). 
Solubilization by this copolymer demonstrates: 1) a much lower 
sensitization efficiency than the alternating copolymer, 2) no 
spectral shift between directly excited and sensitized AnOH, and 
3) in the absense of AnOH a clearly discernible excimer component 
in the fluorescence (see Fig. 7). While comparison of the 
alternating and random copolymer is dangerous because of the 
different naphthyl contents, these results do imply that 1) the 
AnOH is not preferentially associated with the naphthyl moieties 
in the random copolymer, and 2) the red-shift observed in the 
sensitized AnOH fluorescence for P(2VN-alt-MA) is the result of 
naphthalene - anthryl interactions

Thus we have learne
experiments: 

1) The local structure of the P(2VN-alt-MA) in water brings 
the naphthalene and covalently bound anthracene groups 
into closer proximity than for better polymer solvents. 

2) Based on the χ values solubilized Anth or AnOH is 
apparently not as intimately associated with the 
naphthalene groups as covalently bound anthracene. 

3) Even at low mole ï's a highly hydrophobic probe can 
stimulate polymer aggregation. 

H) The local environment of Ρ(2VN-alt-MA)-solubilized AnOH 
is different than free AnOH, but this is not the case for 
AnOH solubilized by P(2VN(10 mol*)-co-MA). Solubilized 
Anth or covalently bound Anth does not exhibit this 
phenomenon. 

5) Based on the random copolymer results, there does not 
seem to be any preferential association of AnOH with the 
naphthalene groups. 

The naphthalene monomer fluorescence lifetime is shortened by 
the solubilized Anth to an extent in reasonable agreement with the 
observed γ values. Following the general analysis of Fredrickson 
and Frank 8, we have argued that χ can be estimated from the 
fluorescence decay from the expression 

x t - 1 ~ V T o ( 1 5 ) 

where 

Τ χ = ;~ e~ kN tG^(t)dt (16) 

The product e~kNtG?i(t) i s the decay function for the monomer 
naphthalene singlet state where k N is the unperturbed naphthalene 
lifetime and G*(t) is a general, non-exponential function that 
describes the naphthalene fluorescence decay in the presence of X 
mole fraction of energy accepter. Using our multiexponential 
f i t t i n g function τ is given by: 

(17) 
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For the case of c o v a l e n t l y bound anthracene ( i . e . 
P(2VN-alt-MA-co-Anth) i n an organic solvent (THF) we have found 
X s g > X|. where x s s r e f e r s to the steady-state r e s u l t , using eqn. 
(T?). we have argued y that t h i s i s the r e s u l t of e i t h e r ( 1 ) a 
very r a p i d t r a n s f e r step that i s too f a s t to be detected by our 
photon counting technique, or (2) the existance of a common 
precursor s t a t e f o r both the naphthalene monomer and the a n t h r y l 
moiety. In the present case yfc and x s s are i n reasonable 
agreement f o r adsorbed anthracene (see Table 5). In general t h i s 
i s not the case f o r AnOH. However, we have found the fluorescence 
decay p r o p e r t i e s of these polymers to be very s e n s i t i v e to the pH 
and the h i s t o r y of the s o l u t i o n . Consequently we do not wish to 
base too many conclusions on l i f e t i m e data pending l a t e r d e t a i l e d 
s t u d i e s . While i t i s reasonable that much of the AnOH can r e s i d e 
i n the bulk s o l u t i o n a f t e r the polymer i s sa t u r a t e d , t h i s does not 
seem reasonable f o r the extremely hydrophobic Anth  Since the 
polymer hydrodynamic diamete
a d d i t i o n of Anth we propos
which diminishes the i n t e n s i t y of s e n s i t i z e d fluorescence per 
a n t h r y l moiety (see D i s c u s s i o n , s e c t i o n B). 

As i n the case of the excimer fluorescence, the fluorescence 
decay f o r adsorbed anthracene does not have a c l e a r l y demonstrable 
r i s e time component (see Table 6). The major l i f e t i m e component 
fo r Anth i s on the order of the l i f e t i m e of d i r e c t l y e x c i t e d Anth. 
Thus these r e s u l t s suggest a r a p i d s e n s i t i z a t i o n of Anth followed 
by normal fluorescence decay without s i g n i f i c a n t continued 
s e n s i t i z a t i o n at long times. We assign the minor long l i f e t i m e 
component to r e s i d u a l excimer fluorescence. 

For covalently-bound anthracene i n Ĥ o the degree of 
naphthalene l i f e t i m e s hortening i s very s e n s i t i v e to pH (see Table 
7). While χ changes only very s l i g h t l y as the pH i s lowered 
from 1 0 . 2 to 9 . 1 the average l i f e t i m e of the naphthalene decreases 
d r a m a t i c a l l y . This i m p l i e s a dramatic change i n the l o c a l 
s t r u c t u r e i n the hydrophobic p o r t i o n of the c o i l which i s only 
weakly r e f l e c t e d i n the changes of the hydrodynamic diameter of 
the c o i l (see Table 1 ) . 

D i s c u s s i o n 

One of the most i n t r i g u i n g aspects of the present polymer system 
i s the s t r u c t u r e of the polymer at the molecular l e v e l i n aqueous 
or a l c o h o l i c s o l u t i o n . Normally one expects aggregation of 
hydrophobic regions of an am p h i p h i l i c copolymer but i n the present 
case the a l t e r n a t i n g s t r u c t u r e may prevent strong i n t e r a c t i o n of 
nearest neighbor naphthalene groups. P o s s i b l y an i n t r a c o i l 
" l a m e l l a r " s t r u c t u r e i s f e a s i b l e which permits f a c i l e i n t r a c h a i n 
energy migration but does not permit a high d e n s i t y of excimer 
forming s i t e s ( e f s ) . As was discussed e a r l i e r , there seems t o be 
no d i r e c t r e l a t i o n s h i p between e i t h e r the c o i l s i z e , as measured 
by ILS, and the den s i t y of efs or the e f f i c i e n c y of i n t r a c o i l 
s e n s i t i z a t i o n of an a n t h r y l t r a p . A d d i t i o n a l l y , the comparison of 
s o l u b i l i z e d a n t h r y l d e r i v a t i v e s w i t h c o v a l e n t l y bound anthracene 
does not lead to any c l e a r - c u t model f o r the polymer s t r u c t u r e i n 
water. In t h i s context perhaps the most r e v e a l i n g observation i s 
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the simple fact that the alternating copolymer w i l l dissolve in 
water while the corresponding random copolymer will not. 

From the point of view of intracoil energy migration the 
Cu + quenching results are quite interesting since an 
extraordinarily high value of the quenching constant was obtained, 
ca. Η χ 10 M s" . We have observed apparent quenching 
constants for Cu - polyelectrolyte systems on the order of 10 
-10 M~ S previously^, which is higher than diffusion 
controlled because of the electrostatic binding of Cu + to the 
polyanion . However, these cases have always exhibited primarily 
static quenching with the implication that most of the 
fluorescence quenching occurs between static Cu + - chromophore 
pairs rather than by random collisions between these moieties. 
However, in the present case the Cu quenching is primarily 
dynamic (see Fig. 3) yet with such a high quenching rate constant 
there must be preferential binding of the Cu to the polymer 
c o i l . In the next subsectio
from the point of view
along the c o i l . While i t is not possible to quantitatively 
determine the "dimensionality" and average energy transfer time 
between naphthalenes, we will argue that this polymer does not 
behave like a 1-D system and hence must have a highly convoluted 
structure in solution. 

In subsection (B) we w i l l d iscuss the r e s u l t s w i t h the 
anthracene energy trap more e x t e n s i v e l y , from the point of view of 
i n t r a c h a i n energy m i g r a t i o n . This system i s more d i f f i c u l t to 
analyze w i t h simple models because of the large F o r s t e r radius f o r 
naphthalene to anthracene s i n g l e - s t e p energy t r a n s f e r (25Â 7). 

Fig. 7 Fluorescence spectra of P2VN(10 mol£)-co-MA/An0H(ads) at 
indicated pH. A l l spectra excited at 290 nm except o-o excited 
at 3̂ 5 nm. 
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A. Energy Migration and Cu 2 + Quenching Results 
The simpliest model to adopt for Cu 2 + quenching is to 

postulate the binding of Cu to the pendent -C0~ groups (although 
the preferred bidentate structure would not seem to be feasible) 
such that each Cu species is in contact with at least one 
naphthyl moiety. There are no allowed Cu 2 + optical transitions 
that overlap thé fluorescence of naphthalene such that the 
quenching mechanism is expected to be short range. 

One dimensional lattices have been studied extensively by 
Lakatos-Lindenberg, Hemenger and Pearlstein and the results used 
recently by Frank et. a l . * to analyze excimer formation in 
polymers. For a 1-D lattice with Ν units bounded by a "disruptive 
quencher" Pearlstein writes' 2 1 5: 

t 
G N(t) * (2/N(N+1))S cot 2(a k/2)exp[-ilWtsin 2(a k)] (18) 

where G N(t) i s the surviva
randomly on this lattic  (GN(o)=1),  energy
between la t t i c e sites (assumed to be constant for a l l pairs) and 

<*k = (2k-1)ir/N (19) 

η' = N/2 (N even) (20) 

= (N+D/2 (N odd) 

To correct for the f i n i t e lifetime of the excited state G N(t) must 
be multiplied by e~ t / xo where τ is the unperturbed excited state 
lifetime. 

The term "disruptive quencher" is applied to the case in 
which a l l exciton contacts with the quencher results in completely 
effective quenching . It is not at a l l clear that this property 
is applicable to Cu quenching. The case of a non-disruptive 
quencher is much harder to analyze and does not lead to a 
convenient expression for the excitation decay, analogous to eqn. 
(18). Based on classical diffusion equations i t seems plausible 
that the disruptive quencher model is applicable so long as the 
quenching rate at the quenched site i s of the same order of 
magnitude as the transfer rate from that lattice site to 
neighboring sites . 

In eqn. (18) Ν refers to the number of lat t i c e sites between 
disruptive quenchers. Since these quenchers are placed randomly 
on the lattice there w i l l be a distribution of Ν for a given mole 
fraction of quenched sites (q) and lattice length (L). Fitzgibbon 
and Frank 13 have derived the following expression for the 
probability of a given sequence length: 

P(N,L) = (N/L)(L-N-3)q 2(1-q) N + 1 (21) 

In the following we ignore the case of one quencher and one 
reflective end (i.e. the end of the polymer chain). We also 
ignore explicit consideration of efs although L in eqn. ( 2 1 ) can 
be taken to be the average lattice length between efs. For our 
purposes we replace the sum over a l l Ν by the most probable value 
of Ν which is obtained from the maximum value of P(N,L). This is 
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Ν* =* [2+La-(4+(La) 2) 1 / 2]/2a (22) 

where 

a = |ln(1-q)| (23) 

and q is the mole fraction of traps. As one would intuitively 
expect for small q, N* = L/2. 

One experimental observable that can be obtained easily is 
the longest lifetime component of the fluorescence decay. This 
corresponds to k = 1 in eqn. (18). Thus the observed longest 
lifetime fluorescence lifetime would correspond to 

1/τ1 = I / T q + <Λ/(Ν*) 2 (24) 

in which i t is assumed tha (Tr
Using (22) i t can be show

= 1/τ 0 + (4TT2W/L2)(1+Lq/2+..,) (25) 

Thus this 1-D model predicts that the slow component of the 
fluorescence decay obeys a linear quenching law at low quencher 
concentrations. Use of the exact solution for N* leads to a rapid 
non-linear decrease in the value of τ 1 which in principle* could be 
f i t to different values for L and W. 

However, when we look at the magnitude of this component for 
large N* we find an approximate value of 8/TT = .811 which is much 
larger than is observed for the pre-exponential factor of the 
long-lived component (see Table 3). This seems to be a general 
property of a s t r i c t l y 1-D lattice treated by a master equation 
formalism. That is to say, the slowest component of the predicted 
decay function is by far the most important component. 

The steady state quenching can be obtained by integrating the 
time dependent emission (see eqn. (16)). Using G N i t(t)e ο we 
obtain: 

7 = To§,(2cot2(ak/2)/N*(N^+1))/(1 + 4W-r0sin2(ak/2) ) (26) 
k=l 

The steady state quenching curve can be evaluated as a function of 
q by evaluating N*. For q = 0 the result depends on L which is 
the average separation of the efs (i.e. L is not equal to degree 
of polymerization in general). Note that in (26) Tq is the _ 
lifetime of the isolated chromophore. A detailed analysis of τ as 
a. function of q wi l l not be presented here except to note that 
i(o)/i(q) is not linear_ in q over any extended range of q that 
yields values of x(o)/i(q) as large as our experimental values for 
what we believe to be reasonable choices of W and L. We note that 
the exact result for i n f i n i t e , disrupt!vely quenched chains yields 
a quadratic quenching law at low quencher concentration 1 2 3. 

It is obviously very dangerous to attempt to draw a firm 
conclusion based on an approximation to an idealized model. 
However, we feel that our observations are not well-accomodated to 
a simple 1-D lattice model. 
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Another approach to t h i s problem i s to envoke the s o - c a l l e d 
" s p e c t r a l dimension". This i s based gn a random walk on a 
disordered l a t t i c e and i s defined b y 1 5 

S = Md/2+.., (27) 

where M i s the number of steps taken by the walker and S i s the 
average number of unique l a t t i c e s i t e s v i s i t e d . The dimension d 
l i e s i n the range 1 ( i d e a l 1-D l a t t i c e ) and 2 ( i d e a l 3-D l a t t i c e ) . 
I f the average number of steps i s taken to be <T>/xh, where <τ> i s 
the average l i f e t i m e defined by eqn. (8) and τ η i s the time/step, 
then the t r a p p i n g p r o b a b i l i t y w i l l be on the order of 

Ρ - Sq = (< x > / T h ) d / 2 q (28) 

I f the quencher i s l e s s than 100$ e f f e c t i v e then presumably q 
would b s j n u l t i p l i e d by
fo r [ C u 2 + ] * 2.75x10 Ή
F i g . 3) and <τ> * 6.6 ns we o b t a i n 

V 5 ( 6 . 6 / i h ) d / 2 ( 2 . 7 5 x 1 0 ~ 3 ) (29) 

Based on t h i s approach the estimated value of τ η w i l l be very 
dependent on d. The value of τ η that corresponds to d i f f e r e n t d 
values i s given i n F i g . 8. The values of τ„ range between ca. .08 
ps to ca. 25 ps as d ranges from 1 t o 2. This i l l u s t r a t e s another 
property of a 1-D l a t t i c e . The e f f i c i e n c y of sampling unique 
s i t e s i s much lower than f o r l a t t i c e s of higher d i m e n s i o n a l i t y , 

r , A 

F i g . 8 P l o t of τ. and r as f u n c t i o n o f d based on experimental 
s e n s i t i z a t i o n e f f i c i e n c y (see t e x t ) . 
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hence f o r a given quenching e f f i c i e n c y a r e l a t i v e l y f a s t hopping 
r a t e i s r e q u i r e d f o r a 1-D l a t t i c e . 

Of course we do not know what value of i s "reasonable". 
I f we assume that the F o r s t e r mechanism i s r e s p o n s i b l e f o r energy 
migrati o n , then the average hopping time can be estimated from 

x h ~ 1 = x o ~ 1 < ( 3 K 2 / 2 ) ( R o / r ) 6 > (30) 

where τ i s the unperturbed s i n g l e s t a t e l i f e t i m e of the 
naphthalene and R Q i s the Fo r s t e r r a d i u s f o r s e l f - t r a n s f e r . For 
2-methylnaphthalene these parameters are 60 ns and 11.75A 
r e s p e c t i v e l y 7 . Eqn. (30) can be used to defin e an average 
distance r 

F - ( V'O> 1 / 6 R O «η 
i n which K 2 = 2 /3 has bee
8 as a f u n c t i o n of d. Thes
whole range of d and i n f a c t are l e s s than the separation expected 
f o r excimer formation. We a l s o note that our estimated τ. values 
are much smaller than the estimates of 100 - 250 ps by Fiuzgibbon 
and F r a n k 1 3 f o r a t a c t i c P2VN i n a good s o l v e n t , based on Monte 
Ca r l o s i m u l a t i o n s . 

Based on these estimates we conclude t h a t : 1) the polymer 
s t r u c t u r e must be more compact than one-dimensional i n aqueous 
s o l u t i o n , 2) the average s e p a r a t i o n of chromophores must be 
s i g n i f i c a n t l y l e s s than the R Q value of 11.75A such that the 
p r o p o r t i o n a l i t y to r may no longer be v a l i d , 3) d e s p i t e the 
proximi t y of the naphthalene groups there i s not a high d e n s i t y of 
e f s , presumably because face-to-face geometries are not favored. 
While conclusions 1) and 2) are based on the s i m p l i f i e d 
expressions (27), (28) with a s i n g l e parameter d which determines 
τ. , we re-emphasize that t h i s p h y s i c a l system must be homogeneous 
with respect to energy t r a n s f e r or we would observe an "unquenched 
component" i n the naphthalene fluorescence decay as Cu i s added. 
This i s not the case as can be seen i n Table 3; for a l l Cu 
ad d i t i o n s both τ 1 and are quenched. 

In a l l the above the emphasis has been on energy migration as 
a mechanism to r a t i o n a l i z e the dynamic quenching by Cu . An 
eq u a l l y v a l i d mechanism would envoke Cu d i f f u s i o n along the 
chain, presumably by "hopping" between -C0~ groups. As we w i l l 
d i scuss i n the next subsection the apparent quenching r a t e f o r 
a n t h r y l traps i s s i m i l a r to that obtained f o r Cu . Since down 
chain d i f f u s i o n i s e i t h e r impossible ( f o r covalently-bound 
anthracene) or u n l i k e l y ( f o r adsorbed anthracene) i n these cases 
we p r e f e r the p o s t u l a t e of energy migration. 
B. D i s c u s s i o n of Quenching by A n t h r y l Traps 

In the previous subsection the case of Cu fluorescence 
quenching was discussed. One of the most important features of 
these r e s u l t s was the very high second-order quenching constant. 
The r e s u l t s f o r anthracene were described i n terms of χ, the 
quantum e f f i c i e n c y of s e n s i t i z a t i o n . This i s r e l a t e d t o a r a t e 
constant as f o l l o w s : 

X - a/(1+a) 
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where 

a = k E T [ A n l / k N (33) 

where [An] i s the o v e r a l l c o n c e n t r a t i o n of the anthracene, k^ i s 
the unperturbed unimolecular decay r a t e of the chromophore e x c i t e d 
s t a t e and k E« i s the second order r a t e constant of i n t e r e s t . As 
can be seen from (32) as a becomes very l a r g e χ approaches u n i t y . 
This a l s o i m p l i e s that as χ approaches u n i t y the accuracy i n the 
derived k„„ decreases. For k N we use <τ> fo r the unquenched 
sample. The value of k f o r s o l u b i l i z e d An at pH - 9 and pH - 7.1 
i s on the order of 1.0(f .1) x 1 0 i q and 2.6(± 0.5) x 10** M"*1 s""1 

r e s p e c t i v e l y , (see Table 6 fo r χ v a l u e s ) . Note tha t i n the 
l a t t e r case the Stern-Volmer constant decreases wi t h ÎAn l , as 
would be expected i f aggregation occurs. 

For c o v a l e n t l y bound Anth χ i s very high so the accuracy i n ^ 
e s t i m a t i n g k E T i s low; w
M""1 S (depending on pH)
Given the l a r g e R f o r naphthalene - anthracene energy t r a n s f e r i t 
i s s u r p r i s i n g that k i s not even l a r g e r than t h i s . 

Because of the extreme hydrophobicity of the anthracene 
molecule we b e l i e v e that a l l anthracene i n the s o l u t i o n phase i s 
i n t i m a t e l y associated with the polymer. Thus at f i r s t glance i t 
i s a l s o s u r p r i s i n g that k i s not equal to that of the 
covalently-bound anthracene. As was pointed out i n the Results 
s e c t i o n , Anth appears to s t i m u l a t e polymer aggregation, presumably 
by forming anthracene aggregates which are simultaneously i n 
contact with the polymer. A heterogeneous d i s t r i b u t i o n of energy 
acceptors might be expected to be l e s s e f f i c i e n t i n quenching the 
naphthalene e x c i t e d s t a t e s i f a s i g n i f i c a n t f r a c t i o n of 
naphthalene groups are r e l a t i v e l y d i s t a n t from anthracene 
m o i e t i e s . However, i n such a case there should a l s o be a 
s i g n i f i c a n t component i n the naphthalene fluorescence decay with 
the same l i f e t i m e as unquenched naphthalene. This i s not 
observed. Thus we propose that our estimate of χ i s too low 
because 1) the fluorescence quantum y i e l d of sens??ized 
fluorescence i s lower than d i r e c t l y e x c i t e d anthracene because of 
anthracene s e l f quenching w i t h i n the aggregates, and 2) the 
aggregates are more e f f e c t i v e energy traps than " i s o l a t e d " 
anthracene groups because the former are lo c a t e d i n naphthalene 
r i c h r e g i o n s . 

One of the d i s t i n c t i v e features of the Cu + quenching r e s u l t s 
was t h a t the l i f e t i m e and i n t e n s i t y quenching were e s s e n t i a l l y 
e q u i v a l e n t . While the naphthalene fluorescence decay i s 
d e f i n i t e l y shortened by the presence of the covalent or adsorbed 
anthracene, there was no systematic change of x t w i t h pH or mole 
f r a c t i o n of anthracene. Part of the d i f f i c u l t y may be 
experimental - fo r high χ values the i n t e n s i t y of naphthalene 
fluorescence i s very low such that accuracy i s s a c r i f i c e d i n the 
decay f u n c t i o n . Because of the l a r g e R value f o r naphthalene -
anthracene one expects a s i g n i f i c a n t " s t a t i c " component i n the 
naphthalene quenching. A more d e t a i l e d examination of the time 
dependence of energy t r a n s f e r i n disordered systems of the present 
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type w i l l be the subject of future investigations in this and 
related polymer systems. 
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Chapter 30 

Polymer Models for Photosynthesis 

James E. Guillet, Yoshiyuki Takahashi 1, and Liying Gu 2 

Department of Chemistry, University of Toronto, Toronto M5S 1A1, 
Canada 

Macromolecules containing aromatic chromophores can dis
play efficient electronic energy transfer to low-energy 
traps. By analogy with the biological process of photo
synthesis, we hav
cules". Syntheti
of the light-harvesting chlorophyll pigment layers with
out reproducing their exact structure. We have linked 
aromtic chromophroes in both organic and water-soluble 
polymers which provide useful antennas for solar photo
chemistry. For example, antennas consisting of phenyl 
anthracene groups are effective in increasing the ab
sorption cross-section for tetraphenyl porphine groups 
by at least an order of magnitude. Sulfonated poly(2-
vinylnaphthalene) polymers are also useful catalysts for 
singlet oxygen reactions in aqueous solution. As a 
model of the reaction center in natural photosynthesis 
we have prepared copolymers of acrylic acid containing 
small amounts of porphyrin (P) and anthraquinone (Q) 
moieties. The conformation of these polymers in aqueous 
solution is highly dependent on both the pH and ionic 
strength of the solvent, and this can be used to control 
the average distance between Ρ and Q. ESR measurements 
confirm the formation of separated ion pairs (Ρ-· and 
Q+·) when the porphyrin group is irradiated in solution 
at -40°C. 

The primary photochemical step in photosynthesis is now generally 
recognized to be a one-electron transfer from the singlet excited 
state of a chlorophyll species (Chl) to an electron acceptor. 
This reaction takes place within a reaction center protein that 
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spans the thylacoid membrane of the chloroplast organelle of green 
leaves and algae. In the simplest photosynthetic systems the 
electron acceptor contains the quinone moiety, such as an ubiqui
none, menaquinone or plastoquinone. An essential feature of this 
process is that the donation of an electron must lead to a separa
tion of the charged species Chi* and Q" so that they may undergo 
further reactive steps in the photosynthetic sequence. 

In green plants the primary charge-separation process occurs 
in reaction sites which contain only a small fraction of the total 
pigment material. The bulk of the chlorophyll i n the chloroplast 
is photochemically inert, functioning as an "antenna pigment" by 
transferring light through non-radiant interactions to the reac
tion centers. In this way the turnover rate for reactive sites i s 
increased, the occurrence of this energy-transfer process having 
the same effect as i f the extinction coefficient of the reactive 
center were increased
tochemistry, this effec

It has been shown that macromolecules containing aromatic 
chromophores can also display eff i c i e n t electronic energy transfer 
to low-energy traps [1]. By analogy with the biological process 
of photosynthesis, we have termed such molecules "antenna mole
cules". Macromolecules containing chromophores attached to a pol
ymeric backbone often display very high efficiency of singlet 
energy transfer. The function of the connecting macromolecular 
chain and the plant thylacoid membrane i s similar in that both 
serve as anchors supporting high local concentrations of the 
chromohores. Synthetic polymers can thus mimic the function of 
the light-harvesting pigment layers without reproducing their 
exact structure. 

In earlier studies in these laboratories i t has been shown 
that polymers containing repeating naphthalene or phenanthrene 
groups and small numbers (from 0.1 to 2%) of traps such as anthra
cene, anthraquinone, or phenyl ketone, demonstrated singlet exci-
ton transfer from the absorbing site in the antenna to the trap 
[1]. The efficiency of energy transfer in the trap can be evalu
ated in terms of the quantity \, which i s defined as the number of 
photons transferred to the trap divided by the number of photons 
absorbed by the antenna. 

The efficiency can be calculated either from the emission 
from the trap i f the trap i s a fluorescing moiety, or from the 
quenching of emission from the antenna chromophores. An alterna
tive way of expressing this efficiency i s to calculate the number 
of antenna donor chromophores, n, quenched by each trap. Figure 1 
shows the value of η for antennas containing naphthalene repeating 
units with the three traps mentioned earlier [2]. It can be seen 
that depending on the donor-trap combination, the value of η can 
range from about 50 to about 150 in these systems. This repre
sents an increase i n the absorption cross-section for the trap of 
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one t o two orders o f magnitude, depending on the molar e x t i n c t i o n 
c o e f f i c i e n t o f the two species a t the wavelength o f e x c i t a t i o n . 

I n l a t e r work i t was shown t h a t water-soluble antennas c o u l d 
be made by copolymerizing aromatic monomers such as v i n y l naphtha
lene and naphthylmethyl methacrylate w i t h p o l y e l e c t r o l y t e s such as 
a c r y l i c a c i d [3,4]. The high e f f i c i e n c y o f these antennas i n d i 
l u t e aqueous base was a t t r i b u t e d t o the h y p e r c o i l i n g o f the p o l y -
( a c r y l i c a c i d ) c h a i n t o g i v e a pseudo m i c e l l a r s t r u c t u r e such as 
t h a t i l l u s t r a t e d s c h e m a t i c a l l y i n F i g u r e 2. We b e l i e v e t h a t such 
s t r u c t u r e s are formed spontaneously i n s o l u t i o n due t o the hydro
phobic i n t e r a c t i o n s o f the l a r g e aromatic components s t a b i l i z e d by 
the i n t e r a c t i o n o f water w i t h the h y d r o p h i l l i c c a r b o x y l anions. 
I t was l a t e r shown t h a t other types o f p o l y e l e c t r o l y t e s i n v o l v i n g 
p a r t i a l s u l f o n a t i o n o f poly(vinylnaphthalene) [5,6] and copolymers 
of aromatic monomers w i t h styrene s u l f o n a t e would a l s o l e a d t o 
polymers which i n aqueou
f i g u r a t i o n . 

I t t h e r e f o r e seemed l o g i c a l t o apply these same p r i n c p l e s t o 
the problem of producing a model of the a c t i v e s i t e i n photosyn
t h e s i s . I n the s i m p l e s t n a t u r a l photosynthetic systems the f i r s t 
chemical s t e p i s the t r a n s f e r o f an e l e c t r o n from a porp h y r i n com
pound t o a quinonoid s t r u c t u r e . This process i s i n i t i a t e d by ex
c i t a t i o n t r a n s f e r from antenna c h l o r o p h y l l pigments t o a porp h y r i n 
i n the a c t i v e center. Attempts have been made t o mimic t h i s pro
cess by i n c l u d i n g porphyrins and quinones i n f i l m s , v e s i c l e s and 
m i c e l l e s w i t h v a r y i n g degrees of success. An a l t e r n a t i v e approach 
[7] i s t o l i n k a porphyrin Ρ group c o v a l e n t l y t o a quinone Q by a 
c h a i n o f methylene groups. By a d j u s t i n g the len g t h o f the c h a i n 
i t was p o s s i b l e t o o b t a i n compounds which are s o l u b l e i n organic 
s o l v e n t s i n which photoelectron t r a n s f e r from Ρ t o Q can be ob
served. However, a f u r t h e r requirement i s t h a t the r a d i c a l i o n 
species c r e a t e d i n t h i s f i r s t s t e p be i s o l a t e d from each other so 
t h a t they do not recombine and l o s e the e x c i t a t i o n energy as heat. 

I t was found e x p e r i m e n t a l l y t h a t i f the po r p h y r i n and quinone 
are too c l o s e together back-trans f e r w i l l occur r e a d i l y and detec
t i o n o f the s t a b i l i z e d i o n r a d i c a l s p e cies w i l l be d i f f i c u l t . 
However, there appears t o be a d i s t a n c e o f approximately 10 A a t 
which e l e c t r o n t r a n s f e r can occur from the e x c i t e d p o r p h y r i n t o 
the quinone w h i l e the b a c k - t r a n s f e r process i s s u f f i c i e n t l y slow 
t h a t r a d i c a l ions can be observed by ESR and other techniques. 
For example, Mcintosh et al. [8] have detected a charge-separated 
species by e l e c t r o n paramagnetic resonance spectroscopy o f a num
ber o f c o v a l e n t l y l i n k e d P-Q compounds. 

In our recent work we decided t o take advantage of the hyper
c o i l i n g e f f e c t s observed i n p o l y ( a c r y l i c a c i d ) c o n t a i n i n g l a r g e 
hydrophobic groups t o see i f we c o u l d f i n d compositions c o n t a i n i n g 
porphyrins and quinones where the d i s t a n c e between the Ρ and Q 
groups c o u l d be adjusted by changing the pH o r i o n i c s t r e n g t h o f 
the s o l u t i o n . A c c o r d i n g l y , s e v e r a l polymers were s y n t h e s i z e d by 
cop o l y m e r i z a t i o n w i t h a c r y l i c a c i d w i t h monomers o f the s t r u c t u r e 
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F igure 1. Number o f naphthalene donors quenched per t r a p η as a 
f u n c t i o n o f t r a p c o n c e n t r a t i o n f o r (O ) 1NMMA-2AQMMA, ( Δ ) 2VN-
PVK, and (•) 2NMMA-9AMMA i n 2MeTHF a t 77K ( ~ 4 χ 10~ 4 M i n naph
thalene) . (Reprinted from Ref. 2. Copyright 1985 American 
Chemical Society.) 

Figure 2. Proposed h y p e r c o i l e d s t r u c t u r e o f anthracene end-
trapped copolymers o f a c r y l i c a c i d and NMMA i n d i l u t e a l k a l i n e 
s o l u t i o n showing F o r s t e r r a d i i f o r v a r i o u s e n e r g y - t r a n s f e r pro
cesses . 

po-coTcoo-
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shown below. The composition and molecular weights of the poly
mers synthesized are shown in Table I [9]. As can be 
seen, Polymer A contains about two porphyrin groups per chain, but 
no anthraquinone, while the second sample, B, contains one porphy
r i n and about three anthraquinone groups per molecule. Comparison 
of the emission fluorescence emission spectra of these two poly
mers on excitation of the porphyrin ring by irradiation with light 
in the range of 500 to 650 nm showed some quenching of the emis
sion in aqueous solutions of polymer Β with respect to the control 
sample A. In acid conditions the aqueous solution i s a bright 
green color, while in base i t i s a brownish purple. 

Ο 

Measurements of the ESR spectra of these solutions were also 
made at various temperatures. In a frozen aqueous glass at -40°C 
the ESR signals were observed in sample B, but not in sample A. 
The G factor of the photo-driven signal at pH 11 was 2.0037 ± 
0.0002, in excellent agreement with the assumption that i t i s a 
spin exchange average of Ρ * G = 2.0025 an AQ" G = 2.0047. The 
yield of P t Q" radical pairs was about 3% based on double inte
gration of the signals. Under acid conditions the resonance i s 
symmetrical with a G factor of 2.0025 which suggests that the AQ 
radical ion has been protonated and that only the signal for P* is 
observed. When the light i s turned off, the signal decays slowly 
over a period of about 15 minutes at -40°C. 

Table I. Properties of Acrylic Acid Copolymers 

Polymer Ea 

V 
w mol % Ρ 5 nv 

mol % Q° 

A 17.5 χ 10 4 2430 0.11 2.7 0 
Β 5.5 χ 10 4 764 0.14 1.0 0.40 3.0 

a . From int r i n s i c viscosity in dioxane using Κ = 76 χ 10—5 and a 
= 0.50 (see: Sandler, S. R.; Karo, W. "Polymer Syntheses", 
Academic Press: New York, 1977; Vol. II, Chapter 9. b. From UV 
absorbance i n methanol solution at 412 nm based on e for model 
compound tetratolylporphine = 4.2 χ 10 s. c. From UV absorbance 
in MeOH at 255 nm based on e for model compound 
2-methylanthraquinone = 5.0 χ 104. 
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From these r e s u l t s , i t was concluded t h a t i n c l u s i o n of por-
phyrin-quinone moitiés i n a p o l y e l e c t r o l y t e such as p o l y ( a c r y l i c 
a c i d ) provides a u s e f u l model t o study p h o t o e l e c t r o n t r a n s f e r pro
cesses observed i n a r t i f i c i a l photosynthesis. The advantage o f 
the use o f such polymers i s t h a t experiments may be c a r r i e d out i n 
aqueous, r a t h e r than organic media and t h a t the presence of these 
p o l y e l e c t r o l y t e s may s t a b i l i z e some of the r e s u l t a n t separated i o n 
p a i r s . Furthermore, v a r i a t i o n s i n the e f f i c i e n c y of e l e c t r o n 
t r a n s f e r and other important parameters i n the process can be made 
by changing the pH or i o n i c s t r e n g t h of the medium. 

Having developed a s u c c e s s f u l model f o r the a c t i v e center i t 
was a l s o of i n t e r e s t t o see i f one c o u l d produce antenna s t r u c 
t u r e s capable of e x c i t o n t r a n s f e r t o the porphyrin moiety. The 
photophysical p r o p e r t i e s of a s u i t a b l e polymer have a l r e a d y been 
reported by Hargreaves and Webber [10]  The phenyl anthracene v 

group has the necessary o v e r l a
a b s o r p t i o n spectrum of th
pected t o accept s i n g l e t e x c i t o n s m i g r a t i n g i n a c h a i n c o n t a i n i n g 
r e p e a t i n g phenyl anthracene groups. A c c o r d i n g l y , we s y n t h e s i z e d 
copolymers of 10-phenyl 9-anthrylmethyl methacrylate c o n t a i n i n g 
minor amounts of monomer I [11]. Evidence f o r e f f i c i e n t energy 
m i g r a t i o n and t r a n s f e r t o the porphyrin r i n g was observed by mea
surement of the e x c i t a t i o n spectrum o f the p o r p h y r i n f l o r e s c e n c e 
emission w i t h and without the antenna molecule. The r e s u l t s are 
shown i n Figure 4. I t i s c l e a r from t h i s f i g u r e t h a t a substan
t i a l i n c rease i n the a b s o r p t i o n c r o s s - s e c t i o n f o r the p o r p h y r i n 
has been obtained by the use of the phenylanthracene antenna. 

The h y p e r c o i l e d conformation assumed by p o l y e l e c t r o l y t e s 
c o n t a i n i n g l a r g e aromatic groups has a f u r t h e r i n t e r e s t i n g a p p l i 
c a t i o n . I t was found t h a t aqueous s o l u t i o n s of such polymers, 
when exposed t o s m a l l amounts of w a t e r - i n s o l u b l e aromatics d i s 
s o l v e d i n ether, w i l l concentrate the l a r g e hydrophobic molecules 
i n the center o f the h y p e r c o i l e d conformation. T h i s i s e q u i v a l e n t 
t o having a r e v e r s i b l e t r a p . When the antenna molecules i n the 
copolymer are i r r a d i a t e d w i t h l i g h t , the e x c i t a t i o n energy moves 
around on the i n s i d e of the c o i l and i f the s p e c t r o s c o p i c proper
t i e s o f the antenna and t r a p are p r o p e r l y chosen, most of the 
energy w i l l be t r a n s f e r r e d t o the t r a p . For example, Figure 5 
shows the emission from an aqueous s o l u t i o n of a copolymer of s u l 
fonated p o l y ( v i n y l naphthalene) c o n t a i n i n g s m a l l amounts of pery-
lene [ 6 ] . A n a l y s i s i n d i c a t e s t h a t there i s approximately oe pery-
lene t r a p per polymer molecule. I f the i r r a d i a t i o n i s c a r r i e d out 
i n the presence o f a i r there i s a very r a p i d removal o f the pery-
lene fluorescence by the conversion of the perylene t o i t s endo 
peroxide v i a the intermediacy o f s i n g l e t oxygen. The r e a c t i o n i n 
shown s c h e m a t i c a l l y below. 
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F igure 3. (a,b) EPR s i g n a l o f poly(AA-POMA-AQ) ; (c) EPR s i g n a l o f 
poly(AA-POMA). EPR oper a t i n g c o n d i t i o n s were 0.5-mT modulation 
amplitude a t 100 kHz and 5-mW microwave power a t 9.05 Hz; the tem
perature was 235 K. The s p e c t r a l range d i s p l a y e d i s 10 mT. (Re
p r i n t e d from Ref. 9. Copyright 1985 American Chemical Society.) 

30 

c « 
« 4. 

Wave length (nm) 

F i g u r e 4. M o d i f i e d e x c i t a t i o n s p e c t r a o f copolymer I H . 
c a l c u l a t e d spectrum by s u b t r a c t i o n ; e x c i t a t i o n spectrum o f 
t e t r a t o l y l p o r p h i n e measured under the same experimental c o n d i t i o n s 
(monitored a t 650 nm). 
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Figure 5. Perylene emission from an aqueous solution of sul
fonated poly(2-vinylnaphthalene) (SP2VN) before and after i r r a 
diation in a i r . 

10 20 
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Figure 6. Rate of conversion of perylene to endoperoxide as e s t i 
mated from decrease in fluorescence intensity at 450 nm. 
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As shown i n Figure 6 the r a t e appears t o be f i r s t order, up t o 
r e l a t i v e l y h i g h degrees o f conversion, and i s s e v e r a l orders of 
magnitude f a s t e r than i n the absence o f the polymer e l e c t r o l y t e . 
A f t e r the perylene has been r e a c t e d i n t h i s way i t can be removed 
from the aqueous s o l u t i o n by e x t r a c t i o n w i t h ether, more perylene 
can then be added, and the r e a c t i o n continued. 

We b e l i e v e t h a t these new p h o t o c a t a l y s t s may have important 
a p p l i c a t i o n s t o s y n t h e t i c chemistry. Because o f t h e i r high c a t a 
l y t i c e f f i c i e n c y and t h e i r analogy t o b i o l o g i c a l c a t a l y s t s which 
u s u s a l l y c o n t a i n a hydrophobic pocket i n which chemical r e a c t i o n 
can take p l a c e , we c a l l these unusual molecules "photozymes". The 
conformation o f these polymers can be changed r a d i c a l l y by chang
ing e i t h e r the i o n i c s t r e n g t h or the pH of the medium. This g i v e s 
co n s i d e r a b l e f l e x i b l i t y i n d esigning a system w i t h both a high e f 
f i c i e n c y f o r t r a p p i n g aromati  molecules d f o  producin  th
d e s i r e d product. However
systems have yet t o b

In c o n c l u s i o n , i t i s now p o s s i b l e t o study the photochemistry 
of a l a r g e number o f i n t e r e s t i n g organic m a t e r i a l s i n aqueous s y s 
tems u s i n g as p h o t o c a t a l y s t s p o l y e l e c t r o l y t e s c o n t a i n i n g s e n s i t i z 
ing antenna groups. The aqueous medium provides many p o t e n t i a l 
advantages. I n a d d i t i o n t o being a ver y cheap s o l v e n t , important 
v a r i a t i o n s i n the photochemistry can be observed by c o n t r o l l i n g 
the pH and i o n i c s t r e n g t h o f the s o l u t i o n . 
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Chapter 31 

Complex Formation Between 
Poly(acrylic acid) 

and Poly(ethylene glycol) 
in Aqueous Solution 

Hideko Tamaru Oyama, Wing T. Tang, and Curtis W. Frank 

Department of Chemical Engineering, Stanford University, 
Stanford  CA 94305 

Pyrene groups were attached to poly(ethylene glycol) 
(PEG) at both chain ends to allow pyrene excimer 
fluorescence to be used as a molecular probe of the 
complexation between PEG and poly(acrylic acid) (PAA). 
The excimer to monomer intensity ratio, ID/IM, WAS 
measured distinguishing intramolecular and 
intermolecular excimer formation. The decrease in 
ID/IM for the intramolecular excimer showed that the 
addition of PAA to PEG induces a decrease of 
intramolecular mobility of PEG. On the other hand, 
the fluorescence behavior of the intermolecular 
excimer showed that the local concentration of PEG is 
increased in the vicinity of PAA as a result of 
hydrogen bond interaction. Both phenomena were more 
pronounced in the PAA-PEG complex formed from the PAA 
of higher molecular weight. 

The objective of this study is to utilize fluorescence spectroscopy 
to examine complex formation between the proton-donor poly(acrylic 
acid) (PAA) and the proton-acceptor poly(ethylene glycol) (PEG). In 
the early studies, intermolecular complex formation was investigated 
by potentiometry, viscometry, calorimetry, turbidity, and 
sedimentation. (1.2) It was found from viscosity and pH 
measurements that the process is highly cooperative and that the 
complex contains stoichiometrically equivalent carboxyls of PAA and 
ether groups of PEG. Calorimetry demonstrated that the enthalpy and 
entropy of complexation are both positive in aqueous solution, 
suggesting that, while complexation involves hydrogen bonding 
between carboxyl and ether groups, hydrophobic interaction is also 
an important driving force to cause complexation. 

However, more recently, the application of fluorescence 
techniques has attracted attention. Anufrieva et al. applied the 
polarized luminescence method to the stoichiometric hydrogen bond 
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complexes between PEG and p o l y ( m e t h a c r y l i c acid) (PMAA) or PAA i n 
aqueous s o l u t i o n . I t was found that the r e l a x a t i o n time τ of 
anthracene-labeled PMAA and PAA became much longer upon complexation 
w i t h PEG: from 77nsec to 290nsec f o r PMAA and 23nsec to 50nsec f o r 
PAA. (1.3) The same phenomenon was a l s o observed i n anthracene-
l a b e l e d PEG, f o r which τ changed from l e s s than l n s e c to 350nsec i n 
the PMAA-PEG complex. Triey concluded from the s i m i l a r i t y of r 
values between those of PMAA and PEG polymers as w e l l as the 
increase i n r t h a t the m o b i l i t y of component polymers i n the 
complex i s r e s t r i c t e d by a f a i r l y long continuous l i n e a r succession 
of bonds between monomer u n i t s of the complementary polymer chains, 
very much l i k e a ladder s t r u c t u r e . 

Morawetz and coworkers employed PAA l a b e l e d w i t h the 
f l u o r e s c e n t dansyl group (DAN-PAA) to study hydrogen bonding polymer 
complexes. (4-7) The c h a r a c t e r i s t i c f e a t u r e of the dansyl group 
th a t was employed f o r the e q u i l i b r i u m study i n v o l v e d the 
fluorescence i n t e n s i t y
i n organic s o l v e n t s tha
w i t h fluorescence d e t e c t i o n , the k i n e t i c s of complexation as w e l l as 
t h a t of d i s s o c i a t i o n was i n v e s t i g a t e d . (5.) They concluded t h a t 
complex formation i n v o l v e d an i n i t i a l d i f f u s i o n c o n t r o l l e d hydrogen 
bonding f o l l o w e d by an extensive conformational t r a n s i t i o n of the 
two polymer chains necessary to achieve the a d d i t i o n a l hydrogen 
bonding to s t a b i l i z e the complex. Most r e c e n t l y , Turro and Arona 
i n v e s t i g a t e d complex formation u s i n g PAA c o n t a i n i n g pyrene groups 
d i s t r i b u t e d randomly i n the s i d e chains. (8) They demonstrated that 
the i n t e n s i t y r a t i o of monomer to excimer emission c o u l d be used to 
monitor the extent of i n t e r m o l e c u l a r a s s o c i a t i o n and polymer 
displacement r e a c t i o n s f o r terpolymer systems i n aqueous s o l u t i o n . 

The main focus of t h i s study i s to u t i l i z e excimer formation 
between pyrene groups attached to PEG c h a i n ends as a molecular 
probe of i n t e r m o l e c u l a r complex formation. The change upon 
complexation was monitored by U V - v i s i b l e absorption, e x c i t a t i o n , and 
fluorescence spectroscopies as w e l l as by fluorescence l i f e t i m e 
measurements. 

Experimental 

Three PAA samples of molecular weights 1850, 4600 and 890,000 were 
used. The f i r s t two were obtained from Polysciences and the l a s t 
was synthesized by conventional r a d i c a l p o l y m e r i z a t i o n . (9) Pyrene 
end-labeled p o l y ( e t h y l e n e g l y c o l ) (PEG*) was s y n t h e s i z e d by d i r e c t 
e s t e r i f i c a t i o n between poly ( e t h y l e n e g l y c o l ) and 1-pyrene b u t y r i c 
a c i d (PBA). (10) Monodisperse PEG ( p o l y d i s p e r s i t y 1.05) of weight-
average molecular weight 4800 was purchased from Po l y s c i e n c e s Inc. 
and s u i t a b l y modified. Gel permeation chromatography confirmed that 
the p o l y d i s p e r s i t y of the product was unchanged and t h a t the h i g h 
r e a c t i o n temperature had not degraded the PEG. U V - v i s i b l e 
a b s o r p t i o n was measured to c a l c u l a t e the tagging percentages w i t h 
methyl 1-pyrene butyrate as the model compound i n THF. The product 
was determined to be f u l l y l a b e l e d at both c h a i n ends w i t h ±5% 
accuracy. PEG* and PAA were d i s s o l v e ^ s e p a r a t e l y j n g l a s s - d i s t i l l e d 
d e i o n i z e d water and adjusted to 1x10" M and 1x10 M per r e p e a t i n g 
u n i t , r e s p e c t i v e l y . The composition of the complex was described by 
the molar r a t i o of the two r e p e a t i n g u n i t s , [PAA]/[PEG]. 
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The U V - v i s i b l e absorption s p e c t r a were measured w i t h a Cary 210 
spectrophotometer manufactured by Var i a n . The fluorescence s p e c t r a 
were taken w i t h a spectrofluorometer t h a t has been described 
p r e v i o u s l y . (11) The e x c i t a t i o n s p e c t r a were measured by a Spex 
F l u o r o l o g 212 spectrofluorometer. The monomer e x c i t a t i o n spectrum 
was monitored a t 376nm and the excimer e x c i t a t i o n spectrum was at 
500nm i n the scanning e x c i t a t i o n range between 300nm and 370nm. 
The fluorescence emission l i f e t i m e s were determined u s i n g a s i n g l e 
photon counting apparatus from Photochemical Research A s s o c i a t e s 
(PRA). Nitrogen gas was used f o r the flashlamp i n order to have 
s u f f i c i e n t s i g n a l i n t e n s i t y . 

R e s u l t s 

Intramolecular and Intermolecular Excimer Formation of PEG*. The 
fluorescence s p e c t r a of 1x10" M-PEG* aqueous s o l u t i o n a t 303K showed 
emission from both the
and a l s o from the excimer
a monomer e n t i t y observed between 370nm and 430nm was assumed to 
have the same envelope as 1-pyrene b u t y r i c a c i d , whose spectrum i s 
shown by a dotted l i n e i n the f i g u r e . The broad s t r u c t u r e l e s s band 
centered at 480nm i s due to the excimer. 

We note at the outset that there are two types of excimer 
formation i n the 1x10 M-PEG* aqueous s o l u t i o n . The f i r s t type of 
excimer forming s i t e (EFS) r e s u l t s i n t e r m o l e c u l a r l y by a s s o c i a t i o n 
between chromophores from two d i f f e r e n t polymer chains. The number 
of these s i t e s i s d i r e c t l y dependent on the l o c a l c o n c e n t r a t i o n of 
l a b e l e d chains. The second type of excimer s i t e a r i s e s from 
a s s o c i a t i o n between aromatic r i n g s on the same polymer chain. In 
the present case, t h i s means that c y c l i z a t i o n of the l a b e l e d PEG 
chain must occur. 

To d i s t i n g u i s h the two types of excimers c l e a r l y a s o l u t i o n of 
1% of PEG* (both c h a i n ends l a b e l e d by chromophores) and 99% of PEG 
(unlabeled) was a l s o prepared, f i x i n g the t o t a l polymer 
c o n c e n t r a t i o n to be 1x10 M. Under t h i s c o n d i t i o n , only 
i n t r a m o l e c u l a r excimer i s formed because the excimer to monomer 
i n t e n s i t y r a t i o , I ^ / I , was observed to be constant r e g a r d l e s s of 
small v a r i a t i o n of PEG* (labeled) c o n c e n t r a t i o n i n the mixture w i t h 
unlabeled PEG. We assumed tha t t h i s allowed the behavior of an 
i n d i v i d u a l PEG chai n to be examined as discussed i n the f o l l o w i n g 
s e c t i o n . Furthermore, f u l l y l a b e l e d PEG chains i n 1x10 M 
aqueous s o l u t i o n were considered to have two kinds of excimers, i . e . 
formed both i n t r a m o l e c u l a r l y and i n t e r m o l e c u l a r l y . As a r e s u l t , the 
c o n t r i b u t i o n of i n t e r m o l e c u l a r excimer formation was assumed to be 
given by s u b t r a c t i n g the Ιβ/Iw data on the 1%PEG*-99%PEG system from 
those on the f u l l y l a b e l e d PEG system. I n order to do t h i s 
treatment the Ι β/Ι Μ values were c a r e f u l l y determined from the 
s p e c t r a l area f o r a monomer and an excimer e n t i t y , r e s p e c t i v e l y . 
The i n t e r m o l e c u l a r excimer formation w i l l be discussed i n the t h i r d 
s e c t i o n . 

Intramolecular Excimer Formation i n the PEG*-PAA Complex. The 
fluorescence s p e c t r a of the (1%PEG* and 99%PEG) mixture were 
measured w i t h a d d i t i o n of PAA aqueous s o l u t i o n . The t o t a l ^ 
co n c e n t r a t i o n of l a b e l e d and unlabeled PEG was f i x e d to be 1x10 M 
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per r e p e a t i n g u n i t . Figure 2 shows the r e s u l t s f o r (1%PEG* + 
99%PEG). Note tha t even though the PAA-PEG complex i s known to form 
a s t o i c h i o m e t r i c complex, (1.2) there i s no d i s c o n t i n u i t y at the 
s t o i c h i o m e t r i c r a t i o ; the I^/I^ continues to drop even i n the 
presence of excess PAA. However, a c e t i c a c i d does not cause any 
change over the whole composition range. 

Furthermore, fluorescence l i f e t i m e s f o r monomer and excimer 
emission were i n v e s t i g a t e d w i t h complexation, as shown i n Figure 3 . 
The observed monomer emission decay curves c o u l d be f i t t e d to a two 
exponential f u n c t i o n over the whole composition range. The 
l i f e t i m e s of monomer decay s l i g h t l y increased w i t h a d d i t i o n of 
PAA(890K). The excimer emission decay a l s o showed a two exponential 
decay curve except f o r pure PEG* aqueous s o l u t i o n , which c o u l d be 
analyzed by a s i n g l e exponential f i t t i n g . The excimer emission 
decay d i d not show a r i s i n g time w i t h i n the r e s o l u t i o n of our PRA 
nanosecond fluorometer f o r a l l compositions  The increase i n the 
l i f e t i m e upon complexatio
emission than i n the monome

Intermolecular Excimer Formation i n the PEG*-PAA Complex. Next, the 
same experiments were repeated using the aqueous s o l u t i o n of f u l l y 
tagged PEG m a t e r i a l s (PEG*). Figure 4 shows the change i n Ιβ/Ι^ f° r 

PEG* by a d d i t i o n of the PAA proton donor. The i n i t i a l Ι β/Ι Μ vaTue 
i s h igher than t h a t i n Figure 2 due to i n t e r m o l e c u l a r excimer 
formation, the c o n t r i b u t i o n f o r which was c a l c u l a t e d to be 9.6% of 
the t o t a l Ip/Iw value. Although a c e t i c a c i d i s supposed to be 
another type οι proton donor, i t had a b s o l u t e l y no e f f e c t over the 
whole r e g i o n , the same as t h a t observed i n Figure 2. Upon increase 
of the molecular weight of PAA i t appears that complex formation i s 
f a c i l i t a t e d . 

I n order to o b t a i n the net c o n t r i b u t i o n of the i n t e r m o l e c u l a r 
excimer, the smoothed 1 ^ / I M data shown i n Figure 2 were subt r a c t e d 
from smoothed data i n Figure 4. The r e s u l t s are given i n Figure 5 . 
The r e s u l t s show that the higher molecular weight of PAA causes 
stronger i n t e r m o l e c u l a r aggregation and reaches the f i n a l value of 
I D / I M e a r l i e r . At the higher [PAA]/[PEG], the molecular weight 
dependence of PAA was almost n e g l i g i b l e . 

E f f e c t s of Complexation on the Absorption and E x c i t a t i o n Spectra. 
The U V - v i s i b l e a b s o r p t i o n spectrum of PEG* has peaks between 250nm 
and 400nm, as shown i n Figure 6. The peaks around 380nm, between 
300nm and 360nm, an<jl between 250niji and 300nm correspond to thç 
absorptions of the band, the L & band, and band from A of 
the pyrene r i n g , r e s p e c t i v e l y . They are a r e s u l t of e x c i t a t i o n to 
Che f i r s t , the second, and the t h i r d s i n g l e t e x c i t e d s t a t e s . The 

a b s o r p t i o n was too weak Jo i n v e s t i g a t e the e f f e c t of 
complexation. However, the L bands at 327.8nm and 343.8nm were 
observed to r e d - s h i f t upon complexation by 2.3nm and 1.6nm, 
r e s p e c t i v e l y , as shown i n Figurç 7. This corresponds to a decrease 
of energy by 193cm and 148cm" . The a b s o r p t i o n bands a t t a i n e d 
constant values at [PAA]/[PEG]=2. Moreover, the e x c i t a t i o n s p e c t r a 
a l s o showed s i m i l a r r e d - s h i f t s of about 2.5nm as complex formation 
occurred. 
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WAVELENGTH [NM] 

Figure 1 Emission spectrum of 1x10" M-PEG* aqueous s o l u t i o n a t 
303K. The spectrum shown by a dotted l i n e i n the f i g u r e i s f o r 1-
pyrenebutyric a c i d . (Reproduced from Ref. 16. Copyright 
1987 American Chemical Society.) 

3.5, 

0.01 · 1 ' 1 · 1 · 1 · 1 1 

0.0 1.0 2.0 3.0 4.0 5.0 

MOLE RATIO OF [PAA]/[PEG] 

Figure 2 Change i n the i n t r a m o l e c u l a r excimer to monomer i n t e n s i t y 
r a t i o w i t h the a d d i t i o n of PAA at 303K. 
1) Δ : PAA(890K), 2) • : PAA(1850), 3) Ο : a c e t i c a c i d 
(Reproduced from Ref. 16. Copyright 1987 American Chemical 
Society.) 
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Figure 3 Change i n l i f e t i m e of monomer and excimer emissions upon 
complexation. a) monomer emission decay, b) excimer emission decay 
(Reproduced from Ref. 17. Copyright 1987 American Chemical 
Society.) 
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MOLE RATIO OF [PAA]/[PEG] 

Figure 4 Change i n the r a t i o of excimer to monomer i n t e n s i t y of 
f u l l y l a b e l e d PEG* w i t h the a d d i t i o n of PAA at 303K. 
1) Δ : PAA(890K), 2) Ο ' PAA(4600), 3) • :PAA(1850), 
4) Ο : a c e t i c a c i d 
(Reproduced from Ref. 16. Copyright 1987 American Chemical 
Society.) 
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Figure 5 Change i n the i n t e r m o l e c u l a r excimer to monomer i n t e n s i t y 
r a t i o w i t h the a d d i t i o n of PAA at 303K. I t was c a l c u l a t e d by the 
s u b t r a c t i o n of data i n Figure 2 from those i n Figure 4. 
1) Δ : PAA(890K), 2) • : PAA(1850), 3) Ο : a c e t i c a c i d 
(Reproduced from Ref. 16. Copyright 1987 American Chemical 
Society.) 
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250 300 350 400 

Wavelgngth (nm) 

Figure 6 Absorption spectrum of PEG* i n aqueous s o l u t i o n . 
(Reproduced from Ref. 17. Copyright 1987 American Chemical 
Society.) 

2.0 3.0 
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Figure 7 Absorption peak s h i f t of PEG* upon the a d d i t i o n of 
PAA(890K) 
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D i s c u s s i o n 

From these observations about the i n t e r m o l e c u l a r and i n t r a m o l e c u l a r 
excimers formed between PEG* cha i n ends, we i n f e r s e v e r a l important 
e f f e c t s of complexation on the component polymers. 

F i r s t , hydrogen bond i n t e r a c t i o n between PAA and PEG was 
observed f o r a l l polymers, r e g a r d l e s s of molecular weight. Only the 
proton donor analog of low molecular weight, a c e t i c a c i d , d i d not 
i n t e r a c t w i t h PEG. This means t h a t the d r i v i n g f o r c e towards the 
formation of a s i n g l e hydrogen bond between an ether and a 
monocarboxylic a c i d i n aqueous s o l u t i o n i s very s m a l l and that a 
s t a b l e complex can be formed only by the cooperative i n t e r a c t i o n of 
many such groups. A n t i p i n a et al. concluded t h a t i n order f o r a 
complex to be formed between PAA and PEG the molecular weight of the 
PEG had to be around 6000. (12) I n a d d i t i o n , Ikawa et al. a l s o 
r e p o r t e d t h a t they d i d not observe any change i n v i s c o m e t r i c data 
when the PEG molecular weigh
complex, when t h e i r polyme
However, i n the present study on complexation the pyrene excimer 
fluorescence technique was shown to be s e n s i t i v e enough to observe 
the i n t e r a c t i o n between PEG* w i t h weight-average molecular weight of 
4800 and PAA w i t h a wide range of molecular weight between 1850 and 
890K. 

Second, the longer c h a i n of PAA showed a stronger i n t e r a c t i o n 
w i t h PEG. The present observation of the molecular weight 
dependence of PAA on complexation i s s i m i l a r to the r e s u l t s of the 
molecular weight dependence of PEG, where A n t i p i n a observed t h a t 
longer chains of PEG reduced the v i s c o s i t y a greater amount f o r 
molecular weights between 6000 and 40,000 because of complexation. 
(12) 

T h i r d , the a d d i t i o n of PAA induced a decrease of i n t r a m o l e c u l a r 
excimer formation f o r PEG*. Even though the PAA-PEG complex i s 
found to have an equal mole of each r e p e a t i n g u n i t by past s t u d i e s , 
(1 . 2 ) ÏQ/^VJ f o r the i s o l a t e d c h a i n decreases c o n t i n u o u s l y w i t h an 
increase ot the [PAA]/[PEG] molar composition r a t i o . I n a d d i t i o n , 
the t r a n s i e n t measurement f o r monomer and excimer emission showed an 
increase of two l i f e t i m e components, which was more pronounced i n 
the excimer emission decay. Turro and Arona a l s o r e p o r t e d l i f e t i m e 
changes upon complexation f o r systems i n which a pyrene group was 
randomly tagged to a side group of PAA. (8) They found that the 
monomer and excimer emission decay curves showed c o n t r i b u t i o n s from 
s h o r t - l i v e d and l o n g - l i v e d components, even though the decay curves 
co u l d not be s a t i s f a c t o r i l y f i t t e d to an equation c o n t a i n i n g two 
expone n t i a l terms. They observed t h a t the l o n g - l i v e d l i f e t i m e f o r 
excimer emission increased from 58nsec to 83nsec a t a (1/1) 
s t o i c h i o m e t r i c r a t i o . In Figure 3, we a l s o observed an increase i n 
l i f e t i m e s upon complexation, i n which the excimer l i f e t i m e showed a 
more pronounced increase than the monomer l i f e t i m e , as they 
observed. The suppression of i n t r a m o l e c u l a r excimer formation and 
the increase i n l i f e t i m e are probably due to a decrease i n 
in t r a m o l e c u l a r m o b i l i t y of the PEG chain upon complex formation. 

Fourth, the a d d i t i o n of PAA induces an increase i n the l o c a l 
c o n c e n t r a t i o n of PEG i n the v i c i n i t y of the PAA chain. This was 
observed as an i n i t i a l increase of i n t e r m o l e c u l a r excimer formation, 
as shown i n Figure 5. The hydrogen bond i n t e r a c t i o n between a 
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c a r b o x y l group of PAA and an ether group of PEG causes the 
aggregation, which r e s u l t s i n f a c i l i t a t i n g the pyrene excimer 
formation between two d i f f e r e n t PEG* chains. The aggregate formed 
through hydrogen bonds i s g e n e r a l l y proposed to have two p o s s i b l e 
forms depending on component polymer s t r u c t u r e s and p r e p a r a t i o n 
c o n d i t i o n s . The f i r s t i s the s o - c a l l e d "zip-up" s t r u c t u r e or 
"ladder" s t r u c t u r e f o r which the mechanism of l i n e a r consecutive 
j u n c t i o n leads to the complex formation. The other i s the 
"scrambled-salt" s t r u c t u r e i n which random c r o s s l i n k i n g takes p l a c e , 
sometimes y i e l d i n g a g e l s t r u c t u r e . (1.2) To d i s t i n g u i s h these 
types, i t i s necessary to perform a v i s c o s i t y measurement. 
Un f o r t u n a t e l y , the molecular weights and polymer concentrations of 
our samples were too low to permit i t . Another i n t e r e s t i n g feature 
on the complex s t r u c t u r e i s th a t the data i n Figure 5 suggest that 
the composition of the complex has a st o i c h i o m e t r y of [PAA]/[PEG] 
between 2 and 3 under our experimental c o n d i t i o n  I n t h i s case  the 
complex system does no
complementary polymers
of unbound f u n c t i o n a l groups. 

F i f t h , the pyrene excimer of PEG* i n aqueous s o l u t i o n i s formed 
by a d i f f e r e n t mechanism compared to the one appropriate f o r organic 
s o l v e n t s . Winnik and h i s c o l l a b o r a t o r s have demonstrated t h a t the 
I p / I ^ i s i n v e r s e l y p r o p o r t i o n a l to sol v e n t v i s c o s i t y i n non-protonic 
s o l v e n t s , as expected f o r a d i f f u s i o n - c o n t r o l l e d process. (14) 
However, i n water and methanol the extent of excimer emission and 
the r a t e of i n t r a m o l e c u l a r excimer formation were s u b s t a n t i a l l y 
greater than one would i n f e r on the b a s i s of so l v e n t v i s c o s i t y 
alone. They suggested th a t the hydrophobic chromophore i s 
undoubtedly b e t t e r s o l v a t e d by the environment w i t h i n the polymer 
c o i l than i f the pyrene were surrounded completely by water or 
methanol. This s i t u a t i o n would be expected to l e a d to an increased 
Ip/I^j due to a reduced distance of se p a r a t i o n between pyrenes. 

In the present study, i t was observed th a t the excimer decay of 
in t r a m o l e c u l a r excimer d i d not show a r i s i n g time. This means that 
the observed excimer formation r e s u l t s from the arrangement of 
pyrene groups which are already pre-formed i n the ground s t a t e . 
Under such a c o n d i t i o n the excimer i s e s s e n t i a l l y formed 
in s t a n t a n e o u s l y upon e x c i t a t i o n without the n e c e s s i t y of molecular 
d i f f u s i o n to form the coplanar sandwich s t r u c t u r e . Considering the 
obser v a t i o n that the m a j o r i t y of excimer i n pure PEG* aqueous 
s o l u t i o n i s formed i n t r a m o l e c u l a r l y , PEG* chains must already e x i s t 
i n a c y c l y z e d s t r u c t u r e before e x c i t a t i o n i n aqueous s o l u t i o n . This 
i m p l i e s t h a t the hydrophobic i n t e r a c t i o n between chromophores 
becomes s i g n i f i c a n t i n aqueous s o l u t i o n , as Winnik has a l s o p o i n t e d 
out. A more d e t a i l e d study on the hydrophobic i n t e r a c t i o n i n water 
i s r eported s e p a r a t e l y . (15) 

An a d d i t i o n a l piece of evidence regarding the mechanism i s the 
r e d - s h i f t i n the absorption and e x c i t a t i o n s p e c t r a upon 
complexation. Complexation f a c i l i t a t e s the i n t e r m o l e c u l a r excimer 
formation because PEG* chains are a t t r a c t e d to the v i c i n i t y of PAA 
and the l o c a l pyrene c o n c e n t r a t i o n increases. Thus the observed 
r e d - s h i f t i n the absor p t i o n and e x c i t a t i o n s p e c t r a upon complexation 
seems to r e s u l t from the pyrene-pyrene i n t e r a c t i o n which i s pre
formed i n t e r m o l e c u l a r l y as a r e s u l t of the s p e c i f i c s t r u c t u r e of 
complex. Here a l s o the hydrophobic a t t r a c t i o n between chromophores 
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must p l a y an important r o l e to cause such a ground s t a t e 
i n t e r a c t i o n . 

F i n a l l y , another s i g n i f i c a n t p o i n t i s th a t the excimer was 
formed between pyrenes a t the PEG* cha i n ends i n t e r m o l e c u l a r l y even 
though the system had a l a r g e r molecular weight of PEG than tha t of 
PAA, as observed i n both PEG*-PAA(1850) systems. This means that i n 
the PEG-PAA complex the hydrogen bond works very e f f e c t i v e l y to 
al l o w two or more long PEG chains to become c l o s e enough to form an 
excimer around a short PAA chain. 

Summary 

Pyrene excimer fluorescence was used as a s e n s i t i v e p r o x i m i t y probe 
i n the i n t e r m o l e c u l a r complex system. Upon a d d i t i o n of PAA 
s o l u t i o n , the i n t r a m o l e c u l a r m o b i l i t y of the PEG ch a i n was 
suppressed r e s u l t i n g i n decreased i n t r a m o l e c u l a r excimer formation
Simultaneously, the l o c a
v i c i n i t y of PAA. The excime
arrangement of pyrene groups which i s already pre-formed i n the 
ground s t a t e . The e f f e c t of complexation i s observed to be more 
pronounced i n the PEG-PAA w i t h a higher molecular weight of PAA. A 
more complete account of t h i s work w i l l appear elsewhere. (16,17) 
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Chapter 32 

Interaction of Cationic Species 
with Polyelectrolytes 

Deh-Ying Chu and J . K. Thomas 

Department of Chemistry, University of Notre Dame, 
Notre Dame, IN 46556 

The interactions of various cationic species with 
polyacids, such a
poly(acrylic acid)
particular, the effect of polyacid conformation on 
the interaction is discussed in detail, and also the 
nature of the aggregation of PMA and cationic sur
factants alkyltrimethylammonium bromide, CnTAB. The 
effect of the intermediate conformation states of 
PMA around pH 4-6 is noted, where the photophysical 
properties of cationic probes bound to PMA dramat
ically change, effects such as a large enhancement 
of the fluorescence intensity of Auramine O, Au Ο at 
pH 4.5, a blue shift of the luminescence spectra of 
tris(2,2'-bipyridine)ruthenium(II) complex, 
Ru(bpy)32+ at pH 5, and a great increase of the 
excimer yield of 1-pyrenebutyltrimethyl ammonium 
bromide, C4PN+ at pH 6. 

Water soluble synthetic polyelectrolytes have attracted increasing 
attention in recent years, mainly because of their wide utility in 
industrial applications, and also because of their resemblance to 
biopolymers. Poly(methacrylic acid), PMA, a weak polyelectrolyte, 
exhibits a marked pH induced conformational transition. A wide 
variety of techniques have been employed to gain more information 
on the nature of the conformational transition of PMA, these 
techniques include: viscometry, potential titrimetry,(1-5) Raman 
spectrometry,(6) calorimetry,(7-9) electrical conductometry,(10) 
dilatometry,(11) 1H ΝMR linewidth,(12) viscoelastic studies,(13) 
kinetics of chemical reactions,(14) small-angle neutron 
scattering,(15) pH jump,(16,17) and fluorescent probing.(18-27) 

The data tend to support a two state model, i.e. at low pH, a 
compact globular conformation (A states) and at high pH, an 
extended rod-like form (B states) for the conformation transition 
of PMA. The conformational transition is considered to be highly 
cooperative and occurs in one step. Nevertheless, the 
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conformational t r a n s i t i o n as observed i n Raman spectroscopy which 
i n d i c a t e s a m u l t i p l i c i t y of structures,(6) e x h i b i t s progressive 
states rather than a cooperative change. D i f f e r e n t arrangements of 
the lumophore pyrene i n ΡMA i n d i c a t e d i f f e r e n t degrees of opening 
of the polymer compact c o i l as the pH of an aqueous s o l u t i o n 
increases,(28) The c o v a l e n t l y bound pyrene i n d i c a t e s a l a t e r 
t r a n s i t i o n than that of guest molecules included by simple 
s o l u b i l i z a t i o n . D e t a i l s of the u n c o i l i n g process are, therefore, 
s t i l l open to question and other measurements are d e s i r a b l e . 

In order to extend e a r l i e r work, s e v e r a l p o s i t i v e l y charged 
luminescent probes, t r i s ( 2 , 2 ' - b i p y r i d i n e ) ruthenium(II) complex, 
R u ( b p y ) 3

2 + , Auramine 0, Au Ο, 1-pyrenebutyltrimethyl ammonium 
bromide, C^PN1" and 1 -pyreneundecyltrimethylammonium i o d i d e , C^PN* 
have been employed to monitor the nature of the conformational 
t r a n s i t i o n of PMA over the pH range of 2 to 8, from A states i n t o Β 
s t a t e s . The purpose of the present work i s  to i n v e s t i g a t e the 
intermediate states i
with i n c r e a s i n g pH an
p o l y e l e c t r o l y t e s on the photophysics and photochemistry of c a t i o n i c 
probes. RuCbpy)^*, which has a large b i p y r i d i n e l i g a n d s t r u c t u r e , 
Au 0 which i s non-fluorescent i n water, C 4PN + and C^PN*, which 
form excimers, a l l report on various features of t h e i r environment. 

Polymer-surfactant systems have a l s o been the subject of many 
recent s t u d i e s . However, e a r l y studies have mainly focussed on the 
i n t e r a c t i o n between nonionic polymers and anionic s u r f a c t a n t s , 
sodium dodecyl s u l f a t e , SDS.(29-36) A great v a r i e t y of 
experimental data v i a d i f f e r e n t techniques e x i s t s , but the nature 
of the surfactant-polymer a s s o c i a t i o n i n these systems i s 
r e l a t i v e l y weak. For instance, the studies have shown that i n the 
Poly(ethylene oxide), PEO - SDS system, there i s no i n t e r a c t i o n 
between SDS and PEO f o r SDS concentrations below the CMC c r i t i c a l 
m i c e l l e concentration, of SDS. There are few reports concerning 
the i n t e r a c t i o n of p o l y e l e c t r o l y t e s with surfactants of opposite 
charge,(37-40) e s p e c i a l l y the i n t e r a c t i o n of weak p o l y e l e c t r o l y t e s 
with c a t i o n i c surfactants.(41) However, there i s no report on the 
e f f e c t of chainlength of a c a t i o n i c s u r f a c t a n t on the stat e of 
aggregation and no d e t a i l e d studies on the nature of aggregates. 
Therefore, the e f f e c t of c a t i o n i c s urfactants on the conformational 
t r a n s i t i o n of PMA has been i n v e s t i g a t e d i n the present study. The 
i n t e r a c t i o n between c a t i o n i c surfactants with PMA permits a study 
of the e f f e c t of charge density and conformation of p o l y e l e c t r o l y t e 
on the aggregation process, and a l s o the e f f e c t of chainlength 
c a t i o n i c s urfactants on the conformational t r a n s i t i o n of PMA. 

EXPERIMENTAL 

Poly(methacrylic a c i d ) , PMA, and p o l y ( a c r y l i c a c i d ) , PAA, used i n 
t h i s study were obtained from Polyscience and A l d r i c h Chemicals 
Inc., r e s p e c t i v e l y . The molecular weight of PMA measured by 
standard v i s c o s i t y methods was 1.1 χ 10 4· The molecular weight of 
PAA was given as 2.5 χ 10 by the A l d r i c h Chemical Inc. PMA 
samples of d i f f e r e n t molecular weight (3.9 χ 10^, 1.6 χ 10 and 6.4 
χ 10 5) used f o r studying e f f e c t s of molecular weight, were 
synthesized by using d i f f e r e n t amounts of AIBN and monomer. Free 
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radical polymerization were carried out as reported earlier.(42) 
The concentrations of polymer solutions are expressed as 
weight/volume ratio, i.e. grams per l i t e r . Unless stated to the 
contrary, a l l polymer samples are used in 1 g/L. 

Cationic surfactants, C N T A B , such as decyltrimethylammonium 
bromide, C 1 Q T A B (Kodak), dodecyltrimethylammonium bromide, C , 2

T A B 

(Kodak) and cetyltrimethylammonium bromide, gTAB (Sigma) were 
purchased as indicated and then purified by recrystallization from 
ethanol. However, hexyltrimethylammonium bromide (C ^ T A B ) and 
octyltrimethylammonium bromide ( C Q T A B ) were synthesized by 
refluxing either 1-bromohexane or 1-bromooctane (Aldrich) with 
trimethylamine methanol solution and f i n a l l y recrystallized twice 
from benzene.(5) An anionic surfactant, sodium dodecyl sulfate, 
SDS (BDH) was used as received. 

The cationic probes used in this study are displayed in Figure 
1. 1-Pyrenebutyltrimethyl ammonium bromide (C^PN*)  1-pyrene-
undecyl trimethyl ammoniu
from Molecular Probes
chloride, Ru(bpy)2^+ (G» Fredrick Smith) was purified by double 
recrystallization from the deionized water. Auramine 0, Au 0 
(Aldrich) and Pyrene (Kodak) were purified by triple and double 
recrystallization from ethanol, respectively. 

The pH of the sample was adjusted with concentrated HC1 or 
NaOH aqueous solution and measured with a Sargent-Welch combination 
electrode at room temperature, 20° C, using a Model LS pH meter. 
Before taking measurements, the pH meter was calibrated with 
standard buffer solutions of pH 4, pH 7 and pH 10. 

Steady state absorption spectra and emission spectra were 
recorded on a Perkin-Elmer 552 UV-Vis and MPF-44B fluorescence 
spectrophotometer respectively. The ratio of I e / I m

 i s the ratio of 
the intensity of excimer (λ 480 nm) to monomer fluorescence (λ 377 
nm)· The ratio of I3/I1 is the ratio of the intensity of the 
pyrene monomer fluorescence intensity of peak 3 (λ 384 nm) to peak 
1 (λ 373 nm). 

Fluorescence decay curves were determined by a PRA LN-1000 
nitrogen laser system with a response of less than 10"9 

seconds.(42) The monomer fluorescence of pyrene and pyrene 
derivatives was monitored at 400 nm, and that of the excimer 
fluorescence at 480 nm. 

RESULTS AND DISCUSSION 

Studies with Au Ο and Ru(bpy) 3̂ "**· Studies of binding of cationic 
dyes to polyelectrolytes has attracted interest for some time. 
Auramine 0, Au 0, a cationic diphenylmethane dye is non-fluroescent 
in water, but fluoresces strongly in ri g i d media or in the bound 
states of a compact PMA coil.(18-23) Other cationic dyes such as 
Crystal Violet (CV)(24-25), Acridine Orange (AO) 2 6 and Rhodamine Β 
(RB)(27) are also found to bind strongly to PMA. These dyes are 
reported to bind to both the open and coiled states of the polymer, 
and i t is concluded that binding is stronger in the A states than 
in the Β states. However, the present photophysical studies on the 
binding of Au Ο to PMA show some additional features compared to 
other previous studies, i.e., the dye binding is stronger in the 
intermediate states rather than in the A states. 
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The maximum wavelength of absorption of Au Ο in water is not 
dependent on pH. However, in aqueous solutions of PMA, the 
spectrum is significantly dependent on pH (shown in Figure 2A). At 
pH 4-5, the spectra move to longer wavelengths (the X m a x of two 
peaks are 375 nm and 442 nm at pH 4.5), while the spectra in the 
solutions at pH 2 and 8 are identical to that in water, where the 
X m a x of two peaks are 368 nm and 430 nm. Absorption spectra of Au 
Ο in glycerol, in water and in SDS are displayed in Figure 2B, for 
the sake of comparison. Again a bathochromic shift of maximum 
wavelength is observed in glycerol, λ of 372 nm and 438 nm, 
while in SDS the λ ̂  are 370 nm and 437 nm. The data indicate a max 
special interaction between Au Ο and PMA polymer coils (pH 4-5) 
which is similar to the restriction placed by glycerol on mobility 
of Au Ο. This restriction is stronger at pH 4-5 than at other pH 
and also stronger than that in SDS  The restriction increases the 
conjugation of molecula
of Au Ο as required fo
orbitals and non-bounding electrons of nitrogen. It can be seen 
that in the Au Ο - PMA system at pH 8, electrostatic binding does 
not cause a bathochromic shift, while partially ionised PMA (pH 4-
5), shifts the absorption spectrum about 10 nm toward the longer 
wavelength region. The polymer conformation in aqueous solutions 
at pH 4-5 effectively immobilizes Au 0 leading to the above 
spectral effects. 

A wavelength of 388 nm was chosen for excitation in the 
studies of Au Ο fluorescence, as the absorbance is invariant or 
nearly invariant over the pH 2-8. The relative fluorescence 
intensity of Au Ο in aqueous solutions as a function of pH is shown 
in Figure 3A. The relative fluorescence intensity exhibits a 
marked enhancement on increasing the pH from 2 to 4.5, followed by 
a marked decrease, almost to zero, on increasing the pH above 5; i t 
can be noted that the relative intensity of Au Ο fluorescence 
reaches a maximum at pH 4.5. The fluorescence intensity at pH 4.5 
is four hundred times greater than that in water, one hundred times 
larger than that in SDS anionic surfactants solution (5 χ 10~2 M) 
and in poly(acrylic acid) at pH 3-4, and even larger than that in 
glycerol. The steady state fluorescence data correspond well to 
the data obtained via absorption spectra studies. 

A simple explanation of the observed data is as follows: 
anionic sites are formed on the PMA as the compact PMA c o i l opens 
with increasing pH,leading to binding of Au 0 to these sites. On 
binding to these sites, the Au 0 causes a restriction which tends 
to pull the polymer chain around the probe molecule, thus 
decreasing the internal rotation or other motion of bonds of the 
probe molecule, leading to an increase in the fluorescence yield. 
Structural r i g i d i t y enhances the fluorescence by inhibiting 
radiationless processes that compete with fluorescence, and by 
preventing a large Frank-Condon geometric difference between the 
excited singlet state Ŝ  and the ground state S Q. The above data 
indicate that the environment of Au Ο in PMA at pH 4.5 is much more 
rig i d than at other pH, on SDS micellar surfaces, and even in 
glycerol. At higher pH, Au Ο is completely bound to an extended 
highly negatively charged polymer, and close to the aqueous 
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2. Absorption spectra of 2 χ 10 M Auramine Ο. 
A. in aqueous solutions of PMA at various pH. 
B. in water, in SDS and in glycerol. 
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environment, the environment of Au Ο is non-rigid and the polymer 
has l i t t l e effect, the I is close to that in water. At pH 2, no 
electrostatic binding exists, but Au 0 molecules may be partially 
solubilized in compact polymer c o i l , so that I r at pH 2 is higher 
than in water. 

A similar unique effect of PMA on the photophysics of 
Ru(bpy) 3

2 + is observed at pH 5, for example both the lifetime and 
luminescence intensity of Ru(bpy) 3

2 + show maxima at pH of about 
5. The luminescence of the probe also exhibits a blue spectral 
s h i f t at this particular pH compared to other pH. The change in 
the photophysical properties are due to binding of Ru(bpy)3

 + into 
a partially coiled or swollen polymer PMA at pH 5. The binding is 
electrostatic in nature and the ligands of the organometallic 
complex probe are quite restricted in a hydrophobic environment, so 
that unlike more mobile systems such as water or a stretched 
polymer, complete relaxation of the excited state is not achieved
Hence, the lifetime an
accordingly and the emissio

Photophysical studies of Au 0 and Ru(bpy) 3
2 + i l l u s t r a t e common 

features, i.e. the conformational transition induced by pH is a 
progressive continuous process over several pH units, and at pH 4-
5, the compact polymer c o i l is partly swollen. This particular pH 
region allows some cationic species to bind into the swollen 
polymer coils of PMA. Binding is electrostatic in nature, however 
the mobility of cationic probe is quite restricted in a hydrophobic 
environment. With the probes used, this effect increases the I f of 
the probe which shows a maximum at pH 4.5 or pH 5. The pH at which 
photophysical effects are maximized is dependent on the probe 
properties such as size, water sol u b i l i t i e s , etc. Au 0 possesses a 
smaller size than Ru(bpy) 3

2 +, at least in one dimension, and i t may 
be partially solubilized or intercalated into a compact polymer 
c o i l at low pH, as well as binding into a swollen polymer c o i l at 
pH 4.5. The larger size of Ru(bpy) 3

2 + may deter i t s solubilization 
in compact polymer coils, without preventing i t s binding into a 
swollen polymer at higher pH, i.e., pH 5. where the polymer i s 
further expanded to contain the Ru(bpy)3

 + molecule. In accordance 
with this picture, Au Ο shows a maximum fluorescence yield in PMA 
at pH 4.5, and Ru(bpy) 3

2 + at pH 5. 
The effect of the intermediate polymer states on the 

photophysics of C^PN+, a more hydrophobic cationic probe than Au 0 
and Ru(bpy) 3

2 +, is not as marked, as this probe is solubilized in 
polymer A states and in intermediate states. A comparison can be 
seen in Figure 3A, which shows the variation of I r vs. pH for 2 χ 
10"6 M C 4PN + in PMA. The data are similar to the case of pyrene, 
which shows l i t t l e variation in photophysical properties on 
increasing pH from 2 to 4, quite unlike Au Ο and Ru(bpy) 3

2 +. 
Similar studies in aqueous solutions of poly(acrylic acid), 

PAA, i.e., variation of I r vs. pH are shown in Figure 3B. A 
smaller increase in I r with Au Ο fluorescence was observed around 
pH 3-4 than in the case of PMA, however, i t is s t i l l 6-7 times 
larger than that in water. The data again indicate that due to the 
lack of methyl side groups i.e. lack of hydrophobic interaction PAA 
forms much looser coils at low pH than PMA, with smaller effects of 
the conformational transition on the photophysics of Au 0. 
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Studies with C^PN* and C^PN*. Intramolecular pyrene excimer 
formation was used to study the c y c l i z a t i o n dynamics of polymers, 
such as pyrene end capped poly(ethylene oxide),(43) poly
styrenes, ( 44) and other polymers.(45) However, there i s no report 
on the e f f e c t of any conformational t r a n s i t i o n of p o l y e l e c t r o l y t e s 
induced by pH on the excimer formation. In t h i s study, a c a t i o n i c 
pyrene d e r i v a t i v e s , the probe C 4PN + e x h i b i t s a maximum i n excimer 
formation with pH, a feature not a v a i l a b l e with other c a t i o n i c 
probes, while the long chain c a t i o n i c probe, C^PN*, f a i l s to 
e x h i b i t such a pH e f f e c t on excimer formation. 

The fluorescence spectra of 6 χ 10""̂  M C 4PN + i n aqueous 
solutio n s of PMA at pH 4, 5, 6 and 7 are displayed i n Figure 4. I t 
can be seen that excimer formation i s unfavorable i n aqueous 
sol u t i o n s of PMA at pH 4 and 5, where a large monomer fluorescence 
spectrum with f i n e s t r u c t u r e ( X m a x 377 nm) i s observed. At pH 6, a 
gr e a t l y enhanced excimer fluorescence spectrum i s observed a t 
longer wavelengths U m a

while the monomer fluorescenc
d r a m a t i c a l l y reduced. On i n c r e a s i n g pH another u n i t , from 6 to 7, 
a g r e a t l y reduced excimer fluorescence i s observed with a small 
increase i n monomer fluorescence. 

L i t t l e excimer formation i s observed i n aqueous s o l u t i o n s 
without added PMA, even up to concentrations of C^PN + of 4 χ 10~ 4 

M. However, i n aqueous s o l u t i o n s of PMA at pH 6, the excimer y i e l d 
of 4 χ 10~ 6 M C 4PN + i s already s i g n i f i c a n t , although a t other pH 
the excimer i s s t i l l not observed. The data i n d i c a t e that the 
conformation of PMA plays an important r o l e i n excimer formation of 
C 4PN +. Figure 5A, represents the e f f e c t of pH on the r a t i o of the 
r e l a t i v e i n t e n s i t y of excimer to monomer fluorescence, I e / I i n 
aqueous s o l u t i o n s of PMA with various concentrations of C 4PN . The 
data c l e a r l y demonstrate that the maximum excimer formation occurs 
at pH 6, while i n so l u t i o n s a t pH smaller than 5 or l a r g e r than 7, 
that the excimer y i e l d i s much lower than a t pH 6. E a r l i e r studies 
have shown that the u n c o i l i n g process of compact PMA c o i l s i s a 
continuous process over s e v e r a l pH units.(28,42) In so l u t i o n s of 
pH 4-5, although the PMA c o i l s are already swollen due to p a r t i a l 
i o n i z a t i o n , f r e e pyrene cannot be s o l u b i l i z e d by the polymer, while 
a c a t i o n i c probe i s bound i n t o polymer c o i l . However, the r i g i d 
environment hinders any readjustment of the pyrene lumophores, a 
s i t u a t i o n that i s unfavorable f o r excimer formation. On i n c r e a s i n g 
pH from 5 to 6, swollen PMA c o i l s are looser and f u r t h e r expanded, 
and where more than one c a t i o n i c probe i s bound to a polymer c o i l , 
excimer formation i s p o s s i b l e v i a readjustment of the probes i n the 
loose polymer c o i l . However, i n the case of polymer s o l u t i o n s of Β 
state s , short chain pyrene lumophores are not bound i n c l o s e 
proximity and excimer formation i s not favored. Higher 
concentrations of C 4PN + lead to enhanced I e / I m as the probes are 
concentrated on the polymer chain. 

Experimental studies using a long chain c a t i o n i c pyrene 
d e r i v a t i v e , C^PN* are given i n Figure 5B. C^PN-1" forms excimer a t 
low concentration, 2 χ 10~ 6 M, i n aqueous s o l u t i o n s of PMA at pH > 
7, nevertheless, a b e l l shaped curve with a maximum a t pH 6 i s not 
shown. This can be explained i f the long carbon chains of the 
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B. 

Relative fluorescence intensity of cationic probes: 2 
X 1, 0" 5, M2+ U,° e x c i t a t i o n 3 8 8 ™ > ' 2 x l g " 5 M

 + Ru(bpy) 3
2 + U e x c i i o n iio nm), 2 χ 10 M C 4PN + 

^ e x c i t a t i o n 3 4 0 n m ' a n d 2 χ 10 M pyrene fluorescence 
^excitation 3 4 0 n m ^ a s a f u n c t i ° n °f P H i - n aqueous 
solutions of PMA. 

-5 
Relative fluorescence intensity of 2 χ 10 M Au Ο (λ excitation 388 nm) in PAA. 

Fluorescence spectra of C 4PN + in aqueous solutions of PMA 
at pH 4, 5, 6 and 7 ttexcitation356> nm. 
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C^PN cause a local clustering of the probes thus enhancing static 
excimer formation. 

If excimers are formed by migration together of two pyrene 
molecules, then excimer emission intensity w i l l increase with time, 
as exhibited by pyrene in micelles.(46) However, i f pyrene is 
stacked or clustered together on the assembly then the excimer 
emission at 480 nm w i l l be observed immediately after the laser 
pulse.(47) Figure 6A illustrates an immediate formation and 
accelerated decay of excimer in 1 χ 10~4 M C 4PN + in aqueous 
solution of PMA at pH 6, showing that C^PN+ is stacked or clustered 
in PMA. The f i r s t order decay curves of, ln(Intensity of excimer 
C 4PN + fluorescence) vs. time in aqueous solutions of PMA at pH 6, 7 
and 8 are given in Figure 6B. The lifetime of the excimer i s 
larger at pH 6 than at pH 7 or pH 8. The longer lifetime of the 
excimer at pH 6 confirms that the environment of the probe at pH 6 
is less polar than at pH 7-8 and that at pH 6 PMA i s not fu l l y open 
or extended but s t i l l exist

Conformational Transition of PMA Induced by C N T A B . Aqueous 
solutions of PMA at pH 8, in the absence and in the presence of 
CJQT A B were examined by transmission electron microscopy. No 
particles were observed in simple aqueous solutions of PMA at pH 8 
either via the positively charged or the negatively charged stains 
(uranyl acetate or phospho-tungstic acid). However, in the 
presence of C, Q T A B (8 χ 10~3M), spherical particles of about 350 Â 
- 500 Â diameter can be clearly observed via the above process, the 
electron micrograph of aggregates of PMA - C-JQTAB i s shown in 
Figure 7. This indicates that the PMA polymer chain is extended 
and stretched at pH 8 as shown in earlier studies(1-17), while 
addition of cationic surfactants such as, C 1 Q T A B refold the polymer 
chain to form spherical particles. 

Photophysical studies both steady state and pulsed, of pyrene 
and i t s positive and negatively charged derivatives,(48) confirm 
that a conformational transition of PMA is induced by CnTAB. The 
stretched PMA chain at pH 8 collapses on addition of the cationic 
surfactants. 

C r i t i c a l Aggregate Concentration - the CAC. Figure 8 shows a sharp 
increase both in I r and Ιβ/Ι^ of pyrene fluorescence over a narrow 
range of C^QTAB concentration, in aqueous solution of PMA at pH 
8. It is noted that the ratio of I 3 / I 1 in PMA - C ^ T A B solutions 
reaches a steady value (~ 0.70) at a C^QTAB concentration, which i s 
called a C r i t i c a l Aggregate Concentration, CAC. At the CAC, the 
hydrophobic aggregates of Cj Q T A B and PMA are formed which host 
hydrophobic molecules such as pyrene. The CAC corresponds to the 
midpoint of the transition in a plot of I r of pyrene fluorescence 
versus [ C 1 Q T A B ] . The decay rate constants sharply decrease at a 
C J QT A B concentration 3 χ 10~3 M, which is in good agreement with 
the CAC determined via fluorescence ratio of I 3 / I 1 measurement. 
This indicates that techniques that have been successfully used for 
the CMC measurements in micellar systems,(49) can also be used to 
investigate the aggregates of PMA and C 1 Q T A B . The i n i t i a l addition 
of C 1 0 T A B (< CAC), causes a decrease in I r , the pyrene fluorescence 
intensity and an increase in the decay rate constants, due to 
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7. Electron micrograph of the PMA-C1QTAB aggregates, 
[ C - Q T A B ] = 8 χ 10"3 M. PMA of Molecular weight = 1.1 χ 
10 . (The length of the inserted bar is equal to 1000 Â). 
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quenching by free bromide ions. These data also show that pyrene 
is not associated with PMA or solubilized in PMA at pH 8, but 
solubilized in the water phase. However, at QT A B concentrations 
above the CAC, pyrene is preferentially solubilized in hydrophobic 
regions formed by the aggregates of PMA - C-JQTAB. Here i t is 
protected from quenching by bromide in the aqueous phase and I r 

increases sharply. 
Figure 9 represents a plot of log(CAC) versus the number of 

carbon atoms of a cationic surfactant molecule, C N T A B and log(CMC) 
vs. η is also plotted for the sake of comparison. The figure shows 
that each CAC is markedly lower than the CMC of the corresponding 
surfactant. This is particularly true for C , Q T A B , C 1 2

T A B a n d 

C 1 6 T A B , where the CACs are one to two orders of magnitude lower 
than the CMC! Similar experiments in C ^ T A B - PMA did not lead to 
an increase in I r and I3/I.J up to surfactant concentrations of 0.5 
M, and, a short chain quaternary ammonium salt  tetrabutyl ammonium 
iodide TBI, does not affec
the CQT A B surfactant i
above experiments tend to indicate that the interaction between PMA 
and cationic surfactants i s chainlength dependent. The shorter (n 
< 8) the chainlength of C N T A B , the weaker the interaction between 
C N T A B and PMA, giving rise to a larger CAC. 

The photophysical data show sharp changes over a narrow range 
of surfactant concentration, CAC. It is suggested that a 
cooperative process takes place consisting of a coiling of polymer 
assisted by reduced charge density and the hydrophobic interactions 
of the surfactant chains bound to PMA. The CAC also depends on the 
PMA concentrations following the stoichiometric relationship: 

-3 
CAC (10 M) = 0.7 + 2.2 χ [PMA] (1) 
(0.1 g/L < [PMA] < 2 g/L) 

The data show that in surfactant systems the polymer acts as an 
important component in aggregate formation, rather than behaving as 
an inert additive. 

Nature of the Aggregates. The aggregates are hydrophobic, loose 
structures with some residual surface charge from the anionic 
polymer. The fluorescence decay rate constants k A of pyrene in 
aggregates of PMA and CnTAB, are identical to corresponding rate 
constants the k m in miceliar alkyltrimethylammonium chloride, 
CnTAC. It is concluded that the interior of aggregates of PMA -
CnTAB is hydrophobic and similar to that of a micelle. 

Several positively charged pyrene derivatives, such as C^PN 
and CJ-JPN"*", and negatively charged derivatives, such as 1-
pyrenebutyric acid (PYC3H7COOH), 1-pyrenedecanoic acid 
(PyCgH^gCOOH) provide further evidence about the hydrophobic 
structure of the PMA - C 1 Q T A B aggregates. A l l fluorescence decay 
rate constants k Q of the pyrene derivatives, in PMA - C 1QT A B 
aggregates are closer or similar to those found in hexanol or in 
PMA at pH 3 . The longer the carbon chain of the probe, the closer 
the agreement of k Q in hexanol and in the aggregates. This i s 
reasonable from the point of view of the hydrophobic effects 
involved. The quenching data show that the surface of the PMA -
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C 1 QTAB aggregates has l i t t l e charge and that the kinetic data are 
similar to those found for non-ionic micelles. 

Analysis of the quenching data of pyrene fluorescence by 1-
dodecylpyridinium chloride, DPC via pulsed laser studies confirms 
the Poisson distribution of DPC amongst the aggregates. Figure 10A 
shows the excellent f i t of the Poisson kinetics to the time -
dependent quenching of Pyrene fluorescence in deaerated aqueous 
solution of PMA at pH 8, contained 8 χ 10""3 M C 1 QTAB and quencher 2 
χ 10"^ M DPC. The Poisson equation used is 

I = I Q {Exp(-kQt) - n[1-Exp(-kgt)]} (2) 

where η i s the average number of DPC quencher molecules solubilized 
in each aggregate, k^ and k^ are the f i r s t order rate constants for 
the decay of pyrene in the absence and in the presence of quencher^ 
respectively. In this figure  k  = 2 χ 10^ s"  k = 2.0 χ 10 s~" 
ncalcd = °· 2 7· Figur
fluorescence versus tim
χ 10~3 M C 1 QTAB (pH 8), with various concentrations of quencher DPC 
(0-1.4 χ 10 4 M). These are typical plots of quenching data 
according to a Poisson distribution.(50,51) The aggregation 
numbers of C 1 QTAB calculated by the relationship 

[CinTAB]/N = [DPC]/n _ _ (3) 10 calcd. 
correspond well to the results from steady state experiments (N = 
105 ± 10).(48) The above experimental data confirm that the model 
for aggregation of PMA - C 1QT A B is not via local small and random 
clusters, but via discrete structures,that are much larger than 
pure C 1 Q T A B micelles (Ν ~ 36).(52) 

It i s concluded that the aggregates of PMA - C 1 QT A B are large 
structures consisting of about one hundred C-JQTAB molecules and one 
coiled polymer chain. The interior of the aggregate has hydro
phobic domain that i s similar to that of a micelle. However, the 
bromide ions are only in bulk aqueous phase, and not close to the 
surface of aggregate. The degree of polarization of 2-methyl-
anthracene fluorescence in PMA - C 1QT A B aggregate i s four fold 
smaller than in PMA compact c o i l at pH 2, two fold smaller than i n 
C J Q T A B micelle, indicating that the aggregate is a much looser 
structure than a compact PMA c o i l , or a C 1 Q T A B micelle. The data 
of electron microscopy show that the aggregates are spherical 
particles which are about 350-500 Â, rather than helix forms. 

PMA samples of molecular weight 3.9 χ 104, 1.6 χ 10 and 6.4 χ 
10^ emphasize the effect of molecular weight of PMA on the 
aggregates of PMA-C1QTAB. The curves of ^/I-j for 2 χ 10" M 
pyrene fluorescence in aqueous solutions of PMA at pH 8 show a 
sharp increase in above PMA samples at pH 8, indicating that in a l l 
cases the aggregates of PMA - C 1 QTAB are formed above the CAC. The 
aggregation numbers of C 1 QTAB in each aggregate, measured by 
analysis of the quenching data of pyrene fluorescence by DPC, are 
90 ~ 100 surfactant molecules, and also contain a portion of the 
coiled PMA chain. 
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Θ . Θ Ι • . . 
8 288 400 680 800 1000 
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10. A. Poisson quenching f i t of the time-dependent 
fluorescence decay of pyrene in deaerated PMA 
solutions at pH 8, containing 8 χ 10"3 M C 1 Q TAB and 
quencher 2 χ 10~5 M DPC. The smooth one i s from 
computer f i t t i n g and the other one is real data. 

B. In(Intensity) of pyrene fluorescence vs. time in 
deaerated PMA solutions containing 8x10~" 3 M Cj QT A B 

at pH 8, with various concentrations of quencher DPC, 
(10" 5 M): (a) 0; (b) 2.0; (c) 4.0; (d) 6.0; (e) 8.0; 
(f) 10.0; (g) 12.0; (h) 14.0. 
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CONCLUSIONS This study shows that fluorescence probing techniques 
are useful and powerful tools for investigation of conformational 
transitions of polyelectrolytes as induced by cationic surfactants, 
pH or other means. Studies on the interaction of cationic probes 
with polyelectrolytes provide useful information on the 
intermediates that l i e between A states and Β states. It is 
concluded that the conformational transition induced by pH is a 
progressive process over several pH units. Studies on the 
interaction of cationic surfactants with PMA at pH 8 show that the 
aggregates formed are large loose structures, while the interior of 
the aggregate has a hydrophobicity that is similar to that of a 
micelle. 
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Chapter 33 

Fluorescence Monitoring 
of Viscosity and Chemical Changes 

During Polymerization 

F. W. Wang1, R. E. Lowry 1, W.J . Pummer1, B. M . Fanconi 1, 
and En-Shinn Wu2 

1Polymers Division, National Bureau of Standards, 
Gaithersburg, MD 20899 

2Department of Physics

Three approaches using fluorescent dyes dissolved in epoxy 
resins were used to determine the viscosity changes during 
the curing process. First, the intensity of excimer 
fluorescence from a dye which forms an intramolecular excimer 
was measured to determine the viscosity changes. In another 
approach, we used a dye whose fluorescence intensity 
increases with the increase in the local viscosity, and a 
second dye whose fluorescence intensity is insensitive to the 
local viscosity. The ratio of the fluorescence intensities 
of the two dyes was measured to monitor the cure of epoxy 
resins. In a third approach, we measured the diffusion 
coefficient of a fluorescent dye by a photobleaching 
technique to monitor the curing process. Finally, we used a 
fluorescence technique to monitor the formation of a 
polyimide polymer from poly(amide acid). 

The manufacture of polymer matrix composites involves complex 
chemical and physical changes that must be adequately controlled to 
produce desirable products. Monitoring techniques and models to 
correlate monitoring data to improve processing are therefore key 
aspects to increasing production rates and product quality. 

Fluorescence techniques are particularly useful to monitor 
the change in local viscosity because they are sensitive and can be 
easily adopted to in-situ, nondestructive monitoring. In a 
previous paper(1), we described an excimer-fluorescence technique 
to monitor the polymerization of methyl methacrylate. We show here 
an application of the excimer-fluorescence technique to monitor the 
cure of epoxy resins. In addition, we describe the cure monitoring 
of epoxy resins with the use of two fluorescent dyes, a dye whose 
fluorescence intensity increases with local viscosity, and another 
dye which serves as an internal standard with nearly constant 
fluorescence intensity. This second technique is similar to the 
ones used by Loutfy(2,3) and by Levy(4). However, to the best of 
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33. WANG ET AL. Viscosity and Chemical Changes 455 

our knowledge, there has been no previous report of the 
a p p l i c a t i o n of a v i s c o s i t y i n s e n s i t i v e i n t e r n a l standard. Since 
the use of an i n t e r n a l standard e l i m i n a t e s the d i f f i c u l t i e s 
i n v olved i n making absolute measurements, i t i s a s i g n i f i c a n t step 
forward i n the a p p l i c a t i o n of fluorescence spectroscopy to cure 
monitoring i n the f a c t o r y environment. Furthermore, we report a 
t h i r d technique that u t i l i z e s the measurement of the d i f f u s i o n 
c o e f f i c i e n t of a photobleachable probe to monitor the cure of an 
epoxy r e s i n . F i n a l l y , we describe a fluorescence method to monitor 
the formation of a polyimide polymer. 

EXPERIMENTA L 

MONOMERS. Amine hardener, 4,4'-methylene-bis-(cyclohexylamine) 
(PACM), was d i s t i l l e d under reduced pressure and stored under dry 
argon. I t was melted under dry argon before v.se  Epoxy r e s i n
d i g l y c i d y l ether of bisphenc
weight of approximatel
p u r i f i c a t i o n . 

SYNTHESIS 0F_ POLYIMIDE. The polyimide was prepared from 2,2-
bis(3,4-dicarboxyphenyl) hexafluoropropane dianhydride (American 
Hoechst 6F) 1 and 2,2-bis [4(4-aminophenoxy)phenyl] hexafluoropropane 
(Morton Thiokol 4BDAF). 

Both 6F and 4BDAF are s o l u b l e i n dry glyme at 25°C. 4BDAF 
(0.5g, 9.6xlC" 4 mol) was d i s s o l v e d i n 3 ml of dry glyme at 25°C 
with s t i r r i n g i n a 25 ml glass-stoppered f l a s k . When d i s s o l u t i o n 
was completed ( u s u a l l y w i t h i n 3 minutes), 0.42g (9.6xl0" 4 mol) of 
s o l i d 6F i n small portions {O.lg each) was added to the s o l u t i o n of 
4BDAF at 25°C. Within 5 minutes a f t e r the 6F was added, s t i r r i n g 
was impeded by the increased s o l u t i o n v i s c o s i t y . A f t e r .15 minutes 
of manually s w i r l i n g the contents, the s o l u t i o n v i s c o s i t y decreased 
s u f f i c i e n t l y to allow normal s t i r r i n g to proceed. The r e a c t i o n was 
stopped a f t e r 44 hours at 25°C. This s o l u t i o n (26% s o l i d s ) of the 
poly(amide acid) i n glyme was used to prepare f i l m s f o r 
fluorescence spectroscopy as described below. 

A few drops of the poly(amide acid) s o l u t i o n were spread on a 
clean quartz s l i d e by drawing a wedge of the s o l u t i o n beneath 
another clean s l i d e . Room temperature solvent evaporation and a l l 
heat treatments were c a r r i e d out i n a i r . The f i l m was cured f o r 
0.5 hour at each of seven temperatures ranging from 80° to 350°C, 
with oven warmup and c o o l i n g down times of up to 0.5 hour each. 
Front surface fluorescence from the same f i l m region was measured 
at room temperature a f t e r each heat treatment. F i l m thickness 
averaged 13pm. 

1 C e r t a i n commercial m a t e r i a l s and equipment are i d e n t i f i e d i n 
t h i s paper to s p e c i f y adequately the experimental procedure. In no 
case does such i d e n t i f i c a t i o n imply recommendation or endorsement 
by the N a t i o n a l Bureau of Standards, nor does i t imply n e c e s s a r i l y 
the best a v a i l a b l e for the purpose. 
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FiyP.?ESCENT._^ An excimer-forming probe, l , 3 - b i s - ( l -
pyrene)propane (8PP), was obtained from a commercial source and 
used without f u r t h e r p u r i f i c a t i o n . A v i s c o s i t y - s e n s i t i v e probe, 1-
(4-dimethylaminophenyl)-6-phenyl-l, 3, 5-hexatric?ne (DKA-DPH) , was 
d i s s o l v e d i n DGEBA by r o t a t i n g the r e s i n at 45°C f o r s e v e r a l hours. 
An i n t e r n a l standard, 9,10-diphenylanthracene (DPA), at a 
concentration of 2 x l 0 ~ 5 mol/1 was added to the resin-hardener 
mixture. 

?MÇTION_.,ÇEL!L. The r e a c t i o n c e l l was made of a s i l i c o n e rubber 
gasket sandwiched between two pyrex cover s l i d e s . The c e l l was 
pressed against the f l a t face of a c y l i n d r i c a l heater, which was 
p r o p o r t i o n a l l y c o n t r o l l e d to w i t h i n 1°C. Two small holes were 
bored near the top of the rubber gasket f o r i n s e r t i n g a 
thermocouple and f o r f i l l i n g the c e l l . 
cy.P:S_>ÎONITORING. In a
r e s i n c o n t a i n i n g a prob
i n t o a stoppered syringe kept at 40°C. The amine hardener was then 
r a p i d l y mixed with the epoxy r e s i n to form a mixture c o n t a i n i n g the 
same equivalents of the hardener and the r e s i n . F i n a l l y , the r e s i n 
mixture was i n j e c t e d i n t o the r e a c t i o n c e l l which had been heated 
to 60°C. 

Cure monitoring with the probe BPP was c a r r i e d out i n the 
manner p r e v i o u s l y described i n Reference 1. The sample was 
i r r a d i a t e d at 345 nm and the monomer and excimer fluorescence 
i n t e n s i t i e s at 377 nm and 488 nm were measured as a f u n c t i o n of 
time. When DMA-DPH was used as a probe and DPA was used as an 
i n t e r n a l standard, they were e x c i t e d at 420 nm and 345 nm, 
r e s p e c t i v e l y . 

FLUORESCENT The d i f f u s i o n 
c o e f f i c i e n t of the photobleachabïe probe, 1,1 1-dihexyl-3,3,3',3'-
tetramethylindocarbocyanine p e r c h l o r a t e [ D i I C e ( 3 ) ] , was determined 
by the FRAP method(5,6,7) described below. The concentration of 
the probe i n the mixture c o n t a i n i n g the same equivalents of the 
epoxy r e s i n and the amine hardener was 2 x l 0 ~ 5 mol/1. The r e s i n 
mixture, sandwiched between a microscope s l i d e and a cover s l i p , 
was placed on a stage t h e r m o s t a t i c a l l y c o n t r o l l e d to w i t h i n 0.5°C. 
The thickness of the r e s i n mixture was about 5pm. In a FRAP 
experiment(6), a small area of the sample i s i l l u m i n a t e d with a 
weak beam of e x c i t i n g l i g h t (monitoring beam). The fluorescence 
from t h i s area i s recorded as F. At a predetermined time, t = 0, 
the sample i s momentarily i l l u m i n a t e d with a strong l a s e r beam 
(bleaching beam) to cause an i r r e v e r s i b l e bleaching of fluorophore. 
Following the bleaching, the fluorescence i s again monitored by the 
monitoring beam. The fluorescence, F ( t ) , i s i n i t i a l l y very weak, 
but g r a d u a l l y increases as the f r e s h f l u o r e s c e n t molecules d i f f u s e 
i n t o the bleached area, and e v e n t u a l l y recovers to i t s o r i g i n a l 
i n t e n s i t y . From the rate of the recovery of fluorescence 
i n t e n s i t y , the d i f f u s i o n c o e f f i c i e n t can be determined. 
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RESULTS AND DISCUSSION 

Figure 1 gives the change i n the i n t e n s i t y r a t i o FM/FD as a 
fu n c t i o n of cure time f o r 1,3-bis-(1-pyrene)propane (BPP) d i s s o l v e d 
i n a mixture c o n t a i n i n g the same equivalents of the epoxy r e s i n and 
the amine hardener. Here, FM and Fn are, r e s p e c t i v e l y , the 
fluorescence i n t e n s i t y of the monomer at 377 nm and that of the 
excimer at 488 nm. As c r o s s - l i n k i n g proceeded, the v i s c o s i t y 
increased owing to the growth i n molecular weight and t h i s l e d to 
an increase i n the i n t e n s i t y r a t i o . A f t e r 45 minutes of the cure, 
there was a small decrease i n the i n t e n s i t y r a t i o due to 
photodegradation of the probe. The compl i c a t i o n due to 
photodegradation can be el i m i n a t e d by reducing the exposure of the 
r e s i n to the e x c i t i n g UV r a d i a t i o n . The use of an o p t i c a l 
multichannel analyzer i s one approach to reduce exposure times. 

Owing to the lack f s e n s i t i v i t f th  BPP prob t th
longer cure times, we hav
v i s c o s i t y - s e n s i t i v e prob
and emission spectra of the v i s c o s i t y s e n s i t i v e dye DMA-DPH i n 
d i g l y c i d y l ether of bisphenol A (DGEBA). The e x c i t a t i o n and the 
emission spectra of the i n t e r n a l standard DPA are s i m i l a r to the 
ones published by Berlman(8). 

Figure 3 gives the fluorescence i n t e n s i t y , Fp, of DMA-DPH at 
480 nm (the upper curve) and the fluorescence i n t e n s i t y , FR, of DPA 
at 415 nm (the lower curve) as a f u n c t i o n of cure time f o r a 
mixture c o n t a i n i n g the same equivalents of the epoxy r e s i n and the 
amine hardener. The fluorescence i n t e n s i t y at the frequency of the 
DMA-DPH emission increased f i v e f o l d while that at the DPA peak 
emission increased only s l i g h t l y . (The apparent increase i n the 
DPA fluorescence was mainly due to the increase i n the fluorescence 
of i m p u r i t i e s i n the epoxy r e s i n . At the e x c i t a t i o n wavelength of 
345 nm, the fluorescence i n t e n s i t y of the r e s i n mixture alone at 
415nm increased by about 80%. However, t h i s increase c o n t r i b u t e d 
to the much smaller apparent increase i n the DPA fluorescence 
because at the beginning of the cure, the fluorescence i n t e n s i t y of 
DPA was four times l a r g e r than that of the r e s i n alone.) In Figure 
4, we show the i n t e n s i t y r a t i o FP/FR as a f u n c t i o n of cure time. 
The i n t e n s i t y r a t i o increased s t e a d i l y with cure time, reaching a 
plateau value at 70 minutes. This i n t e n s i t y r a t i o i s not s e n s i t i v e 
to the inhomogeneity or the deformation of the sample. We can 
therefore use t h i s r a t i o to monitor the cure of samples which 
shrin k during p o l y m e r i z a t i o n or contain r e i n f o r c i n g f i b e r s or 
p a r t i c l e s . 

Figure 5 shows the logarithm of the t r a n s l a t i o n a l d i f f u s i o n 
c o e f f i c i e n t of the probe DilCe(3) as a f u n c t i o n of cure time when 
the r e s i n was cured at 45°C, 60°C, and 75°C. In a l l cases, the 
t r a n s l a t i o n a l d i f f u s i o n c o e f f i c i e n t increased s l i g h t l y at the 
beginning of the cure when the sample temperature was r a i s e d from 
22°C to the cure temperature because of the decrease i n the r e s i n 
v i s c o s i t y with the increase i n temperature. As c r o s s - l i n k i n g 
proceeded, the v i s c o s i t y increased owing to the growth i n molecular 
weight, and t h i s was r e f l e c t e d by the decrease i n the t r a n s l a t i o n a l 
d i f f u s i o n c o e f f i c i e n t . 
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Figure 1. Ratio of monomer fluoresence i n t e n s i t y at 377nm (FM) 
to excimer fluorescence i n t e n s i t y at. 488nm (Fo) f o r 1,3-bis-
(1-pyrene)propane i n epoxy as a f u n c t i o n of cure time. The 
e x c i t a t i o n wavelength was 345 nm. 
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Figure 2. E x c i t a t i o n and emission spectra of l - ( 4 -
dimethylaminophenyl)-6-phenyl-l,3,5-hexatriene(DMA-DPH) i n 
d i g l y c i d y l ether of bisphenol A (DGEBA). The e x c i t a t i o n and 
emission wavelengths were 405 nm and 498 nm, r e s p e c t i v e l y . 
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Figure 3. Fluorescence i n t e n s i t i e s of DMA-DPH at 4 8 0 nm 
( c i r c l e s ) and of DPA at 4 1 5 nm ( t r i a n g l e s ) as a f u n c t i o n of 
cure time. 

Cure Time, Minutes 

Figure 4. Ratio of the fluorescence i n t e n s i t y of the probe 
DMA-DPH (FP) and the fluorescence i n t e n s i t y of the i n t e r n a l 
standard DPA (FR) as a f u n c t i o n of cure time. 
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Figure 5. D i f f u s i o n c o e f f i c i e n t of the probe DilCe(3) as a 
fu n c t i o n of cure time at 45°C, at 60°C, and at 75°C. 
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When the r e s i n was cured at 60°C and 75°C, the t r a n s l a t i o n a l 
d i f f u s i o n c o e f f i c i e n t decreased n e a r l y l i n e a r l y with the cure time 
u n t i l i t decreased abruptly, at the cure time of 4000 s and 2400 s, 
fo r the r e s i n cure at 60 °C and 75 °C, r e s p e c t i v e l y . This abrupt 
decrease i n the d i f f u s i o n c o e f f i c i e n t was presumably due to the 
v i t r i f i c a t i o n of the r e s i n . D i f f u s i o n measurements were a l s o 
c a r r i e d out on the r e s i n mixture cured at 60°C using another 
fl u o r e s c e n t probe, 4 - (N, J'T-dioctyl) amino-7-nitrobenz-2-oxa-l, 3-
d i a z o l e . The r e s u l t s obtained were c o n s i s t e n t with those obtained 
with the use of D i l C e ( 3 ) . 

For the r e s i n cured at 45°C, the behavior of the 
t r a n s l a t i o n a l d i f f u s i o n c o e f f i c i e n t , D, with cure time was as 
f o l l o w s : a s l i g h t i n i t i a l increase was followed by a decrease i n D 
u n t i l the cure time of 1700 s, a slower decrease i n D between 1700 
s and 5000 s, and f i n a l l y a f a s t e r decrease i n D a f t e r the cure 
time of 5500 s. However  u n l i k e the r e s i n cured at 60°C o  75°C
no p r e c i p i t o u s decreas
presumably because th
s u b s t a n t i a l l y d i f f e r e n t from that formed at 60°C or 75°C. 

Figure 6 shows the uncorrected e x c i t a t i o n and emission 
spectra of a f i l m of the poly(amide acid) a f t e r thermal treatment 
i n an a i r f i l l e d oven f o r 30 minutes at each of the temperatures 
ranging from 80°C to 350°C. The e x c i t a t i o n and the emission 
wavelengths were 480nm and 550 nm, r e s p e c t i v e l y . The fluorescence 
i n t e n s i t y at 550 nm increased s t e a d i l y when the cure temperature 
was r a i s e d from 80°C to 350°C. The uncorrected e x c i t a t i o n spectra 
were more complex. A band at 460 nm appeared at the expense of the 
one at 330 nm a f t e r the second heating. However, the i n t e n s i t y of 
the band at 330 nm r e l a t i v e to the one at 460 nm increased s t e a d i l y 
with a d d i t i o n a l thermal treatments. In any event, the formation of 
t h i s polyimide polymer can be r e a d i l y monitored i n - s i t u by 
fluorescence spectroscopy. 

300 380 460 540 620 700 

Wavelength (nm) 

Figure 6. E x c i t a t i o n and emission spectra of poly(amide acid) 
f i l m a f t e r heat treatments. 
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CONCLUSION 

We have described three fluorescence techniques f o r monitoring the 
cure of epoxy r e s i n s . The f i r s t one i s based on intr a m o l e c u l a r 
excimer fluorescence, the second one i s based on the enhancement of 
fluorescence i n t e n s i t y with the medium v i s c o s i t y , and the t h i r d one 
i s based on the measurement of the t r a n s l a t i o n a l d i f f u s i o n 
c o e f f i c i e n t of a fl u o r e s c e n t probe. F i n a l l y , we have demonstrated 
the fluorescence monitoring of the formation of a polyimide 
polymer. 
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Chapter 34 

Application of Reactive 
Dye Labeling Technique 

for Cure Characterization of Epoxy Networks 

C. S. P. Sung 

Institute of Materials Science, Department of Chemistry, University of 
Connecticut, Storrs, CT 06268 

Cure characterizatio
using reactive dy  reported  type
reactive dyes, p,p'-diaminoazobenzene (DAA) and p, 
p'-diaminostilbene (DAS) were used to mimic the 
reactivities of diamine type curing agents, diamino-
diphenyl sulfone (DDS) for the former and methylene 
dianiline (MDA) for the latter. As cure proceeds, 
bathochromic shifts in uv-vis absorption spectra with 
subsequent enhancement of fluorescence intensity are 
observed due to the reaction of the dyes with the 
epoxies. In the case of the DAA label, the analyses 
of the spectral shifts (about 60 nm) provide esti
mates of the composition of cure products, the amine 
reactivity ratio and the activation energy for the 
amine-epoxy reaction. Strong enhancement of fluores
cence (about 100 times) was due to the formation of 
tertiary amino DAA labels. Thus, fluorescence 
intensity can be used for sensitive cure monitoring, 
especially at later stages of cure. For the DAS 
label, bathochromic shifts of about 20 nm are found 
in uv spectra due to the conversion of the primary 
amine groups to tertiary amine groups in DAS. 
Fluorescence spectra show similar bathochromic shifts 
with enhanced emission (about 3 times), especially 
after gelation. Comparison of the fluorescence 
intensity of DAS with the fully substituted DAS 
(tt-DAS), a probe molecule, as a function of cure of 
the matrix indicates that the chemical reaction as 
well as the medium viscosity contribute to the 
emission enhancement, particularly at later stages of 
cure. A calibration curve relating emission intens
ity with the extent of epoxide reaction by the IR 
method has been established to estimate cure extent 
from emission measurement. 

0097-6156/87/0358-0463$06.00/0 
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C h a r a c t e r i z a t i o n o f c r o s s - l i n k e d polymers such as epoxy networks i s 
re q u i r e d i n order t o e s t a b l i s h s t r u c t u r e - p r o p e r t y r e l a t i o n s . While 
a number of physicochemical techniques have been employed t o 
provide a b e t t e r c h a r a c t e r i z a t i o n of cure process, none of them can 
continuously monitor the composition of cure r e a c t i o n products 
beyond g e l a t i o n . Therefore, our l a b o r a t o r y has been i n v o l v e d i n 
recent years i n developing new methods t o t r a c k cure r e a c t i o n 
products throughout the cure process. The approach we have taken 
i s based on l a b e l l i n g w i t h r e a c t i v e dyes t o mimic the cure agents 
and t o use the photochemical and photophysical behavior of the dyes 
f o r the a n a l y s i s of the cure process ( l - U ) . Our approach d i f f e r s 
from the u s u a l one, which monitors the v i s c o s i t y dependent behavior 
of fluorescencent probes (5)· In contrast t o such probes, our dyes 
react w i t h the epoxide groups and transform t h e i r primary amine 
groups i n t o secondary and t e r t i a r y amines as cure proceeds. The 
uv-v i s absorption and fluorescence spectra of the dyes show s y s t e 
matic changes by such
which form the b a s i s f o
discuss the use of two types of such r e a c t i v e dyes, p, p f - d i -
aminoazobenzene (DAA) and ρ,p'-diaminostilbene (DAS), which were 
used t o mimic the r e a c t i v i t i e s of two diamine type c u r i n g agents, 
diamino diphenyl sulfone (DDS) and methylene d i a n i l i n e (MDA). 
These two c u r i n g agents are o f t e n used f o r high temperature epoxy 
matrices f o r graphite r e i n f o r c e d composites. 

EXPERIMENTAL 

D i g l y c i d y l ether of bisphenol A (DGEBA) was r e c r y s t a l l i z e d from 
saturated MEK s o l u t i o n by seeding i t w i t h p u r i f i e d DGEBA c r y s t a l s 
and l e a v i n g i t i n the f r e e z e r (-15°C) f o r 1-2 weeks. DAA was 
purchased from Eastman Kodak and r e c r y s t a l l i z e d from toluene and 
acetone. DDS and DGEB which were purchased from A l d r i c h were used 
without p u r i f i c a t i o n . DAS-dihydrochloride from A l d r i c h was neu
t r a l i z e d w i t h sodium carbonate and r e c r y s t a l l i z e d from methanol t o 
obtai n the f r e e amine. In t y p i c a l cure monitoring s t u d i e s , a small 
amount of DAA (5 ̂  Τ mg or about 0.1% by weight f o r UV-VIS s t u d i e s 
and 0.01? by weight i n most fluorescence s t u d i e s ) was added t o a 
s t o i c h i o m e t r i c mixture of DGEBA (5.0 g) or d i g l y c i d y l ether of 
but a n e d i o l (DGEB 2.98 g). DDS (1.825 g) was then added and the 
mixture was heated w i t h a magnetic s t i r r e r at 120°C f o r 5 minutes. 
Two c i r c u l a r quartz p l a t e s were clamped together w i t h two t h i n 
Mylar f i l m s (1.5 m i l ) on the edges l e a v i n g a center space f o r the 
sample. The clamped quartz p l a t e w i t h Mylar spacers were dipped 
i n t o epoxy heated t o 100°C and the sample was drawn i n t o the 
center space by c a p i l l a r y a c t i o n . UV-VIS spectra and fluorescence 
spectra were measured a f t e r c u r i n g i n an oven f o r a s p e c i f i c time 
and c o o l i n g the sample t o room temperature. Fluorescence was 
measured w i t h e x c i t a t i o n at U50 nm, using a Perkin-Elmer MPF-66 
spectrometer w i t h a Model 7500 Data S t a t i o n . UV-VIS spectra were 
obtained w i t h a Perkin-Elmer Diode Array (Model 38U0) System w i t h a 
Model 7500 Data S t a t i o n . For the epoxy system of DGEB and MDA, 
0.1% DAS was used, w i t h the e x c i t a t i o n at 372 nm f o r fluorescence 
spectra. (For more d e t a i l s on experimental c o n d i t i o n s , r e f e r t o 
Ref. (3) and (h)). 
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RESULTS AND DISCUSSION 

L a b e l l i n g by ρ,ρ'-diaminoazobenzene (DAA) 

Cure Composition from UV-VIS Studies: F i g . 1 compares UV-VIS 
spectra obtained as a f u n c t i o n of cure time i n DGEB-DDS and DGEBA-
DDS at l60°C. In both sets of s p e c t r a , s i g n i f i c a n t red s h i f t s of 
DAA d e r i v a t i v e s are observed as the cure time increases. The 
conversion of DDS t o a t e r t i a r y amine a l s o r e d - s h i f t s the absorpt
i o n of the epoxy m a t r i x , r e s u l t i n g i n a s h i f t o f the minimum point 
of the spectra from 360nm t o 380nm. In the DGEBA-DDS epoxy, the 
matr i x gels a f t e r about 50 minutes of cure and v i t r i f i e s a f t e r 150 
minutes of cure at t h i s cure temperature according t o the Time-
Temperature-Transformation (Τ-Τ-Τ) diagram (6). A f t e r v i t r i f i 
c a t i o n , the cure r e a c t i o n i s supposedly quenched. As a conse
quence, the UV-VIS spectra i n the DGEBA-DDS ma t r i x does not show 
much change a f t e r v i t r i f i c a t i o
300 min. cure t i m e ) . I
i n the DGEB-DDS epoxy since i t s maximum T g i s only about 80°C. In 
t h i s epoxy, the cure r e a c t i o n has been pushed f u r t h e r as i n d i c a t e d 
by a d d i t i o n a l red s h i f t s shown i n F i g . l ( l l ) d . The disappearance 
of the epoxy r i n g as monitored by IR provides f u r t h e r support f o r 
t h i s o bservation. 

In order t o insure t h a t these s p e c t r a l s h i f t s are due t o cure 
r e a c t i o n s and not t o the changes i n the matrix (e.g. p o l a r i t y 
change as a f u n c t i o n of c u r e ) , we ran UV-VIS spectra of f u l l y 
s u b s t i t u t e d DAA (the 5th compound i n Table I) i n the DGEBA-DDS 
epoxy as a f u n c t i o n of cure at l60°C. Any s p e c t r a l s h i f t i n t h i s 
case would be due t o the mat r i x change since i t cannot react any 
f u r t h e r w i t h epoxide and i n f a c t , o nly a n e g l i g i b l e (<5 nm) spec
t r a l s h i f t was observed here. Therefore, we can deduce t h a t the 
s p e c t r a l s h i f t s obtained i n DAA l a b e l l e d epoxy a r i s e from cure 
r e a c t i o n s only. 

Table I I summarizes the r e s u l t s on the composition of cure 
products by the deconvolution of UV-VIS spectra w i t h a computer 
program by assuming λ p o s i t i o n s of the model cure products max 
according t o Table I and a Gaussian d i s t r i b u t i o n curve f o r each 
species. The e r r o r i n r e s o l v i n g c l o s e l y overlapping peaks as i n 
our spectra can be s i g n i f i c a n t , e s p e c i a l l y when the cure i s i n t e r 
mediate (e.g. F i g . l b and c ) . We t r i e d t o f i t the curve u n t i l the 
o v e r a l l e r r o r c a l c u l a t e d by the program was below two percent. 
S t i l l , we estimate th a t the e r r o r i n the composition of each cure 
product can be as l a r g e as ten percent, since corresponding t o a 
c e r t a i n cure time these v a l u e s , as given i n Table I I , may not 
represent a unique s o l u t i o n t o the p a r t i c u l a r spectrum. The l a s t 
column of Table I I l i s t s the extent of amine r e a c t i o n (ξ ) as 
defined by the f o l l o w i n g equation 

ξ = [A + 2(A + A ) + 3A , + kA.,]/h a ps ss pt st t t (1) 
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Figure 1. UV-VIS spectra of ρ,p1-diaminoazobenzene (DAA) i n a 
s t o i c h i o m e t r i c mixture of DGEBA-DDS (I) and DGEB-DDS ( I I ) as a 
fu n c t i o n of cure time at 160°C. (Reproduced from Ref. 4. 
Copyright 1986 American Chemical Society.) 
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Table I 

P o s i t i o n s of λ f o r Model max 
of DAA and GPE 

Compounds 

* 
Model Comp'd. λ (nm) max Δλ 

DAA (PP) 1+10 0 

1st (PS) 1+20 10 

2nd ( S S ) , 
3rd (PT) 1+1+5 35 

1+th (ST

5th (TT) 1+70 60 

r e f e r t o Scheme I f o r chemical s t r u c t u r e . Designation i n 
parentheses; Ρ means primary amine, S f o r secondary and 
Τ f o r t e r t i a r y amine. 

where A , A , A . , A ̂  or A ^ corresponds t o the f r a c t i o n a l ps s s pt st t t 
amount of cure products as defined by Scheme I. A i s the f r a c -

J ΡΡ 
t i o n of unreacted diamine. From Table I I , we can o b t a i n the 
f o l l o w i n g t rends: ( i ) As p r e d i c t e d by the s p e c t r a l s h i f t s of F i g . 
1, the f r a c t i o n of branch p o i n t s and c r o s s - l i n k e r s increases w i t h 
cure time f o r both epoxy m a t r i c e s ; and ( i i ) the cure r e a c t i o n f o r 
DGEBA-DDS epoxy seems somewhat slower than DGEB-DDS, e s p e c i a l l y at 
longer cure times. 
K i n e t i c Analyses of Epoxy Cure 

Since epoxy homopolymerization may be neglected i n the absence of 
c a t a l y s t s (T)» the major cure r e a c t i o n s can be assumed t o be the 
r e a c t i o n s between epoxide and amine groups as expressed i n Scheme 
I . This k i n e t i c scheme defines the r a t e constant k due t o the 
conversion of the primary amine t o the secondary amine while k^ i s 
due t o the conversion of the secondary amine t o the t e r t i a r y amine. 

Based on the Scheme I , one can w r i t e a s e r i e s of k i n e t i c 
d i f f e r e n t i a l equations as described by Dusek et al (8) as f o l l o w s : 

- ^ f i = > V p p ] [ b ] (2) 

- ^ 1 = a k ^ p s H b ] + k 2 [ P s ] [ b ] - i n^tppHb] (3) 
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TABLE I I 

Composition of Cure Products i n DGEB-DDS and DGEBA-DDS 
Epoxy as a Function of Cure Time at l60°C 

Cure Time Cure Products {%) 
Extent of 
Amine 

Epoxy (min.) A 
PP 

APS A S S + A P T A 
HST 

A T T 
Reaction (ξ &) 

0 78 20 2 0 0 .059 
5 kk 3k ik 6 2 .219 
10 33 33 16 11 7 .318 
20 13 

DGEB- 30 6 12 20 31 31 .676 
DDS 2 8 18 33 ko .750 

TO 2 k 17 36 kl .775 
100 1 5 13 30 52 .815 
150 1 5 11 21 62 .8U8 
300 1 3 10 37 kl .8lU 
800 1 3 13 3k k9 .813 

0 75 25 0 0 0 .063 
5 6i 20 9 6 5 .183 
10 35 1+1 9 9 5 .270 
15 25 28 36 5 5 .3k3 

DGEBA- 30 10 17 17 23 3k .636 
DDS 5̂ 8 10 23 25 33 .653 

60 9 15 19 25 33 .6k6 

100 10 15 26 25 23 .661 

150 10 15 15 29 27 .675 
300 8 Ik 23 29 27 .638 

lli+0 7 20 12 20 k2 .680 
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OH 
k l I 

CH0-CH R] CH-CH2 + H2NR2NH2 • • Rj-CH-HNR2NH2 V Y 

OH OH 
Μ I I 

A„ + R,CH-CH, • • R,-CH-NHR,NH-CH-R, 
ps 1 ^ y C I £ ι 0 

A„* + R,CH-CH, pt 1 χ / 2 
0 

(A s s) 

A + R,CH-CH9 9 9N(CH-R,)9 

ps I w t I 
0 \ OH 

OH 

k« R̂  CH%. 
A„ + R,CH-CH, ^ • 1 .NR,NH 

s s 1 \ / 2 CH^ 2 

0 I 
R,0H 

1 < Ast> 

Γ 

^ R̂ CH 

OH 
OH 

^ N R 2 N H - C H - R 1 

R^OH 
(A s t) 

OH OH 

A - + RTCH-CH. - • R,CH CH R, 
st 1 χ / 2 1 \ / 1 

™ 2 N ^ 
R^CH CH R ] 

AH AH 
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Scheme I 
Kinetic Scheme of Epoxy Cure Reactions 
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d[ss] 
d t 2 k 2 [ s s ] [ b ] - 2 k 1 [ p s ] [ b ] (U) 

- = 2 k l [ p t ] [ b ] - k 2 [ P s ] [ b ] (5) 

- ^ d ? 1 = k
2

[ s t ] [ b ] " 2 k
2

[ s s ] [ b ] " S k ^ p t U b ] (6) 

- - k
2

[ s t ] [ b ] ( T j 

where [b] i s the conce n t r a t i o f unreacted
By s o l v i n g the abov

each cure s p e c i e s , as a
and the f r a c t i o n of unreacted diamine (A ) 

PP 
A = 2p(A q - A ) (8) ps ^ pp pp 

A = p 2(-2A q + A + A r / 2 ) (9) s s pp PP PP 

A , = -2pA q + rpA + 2A λ ^ 2 (10) Pt PP PP ΡΡ 

A s t = P
2 [ ( r + 2 ) A p p

C 1 - r A p p - ( 2 - r ) A p p 

2A Γ / 2
 + (2-r)A r A ] 

PP PP 

1/2 

A •+ + - P
2 [ - r A q + ( r 2 A ) A + (r/p)A 1 / 2 + t t pp PP PP 
A r / 2 - (2-r)A r A

 + ( ^ - - l ) 2 ] 

(11) 

(12) 
PP PP 2 

where r = k 2/k , ρ = l / ( l - r / 2 ) and q = (l+r/2)2 
The o v e r a l l extent of amine r e a c t i o n (ξ ) a s defined before can now 
be w r i t t e n i n terms o f A and r o n l y , as f o l l o w s : 

PP 

5 a - l - [ l / ( 2 - r ) ] [ ( l - r ) A p p
l / 2

+ A p p
r / U ] (13) 

Now we attempt t o determine the r value t h a t best f i t s w i t h 
the experimental data. As demonstrated by the branching theory of 
Bi d s t r u p and Macosko (9), and of Dusek (10,11), the r value has a 
strong e f f e c t on many s t r u c t u r a l parameters of the network. From 
the UV-VIS spectra obtained at three cure temperatures (lU0°, ΐ6θ° 
and l80°C), the f r a c t i o n of each cure product was deconvoluted and 
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p l o t t e d w i t h the maximum e r r o r bars as a f u n c t i o n of the extent of 
amine r e a c t i o n i n F i g . 2, f o r DGEB-DDS. 

In the l i t e r a t u r e , many values of r have been reported 
(12,13). While the m a j o r i t y of the reported r values are cl o s e t o 
one, much smaller r values i n the range of 0.1 t o 0.2 have a l s o 
been reported(lÎ4,15) and, i n f a c t , an r value of 0.1 has sometimes 
been used by t h e o r e t i c i a n s ( 9 ) . One of our primary o b j e c t i v e s i n 
t h i s work i s then t o c l a r i f y the confusion concerning the reported 
r values. 

In order t o f i n d the b e s t - f i t value of r , we show two theo
r e t i c a l curves according t o Equations 8 through 12 corresponding t o 
an r of 0.1 (dotted l i n e ) or 1 ( s o l i d l i n e ) . A comparison of the 
experimental data w i t h these two sets of curves, e s p e c i a l l y the A g s 

p r o f i l e , c l e a r l y e l i m i n a t e s the p o s s i b i l i t y of r being c l o s e t o 
0.1. Rather, an r value of u n i t y seems t o f i t the data q u i t e w e l l , 
e s p e c i a l l y f o r the DGEB-DDS epoxy  Thus  the r e a c t i o n r a t e s of 
primary amine-epoxy an
i n d i s t i n g u i s h a b l e . Thi
(l6) a f t e r a c a r e f u l review of the l i t e r a t u r e and e s p e c i a l l y i n 
view of the thermal analyses data. 

Assuming r = 0.1, we have c a l c u l a t e d k^ from the k i n e t i c 
equation ( 2 ) . A f t e r the i n t e g r a t i o n of Eqn. (2) and proper sub
s t i t u t i o n , we get; 

ξ a Uk t (lU) 

F i g . 3 shows the p l o t of ξ /(ξ - l ) versus the cure time f o r the 
DGEBA-DDS epoxy at three cure temperatures. At cure times beyond 
g e l a t i o n , the r e a c t i o n r a t e constant which i s p r o p o r t i o n a l t o the 
slope of these curves i s c l e a r l y reduced. A s i m i l a r decrease i n 
the r e a c t i o n r a t e has been observed by thermal analyses (17) and IR 
(18). By drawing a s t r a i g h t l i n e through the f i r s t few data p o i n t s 

-3 -2 
f o r the s l o p e , we estimate the i n i t i a l k t o be 5.̂ x10 , 1.3x10 

-2 -1 
and 3.1x10 min at lU0°, l60° and l80°, r e s p e c t i v e l y . From the 
Arrhenius p l o t combining the data f o r both epoxy m a t r i c e s , an 
a c t i v a t i o n energy of 15-7 Kcal/mole and a pre-exponential f a c t o r of 

6 -1 
1.2x10 min were estimated. These estimates from our st u d i e s are 
s i m i l a r t o the values r e p o r t e d from the use of DSC and other t e c h 
niques which measure the o v e r a l l extent of r e a c t i o n . (l6) Fluorescence Studies 

When e x c i t e d around 320 nm, both epoxy matrices are h i g h l y f l u o r e 
scent w i t h an emission maximum around 370 ̂  380 nm. When the 
fluorescence i n t e n s i t y i s c a l i b r a t e d f o r t h i c k n e s s f l u c t u a t i o n s , 
the fluorescence i n t e n s i t y i s constant, independent of the extent 
of cure. Therefore, the inherent fluorescence of the epoxy m a t r i x 
i t s e l f i s not u s e f u l t o monitor cure r e a c t i o n s . 
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Extent of Reaction Extent of Reaction 

Figure 2. Experimental composition of cure species as a f u n c t i o n 
of extent of amine r e a c t i o n f o r DGEB-DDS. Refer to Scheme I f o r 
d e f i n i t i o n s of cure species. Two dotted l i n e s show p r e d i c t i o n s 
f o r r e a c t i v i t y of r a t i o of e i t h e r 0.1 or 1. (Reproduced from 
Ref. 4. Copyright 1986 American Chemical Society.) 
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Figure 3. P l o t of £ a/(C a-l) versus cure time to c a l c u l a t e r a t e 
constant (k^) f o r epoxy-primary amine r e a c t i o n . (Reproduced 
from Ref. 4. Copyright 1986 American Chemical Society.) 
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However, when the DAA l a b e l i s e x c i t e d , f o r example at U56 nm, 
the fluorescence i n t e n s i t y e x h i b i t e d s t r o n g l y cure dependent 
behavior. F i g . k shows such fluorescence spectra f o r DGEBA-DDS-DAA 
and DGEB-DDS-DAA r e s p e c t i v e l y i n the s p e c t r a l range of U50 nm t o 
800 nm. In both epoxy m a t r i c e s , at zero cure time, h a r d l y any 
fluorescence i s observed. But w i t h i n c r e a s i n g cure time, f l u o r e 
scence increases w i t h a broad emission peak around 560 nm. At long 
cure times, the emission peak seems t o have r e d - s h i f t e d s l i g h t l y 
(by 5 ̂  10 nm). This small red s h i f t i s i n sharp contrast t o much 
l a r g e r red s h i f t s observed i n UV-VIS spectra ( r e f . F i g . 1.1 and 
I I ) . Changes of p o l a r i t y i n the solvent medium are known t o cause 
l a r g e s h i f t s i n emission spectra. (19) Therefore, we can conclude 
that p o l a r i t y d i d not change much as the epoxy cured. This t r e n d 
was a l s o suggested by small s h i f t s i n UV-VIS spectra by the f u l l y 
s u b s t i t u t e d DAA. 

In order t o q u a n t i f y the fluorescence i n t e n s i t y changes  we 
p l o t the r e l a t i v e fluorescenc
cure time at three cur
The r e l a t i v e fluorescence i s c a l c u l a t e d a f t e r d i v i d i n g by the 
l a b e l ' s UV-VIS peak area i n order t o c a l i b r a t e f o r t h i c k n e s s 
f l u c t u a t i o n . The l a b e l ' s peak area remains constant as long as the 
t h i c k n e s s does not change due t o the same e x t i n c t i o n c o e f f i c i e n t s 
observed f o r cure products of DAA. The fluorescence i n t e n s i t y f o r 
the DGEB epoxy i s about the same as f o r the DGEBA epoxy up t o 
g e l a t i o n time. However, fluorescence increases continuously beyond 
g e l a t i o n f o r DGEB but l e v e l s o f f i n DGEBA epoxy. This i s due t o 
the v i t r i f i c a t i o n which only occurs i n the DGEBA epoxy. In the 
DGEBA epoxy, we have shown (2) t h a t the increase i n fluorescence 
derives from the cure products alone r a t h e r than from the v i s c o s i t y 
changes. Thus the t o t a l fluorescence i n t e n s i t y can be w r i t t e n as 
I„ = cEF.A. , where F. i s the r e l a t i v e fluorescence quantum y i e l d F i i i , fo r each cure product, A. i s t h e i r c o n c e n t r a t i o n , and c i s the 
experimental constant. T^e r e l a t i v e fluorescence quantum y i e l d f o r 
the c r o s s - l i n k e r model compound was found t o be independent of 
cure. Using the concentration values obtained by deconvolution of 
UV-VIS spectra (e.g. Table I I ) , we found t h a t a p r e d i c t e d I p agrees 
w e l l w i t h the experimental p o i n t s . Much greater values of 1̂, f o r 
DGEB are thus a d i r e c t consequence of f u r t h e r cure r e a c t i o n s as 
i n d i c a t e d by both UV-VIS r e s u l t s and by IR monitoring of epoxy r i n g 
disappearance. 

In order t o c o r r e l a t e fluorescence i n t e n s i t y at 565 nm w i t h 
the o v e r a l l extent of amine r e a c t i o n , we p l o t t e d 1̂  versus i n 
F i g . 6, f o r both epoxies cured at three isothermal cure tempera
t u r e s . In t h i s f i g u r e , ξ i s estimated from the deconvolution of 
U V - v i s i b l e s p e c t r a . A l l -fhe data f a l l on a s i n g l e smooth curve 
whose slope i s much sharper at l a t e r stages of cure e s p e c i a l l y 
a f t e r g e l a t i o n . In other words, fluorescence i n t e n s i t y c o n s t i t u t e s 
a s e n s i t i v e gauge f o r monitoring cure beyond g e l a t i o n , because i t 
derives mostly from t e r t i a r y amine products. 

L a b e l l i n g by ρ,ρ'-diaminostilbene (DAS) 

Figure 7 shows uv - v i s s p e c t r a of DGEB-MDA-DAS (0.1$) f o l l o w i n g cure 
at lU0°C. Before cure, the DAS absorption maximum l i e s at 352 nm. 
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Figure 4. Fluorescence spectra of ρ,p1-diaminoazobenzene i n a 
s t o i c h i o m e t r i c mixture of DGEBA-DDS (I) and DGEB-DDS ( I I ) as a 
f u n c t i o n of cure time at 160°C ( e x c i t a t i o n at 456 nm). Repro
duced from Ref. 4. Copyright 1986 American Chemical Society.) 
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Figure 5. R e l a t i v e fluorescence i n t e n s i t y at 565 nm as a f u n c t i o n 
of cure time at three cure temperatures f o r DGEBA-DDS and DGEB-DDS 
epoxies. (Reproduced from Ref. 4. Copyright 1986 American Chem
i c a l Society.) 
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Figure 6. C o r r e l a t i o n of r e l a t i v e fluorescence at 565 nm w i t h 
the extent of amine r e a c t i o n by UV-VIS. (Reproduced from Ref. 
4. Copyright 1986 American Chemical Society.) 
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Figure 7. UV-VIS absorption spectra of DAS i n DGEB-MDA epoxy as 
a f u n c t i o n of cure time at 140°C. (Reproduced w i t h permission 
from Ref. 3. Copyright 1987 Butterworth & Co. [P u b l i s h e r s ] Ltd.) 
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DAS i n DGEB shows another absorption peak at 327 nm, which i s 
hidden under the MDA absorption i n the DGEB-MDA epoxy. As cure 
proceeds, we observe red s h i f t s of the peak at 352 nm. A f t e r 300 
minutes of cure at lU0°C, the DAS absorption peak i s s h i f t e d t o 371 
nm. Further c u r i n g even at high temperatures does not s h i f t the 
p o s i t i o n of t h i s peak beyond 372 nm, which i s c o n s i s t e n t w i t h the 
model reactions.(3) F i g . 8 shows fluorescence spectra as a func
t i o n of cure time at lU0°C. At zero cure time, the emission 
spectrum i s broad w i t h a maximum near Ul8 nm. As cure i n c r e a s e s , 
an enhancement of emission was noted, as w e l l as the s p l i t t i n g i n t o 
two emission peaks at hlQ nm and k30 nm. This s p l i t t i n g i s due t o 
the r e d - s h i f t e d emission of a t e r t i a r y - a m i n e c o n t a i n i n g DAS 
(tt-DAS) as a r e s u l t of cure r e a c t i o n s . When the emission i n 
t e n s i t y at klQ nm i s p l o t t e d as a f u n c t i o n of cure time at two cure 
temperatures (lU0° and 120°C, r e s p e c t i v e l y ) , we o b t a i n s-shaped 
curves as i l l u s t r a t e d i n F i g . 9. At these cure temperatures, the 
g e l a t i o n f o r the DGEBA-MD
min. and 16 min. r e s p e c t i v e l y
We may assume t h a t the g e l a t i o n takes place at s i m i l a r times i n the 
DGEB-MDA epoxy. We note i n F i g . 9 t h a t a f t e r g e l a t i o n , f l u o r e s 
cence emission increases sharply at the cure temperature. A l s o , i t 
i s noted th a t the o v e r a l l increase i n emission i n t e n s i t y i s about 
three and a h a l f times greater at longer cure times, as compared t o 
zero cure time. 

In order t o d e l i n e a t e the e f f e c t of v i s c o s i t y on the f l u o r e 
scence i n t e n s i t y , we cured the DGEB-MDA epoxy c o n t a i n i n g a small 
amount of tt-DAS as a probe molecule. In t h i s experiment, any 
fluorescence change i s due t o the v i s c o s i t y e f f e c t of the medium 
since tt-DAS can no longer react i n the matrix. F i g . 10 compares 
the emission i n t e n s i t y of DAS w i t h tt-DAS i n the DGEB-MDA matr i x as 
a f u n c t i o n of cure time at lU0°C. Emission i n t e n s i t y i n F i g . 10 i s 
c a l i b r a t e d t o r e f l e c t emission per mole of DAS or tt-DAS. At zero 
cure time, the emission from tt-DAS i s 2.k times greater than DAS. 
While DAS shows an increase i n emission a f t e r g e l a t i o n , the emis
s i o n from tt-DAS i s constant w e l l past g e l a t i o n up t o the cure time 
of 100 minutes. At t h i s cure time, about 75% of the epoxide i n the 
mat r i x has r e a c t e d , as determined by IR spe c t r a . A f t e r 100 minutes 
the emission from tt-DAS increases s h a r p l y , at l e a s t three times. 
From these t r e n d s , we may conclude that the enhanced fluorescence 
of DAS near g e l a t i o n i s due l a r g e l y t o the chemical r e a c t i o n s 
t a k i n g p l a c e ; only at l a t e r stages i s i t due t o the medium v i s c o s 
i t y e f f e c t . Even though we cannot separate i n a q u a n t i t a t i v e way 
the c o n t r i b u t i o n s from chemical r e a c t i o n s and the medium v i s c o s i t y 
e f f e c t at a given cure time when DAS was used, a p l o t of emission 
i n t e n s i t y i n the DAS l a b e l l e d epoxy as a f u n c t i o n of the o v e r a l l 
extent of epoxide r e a c t i o n can be used t o estimate the extent of 
cure. Such a p l o t i s shown i n F i g . _L1, f o r a cure at lU0°C, where 
a sharp increase i n emission i s shown a f t e r g e l a t i o n . 

In trans - s t u b en e, fluorescence and r o t a t i o n around the CH = 
CH bond are known t o be the main photophysical processes. Assuming 
that the photophysical behavior of DAS and tt-DAS i s s i m i l a r t o 
tha t of t r a n s - s t i l b e n e , the increase i n fluorescence of tt-DAS, 
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Figure 8. Fluorescence spectra of DAS i n DGEB-MDA epoxy as a 
fu n c t i o n of cure time at 140°C. (Reproduced w i t h permission 
from Ref. 3. Copyright 1987 Butterworth & Co. [P u b l i s h e r s ] Ltd.) 
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Figure 9. Fluorescence i n t e n s i t y at 418 nm as a f u n c t i o n of cure 
time at 140°C and 120°C, r e s p e c t i v e l y , i n DAS (0.1%) l a b e l l e d 
DGEB-MDA epoxy. (Reproduced w i t h permission from Ref. 3. Copy
r i g h t 1987 Butterworth & Co. [Pu b l i s h e r s ] Ltd.) 
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Figure 10. Fluorescence i n t e n s i t y at 418 nm as a f u n c t i o n of 
cure time at 140°C, comparing DAS and tt-DAS i n DGEB-MDA epoxy. 
(Reproduced w i t h permission from Ref. 3. Copyright 1987 Butter
worth & Co. [Pu b l i s h e r s ] Ltd.) 
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Figure 11. C o r r e l a t i o n of fluorescence i n t e n s i t y at 418 nm w i t h 
the extent of epoxy r e a c t i o n (E,-^)by IR method at 140°C cure. 
(Reproduced w i t h permission from Ref. 3. Copyright 1987 B u t t e r 
worth & Co. [Pu b l i s h e r s ] Ltd.) 
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e s p e c i a l l y i n cured epoxy, can be explained by a higher a c t i v a t i o n 
b a r r i e r t o the r o t a t i o n around the CH = CH bond. (3) 
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Chapter 35 

Emission Spectra of Polysilylenes 

L. A. Harrah and J. M . Zeigler 

Sandia National Laboratories, Albuquerque, NM 87185 

Absorption and fluorescence spectra of silane high 
polymers and their solution phase behavior suggest 
that the states giving rise to these spectra are 
delocalized ove
molecule. We hav
phosphorescence of silane high polymers with a variety 
of substituents. In contrast to the quite narrow, 
line-like fluorescence, the phosphorescence emission 
is broad and exhibits vibrational fine structure. 
Furthermore, the wavelength of the band origin of 
phosphorescence is not particularly sensitive to 
substituent structure, molecular weight, or degree of 
crystallinity. The fluorescence band origin depends 
markedly on these factors. The difference in behavior 
between fluorescence and phosphorescence suggests that 
the states giving rise to phosphorescence are quite 
localized while those responsible for fluorescence are 
delocalized along the chains. The emission yields and 
structure suggest that the immediate precursor to 
photochemistry is the triplet. 

Polysilylenes, a new class of polymers synthesized ( 1 ,17) by Na 
metal-mediated Wurtz coupling of dichlorosilanes, are receiving 
considerable attention because of their extreme photosensitivity and 
interesting electronic properties. They are being studied as 
photoresists, and as exceedingly 0 -reactive ion etch resistant 
imaging and contrast enhancement layers in multilayer lithography 
(2-6) . Highly efficient photoconductivity with nondispersive 
transport of the charge carriers through relatively thick films has 
been reported for alkyl as well as aryl polysilylenes (7). The 
photosensitivity of these materials depends markedly on the nature 
and structure of the substituents and, for some alkyl substituted 
polymers, results in photovolatilization of the polymer under deep 
UV exposure (2-3). Photoscission of the polysilylene chain, respon-
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s i b l e f o r i n i t i a t i n g the p h o t o v o l a t i l i z a t i o n process, a l s o occurs i n 
the n o n - p h o t o v o l a t i l i z i n g p o l y s i l y l e n e s and a l l o w s t h e i r use as 
solvent-developed r e s i s t s (*J-6). 

W h i l e these t e c h n o l o g i c a l l y i m p o r t a n t a p p l i c a t i o n s are the 
primary d r i v i n g f o r c e f o r the current i n v e s t i g a t i o n s , the s i l y l e n e 
polymers a l s o d i s p l a y a w e a l t h of phenomena of fundamental s c i e n 
t i f i c i n t e r e s t . D i l u t e s o l u t i o n s of many of the a l k y l s u b s t i t u t e d 
polymers e x h i b i t thermochromism (9) which may be ass o c i a t e d w i t h a 
random c o i l to r o d - l i k e conformational t r a n s i t i o n on c o o l i n g (8-10) . 
T h i s thermochromism has been t r e a t e d u s i n g a r o t a t i o n a l isomeric 
s t a t e model (9,10) and a t h e o r e t i c a l i n v e s t i g a t i o n (1J_) has sug
g e s t e d t h a t the d r i v i n g f o r c e f o r both the thermochromism and the 
sh a r p , f i r s t - o r d e r - l i k e t r a n s i t i o n o b served w i t h some polymer-
s o l v e n t c o m b i n a t i o n s , r e s u l t s from a complex s o l v e n t - p o l y m e r 
p o l a r i z a b i l i t y i n t e r a c t i o n induced by the change i n chain e l e c t r o n i c 
s t r u c t u r e w i t h conformational rearrangement caused by r o t a t i o n about 
the s i l i c o n - s i l i c o n backbon
t h i n f i l m s of the a l k y
e l e c t r o n i c - c o n f o r m a t i o n a l c o u p l i n g . E v i d e nce has been p r e s e n t e d 
t h a t i n d i c a t e s t h a t s o l u t i o n phase conformational t r a n s i t i o n s a l s o 
o c c u r (]_U) t h a t a r e n o t m a n i f e s t e d i n t h e r m o c h r o m i s m f o r 
p o l y s i l y l e n e s having p h y s i c a l l y l a r g e s u b s t i t u e n t s . 

The absorption spectra of s i l y l e n e polymers and t e l o m e r s have 
been e x t e n s i v e l y reported and i t has been shown that the p o s i t i o n of 
the absorption maximum s h i f t s to the red with i n c r e a s i n g degree o f 
poly m e r i z a t i o n (6 ,15-19). We and others have reported the existence 
of narrow, l i n e l i k e f l u o r e s c e n c e w i t h no observed v i b r a t i o n a l 
s t r u c t u r e f o r a number of medium and high molecular weight polymers 
( 2 , 9 , 1 6 , 2 0 , 2 2 ). The narrow, l i n e - l i k e f l u o r e s c e n c e and the c h a i n 
l e n g t h dependence of the absorption spectra both i n d i c a t e substan
t i a l d e r e a l i z a t i o n o f the e l e c t r o n i c s t a t e s i n v o l v e d i n t h e 
t r a n s i t i o n s . 

The d e r e a l i z a t i o n o f the e l e c t r o n i c s t a t e s i n v o l v e d i n the 
p h o t o e x c i t a t i o n o f these polymers suggest t h a t they s h o u l d not 
undergo p h o t o d i s s o c i a t i o n from the s i n g l e t m a n i f o l d . We have ex
amined the luminescence from these polymers, both i n s o l u t i o n and as 
neat t h i n f i l m s , i n an attempt to i d e n t i f y the e l e c t r o n i c p r e c u r s o r 
t o t h e i r i n t e r e s t i n g p h o t o c h e m i s t r y and t o p r o v i d e guidance i n 
i n t e r p r e t i n g t h e i r other s p e c t r o s c o p i c , e l e c t r o n i c , and p h y s i c a l 
p r o p e r t i e s . 

We have st u d i e d the thermochromism of f l u o r e s c e n c e and show 
t h i s b e h a v i o r t o be c o n s i s t e n t with the r o t a t i o n a l isomeric s t a t e 
model p r e v i o u s l y proposed t o e x p l a i n s o l u t i o n thermochromism i n 
a b s o r p t i o n ( 9 , 1 0 ) . Weak, s t r u c t u r e d phosphorescence i s observed 
from a l l polymers s t u d i e d . The c o n t r a s t between the s t r u c t u r e d 
p h o s p h o r e s c e n c e and the narrow f l u o r e s c e n c e i s i n t e r p r e t e d as 
ev i d e n c e t h a t the t r i p l e t s t a t e i s the immediate p r e c u r s o r t o 
p h o t o c h e m i s t r y . F i n a l l y , the change i n the fluorescence character 
i n the a r y l s e r i e s on goi n g from p h e n y l s u b s t i t u t i o n t o n a p h t h y l 
s u b s t i t u t i o n suggests a change i n the nature of the t r a n s i t i o n from 
one i n v o l v i n g mixed side chain-backbone s t a t e s i n the phenyl case to 
one which i s p r i m a r i l y s i d e c h a i n - l i k e f o r n a p h t h y l - s u b s t i t u t e d 
p o l y s i l y l e n e s . 
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Experimental 

The polymers used i n t h i s s t u d y were p r e p a r e d i n t h e manner 
d e s c r i b e d i n references 1 and 17 by a Wurtz-type r e d u c t i v e coupling 
of the appropriate d i c h l o r o s i l a n e ( s ) wi^h sodium metal d i s p e r s i o n i n 
t o l u e n e or a mixed s o l v e n t ( 1 a,b). Fluorescence, phosphorescence 
and absorption s p e c t r a were taken on a spectrophotometer of our own 
d e s i g n (j_7 ) . For these s t u d i e s the e x c i t a t i o n source f o r f l u o r e s 
cence was a 200 watt Hg*Xe arc lamp f i l t e r e d to reduce the i n t e n s i t y 
at the e x c i t i n g l i n e u s i n g n e u t r a l d e n s i t y f i l t e r s with o p t i c a l 
d e n s i t i e s from 2.0 t o 4.0. Phosphorescence e x c i t a t i o n u s e d a 
n i t r o g e n l a s e r w i t h a pulse length of 0.8 nsec. The beam from t h i s 
l a s e r was expandepj to reduce the energy d e n s i t y and n o r m a l l y i l 
l u m i n a t e d a 2 cm area of sample. The phosphorescence spectra were 
obtained by i n t e g r a t i n g the l i g h t emitted at each wavelength over 10 
p u l s e s t o reduce the noise introduced by the pulse to pulse v a r i a
t i o n s i n l a s e r o u t p u t .
gated on at 200 ysec a f t e
c o l l e c t e d f o r an i n t e r v a l of 10 msec f o r the e a r l y time emission and 
f o r up to 1 sec t o gat h e r l o n g time s p e c t r a . Decays were derived 
from the data at a s i n g l e w a v e l e n g t h by a g a i n d e l a y i n g 200 ysec 
a f t e r the l a s e r pulse and then gathering data i n 500 ysec i n t e r v a l s 
f o r up to 1 sec. Up to 2000 l a s e r pulses were used to a s s u r e ade
quate counting s t a t i s t i c s . 

F i l m spectra were taken using t h i n f i l m s of polymer s p u n - c a s t 
on 1.6 mm t h i c k f u s e d s i l i c a f l a t s , 25 x 25 mm square. A l l f i l m 
samples were cast from xylene which had been p r e v i o u s l y d r i e d over 
4A m o l e c u l a r s i e v e s . For the s o l u t i o n s p e c t r a , toluene was used 
a f t e r d i s t i l l a t i o n from NaK a l l o y under A r . The a l k a n e s o l v e n t s 
were o b t a i n e d from a v a r i e t y o f s o u r c e s and used without f u r t h e r 
p u r i f i c a t i o n . 

F l u o r e s c e n c e quantum y i e l d s were estimated using the method of 
Renschler and Harrah (24) w i t h p-terphenyl as a standard and assum
i n g i t s quantum y i e l d to be 0.93 (25)· Emission spectra shown are 
corr e c t e d f o r v a r i a t i o n i n monochromator throughput and phototube 
response by the methods described i n reference 17. 

Absorption s p e c t r a were run using the same c o l l e c t i o n o p t i c s as 
f o r e m i s s i o n measurements. The source f o r absorption measurement 
was a deuterium arc lamp ope r a t i n g at 30 watts and p r o j e c t e d onto a 
s l i t through a 1.0 OD f i l t e r , again, to avoid p h o t o l y s i s during the 
scan. The source s l i t was proj e c t e d onto the sample wit h a p a i r o f 
fused s i l i c a lenses arranged at the achromatizing distance f o r about 
3200 A. The s l i t image was adjusted to i l l u m i n a t e the sample i n the 
same a r e a as the e x c i t a t i o n s l i t image f o r emission measurement. 
The reference f o r a b s o r p t i o n measurement was a scan o f the l i g h t 
s o u r c e w i t h sample c e l l and s o l v e n t i n the normal c o n f i g u r a t i o n . 
For f i l m s , the reference was a bare fused s i l i c a f l a t . 

Thermochromism i n F l u i d S o l u t i o n 

We have p r e v i o u s l y suggested ( 9a, 1 0 ) a r o t a t i o n a l i s o m e r i c s t a t e 
model t o e x p l a i n the s o l u t i o n thermochromism e x h i b i t e d by the un-
branched a l k y l s u b s t i t u t e d p o l y s i l y l e n e s . T h i s model t r e a t s the 
a b s o r p t i o n spectrum as a s u p e r p o s i t i o n of the spectra of i s o l a t e d 
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chain segments separated by conformational d e f e c t s . F i g u r e 1 com
pares s p e c t r a c a l c u l a t e d using t h i s model with observed absorption 
spectra f o r poly(n-hexyl methyl s i l y l e n e ) . 

The proposed model assumes that the e l e c t r o n i c s t a t e s of these 
molecules are d e l o c a l i z e d along an undefected p o r t i o n of the polymer 
c h a i n and t h a t c h a i n d e f e c t s e f f e c t i v e l y i s o l a t e the a b s o r b i n g 
segments. The t r a n s i t i o n energies f o r each segment are given by the 
expression 

ET " A + 4 ( 5 S i n âÏÏH ) ( 1 ) 

used by Boberski and A l l r e d ( ] _ 5 ) to e x p l a i n the chain length depend
ence i n the permethyl s i l y l e n e telomers. In t h i s expression, A i s a 
c o n s t a n t , 3 i s the Huckel t r a n s f e r i n t e g r a l (the value derived f o r 
the permethyl telomers by Boberski and A l l r e d i s used f o r F i g u r e 1 ) 
and η i s the number of d e f e c t - f r e  bond  i  th  segment  Th  prob
a b i l i t y of o c c u r r e n c e o
c a l c u l a t e d u s i n g a modifie
t r e a t energy t r a n s f e r i n l i n e a r chains with t r a p s , 

P(n) = n ( f , 2 ) ( 1 - f , ) n " 1
 ( 2 ) d d 

where η i s again the number of undefected bonds i n a sequence. 
To d e r i v e an a b s o r p t i o n spectrum, s e v e r a l a d d i t i o n a l assump

t i o n s are made: the c h a i n s are s u f f i c i e n t l y l o n g t o a v o i d end 
e f f e c t s ; d e f e c t s i s o l a t e the e l e c t r o n i c s t a t e s o f the segment; 
adjacent defects do not i n t e r f e r e ; and each component has an i n t r i n 
s i c homogeneous w i d t h . The agreement shown between the c a l c u l a t e d 
and observed spectra i s s u r p r i s i n g l y good c o n s i d e r i n g the s i m p l i c i t y 
of the model. 

A consequence of the model i s that the peak o f the a b s o r p t i o n 
spectrum can be used to c a l c u l a t e the f r a c t i o n of defect s t r u c t u r e s 

f - ^ 2 ( 3 ) 
d 2 3 K D J 

where E T i s the energy of the absorption maximum at temperature T, 
EQ i s the low temperature l i m i t (A i n e x p r e s s i o n 1 ) and β has the 
p r e v i o u s s i g n i f i c a n c e . From expression 3 , the energy of a defect 
s t r u c t u r e can be der i v e d . Figure 2 i l l u s t r a t e s the A r r h e n i u s be
havior of f o r the η-propyl methyl polymer. 

Previous s t u d i e s have shown t h a t energy t r a n s f e r o c c u r s over 
d i s t a n c e s of 5 0 - 1 0 0 A i n these polymers ( 2 2 , 2 7 ) . I f t h i s t r a n s f e r 
occurs i n s o l u t i o n f o l l o w i n g a b s o r p t i o n , one would expect e m i s s i o n 
not from the t o t a l d i s t r i b u t i o n of i s o l a t e d segments, but only from 
the segment having the lowest t r a n s i t i o n energy. Our model p r e d i c t s 
t h a t the f l u o r e s c e n c e s h o u l d occur from a d i s t r i b u t i o n of longest 
segments and should peak near the fluorescence t r a n s i t i o n energy f o r 
the most p r o b a b l e segment l e n g t h . The energy of the fluorescence 
maximum should obey the expression 

E f T - E f 0 + Η s i n jfi-^y (4) 
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F i g u r e 1. A. A b s o r p t i o n s p e c t r a o f p o l y ( n -
s i l y l e n e ) at four temperatures 

B. RISM s i m u l a t i o n of s p e c t r a . 

h e x y l m e t h y l 
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where Ε^ 0 i s the low temperature l i m i t f o r the fluorescence maximum, 
E f T i s the fluorescence maximum at temperature Τ and Ν i s the most 
probable segment length given by 

N p • î n T a v ( 5 ) 

f d has i t s p r e v i o u s s i g n i f i c a n c e and can be c a l c u l a t e d from the 
defect energy determined from the absorption spectrum. 

Figure 3 shows a p l o t of the fluorescence maximum f o r p o l y ( n -
p r o p y l methyl s i l y l e n e ) i n hexane vs. s i n ir/2(N + 1) using a defect 
energy of 1650 c a l o r i e s / m o l e . A l t h o u g h the agreement here seems 
good, the u n c e r t a i n t y i n l o c a t i o n o f the fluorescence maximum i s 
lar g e as the band broadens near room temperature and may d i s g u i s e a 
r e a l n o n l i n e a r i t y . Nevertheless, t h i s r e s u l t lends c r e d i b i l i t y to 
the r o t a t i o n a l i s o m e r i c s t a t e model f o r thermochromism i n t h e s e 
p o l y s i l y l e n e s . 

For most of the unbranche
s o l v e n t s o f h i g h r e f r a c t i v e index, the smooth t r a n s i t i o n described 
by the above model changes to an abrupt, f i r s t order l i k e t r a n s i t i o n 
( 8 ) . T h i s has been described i n terms of e l e c t r o n i c - c o n f o r m a t i o n a l 
c o u p l i n g ( 1_1_). The thermochromism f o r the η-propyl methyl polymer 
i s summarized i n Figure 4 f o r two s o l v e n t s . 

Branched a l k y l and aromatic s u b s t i t u t e d polymers do not show 
the r e d s h i f t w i t h d e c r e a s i n g t e m p e r a t u r e . C y c l o h e x y l m e t h y l , 
i s o p r o p y l methyl, phenyl methyl, and t r i m e t h y l s i l y l methyl s i l y l e n e 
homopolymers e x h i b i t o n l y a s m a l l but d i s c e r n a b l e blue s h i f t w ith 
decreasing temperature. T h i s b e h a v i o r i s i n t e r p r e t e d t o suggest 
t h a t , i n t h e s e h i n d e r e d systems, there i s l i t t l e energy d i f f e r e n c e 
between the various chain conformations a l t h o u g h l i g h t s c a t t e r i n g 
measurements do imply some weak t r a n s i t i o n - l i k e behavior ). This 
behavior may s i g n i f y that branching makes one of the c o n f o r m a t i o n s , 
presumably the t r a n s , so high i n energy that only gauche conformers 
are a c c e s s i b l e . 

Thermochromism - Thin Films 

In a l l of the p o l y s i l y l e n e s s t u d i e d , the fluorescence from neat t h i n 
f i l m s on fused s i l i c a s u b s t r a t e s e x h i b i t s a blue s h i f t upon c o o l i n g . 
In cases where our s t u d i e s have spanned the g l a s s t r a n s i t i o n o f the 
polymer, no change i n behavior i s seen (Figure 4). In the polymers 
which have s u b s t a n t i a l c r y s t a l l i n i t y , an abrupt s h i f t i n b e h a v i o r 
o c c u r s at the c r y s t a l l i n e m e l ting p o i n t ; above t h i s temperature the 
f i l m s behave i n much the same fa s h i o n as the f l u i d s o l u t i o n s . These 
phenomena have been e x t e n s i v e l y s t u d i e d (9,12,13) and w i l l not be 
tr e a t e d here. 

The b l u e s h i f t p r o b a b l y does not in v o l v e changes i n conforma
t i o n a l s t r u c t u r e (no change upon passing through Tg) and most l i k e l y 
r e f l e c t s o n l y the i n f l u e n c e of the increased d e n s i t y on the t r a n s i 
t i o n . In these n o n p o l a r m a t e r i a l s , one e x p e c t s a r e d s h i f t on 
d e n s i t y i n c r e a s e (28) and perhaps a p a r t i a l l y compensating s h i f t to 
the blue due to p r e f e r e n t i a l narrowing i n the l o n g w a v e l e n g t h t a i l 
( r e f e r e n c e 28, pg. M2). The observed blue s h i f t suggests that the 
narrowing e f f e c t has more than o f f s e t the normally expected d e n s i t y -
determined red s h i f t . We have examined a f i l m of poly(phenyl methyl 
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F i g u r e 3. Dependence of f l u o r e s c e n c e maximum of most probable 
chain length f o r poly(η-propyl methyl s i l y l e n e ) . 
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s i l y l e n e ) cast onto a diamond a n v i l at h i g h p r e s s u r e and have ob
served a blue s h i f t i n the absorption band with i n c r e a s i n g pressure. 
T h i s r e s u l t i s c o n s i s t e n t w i t h the c o n c l u s i o n t h a t t h e t h e r 
mochromism below the c r y s t a l l i n e m e l ting point i n these polymers i s 
p r i m a r i l y r e l a t e d to the densi t y i n c r e a s e . Figure 5 summarizes the 
data on f i l m thermochromism. We have normalized these data to the 
room temperature fluorescence maximum f o r p r e s e n t a t i o n convenience. 

Phosphorescence 

F i g u r e 6 d i s p l a y s the phosphorescence s p e c t r a o f t h r e e a l k y l 
p o l y s i l y l e n e s o b t a i n e d from p u l s e d l a s e r e x c i t a t i o n of t h i n f i l m 
samples at low temperature. For th e s e s p e c t r a , the dat a was i n 
t e g r a t e d over the p e r i o d from 200 ysec t o 0.01 sec f o l l o w i n g the 
l a s e r pulse. A l l of the a l k y l p o l y s i l y l e n e s s t u d i e d show a substan
t i a l amount of e m i s s i o n i n the r e g i o n of f l u o r e s c e n c e which has 
e s s e n t i a l l y the same shap
t h i s emission as delaye
a n n i h i l a t i o n . The delayed fluorescence provides a c o n v e n i e n t com
p a r i s o n between the f l u o r e s c e n c e shape and width and that of the 
phosphorescence. 

The t h r e e p o l y m e r s , poly(η-propyl methyl s i l y l e n e ) , p o l y ( n -
hexyl methyl s i l y l e n e ) , and poly(n-dodecyl methyl s i l y l e n e ) , e x h i b i t 
s p e c t r a w i t h a s u r p r i s i n g s i m i l a r i t y i n s t r u c t u r e . C l e a r l y , the 
phosphorescent emission e x h i b i t s v i b r a t i o n a l s t r u c t u r e and i s _ ^ q u i t e 
broad (>7500 cm ) while the fluorescence i s narrow (<600 cm ) and 
s t r u c t u r e l e s s . The narrow f l u o r e s c e n t e m i s s i o n and absence of 
disc e r n a b l e v i b r a t i o n a l s t r u c t u r e i n d i c a t e , as does the chain length 
dependence of absorption (6,17), that the e l e c t r o n i c s t a t e s involved 
are d e l o c a l i z e d over s u b s t a n t i a l p o r t i o n s of the polymer ch a i n . The 
breadth and s t r u c t u r e d nature of the phosphorescence i n d i c a t e s t h a t 
the t r i p l e t i s q u i t e l o c a l i z e d . Some v i b r a t i o n a l progressions are 
apparent i n these spectra and the s p l i t t i n g s may r e f l e c t involvement 
of a s i l i c o n - c a r b o n s t r e t c h i n g v i b r a t i o n . Takeda and Matsumoto (29) 
have performed a band s t r u c t u r e c a l c u l a t i o n on ( S i H 2 ) n which sug
g e s t s t h a t the LUMO i n t h a t polymer has both s i l i c o n - s i l i c o n and 
sil i c o n - h y d r o g e n antibonding c h a r a c t e r . The e x i s t e n c e of s i l i c o n -
c arbon v i b r a t i o n a l s p l i t t i n g s i n the phosphorescence sp e c t r a may 
i n d i c a t e that the c a l c u l a t i o n a l r e s u l t i s c o r r e c t and the s i l i c o n 
s u b s t i t u e n t antibonding character of the LUMO i s general. 

I t i s not c l e a r , i f the s i n g l e t e x c i t a t i o n s are d e l o c a l i z e d , 
why the t r i p l e t s , presumably with the same o r i g i n and the terminus 
o r b i t a l s , should be l o c a l i z e d . Recent c a l c u l a t i o n s by Bigelow (30) 
suggest t h a t the o r i g i n and terminus o r b i t a l s f o r the s i n g l e t and 
t r i p l e t s t a t e s may not, i n f a c t , be the same, but no e x p e r i m e n t a l 
e v i d e n c e t o c o n f i r m t h i s r e s u l t has yet been brought f o r t h . 
N e v e r t h e l e s s , the l o c a l i z a t i o n of the t r i p l e t does suggest i t s 
i n v o l v e m e n t i n the p h o t o d i s s o c i a t i o n process. Further evidence i s 
a v a i l a b l e from the quantum y i e l d s f o r the two e m i s s i o n s . For the 
a l k y l p o l y s i l y l e n e s the quantum y i e l d s f o r fluorescence are a l l , 
w i t h the exception of the phenethyl s u b s t i t u t e d polymer, i n excess 
of 0.4 ( v i d e T a b l e I ) . While we have not measured the phosphores
cence y i e l d s , a rough comparison w i t h p o l y ( v i n y l n a p h t h a l e n e ) 
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Figure 5. Thin f i l m thermochromism f o r s e v e r a l p o l y s i l y l e n e s . 
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Figure 6. Laser e x c i t e d delayed emission from 
A. Poly(n-propyl methyl s i l y l e n e ) 
B. Poly(n-hexyl methyl s i l y l e n e ) 
C. Poly(n-dodecyl methyl s i l y l e n e ) 
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phosphorescence i n t e n s i t y places these y i e l d s at l e s s than 10 . No 
phosphorescence i s detected i n th e s e f i l m s at te m p e r a t u r e s above 
250°K. 

Even though the t r i p l e t appears l o c a l i z e d , at l e a s t on a v i b r a 
t i o n a l time s c a l e , the apparent delayed fluorescence does i n d i c a t e 
s u b s t a n t i a l m o b i l i t y on the time s c a l e of phosphorescence decay. We 
have examined these decays and found them to be quit e n o n l i n e a r . 
With the exception of the 3-naphthyl polymer, the f i r s t h a l f l i v e s 
are about 1-2 χ 10 seconds. 

Figure 7 shows the phosphorescence s p e c t r a d u r i n g the 0.01 t o 
0.1 time p e r i o d s f o r η-propyl methyl and n - h e x y l methyl f i l m s . 
Comparison wi t h Figure 6 c l e a r l y shows a s h i f t to longer wavelengths 
and a l o s s i n v i b r a t i o n a l s t r u c t u r e . Again, as i n the e a r l i e r time 
p e r i o d , the s p e c t r a of th e s e polymers are s i m i l a r . The d e l a y e d 
f l u o r e s c e n c e i s absent and t h i s observation together wi t h the red 
s h i f t suggest trapping a
duced s c i s s i o n s i t e s . Tabl
phosphorescence of t h i n f i l m s s t u d i e d . 

F i g u r e 8 i s the phosphorescence spectrum taken from a glassy 
s o l u t i o n of poly(n-p r o p y l methyl s i l y l e n e ) i n methyl cyclopentane at 
89°K. T h i s e m i s s i o n i s s i m i l a r i n width to the f i l m emission, as 
are the s o l u t i o n s p e c t r a o f the o t h e r p o l y m e r s . Again d e l a y e d 
f l u o r e s c e n c e i s evident but the sharp v i b r a t i o n a l f i n e s t r u c t u r e i s 
l o s t . The s o l u t i o n and f i l m s p e c t r a are not expecte d t o be com
p a r a b l e s i n c e they r e p r e s e n t c o n f o r m a t i o n a l e q u i l i b r i a (at room 
tem p e r a t u r e f o r f i l m and t h e Tg o f 3-methy1 p e n t a n e f o r t h e 
s o l u t i o n s ) . 

The phosphorescence s p e c t r a o f the two a r y l p o l y s i l y l e n e s 
s t u d i e d are shown i n F i g u r e 9 and t h e i r fluorescence at room tem
perature i n Figure 10. Although phosphorescence quantum y i e l d s f o r 
t h e s e two polymers were not measured, estimates based on comparison 
wit h the a l k y l i n t e n s i t i e s i n d i c a t e t h a t t h e se polymers emit w i t h 
s u b s t a n t i a l l y g r e a t e r y i e l d . Todesco and Kamat (21_) have measured 
the phosphorescence y i e l d of a copolymer o f α-naphthyl met h y l and 
d i m e t h y l s i l y l e n e u n i t s t o be 0.39. Our n a p h t h y l polymer gives 
c l e a r l y the most intense phosphorescence and probably has a quantum 
y i e l d near the 0.39 value f o r the copolymer. We estimate the phenyl 
polymer y i e l d to be * 1/10 of the naphthyl polymer. 

The f l u o r e s c e n c e o f the phenyl polymer i s s i m i l a r i n shape to 
the fluorescence from the a l k y l polymers and the s i m i l a r shape of 
the phosphorescence spectrum, as w e l l , suggests that the o r i g i n s of 
the e l e c t r o n i c spectrum are a l s o much the same. The apparent i n 
c r e a s e d quantum y i e l d f o r phosphorescence i n p o l y ( p h e n y l methyl 
s i l y l e n e ) probably r e f l e c t s a mixing of the r i n g e l e c t r o n i c l e v e l s 
w ith the l e v e l s of the chain. Both the fluorescence and phosphores
cence of the naphthyl d e r i v a t i v e are s u b s t a n t i a l l y a l t e r e d r e l a t i v e 
t o the phenyl polymer. Fluorescence resembles that of p o l y ( 8 - v i n y l 
n a p h t h a l e n e ) ( 17,29) which i s a t t r i b u t e d t o excimer e m i s s i o n . 
Phosphorescence i s s i m i l a r t o naphthalene i t s e l f . These observa
t i o n s suggest that the replacement o f an a l k y l w i t h p h e n y l moiety 
does not change the b a s i c nature of the e l e c t r o n i c s t a t e but may 
incorporate some ir c h a r a c t e r . Upon a naphthyl s u b s t i t u t i o n both the 
fluorescence and phosphorescence become p r i m a r i l y π-ττ l i k e . 
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Table I. Solution and Film Fluorescence Data for Polysilylenes 

S o l u t i o n (Room Temp.) ~ Fi l m (Low Temp^) 
Polymer Su b s t i t u e n t s A f <j>f width (cm ) X f width (cm ) 

phenyl, methyl 
p - a n i s y l , methyl 
3-naphthyl, methyl 
η-propyl, methyl 
n-hexyl, methyl 
n-dodecyl, methyl 
d i n-hexyl 
β phenethyl, methyl 
Co _ i - p r o p y l , methyl; 

η-propyl, methyl 

+ e x c i t a t i o n wavelength dependent 
* h i g h l y c r y s t a l l i n e 

353 .08-.25 + 1043 353 706 
362 0.2-0.5 1220 
437 - 4167 
341 .76 345 447 

342 .42 1275 371 472 
338 .14 

340 .69 1143 342 592 

Table II. Polysilylene Phosphorescence Origins and Vibrational 
Splittings 

Polymer S u b s t i t u e n t s λ O r i g i n 

phenyl, methyl 390 
β-naphthyl, methyl 467 
η-propyl, methyl 380 
n-hexyl, methyl 380 
n-dodecyl, methyl 380 
d i n-hexyl 375 
co _ i - p r o p y l , methyl; 

η-propyl, methyl 380 

V i b r a t i o n a l S p l i t t i n g s 

1667 
1450 

722/1667 
717/1694 
801/1589 
848/1613 

894 
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F i g u r e 7. La s e r e x c i t e d delayed emission at times greater than 
0.01 seconds from 

A. Poly( n - p r o p y l methyl s i l y l e n e ) 
B. Poly(n-hexyl methyl s i l y l e n e ) 
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Figure 9. Laser e x c i t e d delayed emission from 
A. Poly(phenyl methyl s i l y l e n e ) 
B. Poly (£-naphthyl methyl s i l y l e n e ) 
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Figure 10. Room temperature a b s o r p t i o n and e m i s s i o n s p e c t r a i n 
hexane 

A. Poly(phenyl methyl s i l y l e n e ) 
B. P o l y U - n a p h t h y l methyl s i l y l e n e ) 

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



35. HARRAH AND ZEIGLER Emission Spectra of Polysilylenes 497 

Summary 

We have examined the emission spectra of a v a r i e t y of p o l y s i l y l e n e s 
as t h i n f i l m s and s o l u t i o n s . The s o l u t i o n f l u o r e s c e n c e t h e r 
mochromism p r o v i d e s e v i d e n c e t o s u p p o r t the r o t a t i o n a l isomeric 
s t a t e model used to i n t e r p r e t the absorption spectrum. The s t r u c 
t u r e d c h a r a c t e r and low y i e l d o f phosphorescence i n the a l k y l 
p o l y s i l y l e n e s suggest that the t r i p l e t i s the immediate precursor to 
ph o t o c h e m i c a l s c i s s i o n . The change i n character of both f l u o r e s 
cence and phosphorescence on progressing from phenyl to n a p h t h y l i n 
the a r y l s e r i e s i n d i c a t e s ^that the t r a n s i t i o n s i n the n a p h t h y l 
polymers are p r i n c i p a l l y ττ-π . 
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Chapter 36 

Spectroscopic and Photophysical Properties 
of Poly(organosilylenes) 

G. E. Johnson and Κ. M . McGrane 

Xerox Corporation, Webster Research Center, Webster, NY 14580 

The results of an experimental study concerning 
the nature of the excited electronic states of 
poly(organosilylenes)  clas f polymer  i  which 
the backbone consist
atoms, are presented  compariso  absorptio
spectra of dilute solutions of alkyl and phenyl 
substituted silicon backbone polymers at room 
temperature and 77°K reveals pendant group dependent 
thermochromic effects which are attributed to 
temperature dependent conformational changes. The 
very narrow bandwidth fluorescence spectrum of these 
materials at 77°K is shown to be consistent with 
the formation of an exciton band in which electronic 
excitation is delocalized. Based on these results, 
as well as photoselection or polarized luminescence 
measurements, a model is developed which describes 
individual chains of these sigma bonded silicon 
backbone polymers as consisting of a distribution 
of variable length all-trans sequences each with 
its own effective conjugation length. Energy 
migration along the polymer backbone is found to 
occur by a mechanism in which energy is transferred 
from shorter to longer sequences. 

Linear macromolecules in which the main chain is composed of 
covalently bonded silicon atoms constitute a class of materials 
which has recently attracted a great deal of renewed attention 
(1,2). This resurgence of interest has been stimulated in 
large part by advances in synthetic methods. High molecular 
weight materials with a variety of alkyl and/or aryl pendant 
groups are now available which can be cast into films or spun 
into fibers, are formable and in general are tractable, (3-6) 
a feature which distinguishes them from the first intractable 
silicon-based polymers synthesized over sixty years ago (7). 
These materials have been found to possess a number of remarkable 
properties which have led to a variety of technological 
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a p p l i c a t i o n s (8). Perhaps the most notable property of the 
o r g a n o s i l i c o n polymers i s t h e i r s e n s i t i v i t y t o u l t r a v i o l e t 
l i g h t ; consequently considerable e f f o r t s are c u r r e n t l y being 
devoted t o the development of these m a t e r i a l s as dry or s e l f 
developable r e s i s t s f o r p h o t o l i t h o g r a p h i c a p p l i c a t i o n s by a 
number of i n d u s t r i a l l a b o r a t o r i e s (9~12). Polymers w i t h a 
s i l i c o n backbone have a l s o been found t o t r a n s p o r t p h o t o i n j e c t e d 
or photogenerated p o s i t i v e charge c a r r i e r s w i t h remarkably 
h i g h m o b i l i t i e s (>10~ cm " v o l t " "sec" ) and thus c o n s t i t u t e 
a novel and p o t e n t i a l l y important c l a s s of t r a n s p o r t m a t e r i a l s 
(13-15). 

In a d d i t i o n t o the i n t e r e s t t h i s c l a s s of m a t e r i a l s has 
a t t r a c t e d r e c e n t l y regarding t h e i r development f o r t e c h n o l o g i c a l 
a p p l i c a t i o n s they have, f o r a number of years, r e c e i v e d 
considerable a t t e n t i o n from a more b a s i c s c i e n t i f i c viewpoint 
( l ) . S t r u c t u r a l l y the l i n e a r p o l y s i l y l e n e s are analogs of 
the saturated alkanes
a t l e a s t t o the experimenta
l y i n g e l e c t r o n i c t r a n s i t i o n i s s t r o n g l y r e d - s h i f t e d i n t o the 
e a s i l y a c c e s s i b l e near u l t r a v i o l e t r e g i o n of the spectrum ( l 6 ) . 
Thus whereas both the carbon and s i l i c o n catenates e x h i b i t 
a s h i f t of t h e i r lowest l y i n g e l e c t r o n i c t r a n s i t i o n s to longer 
wavelengths w i t h i n c r e a s i n g chain l e n g t h , the alkane absorption 
remains confined t o the f a r u l t r a v i o l e t w h i l e t h a t of the s i l i c o n 
catenates appears t o approach a s y m p t o t i c a l l y , a l i m i t i n g value 
a t wavelengths longer than 300nm ( l6,17). In essence, one 
has a t hand a c l a s s of m a t e r i a l s which are sigma bonded l i k e 
the alkanes y e t which are amenable t o d e t a i l e d i n v e s t i g a t i o n 
u t i l i z i n g more conventional experimental techniques than the 
vacuum u l t r a v i o l e t methods g e n e r a l l y r e q u i r e d f o r the alkanes 
and other saturated hydrocarbons. 

In many respects the o r g a n o s i l i c o n polymers e x h i b i t 
p r o p e r t i e s which are more c h a r a c t e r i s t i c of an unsaturated 
aromatic than of a completely saturated sigma bonded compound. 
For example they e x h i b i t remarkably low i o n i z a t i o n p o t e n t i a l s 
w i t h values approximately 3 eV lower than an alkane of comparable 
l e n g t h (18). Because of the low i o n i z a t i o n energy of the sigma 
e l e c t r o n s , the o r g a n o s i l i c o n catenates have been found t o form 
charge t r a n s f e r complexes w i t h c e r t a i n strong organic e l e c t r o n i c 
acceptors and thus c o n s t i t u t e one of the few examples of 
a σ e l e c t r o n donor- π acceptor complex (19,20). A number 
of c y c l i c p o l y s i l a n e s have been found t o undergo one-electron 
o x i d a t i o n and r e d u c t i o n t o form r a d i c a l c a t i o n s and anions 
(18,19,21,22). E l e c t r o n s p i n resonance s t u d i e s of the r a d i c a l 
ions have shown the d e l o c a l i z e d nature of the unpaired e l e c t r o n s 
i n both the c a t i o n and anion (1,21,22). 

While i t i s o n l y r e c e n t l y t h a t high molecular weight s i l i c o n 
backbone polymers have become a v a i l a b l e f o r d e t a i l e d study, 
compounds c o n t a i n i n g the s i l i c o n - s i l i c o n bond, i n c l u d i n g 
o l i g o m e r i c p o l y s i l y l e n e s , have a t t r a c t e d considerable i n t e r e s t 
f o r many years. Thus there e x i s t s a number of papers of 
fundamental importance w i t h p a r t i c u l a r relevance t o the 
p o l y s i l y l e n e s . Paramount among these are the c o n t r i b u t i o n s 
of P i t t and coworkers on the o p t i c a l spectroscopy (18,23,24) 
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and t h a t by Bock and coworkers on the photoelectron spectroscopy 
of permethylated l i n e a r and c y c l i c s i l a n e s and the homologous 
s e r i e s of l i n e a r s i l a n e s (25-27). A most u s e f u l survey of 
the f i e l d i n general and the group IV catenates i n p a r t i c u l a r 
as i t e x i s t e d up t o 1977 i s contained i n the book t i t l e d 
"Homoatomic Rings, Chains and Macromolecules of Main-Group 
Elements" (28). A more recent review devoted t o s i l i c o n backbone 
polymers alone has a l s o appeared (29). 

In t h i s r e p o r t , the r e s u l t s of an i n v e s t i g a t i o n which 
probes the nature of the e x c i t e d e l e c t r o n i c s t a t e s of high 
molecular weight p o l y ( o r g a n o s i l y l e n e s ) i s presented. A model 
i s developed, based on a v a r i e t y of experimental observations, 
which describe i n d i v i d u a l polymer chains i n terms of a 
d i s t r i b u t i o n of v a r i a b l e l e n g t h sequences of monomer u n i t s 
i n an a l l - t r a n s conformation. The fluorescence emanating from 
these u n i t s i s e x c i t o n - l i k e  suggesting t h a t energy i s 
d e l o c a l i z e d on a very

EXPERIMENTAL METHODS 

MATERIALS. A l l the s i l i c o n backbone polymers i n v e s t i g a t e d 
here were synthesized in-house by a Wurtz type r e d u c t i v e 
condensation of the a p p r o p r i a t e l y s u b s t i t u t e d d i c h l o r o s i l a n e 
w i t h h i g h l y dispersed molten sodium metal. Because of the 
r a p i d photodegradation experienced by the polymers on exposure 
to u l t r a v i o l e t l i g h t , the r e a c t i o n s were c a r r i e d out i n low 
l e v e l y e l l o w l i g h t . The polymers were obtained, f o l l o w i n g 
appropriate work up of the r e a c t i o n mixture, by p r e c i p i t a t i o n 
from s o l u t i o n by a nonsolvent. The polymer i s f i l t e r e d , washed, 
r e p r e c i p i t a t e d and f i l t e r e d and f i n a l l y d r i e d i n vacuum. The 
molecular weight and molecular weight d i s t r i b u t i o n of the 
polymers was determined by g e l permeation chromatography and 
are based on polystyrene standards. The polymers, along w i t h 
molecular weight data f o r those m a t e r i a l s t h a t were 
c h a r a c t e r i z e d , are l i s t e d i n Table I . 

Table I . Molecular Weights of the P o l y ( o r g a n o s i l y l e n e s ) 

Polymer M " 
w 

M η M /M w n 
p o l y ( m e t h y l p h e n y l s i l y l e n e ) a 

(PMPS) 
623,950 

M 7 0 

223,230 
3,^00 

2.8 
1Λ3 

p o l y ( m e t h y l c y c l o h e x y l s i l y l e n e 
(PMHS) 

poly(methyl n - o c t y l s i l y l e n e 
(PMOS) 

532,500 237,^00 2.2k 

poly(methyl n - p r o p y l s i l y l e n e 
(PMPrS) 

Vf,300 12,970 3.65 

a. Bimodal d i s t r i b u t i o n 
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Solvents u t i l i z e d i n t h i s i n v e s t i g a t i o n , along w i t h t h e i r source 
and method of p u r i f i c a t i o n , are l i s t e d below. 

Benzene; J.T. Baker Chemical Co. P h i l l i p s b u r g , NJ; Baker 
1Analyzed' reagent grade or Burdick and Jackson L a b o r a t o r i e s , 
Inc., Muskegan, Michigan. " D i s t i l l e d i n Gl a s s " grade-both used 
as r e c e i v e d . 

2-methylbutane (isopentane); A l d r i c h Chemical Company, 
Inc., Milwaukee, Wis., spectrophotometric grade, Gold L a b e l , 
used as re c e i v e d . 

2- methyltetrahydrofuran (2MTHF); A l d r i c h Chemical Company, 
Inc., Milwaukee, Wis.; s t a b i l i z e d w i t h 1% BHT. The solve n t 
was f r e e d of s t a b i l i z e r by shaking i n a separatory fu n n e l w i t h 
~ 1 Ν NaOH u n t i l the aqueous phase remained c l e a r . The 
s t a b i l i z e r f r e e 2MTHF was d r i e d over molecular sieves (Davison 
M-518, Type hA) overnight and then d i s t i l l e d . The middle t h i r d 
of the d i s t i l l e d 2MTHF was c o l l e c t e d and stored over molecular 
s i e v e s . The p u r i f i e
s t a i n - f r e e amorphous
emission a t the e x c i t i n g wavelengths, used i n these experiments. 

3- methylpentane (3MP); A l d r i c h Chemical Company, I nc., 
Milwaukee, Wis. The solve n t was shaken i n a separatory f u n n e l 
w i t h s u l f u r i c a c i d t o remove p o s s i b l e aromatic i m p u r i t i e s . A f t e r 
removal of the s u l f u r i c a c i d l a y e r the 3MP was shaken w i t h 
d i l u t e NaOH s o l u t i o n , separated and d r i e d over molecular sieves 
(Davison M-518 Type UA). The 3MP was then d i s t i l l e d and stored 
over molecular sieves f o r use i n absorption and TT°K absorption 
and emission spectroscopic measurements. 

INSTRUMENTATION. Absorption spectra were measured on a Cary 
1TD spectrophotometer. For room temperature s p e c t r a , the 
s o l u t i o n s were contained i n 1 cm path l e n g t h Hellma fused quartz 
c e l l s . Spectra a t TT°K were recorded on r i g i d g l a s s s o l u t i o n s 
contained i n 1 cm path l e n g t h s p e c t r o s i l grade quartz tubes 
mounted i n a sma l l fused quartz dewar which, when c a r e f u l l y 
cleaned and care e x e r c i z e d t o prevent i c e p a r t i c l e s from e n t e r i n g 
the dewar, maintained the l i q u i d n i t r o g e n i n a completely bubble 
f r e e c o n d i t i o n throughout the course of a measurement. These 
precautions y i e l d e d very clean s p e c t r a , f r e e from the noise 
g e n e r a l l y introduced by l i g h t s c a t t e r i n g from the bubbles of 
b o i l i n g l i q u i d n i t r o g e n . A stream of dry n i t r o g e n gas d i r e c t e d 
i n t o the Cary 1TD sample compartment prevented the formation 
of condensation on the dewar. The low temperature spectra 
were recorded a g a i n s t 1 cm of solve n t at room temperature i n 
the reference compartment of the Cary 1TD. 

Emission s p e c t r a were measured on a fluorometer constructed 
from the f o l l o w i n g components. E x c i t a t i o n was provided by 
a 200-w Hg-Xe lamp ( O r i e l ) mounted on the entrance s l i t of 
a 0.25m Bausch and Lomb g r a t i n g monochromator. Emission was 
viewed a t r i g h t angle t o the e x c i t a t i o n w i t h a RCA C3103i+ 
p h o t o m u l t i p l i e r tube housed i n a t h e r m o e l e c t r i c a l l y cooled 
P a c i f i c P r e c i s i o n Instruments Model 3^07 PMT housing. The 
PMT was mounted on the e x i t s l i t of a McPherson Model 218, 
0.3m, f/5.3 scanning monochromator. The instrument g r a t i n g 
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was blaze d f o r 500nm w i t h 1200 grooves/mm g i v i n g a r e c i p r o c a l 
l i n e a r d i s p e r s i o n of 2.65nm/mm. The p h o t o m u l t i p l i e r photocurrent 
was measured w i t h a K e i t h l e y 6l0B electrometer and the output 
monitored w i t h a S o l t e c Model 3312 recorder. Optics f o r 
c o l l i m a t i n g and foc u s i n g the e x c i t a t i o n onto the sample as 
w e l l as f o r c o l l e c t i n g and p r o p e r l y f o c u s i n g the emission onto 
the entrance s l i t of the viewing monochromator were of fused 
quartz. When p o l a r i z a t i o n of emission spectra were determined 
us i n g the method of p h o t o s e l e c t i o n a quartz Glan-Thomson 
p o l a r i z i n g prism ( K a r l Lambrecht) was i n s e r t e d i n the e x c i t i n g 
and viewing o p t i c a l paths. Fluorescence l i f e t i m e s were measured 
by the method of time c o r r e l a t e d s i n g l e photon counting on 
a system constructed w i t h Ortec, Inc. components. 

RESULTS AND DISCUSSION 

Pr e s e n t a t i o n and d i s c u s s i o
proceed i n the f o l l o w i n
of the p o l y s i l y l e n e s w i l l be described and a comparative a n a l y s i s 
of the spectra i n room temperature f l u i d s o l v e n t media and 
r i g i d low temperature glasses a t TT°K made. This w i l l be 
foll o w e d by a d e s c r i p t i o n of the ra t h e r remarkable emission 
p r o p e r t i e s of these m a t e r i a l s w i t h emphasis on r e s u l t s obtained 
at TT°K. Included as p a r t of the emission spectroscopic 
p r o p e r t i e s are the r e s u l t s of p h o t o s e l e c t i o n or p o l a r i z a t i o n 
of emission measurements obtained i n a r i g i d g l a s s a t TT°K. 
Based on these r e s u l t s a model i s developed which describes 
i n d i v i d u a l chains of these s i l i c o n polymers i n terms of a 
d i s t r i b u t i o n of a l l - t r a n s sequences w i t h v a r i a b l e e f f e c t i v e 
conjugation lengths. 

DILUTE SOLUTION ABSORPTION SPECTRA. Figure 1 shows the 
absorption s p e c t r a of a d i l u t e s o l u t i o n of PMPS i n 2MTHF a t 
room temperature and a t TT°K. At room temperature the spectrum 
i s c h a r a c t e r i z e d by a s t r u c t u r e l e s s band w i t h a maximum 
absorbance, a t 33Tnm w i t h an e x t i n c t i o n ^ c o e f f i c i e n t , € , 
at λ (max) of 8.7x10 l i t e r - m o l e r.u. cm . E x t i n c t i o n 
c o e f f i c i e n t s are c a l c u l a t e d based on the molecular weight of 
the s i l y l e n e repeat u n i t ( r . u . ) which i n the case of 
met h y l p h e n y l s i l y l e n e , f o r example, i s 120g/mole. The strong 
band a t λ > 300nm i s f o l l o w e d by a second, weaker s t r u c t u r e l e s s 
band w i t h a peak i n t e n s i t y a t 270nm. Absorption by the 2MTHF 
solvent prevents the observation of higher l y i n g absorption 
bands. 

Cooling the s o l u t i o n t o 77°K t o form the r i g i d g l a s s y 
s t a t e leads t o changes i n the absorption spectrum, most notable 
of which i s the increase i n i n t e n s i t y of the lowest energy 
absorption band. The band a l s o e x h i b i t s a s l i g h t red s h i f t 
t o y i e l d a λ (max) of 339nm wh i l e experiencing a decrease i r i 
band width. The e x t i n c t i o n c o e f f i c i e n t a t λ (max) i s 1.27x10 
l i t e r - m o l e r.u. 'cm . a value n e a r l y 50% g r e a t e r than t h a t 
a t room temperature. 

The same s e r i e s o f measurements was c a r r i e d out on d i l u t e 
s o l u t i o n s of PMHS i n 2MTHF, however, since t h i s m a t e r i a l was 
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not c h a r a c t e r i z e d as t o i t s molecular weight and MWD and 
e x h i b i t e d l i m i t e d s o l u b i l i t y i n 2MTHF, no attempt was made 
to determine q u a n t i t a t i v e values of e x t i n c t i o n c o e f f i c i e n t s . 
The f o l l o w i n g q u a l i t a t i v e observations are noted. This polymer 
e x h i b i t s a s t r u c t u r e l e s s low energy band w i t h a λ (max) a t 
320nm fo l l o w e d by a weak shoulder on the hi g h energy s i d e . 
Cooling t o TT°K sharpens the low energy band s l i g h t l y 
but the λ (max) remains a t 32'0nm. The band does not show 

the increase i n i n t e n s i t y e x h i b i t e d by PMPS and, i n f a c t , the 
absorbance a t λ (max) i s s l i g h t l y diminished a t 77°K compared 
to room temperature. 

The most dramatic behavior i s e x h i b i t e d by PMOS and PMPrS. 
Figure 2 shows the absorption spectra of d i l u t e s o l u t i o n s of 
PMPrS i n 3MP a t room temperature and TT°K. In f l u i d 3MP a t 
room temperature PMPrS e x h i b i t s a moderately i n t e n s e , 
s t r u c t u r e l e s s band _ y i t h λ (max) a t 306nm and e =6.03x10-* 
l i t e r - m o l e r.u. 'cm
glassy__jState a t 77°
2T^0cm t o the red ( λ (max)=33^nm), sharpens d r a m a t i c a l l y , 
and becomes s i g n i f i c a n t l y more intense w i t h e i n c r e a s i n g t o 
1.88x10 l i t e r - m o l e r.u. *cm . At room temperature the f u l l 
w idth a t h a l f maximum (FWHM) of the lowest l y i n g band i s 5240cm 
whi l e a t 77°K the FWHM decreases t o 1250cm . S i m i l a r f e a t u r e s 
are e x h i b i t e d by PMOS. 

Based upon the absorption spectra of the four 
p o l y ( o r g a n o s i l y l e n e s ) i n v e s t i g a t e d here i t appears t h a t the 
ba s i c nature of the lowest e x c i t e d e l e c t r o n i c s t a t e remains 
r e l a t i v e l y unperturbed by a v a r i a t i o n i n the nature of the 
pendant groups attached t o the s i l i c o n backbone. There are 
obv i o u s l y s p e c t r a l s h i f t s since the (max) of the lowest l y i n g 
a bsorption band i n the η-propyl and n - o c t y l d e r i v a t i v e s each 
occurs a t 306nm wh i l e t h a t of the c y c l o h e x y l occurs a t 320nm 
and the phenyl a t 337nm, however, the s p e c t r a l bandshape 
remains p r a c t i c a l l y unchanged. The lowest l y i n g 
t r a n s i t i o n appears to be a property of the s i l i c o n backbone 
and has i n f a c t been assigned as a t r a n s i t i o n from 
the highest occupied d e l o c a l i z e d s i l i c o n molecular o r b i t a l 
t o e i t h e r the d e l o c a l i z e d antibonding sigma o r b i t a l ( σ*) or 
s i l i c o n 3d π type o r b i t a l (23-27). I t should be noted here, 
however, t h a t Robin has presented persuasive arguments against 
any s i g n i f i c a n t 3dw o r b i t a l p a r t i c i p a t i o n i n the lowest energy 
e l e c t r o n i c e x c i t a t i o n of the s i l i c o n catenates (30). The most 
dramatic e f f e c t i s the l a r g e red s h i f t and narrowing of the 
lowest absorption band of the poly(methyl n - a l k y l s i l y l e n e s ) 
on c o o l i n g t o 77°K. This thermochromic e f f e c t has been 
a t t r i b u t e d t o a conformational change of the polymer (31-33). 
In t h i s regard i t should be r e c a l l e d , as noted e a r l i e r , t h a t 
the p o s i t i o n of the lowest l y i n g t r a n s i t i o n i n t h i s c l a s s of 
ma t e r i a l s i s dependent on molecular weight. This was p r e d i c t e d 
e a r l y on through simple HMO c a l c u l a t i o n s (l6), corroborated 
by measurements on oli g o m e r i c organosilanes and r e c e n t l y extended 
t o high molecular weight p o l y ( a l k y l s i l y l e n e s ) by Trefonas, 
e t . a l . (17). The X(max) of the lowest l y i n g band of the 
p o l y ( a l k y l s i l y l e n e s ) increases p r o g r e s s i v e l y w i t h an increase 
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Figure 1. D i l u t e s o l u t i o n absorption spectra of poly(methyl-
p h e n y l s i l y l e n e ) i n 2-methyltetrahydrofuran a t room temperature 
and 77 K. 
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Figure 2. D i l u t e s o l u t i o n absorption spectra of poly(methyl-
n - p r o p y l s i l y l e n e ) i n 3-methylpentane a t room temperature and 
77 K. 
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i n the chain l e n g t h and achieves a l i m i t i n g value as the number 
of monomer u n i t s approaches hO (17). S i m i l a r molecular weight 
e f f e c t s have been reported by Harrah and Z e i g l e r f o r 
po l y ( m e t h y l p h e n y l s i l y l e n e ) (3*0. The m a t e r i a l s i n v e s t i g a t e d 
here exceed t h i s DP and hence, should be i n the molecular weight 
regime when the λ (max) has a r r i v e d a t i t s l i m i t i n g v a l u e , 
a t l e a s t i n f l u i d s o l u t i o n . The f a c t t h a t the p o l y (methyl 
n - a l k y s i l y l e n e s ) i n v e s t i g a t e d here experience a s i g n i f i c a n t 
red s h i f t and s p e c t r a l narrowing upon c o o l i n g t o 77°K i s thus 
a consequence of a t r a n s i t i o n t o a more thermodynamically s t a b l e 
conformational s t a t e w i t h decreasing temperature. In c o n t r a s t , 
the two polymers w i t h the phenyl and c y c l o h e x y l pendant groups 
do not e x h i b i t t h i s e f f e c t and t h e i r spectra remain r e l a t i v e l y 
i n v a r i a n t w i t h a decrease i n temperature to 77°K. This 
apparently i s a consequence of the s t e r i c c o n s t r a i n t s imposed 
by these r e l a t i v e l y b ulky s u b s t i t u e n t s  A recent i n v e s t i g a t i o n 
by Cotts (35) suggest
as somewhat expanded
s o l u t i o n . Measurements of the radi u s of g y r a t i o n over a range 
of temperatures i n d i c a t e d very l i t t l e change (35) and t h i s 
appears c o n s i s t e n t w i t h West and M i l l e r ' s suggestion (33) t h a t 
the thermochromism i s due t o an increase i n po p u l a t i o n of the 
trans conformation i n the s i l i c o n backbone upon c o o l i n g . 

EMISSION SPECTRA. Emission spectra were measured f o r each 
of the s i l i c o n polymers both a t room temperature and i n r i g i d 
g l a s s matrices a t 77°K. Room temperature measurements i n f l u i d 
s o l vent w i l l not be reported since the r e s u l t s are subject 
t o considerable v a r i a t i o n . This i s a consequence of the very 
r a p i d photodegradation these m a t e r i a l s experience under 
u l t r a v i o l e t e x c i t a t i o n . Contrary t o the extremely time dependent 
fluorescence s i g n a l s observed i n f l u i d s o l u t i o n , i n r i g i d organic 
glasses a t 77°K the photochemical degradation i s v i r t u a l l y 
e l i m i n a t e d and fluorescence spectra can be recorded simply 
and r e p r o d u c i b l y . Figure 3 shows the emission spectrum of 
a d i l u t e s o l u t i o n of PMPS i n 2MTHF a t 77°K along w i t h the lowest 
energy absorp t i o n band. The spectrum i s c h a r a c t e r i z e d by a 
very sharp fluorescence band w i t h a λ (max) a t 3̂ +7.7nm fol l o w e d 
by a weaker, very broad s t r u c t u r e l e s s emission band which extends 
out beyond 500nm. The fluorescence i s intense and, although 
an absolute quantum y i e l d determination was not made, based 
on the l e v e l of emission of t h i s m a t e r i a l compared t o other 
compounds of known quantum y i e l d whose emission spectra have 
been measured on the same experimental set-up, the fluorescence 
quantum y i e l d of PMPS i n d i l u t e 2MTHF s o l u t i o n a t 77°K i s 
estimated t o be on the order of 0.6-0.7. The fluorescence 
l i f e t i m e was found t o be on the order of 1 nsec or l e s s . ( i t 
i s not p o s s i b l e t o give a p r e c i s e value since the fluorescence 
decay was too f a s t t o be re s o l v e d on the time c o r r e l a t e d s i n g l e 
photon counting system w i t h the e x i s t i n g l i g h t p u i s e r . However, 
subsequent to submission of t h i s manuscript an a r t i c l e has 
appeared r e p o r t i n g the fluorescence l i f e t i m e of 
p o l y ( d i - n - h e x y l s i l y l e n e ) t o be 130 psec (36) ). C l e a r l y the 
fluorescence quantum y i e l d and l i f e t i m e values are i n d i c a t i v e 
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of a h i g h l y allowed t r a n s i t i o n . Most s t r i k i n g i s the sharpness 
of t h i s band compared t o the lowest l y i n g a b s o r p t i o n band. 
Behavior of t h i s type s i g n i f i e s t h a t the e l e c t r o n i c e x c i t a t i o n 
i s d e l o c a l i z e d along the polymer chain and can be described 
as a mobile F r e n k e l e x c i t o n (37,38). The absence of s i g n i f i c a n t 
v i b r a t i o n a l s t r u c t u r e s i g n i f i e s t h a t the Coulombic i n t e r a c t i o n 
between e l e c t r o n i c t r a n s i t i o n d i p o l e moments on neighboring 
s i l i c o n - s i l i c o n bonds i s strong and th a t the r a t e of energy 
mi g r a t i o n or d e r e a l i z a t i o n i s f a s t r e l a t i v e t o the t y p i c a l 
p e r i o d of nuclear v i b r a t i o n s (39). 

Figure k presents the emission spectrum of a d i l u t e s o l u t i o n 
of PMPrS i n 3ΜΡ at 77°K. As was the case w i t h the phenyl 
d e r i v a t i v e the emission spectrum i s c h a r a c t e r i z e d by a 
very sharp fluorescence band peaking s l i g h t l y t o the 
red of the λ (max) of the lowest l y i n g a bsorption band. 
PMPrS a l s o d i s p l a y s a broad unstructured luminescence band 
extending w e l l beyon
i n the case of PMPr
magnitude l e s s intense a t i t s λ (max) (kYJrm) than the sharp 
fluorescence band. The i n t e n s i t y of t h i s low energy emission 
band i s even l e s s i n the case of PMOS and, i s v i r t u a l l y i d e n t i c a l 
t o t h a t of PMPrS w i t h respect t o i t s s p e c t r a l l o c a t i o n and 
band shape. These p o l y ( o r g a n o s i l y l e n e s ) thus e x h i b i t a v a r i e t y 
of luminescence p r o p e r t i e s which are most unusual and i n f a c t 
are considerably d i f f e r e n t than those e x h i b i t e d by t h e i r 
s t r u c t u r a l analogs, the saturated alkanes. L i p s k y and coworkers 
were the f i r s t t o observe fluorescence from saturated 
hydrocarbons (4θ) and e s t a b l i s h e d , through a s e r i e s of extensive 
i n v e s t i g a t i o n s , c o r r e l a t i o n s between molecular s t r u c t u r e and 
the emission c h a r a c t e r i s t i c s (hi). For the n-alkanes the 
fluorescence was broad, u n s t r u c t u r e d , and v i r t u a l l y independent 
of the degree of catenation (at l e a s t from n=5 t o n=17). The 
fluorescence λ(max) d i s p l a y e d an unusu a l l y l a r g e Stoke 1s s h i f t . 
An increase i n the degree of caten a t i o n l e d t o an increase 
i n the fluorescence quantum y i e l d and ̂ l i f e t i m e . T y p i c a l l y 
fluorescence quantum y i e l d s are low (<(10 ) wh i l e fluorescence 
l i f e t i m e s are on the order of 1-10 nsecs. By way of c o n t r a s t , 
as noted above, the most s t r i k i n g c h a r a c t e r i s t i c of the 
po l y ( o r g a n o s i l y l e n e s ) i s t h e i r h i g h quantum y i e l d f o r 
fluorescence and the extreme narrowness of t h i s band. In d i l u t e 
s o l u t i o n s at 77°K the fluorescence band width (FWHM) i s t y p i c a l l y 
on the order of 500 cm furthermore, the λ (max) depends 
on the degree of cate n a t i o n . The e f f e c t of molecular weight 
on the fluorescence spectrum was not i n v e s t i g a t e d i n a 
q u a n t i t a t i v e manner, however, i t was demonstrated t h a t ^ (max) 
s h i f t e d t o sho r t e r wavelength i n three PMPS f r a c t i o n s of 
decreasing molecular weight and s h i f t e d t o sho r t e r wavelengths 
i n a l l m a t e r i a l s which were subjected t o u l t r a v i o l e t p h o t o l y s i s 
and then e x c i t e d a t sh o r t e r wavelengths. From the r e s u l t s 
of the absorption and emission spectroscopic measurements two 
r e s u l t s of p a r t i c u l a r importance have emerged; one i s the 
dramatic red s h i f t and sharpening of the lowest l y i n g t r a n s i t i o n 
of the c o n f o r m a t i o n a l l y mobile η-propyl and n - o c t y l d e r i v a t i v e s 
on passage from room temperature t o 77°K, the other i s the 
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Figure 3. Absorption and emission spectra of poly(methylphenyl-
s i l y l e n e ) i n 2-methyltetrahydrofuran a t 77 K. The fluorescence 
spectrum was measured w i t h a r e s o l u t i o n of 0.265nm. The long 
wavelength emission was measured w i t h a r e s o l u t i o n of 1.32nm. 
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Figure h. Absorption and emission s p e c t r a of poly(methy1-
n - p r o p y l s i l y l e n e ) i n 3-methylpentane a t 77 K. The fluorescence 
spectrum was measured w i t h a r e s o l u t i o n of 0.265nm. The long 
wavelength emission was measured w i t h a r e s o l u t i o n of 1.32nm. 
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very narrow band width of the fluorescence of each of the 
polymers. As w i l l be discussed f u r t h e r below, each o f these 
observations are c o n s i s t e n t w i t h an i n t e r p r e t a t i o n which c a l l s 
upon the formation of an e x c i t o n band. 

PH0T0SELECTI0N. An experimental technique which has proven 
to be of great u t i l i t y i n s t u d i e s concerned w i t h the assignment 
of e l e c t r o n i c t r a n s i t i o n s i n sm a l l molecules, p a r t i c u l a r l y 
those t h a t luminesce, i s th a t termed p h o t o s e l e c t i o n (k2). The 
p r i n c i p l e u n d e r l y i n g t h i s method depends on the f a c t t h a t 
molecules w i t h appropriate symmetry p r o p e r t i e s absorb l i g h t 
p r e f e r e n t i a l l y along c e r t a i n molecular axes or i n or out of 
molecular planes. Even i n a sample of randomly o r i e n t e d 
molecules only those whose absorbing t r a n s i t i o n d i p o l e moments 
are a l i g n e d w i t h the o s c i l l a t i n g e l e c t r i c v e c t o r of the i n c i d e n t 
e x c i t i n g l i g h t are e x c i t e d and an ensemble of e x c i t e d molecules 
i s photoselected; n
f o r example i n a s i n g l
i s made. I t i s the a n i s o t r o p i c nature of l i g h t i t s e l f along 
the p o l a r i z a t i o n of the molecular t r a n s i t i o n d i p o l e moment 
which i s r e s p o n s i b l e f o r the s e l e c t i v e e x c i t a t i o n of o n l y c e r t a i n 
molecules out of the completely randomly o r i e n t e d sample. When 
the absorbing molecules are r i g i d l y f i x e d i n space, such as 
i n a s o l i d amorphous matrix ( t y p i c a l l y a g l a s s y organic solvent 
a t TT°K), then the emission emanating from the sample i s found 
t o be p o l a r i z e d w i t h the degree of p o l a r i z a t i o n depending on 
the c o n d i t i o n s of e x c i t a t i o n and the r e l a t i v e o r i e n t a t i o n of 
absorbing and e m i t t i n g t r a n s i t i o n d i p o l e moments. R e l a t i o n s h i p s 
g i v i n g the p o l a r i z a t i o n r a t i o or degree of p o l a r i z a t i o n of 
emission t o be expected under v a r i o u s experimental c o n d i t i o n s 
of e x c i t a t i o n w i t h respect t o i n t r i n s i c molecular p r o p e r t i e s 
have been de r i v e d (k2). 

Here p h o t o s e l e c t i o n techniques are used t o i n v e s t i g a t e 
the p o l y ( o r g a n o s i l y l e n e s ) , however, not w i t h the s t r i c t i n t e n t 
t o make s t a t e assignments but r a t h e r i n a more q u a l i t a t i v e 
manner t o prove or disprove d e r e a l i z a t i o n o r mi g r a t i o n o f 
e l e c t r o n i c e x c i t a t i o n along the main chain of the polymer. I t 
w i l l be r e c a l l e d t h a t the very sharp fluorescence band, 
c h a r a c t e r i s t i c of a l l these m a t e r i a l s , was suggestive of an 
emission from an e x c i t o n band and t h a t the e l e c t r o n i c e x c i t a t i o n 
migrated very r a p i d l y along the s i l i c o n backbone. I f t h i s 
i s so one expects emission t h a t i s completely u n p o l a r i z e d s i n c e 
there should be no c o r r e l a t i o n between the o r i e n t a t i o n of the 
t r a n s i t i o n d i p o l e moment i n absorption and emission. For 
example, p h o t o s e l e c t i o n experiments on a d i l u t e s o l u t i o n of 
po l y ( N - v i n y l c a r b a z o l e ) i n 2MTHF a t 77°K y i e l d e d e x a c t l y t h i s 
r e s u l t ; the emission was found t o be completely u n p o l a r i z e d 
c o n s i s t e n t w i t h e f f e c t i v e m i g r a t i o n among carbazole pendant 
groups (h3). 

The r e s u l t s of a p h o t o s e l e c t i o n experiment on a d i l u t e 
s o l u t i o n of PMPrS i n a r i g i d g l a s s c o n s i s t i n g of a 7:3 volume 
r a t i o of 3MP and is o P a t 77°K are shown i n Figure 5. The 
p o l a r i z a t i o n of the flu o r e s c e n c e , e x c i t e d a t f o u r d i f f e r e n t 
wavelengths throughout the lowest absorption band, i s shown 
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as a f u n c t i o n of the viewing wavelength. The r e s u l t s are 
not i n accord w i t h the i n t u i t i v e e x p e c tation t h a t the 
fluorescence would he un p o l a r i z e d as a r e s u l t of extensive 
energy m i g r a t i o n along the polymer backbone. (A p o l a r i z a t i o n 
r a t i o of 1.0 i n d i c a t e s u n p o l a r i z e d emission.) An a d d i t i o n a l 
s i g n i f i c a n t r e s u l t i s t h a t the p o l a r i z a t i o n r a t i o increases 
as the e x c i t a t i o n approaches the red edge of the lowest 
absorption band. (The l a r g e p o l a r i z a t i o n r a t i o s a t the sh o r t e r 
viewing wavelengths under 33^nm and 338nm e x c i t a t i o n are not 
r e a l ; they are d i s t o r t e d due t o c o n t r i b u t i o n s from s c a t t e r e d 
and r e f l e c t e d e x c i t a t i o n from the quartz dewar and sample tube 
as the viewing and e x c i t i n g wavelengths approach one another.) 
This i n d i c a t e s t h a t as the e x c i t a t i o n wavelength approaches 
the sharp edge of the lowest absorption band a c o n d i t i o n i s 
being achieved i n which the absorbing and e m i t t i n g t r a n s i t i o n 
d i p o l e moments become p a r a l l e l t o one another. This i s l i k e 
the case of p h o t o s e l e c t i o
of s m a l l molecules i
ground and lowest l y i n g e x c i t e d s t a t e l i e s along a s i n g l e 
molecular a x i s . In t h i s case the absorption and fluorescence 
are n e c e s s a r i l y along the same molecular a x i s and p o l a r i z a t i o n 
r a t i o s approaching 3 are observed. 

In the case of polymers the s i t u a t i o n i s considerably 
more complex . Because of the p o l y d i s p e r s e nature of polymers 
i n g e n e r a l , i n p r i n c i p l e i t i s not e n t i r e l y c o r r e c t t o describe 
s o l u t i o n s or f i l m s i n terms of a s i n g l e chain w i t h i t s own 
unique p r o p e r t i e s . This i s p a r t i c u l a r l y so i n the case of 
the s i l i c o n polymers where i t i s known t h a t the l o c a t i o n of 
the lowest a b s o r p t i o n band i s molecular weight dependent ( l T , 3 l ) . 
In a d d i t i o n , the s h i f t of λ (max) and the change i n band shape 
w i t h temperature suggests t h a t a conformational dependency 
i s a l s o o p e r a t i o n a l . The PMPrS used here has a r a t h e r broad 
MWD of 3.65 a f a c t which could be considered as being r e s p o n s i b l e 
f o r the r a t h e r broad s t r u c t u r e l e s s nature of the lowest 
absorption band observed i n f l u i d s o l u t i o n at room temperature. 
In essence the band could be i n t e r p r e t e d as r e f l e c t i n g the 
envelope of the i n d i v i d u a l absorption bands of chains of v a r y i n g 
l e n g t h w i t h i n the d i s t r i b u t i o n . This does not appear l i k e l y , 
however, si n c e the vast m a j o r i t y of chains w i t h i n the 
d i s t r i b u t i o n w i l l have molecular weights i n the region where 
the absorption X(max) has reached i t s l i m i t i n g value. A more 
appropriate d e s c r i p t i o n , and one which i s i n accord w i t h the 
temperature dependence of the absorption s p e c t r a , i s based 
on a d i s t r i b u t i o n of " e f f e c t i v e conjugation l e n g t h s " w i t h i n 
a s i n g l e chain. (For a d i s c u s s i o n of the concept of " e f f e c t i v e 
conjugation l e n g t h " and how i t p e r t a i n s i n p a r t i c u l a r t o 
p o l y ( d i a c e t y l e n e s ) see (hh). In the ground s t a t e these regions 
of v a r i a b l e " e f f e c t i v e conjugation l e n g t h " (ECL) absorb 
independently and le a d t o the broad s t r u c t u r e l e s s absorption 
observed a t room temperature; as temperature i s lowered 
conformational changes occur which extend the ECL and narrow 
i t s d i s t r i b u t i o n thus y i e l d i n g the red s h i f t and band narrowing. 
The p o l a r i z a t i o n of fluorescence r e s u l t s can be i n t e r p r e t e d , 
i n f a c t , as i n d i c a t i n g the migr a t i o n of energy from regions 
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of s h o r t e r t o longer ECL w i t h a subsequent l o s s of c o r r e l a t i o n 
between the absorbing and e m i t t i n g t r a n s i t i o n d i p o l e moments. 
Since the p o l a r i z a t i o n r a t i o i s always greater than one, the 
l o s s of c o r r e l a t i o n i s not complete. 

In order t o proceed i t i s now necessary t o consider the 
nature of the lowest e x c i t e d s t a t e of these polymers. One 
d e s c r i p t i o n which appears t o be p a r t i c u l a r l y a ppropriate t o 
these m a t e r i a l s i s t h a t given by the molecular e x c i t o n theory 
(37,38). This of course i s suggested by the nature of the 
fluorescence spectrum i t s e l f and i n a d d i t i o n t h i s approach 
has proven t o be q u i t e s u c c e s s f u l i n the i n t e r p r e t a t i o n of 
the e l e c t r o n i c s t a t e s of the alkanes, the s t r u c t u r a l analogs 
of the p o l y ( o r g a n o s i l y l e n e s ) (k59h6). The b a s i c assumption 
i n t h i s theory i s t h a t the absorption bands s h i f t due t o an 
i n t e r a c t i o n of s i l i c o n - s i l i c o n bond e x c i t a t i o n s each considered 
as an independent system  The absorption due t o each bond 
i s assigned as a σ*-*
and thus the t r a n s i t i o
(See Figure 6) The Coulombic i n t e r a c t i o n of the t r a n s i t i o n 
d i p o l e moments on i n d i v i d u a l bonds can be shown t o form an 
ex c i t o n band which, f o r the case at hand ( i . e . o b l i q u e t r a n s i t i o n 
d i p o l e s where the angle between them i s given by the S i - S i - S i 
bond a n g l e ) , leads t o two allowed t r a n s i t i o n s (37,38). One 
i s s t r o n g l y red s h i f t e d (with respect t o a d i s i l a n e ) and 
corresponds t o an in-phase arrangement of t r a n s i t i o n d i p o l e s 
w h i l e the other i s blue s h i f t e d and corresponds t o an 
out-of-plane arrangement of t r a n s i t i o n d i p o l e s . W i t h i n a pla n a r 
z i g - z a g , a l l - t r a n s sequence along the polymer, the lowest 
t r a n s i t i o n w i l l be p o l a r i z e d along the backbone w h i l e the higher 
energy t r a n s i t i o n w i l l be p o l a r i z e d p e r p e n d i c u l a r t o the 
backbone. Thus w i t h i n the molecular e x c i t o n model the polymer 
should have a s t r o n g l y allowed t r a n s i t i o n a t an energy f a r 
below t h a t of a s i n g l e S i - S i bond and t h i s t r a n s i t i o n should 
be p o l a r i z e d along the t r a n s sequence contained i n the polymer 
backbone. The fluorescence w i l l n e c e s s a r i l y be along the same 
a x i s and a t h e o r e t i c a l p o l a r i z a t i o n r a t i o of 3 i s expected. 
The high energy t r a n s i t i o n w i l l l i e a t energies t o the blue 
of t h a t of a s i n g l e S i - S i bond and w i l l be s p e c t r o s c o p i c a l l y 
i n a c c e s s i b l e . In any event, w i t h i n t h i s simple model, these 
s t a t e s cannot l e a d t o absorption p o l a r i z e d i n a d i r e c t i o n 
p e r p e n d i c u l a r t o the fluorescence emission i n a s p e c t r a l r e g i o n 
which overlaps the lower energy ab s o r p t i o n . The change i n 
the p o l a r i z a t i o n r a t i o as the e x c i t a t i o n energy increases from 
the high energy end t o the "red edge" of the lowest a b s o r p t i o n 
band i s consequently a t t r i b u t e d t o energy m i g r a t i o n along 
i n d i v i d u a l chains. W i t h i n any i n d i v i d u a l chain there i s l i k e l y 
t o be a d i s t r i b u t i o n of a l l - t r a n s sequences of va r y i n g l e n g t h . 
I f each of these sequences were s t r i c t l y e l e c t r o n i c a l l y i s o l a t e d 
from one another then the p o l a r i z a t i o n r a t i o would be independent 
of the e x c i t a t i o n wavelength and approach a value of 3. This 
i s not the case and apparently energy i n i t i a l l y absorbed by 
the s h o r t e r sequences can t r a n s f e r t o longer sequences, perhaps 
by a F o r s t e r type n o n r a d i a t i v e resonance mechanism (U7) w i t h 
a subsequent randomization of absorbing and e m i t t i n g t r a n s i t i o n 
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Figure 5. P o l a r i z a t i o n of fluorescence spectra of a d i l u t e s o l u 
t i o n of poly(methyl η-propylsilylene) i n 7:3 3-methylpentane: 
isopentane a t 77 K. E x c i t a t i o n wavelengths: · , 297 nm: • , 
313nm; · , 331+nm; • , 338nm. 
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Figure 6. P i c t o r i a l d e s c r i p t i o n of the s i l i c o n - s i l i c o n bond 
t r a n s i t i o n d i p o l e moment and the formation of an e x c i t o n band 
i n a l l - t r a n s sequences of p o l y ( o r g a n o s i l y l e n e s ) . 
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moments and re d u c t i o n of the p o l a r i z a t i o n r a t i o . The above 
p i c t u r e i s o b v i o u s l y much too simple t o describe the f i n e d e t a i l s 
of complex systems such as these, however, i t appears t o o f f e r 
a t l e a s t a r a t i o n a l i z a t i o n of some of the more e s s e n t i a l 
f e a t u r e s . 

CONCLUSIONS 

The preceeding r e s u l t s , which have been concerned w i t h the 
p r o p e r t i e s of i s o l a t e d polymer chains, appear c o n s i s t e n t w i t h 
an i n t e r p r e t a t i o n which describes the lowest l y i n g a b s o r p t i o n 
band of these s i l i c o n main-chain polymers as a r i s i n g from h i g h l y 
allowed t r a n s i t i o n s l i n k i n g the ground s t a t e w i t h c o l l e c t i v e 
s t a t e s d e l o c a l i z e d over v a r i a b l e l e n g t h a l l - t r a n s sequences 
of monomer u n i t s . P o l a r i z a t i o n of emission experiments have 
i n d i c a t e d t h a t t h i s c o l l e c t i v e e x c i t a t i o n  which i s d e l o c a l i z e d 
on a very r a p i d tim
migrate along the chai
sequences on which i t i s u l t i m a t e l y trapped. In essence, each 
i s o l a t e d s i l i c o n polymer chain can be considered t o cont a i n 
a c o l l e c t i o n of u l t r a v i o l e t absorbing chromophores c o n s i s t i n g 
of v a r i a b l e l e n g t h a l l - t r a n s sequences each w i t h i t s own ECL. 
Chain d e f e c t s , such as gauche k i n k s , are l i k e l y r e s p o n s i b l e 
f o r d i s r u p t i n g the conjugation along the backbone (hQ). I t 
i s t h i s v a r i a t i o n i n ECL which leads t o the broadness of the 
lowest energy absorp t i o n band. Energy i n i t i a l l y l o c a l i z e d 
w i t h i n the sho r t e r sequences can migrate along the chain due 
to d i p o l e - d i p o l e coupling of t r a n s i t i o n d i p o l e moments ( i . e . 
there i s overlap between the emission of short sequences and 
the absorption of longer sequences). Trapping of e l e c t r o n i c 
e x c i t a t i o n w i t h i n the longest sequences i s re s p o n s i b l e f o r 
the sharp, e x c i t o n - l i k e fluorescence band. I t i s important 
t o note t h a t t h i s d e s c r i p t i o n , which p e r t a i n s s t r i c t l y t o 
i s o l a t e d polymer chains i n d i l u t e s o l u t i o n , very l i k e l y holds 
f o r the s o l i d s t a t e as w e l l . A v a r i e t y of experiments on s o l i d 
f i l m s of these s i l i c o n polymers i n d i c a t e t h a t i n t e r c h a i n 
i n t e r a c t i o n s are weak and t h a t the polymer chains maintain 
t h e i r i n d i v i d u a l i d e n t i t y . (Johnson, G.E., Xerox Corporation, 
Webster Research Center, unpublished data). The spectroscopic 
and p h o t o p h y s i c a l p r o p e r t i e s of these p o l y ( o r g a n o s i l y l e n e s ) 
i n the s o l i d s t a t e a r e, i n a very r e a l sense, much l i k e those 
expected f o r small molecules m o l e c u l a r l y d i s p e r s e d i n a host 
polymer ma t r i x . Perhaps i n t h i s regard i t i s not unreasonable 
t o draw an analogy between the s p e c t r a l c h a r a c t e r i s t i c s of 
a d i s t r i b u t i o n of v a r i a b l e l e n g t h a l l - t r a n s sequences w i t h 
t h a t of a d i s t r i b u t i o n of sm a l l molecules inhomogeneously 
broadened due t o v a r i a b l e environmental p e r t u r b a t i o n s . 
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in polychromophoric arrays, 221 

Dispersion 
excitation energy transport, 227 
polymerization, 10 
stability, 161 
stabilization, 160 

Disruptive quencher, 406 
Dissipative energy relaxation, 228 
Distance scale, 10 
Distribution of chromophores, 325 
Distribution of triplets, 282 
Donor-donor excited-state transport, 326 
Dopant molecule, 245/,246/ 

Doped polymer matrices, 243 
Dual fluorescence, 135,136 
Dye laser, 71,387 
Dynamic quenching, 396 
Dynamics and complexation, 45 
Dynamics in polymer solids, 83-96 

Ε 

Effective conjugation length, 510 
Excimer-forming site, 22-25 
Elastomers, 47 
Electric field effect, 117,119 
Electrolytes, 367 
Electron acceptor, 412 

Electronic conformational coupling, 483 
Electronic energy migration, 242,252,301 
Electronic excitation in molecular 

aggregates, 220 
Electronic spectroscopy, 148-161 
Electronic transition, 500 
Electronic trap, 222-223 
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naphthalene-anthracene, 410 
probability, 24/ 
segment length, 485 
solid solutions, 264 
solid-state, 305 
steady-state results, 396 
transient fluorescence, 222 
triplet-triplet, 84 

Energy transport 
homogeneous solutions, 328 
isolated Gaussian polymer coils, 325 

Energy traps 
aggregates, 410 
anthracene, 405 
quantum efficiency, 396 

521 

Energy-dispersive excited-state walks, 221 
Ensemble average conformation, 323-342 
(-)-Epicatechin, 162-167 
Epoxy 

cure, 467 
groups, 470 
network polymers, 463,464 
reaction, 478/ 
resin, 454-456 

Epoxy-primary amine reaction, 472/ 
Equilibrium binodal composition, 27 
Equilibrium state, 35 
ESR spectra, 416 
Ester group as a spacer, 358 
Ethereal linkages, 158 
Ethylbenzene, 91,95 
Excimer 

decay, 24/,321,431 
dissociation, 375 
emission 

concentration-dependent, 287 
CPF spectra, 355 
decay, 425 
dibenzylacetamide substitution, 39 
function of composition, 293/ 
hydrogen bonding, 207 
intensity, 346 
macromolecular scintillators, 180 
P A A - P E G in aqueous solution, 430 
PACE in benzene, 372 
polystyrene copolymers, 291/ 
polystyrene in solution, 288 
polyurethane film, 215 
relative to monomer emission, 298 
temperature dependence, 292 

fast-decaying, 355 
formation 

between different PEG chains, 431 
fluorescence study techniques, 368 
hydrogen bonding, 210 
in isooctane, 190 
intermolecular, 425 
kinetics, 172,198 
measurable rise time, 175 
mixed solvents, 63 
overview, 2 
PEG, 424 
pH effect, 441 
polymers, 4 
polyurethane film, 215 
pyrene groups at PEG chain ends, 423 
rate constant, 195 
static, 443 
via energy migration, 391 

forming site, 22,271 
geometry, 198 
intensity, 292 
kinetics, 207 
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Excimer—Continued 
monomer-intensity ratio, 33/ 
phosphorescence, 247 
photophysics, 170-187 
population, 231 
reverse dissociation, 181/ 
rise-time, 290 
structure, 189/ 
traps, 305,385 

Excimer fluorescence 
cure of epoxy resins, 454 
decay, 316 
first-order decay, 444/ 
models for analysis, 20 
molecular-level probe, 18 
observable macroscopic transport, 236 
quantitative photophysical tool, 19 
resulting from excitation transport
spectral distribution, 171 
weakness, 389 

Excimer-exciplex profile, 60 
Excimer-monomer ratio, 216/,391 
Exciplex emission, 153,348/ 
Exciplex formation 

cyclization behavior, 58 
in cyclopentane, 61 
in dilute polymer solution, 139 
path for exciton migration, 364 

Exciplex peak, 364 
Excitation energy 

hypercoiled conformation, 417 
transfer, 220-221,301 

Excitation function, 237 
Excitation migration, 252,313 
Excitation quencher, 286 
Excitation spectra 

intramolecular excimers, 173 
1,5-naphthalene diisocyanate, 210 
squaraine, 150,155 

Excitation transfer 
aromatic vinyl polymers, 222 
flexible technique, 340 

Excitation transport 
chromophore concentration, 324 
depolarization, 331,339-341 
flexible polymer coils, 326 
polystyrene, 292 
randomly distributed chromophores, 328 
size, 325 

Excitation wavelength, 457 
Excited chromophore, 327,329 
Excited state 
charge separation, 136 
complexes, 2,201 
energy migration, 5 
equilibrium, 137 
interactions, 186 
monomer species, 213 
poly(organosilylenes), 499 

Excited state—Continued 
properties, 191/ 
relaxation, 239 
singlet energy transport, 286-300 
species, 171 
transition dipoles, 69 
triplet, 84,243 

Exciton 
band,512/ 
diffusion, 278,281 
hopping, 228,283,359 
jumps, 275/,277/ 
migration 

acenaphthylene copolymers, 358-366 
length, 359-361,365 
random flights, 246 
rate, 245 

splitting,
trapping, 267 

Excitonic annihilation processes, 282 
Excluded volume effects, 57-67 
Expansion mechanism, 110 
Experimental CD spectra, 350/ 
Exponential decay, 204 
Extinction coefficient, 503,504 

Fibrillation, 312 
Fine vibrational structures, 150 
Flexible coils, 326,333 
Fluorescence 
aromatic polymers, 223 
complex decay, 308-322 
lifetime, 49,401 
matrix, 173 
measurements, 26,130,286 
monitoring, 454-462 
patterns, 226 
polarization, 376,509 
polymer red shift, 269/ 
probes, 97-106,136 
profile, 224/ 
quantum yield, 156,163,164/ 
recovery, 456 
spectral data, 361 
steady-state, 387 
studies, 471 
techniques, 37-43 
transition moment, 47 
wavelength, 175 

Fluorescence anisotropy, 334/ 
decay, 46-51,68-69,80 
measurement of probes, 368-369 
time-dependent, 330-333 

Fluorescence contour diagram, 374/ 
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Fluorescence data 
convolutions, 233/ 
polysilylenes, 493/ 
Fluorescence decay 
analysis, 60,354 
behavior, 378 
conformational equilibrium, 198 
curves 
excimer dissociation, 375 
isolated monomer, 213 
NDI-650 in dichloromethane, 212/ 
PNC in dichloromethane, 206/ 

data, 373/ 
function, 311 
kinetics, 170,369 
laws, 308 
lifetime data, 295/,319/,320/ 
locally excited state, 195 
longest lifetime component,
macromolecular scintillator, 173,175 
mathematical model, 312,313 
naphthalene, 410 
nonexponential, 391 
parameters, 393/,403/,404/ 
polydiacetylene, 314/ 
polystyrene, 317/ 
profile, 13/,370-373 
rise time, 394 
rotational isomerism, 193 
spectroscopy, 301 
time, 11,12,309 
Fluorescence depolarization 
concentration, 332 
macromolecular solid state, 124 
polymer blends, 339 
relaxation of macromolecules, 123,131/ 

Fluorescence emission 
intensity, 102,103 
solvation studies, 99 
spectra. 154/ 
squaraine, 148,149,153 
Fluorescence excitation, 150,151/, 152/ 
Fluorescence intensity 
auramine O, 438 
cure time, 457,459/,477/,478/ 
cure-dependent behavior, 471,473,474/ 
excimer-monomer ratio, 211/,458/ 
of cationic probes, 442/ 
ratio, 447/ 
viscosity, 476 

Fluorescence quenching 
Cu2+, 394-396 
diacetyl, 349 
mechanism, 8,102 
overview, 8-17 
oxygen, 15/ 
times, 103 
Fluorescence spectra 
conformational distribution, 188 
cure-dependent behavior, 473,476 

Fluorescence spectra—Continued 
dilute blends, 23 
excimer formation, 172,187 
exciplex emission, 346 
1,5-naphthalene diisocyanate, 210 
naphthyl carbamate, 204 
P2NMA, 374/ 
poly(VBuPBD), 176/ 
POS containing polystyrene, 318/ 
rigid organic glasses, 506 
sequential polypeptides, 349 
solid solution, 267,269 
squaraine, 157/, 159/ 
temperature dependence, 141 
time dependence, 316 
twisted intramolecular charge 

transfer, 137 

environmental probe, 98 
intermolecular complex formation, 422 
miscible polymer blends, 21 
transient, 220 
Fluorescent dyes, 454 
Fluorescent probes, 456 
Fluorophores, 40,172,358 
Formation of charges, 114 
Forster mechanism, 409 
Fractal dimensionality, 311 
Fractional quenching model, 14 
Free energy, 117 
Free radical polymerization, 10 
Free volume theory, 141 
Freeze-dried mixture of polymers, 40 

G 

7 emission, 156 
Gel dilation by photoirradiation, 114,117 
Gel phase 
light-induced conformational 

changes, 107-122 
properties, 97-98 
quenching, 105 
solvation, 102 

Gelation, 473,476 
Geometrical configurations, 355 
Geometrical isomerization, 108 
Glass beads 
fluorescence emission, 101/ 
fluorescence quenching, 103 
solvation, 100 
styrene-divinylbenzene copolymers, 105/ 

Glass-rubber transition, 51-56,128-130 
Globular conformation, 434 
Grabowski*s kinetic model, 138/ 
Graft copolymer, 11 
Ground-state conformation, 192/, 195 
Growth rate, 31 
Guest-host thermodynamic interactions, 324 
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H 

α-Helical main-chain conformation, 354 
Helical polypeptide, 345 
Heterofusion, 282,283 
Heterogeneity, 308,309,321 
High-energy excimer, 269 
High-energy transition, 511 
Hindered rotation, 37,39 
Homopolymer 
fluorescence decay, 175,373/ 
monomer decay, 316 
shifts with temperature, 487 
tacticity, 309 

Homopolypeptides, 344,348,349 
Hopping 

frequency, 292 
process, 348 
sites, 228,237 
time, 281,409 
triplet antenna effect, 252 

Host-quencher pairs, 274 
Hydrodynamic diameter, 387-391,402 
Hydrodynamic radius, 398 
Hydrogen abstraction, 91,93,95 
Hydrogen bond interaction, 430 
Hydrogen bonding 
between PNC molecules, 207 
excimer site geometry, 218 
polymer complexes, 423 
polyurethane film, 215 

Hydrophobic bonding, 42 
Hydrophobic chromophore, 431 
Hydrophobic environment, 5,6,440 
Hydrophobic groups, 414 
Hydrophobic interactions 
aromatic components, 414 
between chromophores, 431 
conformational transition, 440 
naphthalene groups, 385 
surfactant chains, 446 

Hydrophobic molecules, 417,443 
Hydrophobic regions, 402 
Hydrophobic species, 398 
Hydrophobicity, 450 
Hydrostatic pressure, 143 
Hypercoiled conformation, 417 
Hypochromy, 265,267 
Hypsochromic shift, 153,155 

I 

Infinite lattice model, 23 
Infrared spectra, 209/,217/ 
Inhomogeneity, 19,325 
Integrated resolved emission, 294/ 
Intensity of fluorescence, 444/ 
Intensity quenching, 394 

Intensity ratio, 428/ 
Intensity-time-wavelength surface, 375 
Interacting chromophores, 309 
Interaction distance, 9 
Interchromophore distance, 345,346 
Interchromophoric coupling energies, 228 
Intermolecular separation distances, 243 
Interpénétration 

network, 12 
polymer coil, 40,41 

Intracoil energy migration, 396,405 
Intracoil hydrogen bonding, 391 
Intramolecular charge transfer, 135 
Intramolecular excimer fluorescence, 461 
Intramolecular excimer formation 
configuration and conformation, 186-200 
naphthyl carbamates, 202 

polyme  systems,
polystyrene, 58,304 
polyurethanes, 218 
spectra, 173 

Intramolecular excimer-monomer ratio, 426/ 
Intramolecular excitation energy 

migration, 349 
Intramolecular fluorescence quenching 

processes, 57 
Intramolecular mobility, 248,432 
Intrinsic viscosity, 63-64,109,164 
Ion distribution, 115,116/ 
Ionization, 143,145 
Irradiation intensity independence, 87 
Isoemissive point, 292 
Isolated monomer, 175,213 
Isolated polymer coils, 323-342 
Isomeric acetonaphthols, 256/,257/ 
Isomeric poly(acetonaphthyl methacrylates) 

IR spectrum, 258/ 
luminescence behavior, 257 
phosphorescence decays, 259/ 
phosphorescence spectra, 259/,261/265/ 
static electricity, 257 
U V spectra, 258/ 

Isomerization, 108 
Isooctane, 190,197 
Isotropic rotation, 56 

J 

Jump frequencies, 228 

Κ 

Kinetic parameters, 197,227 
Kinetic spectroscopy, 368-383 
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L 

Label effect, 73 
Labeling 

ρ,ρ'-diaminoazobenzene, 465 
ρ,ρ'-diaminostilbene, 473 

L A F model, 20 
Laser beam, 456 
Laser-excited delayed emission 

poly(W-dodccylmethylsilylene), 491 / 
poly(W-hexylmethylsilylene), 491/,494/ 
polyO0-naphthylmethylsilylene),495/ 
poly(phenylmethylsilylene, 495/ 
poly(W-propylmethylsilylene), 491/,494/ 

Length of polymer chains, 264 
Leucocyanide groups, 119 
Leucocyanide residues, 115 
Lifetime 
data, 205/,319/,320/ 
emissions, 427/ 
excimer, 430,443 
excimer emission, 355 
fluorescence decay, 372 
P2VN-Û//-MA, 395/ 

Light-induced biological processes, 242 
Light-scattering studies, 386 
Linear consecutive junction, 431 
Liquid-liquid transition, 132 
Lithography, 482 
Local concentration, 430 
Local defects, 312 
Local dynamics, 46-56 
Local mode relaxation, 91 
Local motions, 56,68-82 
Local segmental dynamics, 75,77 
Locally excited state, 187 
Low-energy traps, 412 
Lower critical solution temperature, 61 
Luminescence 

anisotropy, 4 
behavior, 190 
intensity, 124,125,440 
quenching, 4 
spectra, 255 
studies, 123-134 

Luminescent chromophores, 6 
Luminescent probes 

micellar solutions, 6 
overview, 5 
polymerization, 453 

Luminescent quenchers, 262 
Lumophore pyrene, 435 

M 

Macromolecular behavior, 123 
Macromolecular scintillators, 170-187 
Macromolecular solid state, 124 

Macromolecules 
energy migration, 301 
fluorescence, 163 
hypochromy, 267 
solid systems, 264 

Macroporosity of polymers, 97 
Macroporous materials, 98,100,105 
Macroporous suspension polymers, 103 
Mammalian salivary proteins, 167 
Matrix polymer, 90 
Mechanical relaxation, 129 
Meso diastereoisomers, 188,190 
Methacrylic acid, 384-411 
Methacrylonitrile, 358 
Methyl methacrylate, 332 
4,4-Methylenebis(cyclohexylamine), 455 
2-Methyltetrahydrofuran, 248 

Migrating singlet excitations, 231 
Migration 

coefficients, 302 
electronic excitation, 509 
electrophiles in macromolecules, 102 
length, 359-365 

Migratory population, 232 
Migratory relaxation, 234 
Minimum solution temperature, 61 
Miscibility-temperature relationship, 27 
Miscible blends, 21 
Mobile excitation, 299 
Mobile Frenkcl exciton, 507 
Mobile triplets, 271 
Mobility, 368-383 
Molar extinction coefficient, 414 
Molecular chains, 40 
Molecular exciton theory, 511 
Molecular mobility, 376 
Molecular motion, 123-134,136 
Molecular weight dependence, 80,430,506 
Molecularly doped polymers, 242 
Monomer decay, 29/,302,304 
Monomer emission intensities, 20,295/,297/ 
Monomer-excimer pair, 231,234 
Monomer lifetime, 296/,298 
Monomer trap emission, 298 
Monomerlike emission, 292 
Monomerlike photons, 234 
Morphology, 8,18-36 
Motion, 310 
Multiphase photophysical models, 26 
Multiple emission, 149,150,153 

Ν 

NAMOD molecular display program, 349 
Nanosecond spectrometer, 372 
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Naphthalene 
chromophores, 332 
dopant molecule, 245/,246/ 
groups, 332,333,385 
phosphorescence, 84-86 
polymer chains, 333-337 
probe, 130 
ring, 257 

Naphthalene-1,5-diisocyanate, 201 -218 
Naphthalene-naphthalene interactions, 387 
Naphthyl biscarbamate moiety, 210 
Naphthyl carbamate, 202 

fluorescence, 204 
groups, 210 

Naphthyl polymers, 345,368 
1-Naphthylmethyl methacrylate, 11 
Network polymers, 97-106 
Neutron scattering, 324 
Nitrogen laser, 93 
Nonaqueous dispersion morphology
Nonequilibrium casting effects, 35 
Nonexponential decay 

analysis, 221 
delayed fluorescence, 282 
naphthalene and triphenylene, 86 
phosphorescence, 130 

Nonexponential relaxation kinetics, 227 
Nonpolar materials, 487 
Nonradiative energy transfer, 40 
Nonradiative resonance mechanism, 511 
Nucleation and growth mechanism, 27 

Ο 

Oligomer, 163 
One-dimensional diffusion, 313 
Optical absorption, 148,244 
Optical activity, 165 
Optical delay line, 71 
Organization of molecules, 242 
Organosilicon catenates, 500 
Orientation autocorrelation 

function, 69,75,376 
Osmotic pressure differentials, 117 
Overlap of emission bands, 302 
Overview 

fluorescence quenching techniques, 8-17 
polymer photophysics, 2-7 

Oxygen quenching, 12-15/ 
Oxyplex, 133 

Ρ 

Pair correlation function, 326 
Pair-trapped species, 244 
Pairwise interactions, 26 
Perylene, 417,420 
Phase-separated systems, 26 

Phase separation 
fluorescence, 27 
kinetics, 26,30 
lower critical solution temperature, 61 
mechanism, 27 
polymerization, 97 
visual evidence, 32 

Phenanthrene, 12 
Phenyl groups, 305 
Phenyl-phenyl interactions, 19 
Phenylanthracene, 417 
Phosphorescence 

benzophenone, 95 
decay function, 85 
dependence on wavelength, 249 
lifetime data, 129 
measurements, 125 
nonexponential decay  84 

polymer red shift, 272/ 
quantum yield, 257 
quenching, 4,279/,280 
spectra, 249,250/ 
triplet energy transfer, 271 
vibrational structure, 489 

Phosphorescence decay 
benzophenone, 93 
curves, 91 
nonlinear, 492 
polymer solids, 83-96 
profiles, 89/ 
time, 249 
wavelength-dependent, 132 

Phosphorescence depolarization, 124,126/ 
Phosphorescence intensity 

aryl polysilylenes, 492 
measurements, 128 
nonexponential decay, 129 
temperature dependence, 131/ 

Photobleaching, 456 
Photocatalysts, 420 
Photochemical reaction, 107 
Photochromic chromophores, 107 
Photochromic reactions, 107,108 
Photoconductivity, 482 
Photodegradation, 457,506 
Photodissociation, 109 
Photoelectron transfer, 417 
Photoenzymes, 420 
Photoexcitation, 136 
Photoexcited benzophenone, 94/ 
Photogeneration of ions, 117 
Photoinduced dilation process, 114 
Photoionization, 108 
Photoirradiation, 107,110 
Photolithographic applications, 500 
Photon harvesting, 385,396 
Photophysical parameters, 215 
Photophysical properties, 5,440 
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Photorcsponsc time, 114 
Photoresponsive gel system, 115 
Photoselection, 509,510 
Photosensitivity, 482 
Photostimulated bending 

motion, 118/, 119,120/ 
Photostimulated color and dimension 

change, 116/ 
Photostimulated conformational 

changes, 108,111/ 
Photostimulated deformation, 108 
Photostimulated dilation and 

contraction, 110,112,113/ 
Photostimulated size and shape 

changes, 113/ 
Photostimulated vibrational motion, 120/ 
Photosynthesis 

artificial, 417 
polymer models, 412-421 

Photovolatilization, 483 
Picosecond holographic grating technique, 68 
Picosecond transient grating technique, 71 
Polar solvent, 156 
Polarity, 473 
Polarization 
degree, 448 
effect of concentration, 302 
fluorescence results, 509-511 

Polarized absorption and fluorescence 
emission, 48/ 

Polarized emission spectra, 47 
Polarized fluorescence decay, 333,334/ 
Polarized light, 47,69 
Poly(acenaphthylene), 278,369,371/ 
Poly(acetonaphthyl methacrylate), 252-263 
Poly(ACN-co-MAN), 363/ 
Polyacrylamide gels, 117 
Poly(acrylic acid) 
aqueous solutions, 440 
complex formation, 422-433 
hypercoiling effects, 414 

Poly[Ala -1-napAla], 351/352/ 
Poly(ami3e acid), 461 
Polyamides, 108,109 
Polyanion-bound chromophores, 394 
Poly(arylalanines), 345 
Poly(i^arylalanines) 
ground-state conformation, 344 
synthesis, 344 

Polybutadienes, 46-56 
Poly(W-butyl acrylate), 123-134 
Poly(W-butyl methacrylate), 124 
Polycarboxylic acids, 42 
Polydiacetylene one-dimensional system, 312 
Polyelectrolytc chains, 382 
Polyelectrolyte gels, 117 
Polyethylene glycol), 422-433 
Polyethylene oxide), 435,441 

Poly(2-ethylhexyl methacrylate), 11 
Poly(N-hexyldodecylsilylene), 489 
Poly(tf-hexylmethylsilylene), 485,486/489 
Polyimides, 455,461 
Polyisobutylene, 11 
Polyisoprene, 71,73,74/ 
Poly[Lys(Z)m-pyrAla], 356 
Polymer adsorption, 160 
Polymer association complexes, 42 
Polymer backbone, 172,183 
Polymer blends, 18-26 
Polymer chain 

conformation, 107 
energy migration, 19 
entanglements, 39 

Polymer coils, 40,57,396 
Polymer concentration, 139,142/ 

Polyme  phenomenon,
Polymer films, 247 
Polymer fluorescence analyses, 227 
Polymer matrices, 83-86 
Polymer matrix composites, 454 
Polymer melts, 56 
Polymer microviscosity, 6 
Polymer molecule dimensions, 8 
Polymer morphology, 97 
Polymer pair correlation function, 328 
Polymer solutions, 37-43 
Polymer structure, 392/,409 
Polymerization 

conditions, 99/ 
degree, 30 
experimental, 360 
oligopeptide active esters, 348 

Polymers 
in plants, 162 
in rigid solution, 248 
synthetic, 308-322 

Polymer-polymer interfaces, 8 
Polymer-surfactant systems, 435 
Poly(methacrylic acid) 

auramine O, 42 
conformational transition, 434 
pH dependence, 369 

Poly(methyl methacrylate), 11,135-145,86 
Poly(methylphenylsilylene), 505/508/ 
Poly(methyl-W-propylsilylene), 505/512/ 
Poly(2-naphthyl methacrylate), 369,371/ 
Poly(L-l-naphthylalanine), 346 
Poly(organosilylenes), 499-515 
Polypeptides 

aromatic chromophores, 343,344 
optically active, 344 

Poly(phenylmethylsilylene), 487-489 
Poly(L-proline), 164-166/ 
Poly(W-propylmethylsilylcne), 488/489,492 
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Polysilylenes, 482-498 
Polystyrene 
copolymers, 290/ 
cyclization behavior, 58 
decay, 317/ 
dilute solution, 288 
energy migration, 301-307 
polymer blends, 19 
singlet energy transport, 286-300 
theta-temperatures, 63 
triplet energy migration, 95 

Polystyrene-dopant systems, 245/,246/ 
Polyurethane 
carbamate chromophores, 207 
film, 215 
photophysics, 201-218 
solution, 210 

Polyvinyl acetate), 11,12 
Polyvinyl alcohol), 91,93 
Polyvinyl aromatic compounds, 188 
Polyvinyl aromatics), 301 
Poly(vinyl)carbazole, 292 
Poly(tf-vinylcarbazole), 247,265-273/ 
Poly(vinylmethyl ether), 10,19 
Poly(vinylnaphthalene), 306,489 
Poly(l-vinylnaphthalene), 247 
Poly(2-vinylnaphthalene), 21 
Poly(vinylpyrrolidone), 163,164/, 166/ 
Porphyrin, 414-417 
Positional disorder, 221 
Pressure effects on TICT emission, 143 
Pressure-viscosity relationship, 145 
Probability function, 26 
Probe size, 130 
L-Prolyl residue, 162-167 
1-Propanol, 165 
Properties of photoresponsive polymers, 121 
W-Propylmethyl polymer, 485,487 
Pulsed excitation techniques, 223,489 
Pure polymer systems, 246 
Pyrene 
chromophore, 424 
conformational mobility, 39 
covalently bound, 435 
excimer fluorescence, 430,432 
excimer formation, 431,441 
exponential decays, 86 
fluorescence, 443 
group folded conformation, 194/ 
groups, 422 
lumophores, 441 
micelles, 443 
quasihydrophobic environment, 6 
vibrational structure, 5 

Pyrene-1-butyric acid, 424 
1 -Pyrenebutyltrimethylammonium 

bromide, 440-441 
Pyrenepoly(acrylic acid), 423 

Q 

Quantum efficiency of sensitization, 409 
Quantum yield of phosphorescence, 128 
Quenched monomer 
decay time, 171, 213 
polymer systems, 175 

Quencher 
molecule, 4 
oxygen, 365 
triplet antenna effect, 260 

Quenching 
anthryl traps, 409 
benzophenone triplet, 87,92/ 
bimolecular excited state, 9 
bromide ions, 446 
chromophores, 252 

dimethylaniline,
MiV-dimethylaniline, 359 
effect, 253 
emission, 413 
factor, 274,275/ 
Forster equation, 290 
mechanism, 385,394 
molecules, 282 
molecules per macromolecule, 278 
nonexponential decay, 87 
oxygen, 359 
photochemical reactions, 253 
polymers, 254 
poly(L-proline), 165 
precursor, 292 
pyrene fluorescence, 448 
rate, 103 
studies, 301 

Quinone, 413,414 

R 

Racemic diastereoisomers, 193 
Radial distribution function, 58 
Radiation scatter, 305 
Radiative rate constant, 60 
Radiative rate of chromophore, 394 
Radiative transition, 138/ 
Radius of gyration 
calculation, 331 
chain length, 333 
chromophores randomly distributed, 325 
discussion, 340 
measurements, 339 
tagged coils, 324 
temperatures, 506 

Random coil, 165,506 
Random cross-linking, 431 
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Random walk 
dependence on molecular weight, 23 
disordered lattice, 407 
excluded volume effects, 57 
experimental analysis, 25 
one-dimensional decay law, 312 
triplet energy migration, 260 

Randomization of orientational 
distribution, 69 

Rate constants, 9,245/,471 
Rate processes, 246 
Reaction cell, 456 
Reactive dye labeling technique, 463-479 
Reactivity ratio, 470 
Reconvolution analysis, 173 
Relaxation 

irreversible, 237 
liquid-liquid transition, 132 
nonexponential, 230 
poly(W-butyl acrylate), 123,127 
synthetic polymers, 309,368-383 
times, 125,126/, 131/ 

Restriction, 438 
Reverse dissociation, 171,316 
Reversible bending motion, 108 
Reversible excimer formation, 213,247 
Reversible transition, 165 
Reversible transport pathways, 230 
Rhodamine B, 436 
Rich and lean phases, 26 
Ring-closure dynamics, 64 
Ring-opening, 64 
Rod-shaped gels, 108 
Rodlike conformation, 381,434 
Rotamer, 191 
Rotation 

aromatic side groups, 198 
small clusters, 378 

Rotational barrier, 136 
Rotational correlation time, 378,381/ 
Rotational depolarization, 330 
Rotational diffusion, 39,310 
Rotational dyad state, 23 
Rotational frequencies, 236 
Rotational isomerism, 193,198,487 
Rotational motion, 141,223 
Rotational relaxation times, 4 
Rotational sampling, 230,239 
Ruby laser, 93 

S 

Salts, 114,117,119 
Sapphire plates, 32 
Scintillator solutes, 172 
Secluded pair, 243,244 
Segmental dynamics, 56,68,130 
Segmental rotation, 223 

Semidilute solutions, 39,40 
Sensitization 

anthracene, 396,398 
discussion, 401 
efficiency, 408/ 
followed by fluorescence decay, 402 

Sensitized phosphorescence, 274 
Sequential polypeptides 

experimental CD spectra, 349 
monomer emission, 354 
1-naphthyl groups, 348 
naphthyl or pyrenyl chromophores, 348,354 
synthesis, 344 

Side-chain chromophores, 343 
Side-group fluorescence, 264 
Sigma-bonded compound, 500 
Silane high polymers, 482 

excitations, 511 
transition dipole moment, 512/ 

Simulated decay, 314/ 
Singlet energy migration, 288 
Singlet energy transfer, 413 
Singlet excited state, 186 
Singlet-singlet transitions, 243 
Site energies, 221 
Size change, 114 
Solid core structure, 11 
Solid polymer blends, 323 
Solid-state polarization measurements, 305 
Solid-state polymer systems, 323 
Solubility parameters, 215 
Solubilization in compact polymer 

coils, 440 
Solubilizing agent, 344 
Solute-solvent complex, 155-158 
Solution-phase behavior, 482 
Solvation 

chloroform, 158 
concentration dependence, 141 
fluorescence probes, 97-106 
fluorescence spectra, 139 
glass beads, 100 
network polymers, 99 
polymer chains, 102 

Solvatochromatic data, 100,102 
Solvatochromic shift, 99 
Solvent 

casting 
chlorobenzene, 31-32 
tetrahydrofuran, 31-32 
toluene, 31-32 

composition, 66/ 
penetration, 16 
reorientation, 141 
scatter, 239 
viscosity, 143,431 

Solvent-chromophore collisions, 230 
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Solvent-developed resists, 483 
Solvent-polymer interactions, 58,483 
Spacer 

dimethylsiloxy, 358 
ester group, 358 

Spatially periodic lattice model, 20 
Spectral dimension, 407 
Spectral shifts, 465,504 
Spin-lattice magnetic relaxation times, 47,51 
Spinodal curves, 30 
Spinodal decomposition, 27,30,31 
Spurious fluorescence, 47 
Squaraine, 148-161 
Squaraine-polymer dispersions, 149,158,160 
Stabilization mechanism, 148-161 
Static electricity, 257 
Static quenching, 405 
Statistical segment length, 331 
Steady-state emission, 173 
Steady-state fluorescence anisotropy, 381/ 
Steady-state fluorescence 

polarization, 376,379/ 
Steady-state fluorescence spectra 

effect of solvent, 389 
naphthalene diisocyanate, 213 
racemic diastereoisomers, 193 

Steady-state quenching, 407 
Steric dependence, 153 
Steric hindrance, 153 
Steric stabilization, 160,161 
/rarts-Stilbene, 476 
Structural rigidity, 438 
Structure-dynamics relationship, 68 
Structured phosphorescence, 483 
Styrene polymers, 316 
Styrene-divinylbenzene copolymers 

fluorescence emission, 101/, 104/ 
supports for chemical reactions, 97 

Subnanosecond excimer formation, 172 
Substitution of primary amine groups, 464 
Sulfonated poly(vinylnaphthalene), 417 
Suspension polymerization, 100,105/ 
Swelling of gel, 117 
Synthetic linear macromolecules, 222 
Synthetic polymers, 368-383 

Τ 

Tacticity of polymer, 309 
Tail fitting, 316,319/ 
Tail states, 234-237,267 
Temperature effect on solvent quality, 63 
Temperature-concentration relationship, 28 
Temperature-dependent absorption 

spectra, 510 
Temperature-dependent 

fluorescence, 293/,296/ 
Temporal decay of fluorescence, 368 

Testing of models, 312 
Tetrabutyl ammonium iodide, 446 
Tetrahydrofuran, 32,35 
Thermally activated phenyl group 

motion, 288 
Thermally induced phase separation, 31 
Thermochromic effect, 504 
Thermochromism 

alkyl-substituted polymers, 483 
fluid solution, 484-487 
population of trans conformation, 506 
thin films, 487-490/ 

Thermodynamic interactions, 25 
Thermodynamic parameters, 197 
Theta solvents, 57 
Theta temperatures, 61 
Three-component fit, 178/ 

Time-dependent anisotropy, 74/-78/ 
Time-dependent fluorescence 

decay, 449/ 
Time-dependent optical anisotropy, 243 
Time-dependent phosphorescence spectra, 249 
Time-dependent quenching, 175,179/,448 
Time-dependent triplet decay, 244 
Time-resolved emission spectra, 370 
Time-resolved fluorescence 

analyses, 369 
depolarization, 330-332 
measurements, 313 
spectra, 355,377/ 
spectrophotometer, 370,371/ 
spectroscopy, 139,368 

Time-resolved optical spectroscopy, 68-82 
Time-resolved polarized absorption, 69 
Time-resolved studies, 287 
Toluene 

bulk macroporous polymers, 103 
polystyrene, 63 
tetrahydrofuran, 32,35 

Torsional constraints, 183 
Transfer of excitation, 331 
Transient absorption measurements, 68 
Transient diflusional effects, 375 
Transient fluorescence, 222 
Transient grating decays, 72/ 
Transient holographic grating technique, 69 
Transient pattern, 226 
Transient quenching, 181/, 183 
Translational diffusion, 71,310 
Translational diffusion coefficient, 457,461 
Transmission electron microscopy, 443 
Transport dynamics, 222 
Trap 

concentration, 326 
emission, 394 
fluorescing moiety, 413 
reversible, 417 
sites, 283,369 
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Trap II, 269,271 
Trapping 

data, 230 
energy dispersive, 234 
experiments, 304,324 
function, 231,232,316 
macromolecules, 264-285 
mobile excitation, 290 
process, 238 
triplet excitons, 278 

Trifluoroethanol, 165 
Triphenylene, 86 
Triplet 

antenna effect, 252-263 
decay, 88/,244 
energy migration 

amorphous polymer solids, 242-251 
fluid solution, 254 polyvinyl alcohol), 91 
quenching efficiency, 260 
rate and range, 253 
triplet-state lifetime, 255 
triplet-triplet annihilation, 95 

energy transfer 
mechanism, 87 
phosphorescence, 271 
quantum yields, 262/ 

excimer formation, 246 
excimer species, 132 
excitations, 221 
exciton decay, 248 
exciton lifetime, 281 
exciton migration, 243,248/,249 
lifetime, 260 
localization, 489 
probe, 127,129 
quenching, 84,252,260 
transport phenomenon, 87 

Triplet-triplet absorption studies, 245 
Triplet-triplet annihilation 

chromophore-polymer, 95 
delayed fluorescence, 246,253,281,489 
densely populated regions, 243,244 
mechanism, 86 
molar mass dependence, 265 
phosphorescence, 93 

Triplet-triplet energy transfer, 84-86 
Tris-(2,2'-Bipyridine)ruthenium(II), 435,440 
Truncated cumulant expansion method, 326 
Turbidimetric light scattering, 21 

Twisted intramolecular charge transfer 
compound, 135-145 

Two-state model, 434 

U 

Ultraviolet absorbing chromophores, 513 
Ultraviolet absorption spectroscopy, 265 
Ultraviolet irradiation, 109-114,119 
Uncoiling compact coils, 441 
Uncoiling process, 435 
Uran, 53-55 
UV-visible absorption spectra, 475/ 

V 

,
Vibrational relaxation, 306 
Vibrational splittings, 493/ 
Vibrational structure, 492 
Vibronic resolution, 272 
Vibronic structure, 153 
Vinyl aromatic polymers, 242 
Vinyl homopolymers, 172 
2-Vinylnaphthalene, 309,316,332,358,384 
Viscosity 
changes, 6 
fluorescence intensity, 476 
irradiation, 109,110 
molecular weight, 457 
polymerization, 454-462 
torsional motion, 145 

Viscosity-insensitive internal standard, 455 
Visible-light irradiation, 109 
Vitrification, 465,473 
Volume of polymer coils, 264 

W 

Wavelength, 249 
Weak coupling, 231,232 
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X-ray scattering patterns, 165 
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