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Abstract

Time-resolved fluorescence was applied to linear and branched pyrene-labelled
macromolecules to study their internal dynamics. The linear macromolecules consisted of
two series of pyrene-labelled poly(N-isopropylacrylamide)s where the polymer was either
end-labelled (Py,-PNIPAM-Y where Y represents the molecular weight of the polymer and
equals 6, 8, 14, 25, and 45 kDa) or randomly labelled (Py-PNIPAM-X% where X represents
the pyrene content and is equal to 0.1, 2, 3, 4, 5, and 6 mol%) with pyrene. Four dendrimer
generations based on a bis(hydroxymethyl)propionic acid backbone represented the branched
macromolecules where the terminal sites were labelled with pyrene (Pyx-GY-COOH where X
represents the number of pyrene units incorporated into the Y th generation dendrimer). A
polystyrene-dendrimer hybrid was also synthesized (Pyx-GY-PS). The fluorescence decays
of the Py,-PNIPAM-Y and Py-PNIPAM-X% samples were acquired in solvents of varying
viscosity and were analyzed with the Birks Scheme and the Fluorescence Blob Model (FBM)

to yield the excimer formation rate constants k_, and <k, x N, >, respectively. The two

parameters showed the same trends with varying viscosity, implying that the same
information concerning chain dynamics is obtained from the randomly and end-labelled
PNIPAM samples. The fluorescence decays of the Py,-PNIPAM-Y samples were acquired in
ethanol and in water to determine how pyrene solubility affects the behavior of the polymers
in solution, as probed by time-resolved fluorescence. It was found that the decreased pyrene
solubility in water led to large amounts of intra- and intermolecular pyrene aggregation.
Finally, the pyrene-labelled dendrimers were studied in tetrahydrofuran (THF) to probe the
mobility of the chain ends as a function of generation number. The average rate of excimer
formation, < k >, obtained from the Model-Free analysis of the fluorescence decays in THF,
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increased linearly with generation number. This finding, combined with molecular mechanics
optimizations, led to the conclusion that excimer formation was greatly enhanced due to the
branched nature of the dendrimer molecule. Together, these studies illustrate three different
applications of the use of time-resolved fluorescence to characterize the internal dynamics of

pyrene-labelled macromolecules.
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Chapter 1: Introduction

1.1 Fluorescence and Fluorescence Quenching

Fluorescence is the process whereby an excited electron in the singlet state returns to
the singlet ground state, releasing its energy via the emission of a photon of light."
Fluorescence is well-described by the Jablonski diagram, shown in Figure 1.1. First, an
electron in the lowest vibrational energy level of the Sy electronic state absorbs a photon of
light of energy hv,, corresponding to a wavelength A... Absorption typically occurs on a
time-scale of approximately 107" second. This time-scale is much too short for any
significant movement of atoms or nuclei to occur. Depending on the excitation wavelength,
the electron gets promoted to one of the vibrational energy levels of the S; or higher
electronic state. Immediately following excitation, a quick, non-emissive internal conversion
occurs where the electron releases some energy, usually in the form of heat, and drops from
its excited state to the lowest vibrational level of the S; electronic state. This process occurs
within 107" second. Finally, the excited electron in the ground vibrational energy level of
the S; electronic state drops back to one of the vibrational levels of the Sy electronic state, in
the process emitting a photon of light with an energy hv,,. The wavelength of light emitted
depends upon which vibrational level the electron falls to. The combined energy losses
between excitation and emission results in a red-shift in the fluorescence emission,
commonly referred to as Stokes’ Shift, and implies that the emission wavelength will usually
be longer than the excitation wavelength. Fluorescence typically occurs on the nanosecond
time-scale which happens to be a suitable window for monitoring the internal dynamics of

macromolecules, the topic of this thesis.
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Figure 1.1: Jablonski Diagram depicting the energy transitions of an excited state relaxing to
the ground state by releasing this excess energy under the form of fluorescence.

Fluorescence quenching, on the other hand, is the process whereby the intensity of the
fluorescence emission of an excited fluorophore decreases due to the presence of an external
quencher.”® Oxygen is a well-known quencher. Quenching can be monitored either by
steady-state or time-resolved fluorescence. Quenching always results in a decrease of the
steady-state fluorescence intensity, and, depending on the nature of the quenching process, a
decrease in the fluorophore lifetime may be observed. Fluorescence quenching can occur
over a distance, a feature which is taken advantage of when conducting an experiment based
on Fluorescence Resonance Energy Transfer (FRET),' or it can occur through a physical
encounter between the fluorophore and quencher.’ The latter form, called collisional
quenching, will be used in this study in order to gain information concerning the dynamics of

fluorescently labelled macromolecules.



1.2 Pyrene

The general structure of pyrene is shown in Figure 1.2. Pyrene has been long used as
a fluorescent probe in order to gain information about the internal dynamics of
macromolecules.” The key photophysical properties of pyrene fluorescence that make it
such a useful probe are its relatively high quantum yield (0.32 for pyrene in cyclohexane),” its
long lifetime in organic solvents (200 — 300 ns),” and the fact that it self-quenches.” The high
quantum yield of pyrene allows the experimentalist to work at dilute concentrations. This
ensures that unwanted artifacts such as the inner filter effect can be avoided. The relatively
long lifetime of pyrene provides a temporal window that is suitable to monitor the
fluorescence quenching of pyrene covalently attached onto a macromolecule. Finally, the
ability of pyrene to self-quench is its most useful property for a number of reasons which are
provided hereafter. First, quenching studies using pyrene involve only one molecule,
whereas other fluorophores require the presence of a second molecule that acts as the
quencher. This feature simplifies the experimental procedure, especially when fluorophore
and quencher need to be covalently attached to the macromolecule. Second, excimer
formation occurs via collisional quenching.” The production of excimer thus implies that two
pyrene units came into direct physical contact. Third, in the process of quenching, an excited
dimer, or excimer, is formed.” The excimer fluoresces at a wavelength distinguishable from
that of the monomer, allowing the experimentalist to acquire an excimer decay in addition to
a monomer decay.” Finally, since the kinetics of monomer disappearance due to collisional
quenching are coupled with the kinetics of excimer formation, global analysis of the
monomer and excimer decays becomes possible, increasing the accuracy of the parameters

retrieved from the analysis.



Figure 1.2: The pyrene molecule

1.3 Intramolecular Collisional Quenching

The reaction of two far-flung units within a macromolecule can be monitored via
intramolecular collisional quenching of pyrene covalently attached to a macromolecule.’
Intramolecular collisional quenching studies have applications in areas where the dynamics
of intramolecular interactions between well-separated points within a macromolecule are of
interest. These areas include the study of protein folding,® coil-to-globule transitions,’ and
the conformational rearrangement of associative polymers under shear stress.® Provided that
solutions of the pyrene-labelled macromolecule are adequately dilute, excimer formation is
due to a pyrene-pyrene encounter that occurs intra- and not intermolecularly. Excimer
formation indicates that the two positions of the macromolecule that were labelled with
pyrene have come into physical contact. In turn, the experimental determination of the time
scale over which excimer formation takes place provides information about the internal
dynamics of the macromolecule. Intramolecular excimer formation was used in this thesis to
study the internal dynamics of linear polymers that were either end-labelled or randomly
labelled with pyrene and a series of dendrimers whose ends were labelled with pyrene. In
addition, excimer formation was used to monitor pyrene aggregation in aqueous solution,
both intra- and intermolecularly. For each labelling scheme, the time-resolved fluorescence
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decays acquired must be analyzed using an appropriate model in order to extract quantitative
information from these complex decays. The three different labelling schemes, as well as the

models used to analyze their fluorescence decays, are described in the next few sections.

1.3.1 Intramolecular Collisional Quenching in End-Labelled Polymers

Numerous aromatic compounds are known to form excimers. J. B. Birks introduced a
reaction scheme that describes accurately the kinetics of excimer formation.” In recognition
of this seminal contribution, this scheme is often referred to as the Birks Scheme and it has
been applied numerous times to describe the kinetics of excimer formation when the

fluorophore pyrene is covalently attached onto the end of a polymer chain.

According to the Birks Scheme,” a ground-state pyrene at one end of a polymer gets
excited upon absorption of a photon of light. This excited pyrene can then either fluoresce

with its natural lifetime, 7,,, or it can encounter the ground-state pyrene at the opposite end
of the polymer and form an excimer with a rate constant, k. The subscript cy reflects the
fact that excimer formation represents the cyclization of the polymer chain. The excimer can
then either dissociate back into an excited and a ground-state pyrene with a rate constant k_,
, or it can fluoresce with its natural lifetime, 7,. By applying the Birks Scheme to the

fluorescence decays of pyrene end-labelled polymers, information concerning the flexibility
of the polymer backbone is obtained since a more flexible backbone cyclizes more easily than

a stiffer one, resulting in a larger k_, value.

The Birks Scheme relies on the fundamental assumption that end-to-end cyclization

(EEC) can be described via a single £, value.” Since studies have shown that the rate



constant of cyclization is dependent on chain length,” EEC experiments must be conducted
with monodisperse polymers which usually requires more advanced polymerization
techniques such as anionic or living-radical polymerization. The strong decrease of the rate
constant of cyclization with increasing chain length also means that EEC studies are
restricted to short chains (shorter than 10,000 g'mol™' for polystyrene) as longer chains

undergo too few EEC events to be probed. Furthermore, £, is inversely proportional to

solvent viscosity. As a result, the study of end-labelled polymers is also limited to solvents
having relatively low viscosity. Nevertheless, despite these limitations, many experiments on
EEC were carried out in the early 1980s and they have provided a wealth of information on

the EEC of polymer chains.”"”

1.3.2 Intramolecular Collisional Quenching in Randomly Labelled Polymers

In 1999, the Fluorescence Blob Model (FBM) was introduced as an analytical tool
used to extract information from the complex fluorescence decays obtained from polymers
randomly labelled with pyrene.'”® The model assumes that, during the natural lifetime of an
excited pyrene, this pyrene molecule can probe a finite volume in space, and that this space is
defined as a blob. The polymer backbone is then arbitrarily divided into a cluster of blobs.
Making an analogy between blobs and surfactant micelles, the equations derived by Tachiya
which were originally used to describe micellar quenching'® can then be extended to study
quenching inside a blob. A typical experiment consists of synthesizing a series of polymers
randomly labelled with pyrene, where the pyrene labelling content is varied. One polymer is
labelled with a very small amount of pyrene, typically on the order 0.1 to 0.2 mol%, and is
used to measure the natural lifetime of the pyrene label in the monomeric form as the low

level of labelling precludes intramolecular excimer formation. The other polymers, with
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pyrene contents usually ranging from 2 to 10 mol%, are used for the FBM analysis. After
acquiring the fluorescence decays of the polymers in a given solvent, their analysis yields the

FBM parameters which are used to describe the internal dynamics of the polymer in solution.

The FBM parameters are k,,,, <n>, k,[blob], and N, ,, whose definitions are
given hereafter. £,,, represents the quenching rate constant inside a blob containing one
excited pyrene and one ground-state pyrene. <n > represents the average number of ground-
state pyrene units located inside a blob."® The exchange rate constant, k,, describes the rate
at which ground-state pyrene units diffuse between blobs."® N, , represents the size of a

blob in terms of the number of monomer units found inside a blob.'® Finally, the product of

ky,, and N, , ,namely k,,, x N,,,, has been shown to remain constant with pyrene content.
When its value is averaged, <k,,, x N,,, > provides a measure of the internal dynamics of

the polymer in that solvent.”

The FBM has been applied to numerous polymer backbones. The first polymers
studied using the FBM were a series of pyrene-labelled polystyrenes (PS)."® Since then, the
validity of the FBM has been demonstrated through three different methods. First, the

product <k,,, xN,,, > obtained through the FBM analysis of the fluorescence decays
acquired for a series of randomly labelled PS was compared with £, obtained from the Birks

Scheme analysis of the fluorescence decays acquired for a series of end-labelled PS.*! The

two analyses were shown to provide the same trends for <k, x N,,, > and k, with

varying viscosity. Second, the blob size, N,,,, of a randomly labelled poly(L-glutamic acid)

(PGA) determined experimentally by the FBM was found to be similar to that theoretically



predicted by using molecular mechanics optimizations.”> This study represented the first
time that the FBM was applied to a polymer that did not take on a random coil conformation,
but rather adopted a rigid, a-helical conformation. The study on pyrene-labelled PGA was
extended in 2008 to determine how changing the linker length attaching pyrene to the PGA a-
helix would affect excimer formation.” Finally, the results of the FBM were compared for
two different polymers of known relative flexibilities, namely for the more flexible cis-

polyisoprene (PI) and the stiffer PS.** The product < k,,, x N,,, > was found to be much

greater for pyrene-labelled PI than for pyrene-labelled PS, reflecting the expected differences
in backbone flexibility. Using pyrene labelled poly(V,N-dimethylacrylamide) (PDMA), the
FBM has also been applied to investigate the effect of solvent quality and polymer

concentration on polymer chain dynamics.*>

1.3.3 Intramolecular Collisional Quenching for Other Pyrene Labelling Schemes
The last model to be considered is the Model-Free (MF) model.”” This model is used
to analyze the fluorescence decays of pyrene-labelled macromolecules where the
macromolecule is neither a randomly nor an end-labelled polymer. This model is the most
basic of the three models used because it does not make any assumption about the
mathematical form of the rate of excimer formation. Instead, it relies on a simple sum of
exponentials to describe the quenching that occurs between two pyrene-labelled units of a
macromolecule. However simple, it still provides information about the internal dynamics of

the macromolecule under study.

The MF analysis of the fluorescence decays acquired for the pyrene-labelled
macromolecule yields the decay times and pre-exponential factors used to globally fit the

. . . 2 . .
monomer and excimer decays with a sum of exponentials.”” Since the disappearance of
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monomer due to quenching results in the formation of excimer, the monomer and excimer
decays are coupled. This allows for the global analysis of the monomer and excimer decays,
which greatly improves the accuracy of the decaytimes and pre-exponential factors obtained.

One quantity that can be measured using the MF model is the average rate constant of

excimer formation, < k >, given by Equation 1.1,%*
1 1
<k>= -— (1.1)
<> T,

where 7,, and <7 > represent the natural lifetime of pyrene and the number-average

lifetime of the pyrene species in solution, respectively. <z > is given by Equation 1.2,

Zairi

i=l1

n
Zai

i=1

<T>=

(1.2)

where n represents the number of exponentials used and a, and 7, represent the amplitude

and decaytime of the i exponential, respectively.

The MF model also allows the determination of the molar fractions of each pyrene
species in solution.”” This feature is of tremendous interest to an experimentalist as it can be

used to infer the amount of mono-labelled chains in a pyrene end-labelled sample or the



amount of unreacted pyrene derivatives left after the synthesis of a pyrene-labelled
macromolecule. Another important feature is the ability to calculate the absolute monomer (

1,,) and excimer () fluorescence intensities based on the MF analysis of the time-

resolved fluorescence decays. The ratio of 7, over /,, yields the (I, /1, )SPC ratio, where
the superscript SPC acts as a reminder that this ratio was calculated using parameters
retrieved from the analysis of fluorescence decays acquired by the single-photon counting
technique. One clear advantage of using the (7,./1,, )" ratio is that it is an absolute quantity

which allows measurements from different laboratories to be compared directly.

1.4 Other Features of Pyrene Fluorescence

The experiments presented thus far describe some of the more complex studies that
can be performed with pyrene labelled macromolecules. However, the fluorescence of
pyrene exhibits other, simpler features which still provide useful information about the
properties of a pyrene-labelled macromolecule. The experiments that take advantage of these

simpler features will be described in the following sections.

1.4.1 The I/I,; Ratio

The 1,/1,, ratio serves as the most basic measure of the total amount of excimer
formed relative to monomer.” It is calculated based on the steady-state fluorescence spectrum
of the pyrene-labelled macromolecule, and a sample spectrum is shown in Figure 1.3. The
fluorescence spectrum in Figure 1.3 shows the typical features of a pyrene-labelled
macromolecule. Monomer peaks are observed in the 375 — 395 nm region, while the excimer

emission is seen as a broad, structureless emission centered at around 480 nm.” In this thesis,
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the 7, /1,, ratio is taken as the ratio of the area under the steady-state emission spectrum
from 500-530 nm divided by the area under the spectrum from 373-378 nm. However,
calculation of the [,//,, ratio can be done using any number of different methods.
Consequently, care must be taken when comparing results from different laboratories. The
1, /1,, ratio represents a good starting point in the study of excimer formation, but it does
not provide information on whether the excimer is formed by diffusion or by the direct
excitation of a ground-state pyrene aggregate. In order to distinguish between these two

modes of excimer formation, other experiments must be performed and they will be described

at a later stage.
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Figure 1.3: Sample steady-state emission spectrum of an excimer-forming pyrene-labelled
macromolecule.
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Theoretical work done by Cuniberti and Perico showed that the 7, //,, ratio for a

pyrene-labelled macromolecule is given by Equation 1.3,

1
I_E:K¢_57Mk1[PJ’]zoc (1.3)
M Py

where x is a constant that depends on the geometry and sensitivity of the spectrofluorometer
used, k, is the bimolecular encounter rate constant which for free pyrene units would equal
2RT /(3n) with R, T, and n being respectively the ideal gas constant, the absolute
temperature in K, and the solvent viscosity, @}, and ¢, are the fluorescence quantum yields
of, respectively, the pyrene monomer and excimer, 7,, is the natural lifetime of the
monomer, and [Py], . represents the local concentration of ground-state pyrene units bound

to the macromolecule. According to Equation 1.3, the 7/, //,, ratio is proportional to the

product £, [Py] and as such, it represents a measure of the rate constant of excimer

loc >

formation. Thus, the /. //,, ratio should also be proportional to the various rate constants of

excimer formation described in Section 1.2, as found in a number of instances.'»1416:21:27

1.4.2 The I,/I; Ratio
The 1, /1, ratio is another quantity that is calculated from the fluorescence spectrum.
A sample spectrum is shown in Figure 1.3. The /,/I, ratio has been shown to provide

information about the polarity of the medium surrounding pyrene.”>° This ratio is calculated

as the ratio of the intensities of the first (/,) to third (/,) monomer peaks of the fine vibronic
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structure of the steady-state emission spectrum. Experimentally, 7, is taken as the intensity
of the first monomer peak, usually centered at 375 nm, while 7, is taken as the intensity of

the third monomer peak, usually centered at around 386 nm (See Figure 1.3).

It has been found that the 7, /I, ratio increases with increasing solvent polarity and

29,30

vice versa. The I, peak is insensitive to polarity, while the /, peak represents a

symmetry forbidden transition that becomes more allowed with increasing polarity.”’ This
transition is observed for molecular pyrene, and the effect is eliminated once a substituent
such as a methyl group is attached.’> Attachment of a methyl group breaks the symmetry of
the pyrene molecule and removes the sensitivity of the [/, peak to solvent polarity.
Interestingly, upon hydroxylation or amination of the methyl group to form 1-
pyrenemethanol or 1-pyrenemethylamine, the effect is partially restored and the /, peak once
again shows sensitivity to solvent polarity.®® In the present studies, butyl linkers were used to

link pyrene to the macromolecule and the /, /I, ratio did not change as a function of solvent

polarity.

1.4.3 The A /Ag. Ratio and the P, Value

By acquiring an excimer fluorescence decay and fitting the decay to a sum-of-
exponentials, the sum of the negative pre-exponential factors divided by the sum of the
positive pre-exponential factors, or the A, /A, ratio, can be calculated.”® The 4, /A4,
ratio is a measure of the level of pyrene aggregation within the macromolecule if no
intermolecular associations are taking place. A negative pre-exponential factor corresponds

to a risetime in the fluorescence decay and indicates that excimer formation is delayed as
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expected for the diffusion-controlled encounters of two pyrene moieties. A positive pre-
exponential factor describes the disappearance of excimer. If the sum of the negative pre-
exponential factors equals the sum of the positive pre-exponential factors, then the formation
of the excimer is exactly matched by its disappearance, the excimer is formed purely by

diffusion and no aggregation is present. In this case, an A4, /A, ratio of —1 is obtained. If

pyrene aggregates are present, the relative fraction of excimer being formed by diffusion
decreases, and the sum of the negative pre-exponential factors decreases relative to the sum
of the positive pre-exponential factors. The result is that the 4, / A,, ratio becomes more
positive. Thus, as the 4, /A, ratio becomes more positive, increasing amounts of pyrene

aggregates are present.

The P, value represents another measure of the level of aggregation of the pyrene

pendants of a labelled macromolecule.> The P, value is calculated based on the UV-vis

absorption spectrum of the pyrene-labelled macromolecule and a sample spectrum is shown
in Figure 1.4. It is taken as the peak-to-valley ratio of the (0,0) transition of the 'L, band. It

has been found that a P, value greater than or equal to 3 indicates that no pyrene aggregation
is present, while a P, value smaller than 3 indicates that pyrene aggregation is taking place.
Thus, the determination of the A4, /A,, ratio and the P, value serve as a complementary

method for detecting the presence of pyrene aggregation in a pyrene labelled macromolecule.
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Figure 1.4: Sample UV-Vis absorption spectrum of a pyrene-labelled macromolecule showing
the location of the peak and valley used to calculate the P, value.

1.5 Outline of the Thesis

This thesis is organized in the following manner. Chapter 2 compares the study of
polymers randomly and end-labelled with pyrene in solvents of varying viscosity. Two series
of pyrene-labelled poly(N-isopropylacrylamide)s (PNIPAM) were synthesized. The first
series consisted of six PNIPAM samples randomly labelled with pyrene, where the pyrene
contents were 0.1, 2, 3, 4, 5, and 6 mol%. The second series consisted of five monodisperse
PNIPAM samples end-capped with pyrene whose molecular weights were 6, 8, 14, 25, and
45 kDa. The FBM and the Birks Scheme were applied to analyze the fluorescence decays of
the randomly and end-labelled polymers, respectively, and the results were compared.
Chapter 3 studies the same five end-labelled PNIPAM samples as in Chapter 2, but their
behavior is compared in ethanol and in aqueous solution. These two solvents have similar

viscosity and solvent quality towards PNIPAM. Thus, differences in fluorescence can be
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attributed to differences in pyrene solubility between the two solvents. Chapter 3 has been
accepted for publication as an article in a special issue for Prof. J. C. Scaiano in the Canadian
Journal of Chemistry. Finally, Chapter 4 details the study of four dendrimer generations with
a bis(hydroxymethyl)propionic acid backbone where the terminal sites were labelled with
pyrene. The MF analysis was applied to the monomer and excimer fluorescence decays of
the pyrene-labelled dendrimers, and the average rate constant of excimer formation was
calculated. The trends observed for <k > were then used to determine how the volume
probed by the pyrene-labelled ends varies with generation number. Chapter 4 has been
published in the Journal of Physical Chemistry B. Finally, Chapter 5 summarizes the main

results of Chapters 2 to 4 and provides some concluding remarks.

16



Chapter 2: Studying the Effect of Solvent Viscosity on Long-Range
Polymer Chain Dynamics of Pyrene-Labelled Poly(/V-isopropylacrylamide)
by Fluorescence

2.1 Introduction

Since the 1980’s, fluorescence dynamic quenching has been used extensively to study
polymer chain dynamics in solution.'” The early experiments were conducted by covalently
attaching a luminophore and its quencher to the opposite ends of a monodisperse polymer
chain. Steady-state and time-resolved fluorescence measurements were then carried out on
dilute solutions of the end-labelled polymer to obtain kg, the rate constant at which the
excited luminophore is quenched.'"® Since a fluorescence quenching event indicates that the

labelled ends of a same chain have encountered, & is equivalent to the end-to-end cyclization

rate constant, k,,, and reflects the flexibility of the polymer chain.>”

Traditionally, pyrene has been the luminophore of choice used for end-to-end

1

cyclization experiments.>'" Pyrene and its derivatives used to label polymers have a

relatively high quantum yield (0.32 for pyrene in cyclohexane)'? and a long lifetime (200-300

1% in most organic solvents. Not only does it self-quench, but in the process of quenching

ns)
an excited monomer, the encounter of a ground-state and excited monomer results in the
formation of an excited dimer, or excimer.'” The excimer fluoresces at a wavelength
distinguishable from that of the monomer,'® allowing the experimentalist to monitor both the
excited monomer (reactant) and dimer (product) in the solution. Comparison of the steady-

state fluorescence spectra obtained with different pyrene-labelled polymers can be done

quantitatively by determining the ratio of the fluorescence intensity of the excimer, 7, over

17



that of the monomer, I,,, or the 7, /I, ratio."' The I,/I, ratio represents the most basic

measure of the efficiency of excimer formation for a pyrene-labelled polymer. The time-
scale over which excimer formation occurs can be determined by acquiring a monomer and
an excimer decay at two distinct emission wavelengths. Since the kinetics of the two are
coupled, global analysis of the monomer and excimer decays greatly improves the accuracy

of the kinetic parameters obtained from the analysis of the fluorescence decays.

The study of pyrene end-labelled polymers has been instrumental in developing our
understanding of the process of end-to-end cyclization (EEC). However, this method does
not come without limitations. First, the study of EEC has been shown to be limited to short
chains and small solution viscosity."”” Second, a study of the EEC of a chain describes the
encounters of the chain ends only. No information is gained concerning the chain itself.
Third, the strength of this procedure is rooted in the fact that the EEC process is well

described by a single rate constant, namely k. The strong dependence of k  on chain

length means that monodisperse, end-labelled polymer samples must be synthesized, a task

that is often difficult to accomplish.

An alternative method which circumvents the problems associated with the study of
end-labelled polymers is to study polymers randomly labelled with pyrene. Since excimer
formation is a local phenomenon, an increase in chain length does not result in a decrease in
fluorescence quenching since for a randomly labelled polymer, the local concentration of
ground-state pyrene experienced by an excited pyrene remains on average constant along the
chain. A decrease in excimer formation due to an increase in viscosity or chain stiffness can

be easily overcome by increasing the pyrene content of the polymer. In addition, random
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labelling of the chain provides information on the internal dynamics of the entire polymer
chain, which is no longer inferred from the behavior of its chain ends. The polymer can also
be polydisperse since excimer formation, being a local phenomenon, occurs in a subvolume
of the polymer coil. Synthesizing a polydisperse, randomly labelled polymer is usually much
simpler than synthesizing a monodisperse, end-labelled polymer. However, the problem with
random labelling is that the random distribution of distances between pyrene moeities results
in a random distribution of rate constants. This distribution of rate constants complicates the

analysis and interpretation of the fluorescence decays.

In 1999, the Fluorescence Blob Model (FBM) was introduced as a mathematical tool
to handle the complex fluorescence decays acquired when studying randomly labelled
polymers.”> According to the FBM, a blob is defined as the volume probed by an excited
luminophore during its natural lifetime. The polymer backbone is then divided into a cluster
of blobs and quenching is monitored at the blob level. After applying the FBM equations to

the fluorescence decays of the monomer and excimer, the parameter &, , x N, , can be
obtained'* where k,,, represents the quenching rate constant inside a blob containing one
excited and one ground-state luminophore and N,,, represents the blob size expressed in
number of monomer units." Averaging k,,, xN,,, over a series of pyrene-labelled

polymers yields <k, , xN,,, > which gives a measure of the rate constant of excimer

formation and has been shown to be analogous to k,, found for end-labelled polymers.'*

Since its introduction in 1999, the FBM has been applied to measure the internal

dynamics of several polymeric backbones such as polystyrene,”"  poly(N,N-

16,17

dimethylacrylamide), polyisoprene,'® and poly(L-glutamic acid)."**® The goal of the
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present study is to extend the application of the FBM to a completely different polymer,
poly(N-isopropylacrylamide) (PNIPAM). PNIPAM is a polymer of great interest since it
undergoes a coil-to-globule transition at 32 °C in aqueous solution, making its pyrene-

labelled analog an excellent candidate for studying this phenomenon.21

In this project, six randomly labelled PNIPAM samples (Py-PNIPAM-X% where X
represents the pyrene content in mole percent and equals 0.1, 2, 3, 4, 5, and 6%) as well as
five end-labelled PNIPAM samples (Py,-PNIPAM-Y where Y represents the molecular
weight of the PNIPAM chain and equals 6, 8, 14, 25, and 45K) were synthesized in the
laboratory of Prof. F. M. Winnik at the Université de Montréal. At Waterloo, steady-state
emission spectra and time-resolved fluorescence decays of all samples were acquired in
organic solvents of varying viscosity. Decays of the Py-PNIPAM-X% and Py,-PNIPAM-Y

samples were analyzed with the FBM and the Birks Scheme yielding <k,,,, x N,,,> and &,
respectively. The trends obtained with <k, xN,,, > and k, were compared to further

demonstrate that the kinetics of excimer formation describe long-range polymer chain

dynamics regardless of whether the polymer is labelled randomly or at its ends.

2.2 Experimental Section

2.2.1 Materials
Distilled in glass tetrahydrofuran, high-performance liquid chromatography (HPLC)
grade methanol, and HPLC grade acetonitrile were purchased from Caledon Laboratories.

HPLC grade ethanol and hexanol were purchased from Fisher-Scientific. ~Unlabelled

PNIPAM (Mn = 95 kDa, PDI = 1.2) used for intrinsic viscosity measurements was

purchased from Sigma-Aldrich. All materials were used as received.
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2.2.2 Randomly Labelled Py-PNIPAM-X%

The general structure of the randomly labelled polymers studied in this project is given in
Figure 2.1. Their synthesis was conducted in the laboratory of Prof. Francoise Winnik and
has been described earlier”? The six Py-PNIPAM-X% samples were prepared through
radical chain  copolymerization of N-isopropylacrylamide (NIPAM) and N-
(acryloxy)succinimide (NASI) in tert-butyl alcohol, initiated by azobisisobutyronitrile
(AIBN). Copolymerization of NIPAM and NASI yields a random distribution of the two
monomers within the polymer and was conducted up to a conversion of 30%. Replacement
of the oxysuccinimide group of NASI with [4-(1-pyrenyl)butyl]amine in tetrahydrofuran
(THF) via nucleophilic acyl substitution at the carbonyl carbon of NASI results in a random
distribution of pyrene labels along the polymer backbone. Any excess NASI is subsequently
converted to NIPAM via nucleophilic acyl substitution of NASI with N-isopropylamine. The
pyrene content is then controlled through the amount of

[4-(1-pyrenyl)butylJamine added.

Figure 2.1: General structure of the randomly labelled Py-PNIPAM-X% samples.
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In total, six Py-PNIPAM-X% samples were prepared. Their pyrene contents, number-

average molecular weights (M ), and polydispersity indices ( PDI ) are listed in Table 2.1.

Table 2.1: Pyrene contents, molecular weights, and polydispersity indices of the Py-
PNIPAM-X% samples.

Sample Py Content (mol%) | a7, (kDa) | PDI
Py-PNIPAM-0.1% 0.12 104.0 1.75
Py-PNIPAM-2% 2.7 92.4 1.57
Py-PNIPAM-3% 3.6 71.0 1.63
Py-PNIPAM-4% 42 81.4 137
Py-PNIPAM-5% 5.1 70.5 1.70
Py-PNIPAM-6% 6.3 733 1.55

2.2.3 End-Labelled Py,-PNIPAM-Y

The structure of the end-labelled Py,-PNIPAM-Y samples is shown in Figure 2.2.
Their synthesis, conducted in the laboratory of Dr. Frangoise Winnik, has been described
earlier.”** The Py,-PNIPAM-Y polymers were synthesized through a Reversible Addition-
Fragmentation Chain Transfer (RAFT) polymerization of N-isopropylacrylamide. The
initiator used was 2,2-azobisisobutyronitrile (AIBN) and the reversible chain transfer agent
used was diethylene glycol di(2-(1-isobutyl)sulfanylthiocarbonylsulfanyl-2-
methylpropionate) (DEGDIM). The RAFT polymerization results in the formation of an a,®-
isobutyldithiocarbonylthio end-capped PNIPAM polymer. Aminolysis of the
isobutyldithiocarbonylthio end groups using n-butylamine results in the formation of an a, -

dimercapto end-capped PNIPAM polymer. Finally, reaction of the mercapto end groups
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with 4-(1-pyrenyl)butyliodide yields a PNIPAM polymer end-labelled with pyrene, as

illustrated in Figure 2.2.

0 \O \o 9@
,O SWONO\AOWS “
n n

Figure 2.2: General structure of the pyrene end-labelled Py2-PNIPAM-Y polymers.

In total, five pyrene end-labelled samples and one monolabelled sample (Py-
PNIPAM-25K) were synthesized. The monolabelled sample was used as a model compound

to determine the natural lifetime of pyrene attached to the PNIPAM chain. Their pyrene

functionalities, M ., and PDI values are listed in Table 2.2. All end-labelled samples were

monodisperse, with PDI values less than or equal to 1.10.

Table 2.2: Pyrene functionalities, molecular weights, and polydispersity indices of the
end-labelled Py,-PNIPAM-Y samples.

Sample Pyrene Functionality (%) | A7, (kDa) PDI
Py,-PNIPAM-6K 85.4 5.9 1.05
Py,-PNIPAM-8K 82.6 7.6 1.08
Py,-PNIPAM-14K 87.4 13.7 1.10
Py,-PNIPAM-25K 75.5 25.4 1.07
Py,-PNIPAM-45K 74.8 44.5 1.10
Py-PNIPAM-25K -- 235 1.09

23



2.2.4 Intrinsic Viscosity Measurements

A sample of unlabelled PNIPAM (M, = 95 kDa, PDI = 1.2) was purchased from
Sigma-Aldrich and used as a model compound for the pyrene labelled PNIPAM samples to
gauge the quality of different organic solvents towards PNIPAM. Solvent quality toward
PNIPAM was estimated by conducting intrinsic viscosity measurements. Five concentrations
ranging from 2 to 10 g/L were used in order to measure the intrinsic viscosity of PNIPAM in
each solvent and solvent mixture. Measurements were done using an Ubbelohde viscometer
placed in an ethylene glycol/water bath maintained at a constant temperature of 25 + 0.5 °C.

Intrinsic viscosities of PNIPAM in each solvent are given in Table 2.3.

Table 2.3: Viscosities and densities of, as well as intrinsic viscosities of the unlabelled
PNIPAM sample in the solvents used in this study.

Solvent n(mPa-s) p (g/mL) [7] @L-g™)
Acetonitrile 0.37 0.78 2.09+0.02
2-Butanone 0.41 0.81

Ethyl Acetate 0.42 0.90

Tetrahydrofuran 0.46 0.88 2.8+0.2
Methanol 0.54 0.79 43+0.2
80% Methanol/Hexanol 0.71 0.79

60% Methanol/Hexanol 0.97 0.80

Ethanol 1.1 0.79 4.85+0.05
30% Methanol/Hexanol 1.7 0.81

15% Methanol/Hexanol 2.6 0.81

6% Methanol/Hexanol 3.6 0.81

Hexanol 4.6 0.82 6.0+0.2
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2.2.5 Viscosities of Binary Mixtures of Methanol and Hexanol

A calibration curve for the viscosities of binary mixtures of methanol and hexanol as a
function of methanol content was created using an Ubbelohde viscometer. First, the time
taken by a series of solvents of known viscosity to pass through the Ubbelohde viscometer
was measured. A viscometer constant (in cSt's™') was then calculated by dividing the
viscosity of the solvent by the time taken to pass through the viscometer. Two viscometers
were used, a number 25 and a number 75, whose measurable viscosity ranges were 0.5 — 2
¢St and 1.6 — 8 ¢St and which had viscometer constants of 18.2 + 0.8 pSt-s™' and 79.1 + 0.6
uSts™', respectively. Viscosity measurements were conducted on five different solvents
which yielded five viscometer constants whose average is regarded as the viscometer

constant.

Once the viscometer constants were known, the viscosities of the binary mixtures
could be measured. This was done by measuring the time for a mixture to pass through the
viscometer and then multiplying this time by the appropriate viscometer constant. Solutions
were allowed to sit in the water bath for 30 minutes prior to data acquisition in order for the
temperature to equilibrate. Three trials were done per mixture to improve accuracy. Once
the viscosities were measured, a calibration curve was generated as shown in Figure 2.3. The
point at 40% methanol content represents the transition point between viscometer 25 to
viscometer 75. A good agreement was obtained between the viscosities determined with both
viscometers at that point. The dynamic viscosities of the solvents and binary solvent

mixtures used in this project are given in Table 2.3.
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Figure 2.3: Plot of viscosity as a function of methanol content for binary mixtures of methanol
and hexanol.

2.2.6 UV-Visible Absorbance Measurements

UV-Visible absorbances were measured on a Cary 100 UV-Visible spectrophotometer
with a UV cell having a 1 cm path length. Absorbances were measured in the 200 — 600 nm
wavelength range. All PNIPAM solutions used for fluorescence measurements had an
absorbance at 344 nm of less than 0.1, corresponding to a pyrene concentration smaller than
2.5 uM. This pyrene concentration ensures that any excimer formation observed is the result

of intra- and not intermolecular interactions between pyrene pendants.

The pyrene contents of the Py-PNIPAM-X% samples were also measured using UV-
visible spectrophotometry. The molar extinction coefficient of 1-pyrenebutanol was first
measured in ethanol and was found to equal 43,000 M"-cm™" at 344 nm. The absorbance of
a known mass concentration of a Py-PNIPAM-X% sample was then measured. The pyrene

concentration was calculated using the Beer-Lambert law and the known molar extinction
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coefficient of 1-pyrenebutanol in ethanol at 344 nm. The pyrene content, 4,, in umol/g, can

be calculated using Equation 2.1

Ap, = % 2.1)

where m and V' represent the mass of polymer and volume of solvent, respectively. The

pyrene content in mol% can then be calculated using Equation 2.2

mol% =

M, —M,+ 22)
A

Py

where M, and M, represent the molecular weight of the labelled and unlabelled NIPAM

monomer equal to 326 and 113 g'mol™, respectively.

2.2.7 Steady-State Fluorescence Measurements

Steady-state fluorescence spectra of the pyrene-labelled PNIPAM samples were
acquired on a Photon Technology International (PTI) LS-100 steady-state fluorometer. The
fluorometer is equipped with an Ushio UXL-75Xe Xenon arc lamp and a PTI 814
photomultiplier detection system. The solutions were excited at 344 nm and their emission

was monitored from 350 to 600 nm. All solutions were degassed under a steady stream of
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nitrogen for 30 minutes and had a pyrene concentration smaller than 2.5 uM. The monomer

fluorescence intensity (/,,) was obtained by taking the integral under the fluorescence
spectrum from 372 to 378 nm. The fluorescence intensity of the excimer (/,) was

determined by first acquiring the steady-state fluorescence spectrum of the monolabelled Py-
PNIPAM-25K sample. Next, the spectrum of the Py-PNIPAM-25K compound was
subtracted from the spectrum of the randomly or end-labelled PNIPAM sample. Finally, the

excimer intensity, /,, was calculated by taking the integral of the subtracted spectrum from

500 to 530 nm.

2.2.8 Time-Resolved Fluorescence Measurements

The fluorescence decays of the pyrene monomer and excimer of the pyrene-labelled
PNIPAM solutions were acquired on an IBH time-resolved fluorometer equipped with a
nano-LED light source. The solutions were prepared with a pyrene concentration of
approximately 2.5 uM, small enough to ensure that no intermolecular excimer formation was
being observed. The solutions were excited at a wavelength of 344 nm and emission was
monitored at 375 nm and 510 nm for the pyrene monomer and excimer using a cut-off filter
at 370 and 495 nm, respectively. A Ludox solution was used at the excitation wavelength to
determine the instrument response function which was convoluted with the desired
theoretical function for the decay analysis. Fluorescence decays of the Py,-PNIPAM-Y and
Py-PNIPAM-X% samples were analyzed using the Birks Scheme and the FBM, respectively.

The equations used for the analysis of the fluorescence decays are described in Section 2.3.
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2.3 Fluorescence Decay Analysis Models

2.3.1 The Birks Scheme

The Birks Scheme was first introduced to describe the process of excimer formation
between an excited and a ground-state fluorophore molecularly dissolved in solution.'® This
kinetic scheme was then readily extended to study the kinetics of excimer formation for end-

labelled polymers as was done in Scheme 2.1.

In Scheme 2.1, an excited pyrene fluoresces with its natural lifetime, z,,. While

excited, it can encounter a ground-state pyrene to form an excimer at a rate governed by the

rate constantk,,. This newly formed excimer can then either fluoresce with a lifetime given
by z,, or it can dissociate with a rate constant k. An extra species is added to the scheme

to account for the fraction of monolabelled chains in solution which fluoresce with the

monomer lifetime, 7, .

Scheme 2.1: The Birks Scheme illustrating diffusional excimer formation for a pyrene end-

labelled polymer.
kcy
—_—
%
k_cy
Py’ Py (PyPy)’ Py’
Tm TEo0 Tm
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Based on Scheme 2.1, three different pyrene species are assumed to be present in

k
solution at any given time. The species Py, represents the excited pyrene units that form

excimer by diffusion, whereas the pyrene units that are attached at the end of mono-labelled

. * .
chains are referred to as Py ,,,. When an excited and a ground-state pyrene stack properly,

their interaction yields an excimer (EO*Z (PyPy)* in Scheme 2.1) which can be formed
either via collisional encounter between two pyrenyl moieties, or via direct excitation of a
pyrene dimer. Analysis of the fluorescence decays acquired with the pyrene-labelled
PNIPAMs required that an extra exponential be added in order to account for the presence of
a short-lived species. The origin of this species is debatable and could be due to residual light

scattering leaking through the detection system or a fluorescent impurity covalently bound to

*
the polymer. This species, referred to as Py, fluoresces with a short lifetime 7 and is

observed in both the monomer and excimer decays although its contribution is stongest in the
excimer decay under conditions that disfavor excimer formation, namely long polymers and
high viscosity solvents. Based on the above, the following differential equations describe the

time-dependent concentration of the excited monomer and excimer species.

APy,

e , 2.3)
T _ X[pydmr ](t) + k_cy [EO ](t)

% o (2.4)

k
——— [P
i o el
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*

d[Pys]
&=_L[py:f] (2.5)
dt Ty (1)
d[E0" ]
0 __ * * (2.6)
T - Y[EO ](t) + kcy[Py][Pydzﬂ](t)
where the definition of X and Y according to the Birks Scheme'” is given hereafter.
1
X =k, + ; (2.7)
1
Y=k, +; (2.8)

After integration of Equations 2.3 — 2.6, the following expressions are obtained which

give the time profile of each pyrene species in solution.

s 1
* ki =o) [72 ] XJ t t 2.9
[Pydg;j”](t) = 1 1 exXp| —— +Aexp - (2.9)
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[Py;ee](t) =1Fy j:’”](t =0) exp(_ iJ

[Py ] 0 [Py; ] (t=0) eXp[—i]

Tg

* kcy[Py:f-’f](tzm t t
e e )

T, 4

The expression of 4, 7,, and 7, are given in Equations 2.13 —2.15.

7 = B(X FY (V- X) +ak Hl

7, = B(X v Y (V- X) +ak ﬂl
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Equations 2.9 — 2.11 and 2.11 — 2.12 can be summed to give Equations 2.16 and 2.17, the
time-dependent profiles of the overall excited pyrene monomer and excimer species in

solution, respectively.

* 1
‘ [Pydfﬁ‘](z=0>[7‘Xj t t
[Py ](l) = i_i 2 [exp{—T—J+Aexp{—ZD
T, T
By~ ) exp(— TLJ +LPye), o) exp(— Ti] 2.16)

* kcy[Py:jf](t:O) ¢ t
[E ](t) = ] 1 (— exp(— T—lj + exp(— ZJJ

T, T

*

+[Pys ](t ~0) eXp(—Lj (2.17)

Ts

2.3.2 Issues and Limitations Associated with the Use of End-Labelled Polymers
to Study Long-Range Polymer Chain Dynamics
The Birks Scheme has proven to be a powerful analytical tool to study the cyclization
kinetics of end-labelled polymers. However, the study of end-labelled polymers does not

come without its limitations. First, the rate constant of cyclization, k,, depends strongly on

the polymer chain length. It has been shown to scale as N~"* for a series of pyrene end-
labelled polystyrenes (Py,-PS) in cyclohexane at 34.5 °C, a theta solvent for PS, where N
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represents the number of monomer units.®> This scaling law translates into a 97.5% decrease

for k,, with a 10-fold increase in chain length. From this example, it is quite obvious that as
chain length increases and %, becomes vanishingly small, the excimer signal decreases

drastically to the point where no excimer decay can be acquired. A similar effect can be seen
with viscosity. Although the polymer under study may be short enough to provide a good

excimer signal in a low viscosity solvent such as tetrahydrofuran (7 = 0.46 mPa-s), excimer
formation will be strongly reduced in a more viscous solvent such as benzyl alcohol (1 = 5.5

mPa-s), as was observed for Py,-PS."> Under conditions where the solvent viscosity is high
or the polymer chain is long, the excimer signal is too weak to acquire an excimer decay, and

the Birks Scheme cannot be used.

Second, it must be pointed out that in an end-to-end cyclization (EEC) experiment,
only the ends are probed. For a polymer with a degree of polymerization of 100 monomer
units labelled at its two ends, it implies that 98% of the chain remains invisible. Thus, the
analysis provides information on the ends of the polymer, and obviously, not the polymer as a
whole which is, in principle, the object of a study on polymer chain dynamics, as EEC

experiments are often used for.

Third, the synthesis of end-labelled polymers is not always trivial. In many cases,
synthesizing a monodisperse polymer labelled at the ends only can be quite challenging. In
the present study, this point is exemplified by the fact that the Py,-PNIPAM-Y polymers
were synthesized using the Reversible Addition-Fragmentation Chain Transfer (RAFT)

23,24

polymerization technique, whereas the Py-PNIPAM-X% polymers were synthesized

using a relatively more simple radical polymerization.*
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2.3.3 The Fluorescence Blob Model

Working with randomly labelled polymers solves many of the aforementioned issues
and limitations dealt with when studying end-labelled polymers. In this case, the entire
polymer is being probed and problems associated with chain length become irrelevant.
Excimer formation occurs locally along the chain and increasing the chain length does not

BT Decreased excimer

affect this process as has been shown in a number of instances.
formation due to increased viscosity can be overcome by increasing the pyrene content of the
randomly labelled polymer, which reduces the average distance between any two pyrene
moeities and enhances excimer formation. The polymers also need not be monodisperse,
simplifying the polymerization reaction considerably. However, working with randomly
labelled polymers introduces a new problem in that random labelling results in a distribution

of distances between pyrene pendants. This distribution of distances results in a distribution

of excimer formation rate constants which is difficult to handle.

The Fluorescence Blob Model (FBM) is a mathematical tool that was developed to
handle the complicated distribution of rate constants when analyzing the fluorescence decays
of a polymer randomly labelled with pyrene."” According to the FBM, excimer formation in
a polymer randomly labelled with pyrene can be described by Scheme 2.2. According to
Scheme 2.2, excimer formation is a two-step process. First, two polymer segments diffuse to
a nearby distance such that the pyrene labels are within proximity of each other and can
rearrange to form excimer. This diffusive motion of the polymer segments is described by

the rate constant k,. Next, the two pyrene labels rearrange on a faster time scale and form an

%
excimer, £O . This process is described by the rate constant k,. The rate constant £,

depends on the chain length spanning two pyrene labels. Since the pyrene moeities are
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attached at random, the chain lengths spanning any two pyrene pendants are also random,

resulting in a distribution of rate constants, k,. This distribution of rate constants results in a
complex rate of polymer segment encounters described by a time-dependent function, f (t),
which is unknown. The FBM, however, models this time-dependent function f (t) by

adapting the equations derived by Tachiya originally to describe micellar quenching.”

Scheme 2.2: Excimer formation in randomly labelled polymers.

Py Py Py” Py (Py Py)’

k 1 k 2

— —

%
k| k_,
ky k,

Prag+Fy = P T £0
-1 -2

Based on Scheme 2.2, five pyrene species are expected to be present in solution.
%
These species include the excited pyrene units which are isolated ( Py, ) and do not form

excimer and fluoresce with the natural lifetime of the monomer, z,,, the excited pyrene units

which diffuse to within range of a ground-state pyrene, are able to form excimers after

*
rearrangement with a rate constant k,, and fluoresce with the lifetime 7z, (Py,, ), those

excited pyrene units which are already within range of a ground-state pyrene, can rearrange
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k
to form excimers with a rate constant k,, and fluoresce with the lifetime z,, ( Py, ), properly

%
stacked excimers which fluoresce with the natural lifetime of the excimer, 7., (£0 ), and

improperly stacked excimers which fluoresce with a long lifetime, 7, (EL*). Differential

equations can then be derived which give the time-dependence of the concentration of each

pyrene species in solution. However, a few simplifications can be made beforehand. First,

excimer dissociation is typically negligible at room temperature, eliminating % , .

Second,

k, is very fast, much faster than & ,. Thus, the process described by &, can also be ignored.

Using these assumptions, Equations 2.18 — 2.22 give the differential equations used to

describe each pyrene species present in solution.

APyl 1 .
—a P
APy -
— - —f(t)—E[Pyd,ff o
d[Py; ]
2 (l‘) B 3 L *
dl _f(t) (kz +TM J[Pykz](t)
d[EO0" ]
(z) B * _L %
dl _kz[Pyk2 ](l‘) TEO [EO ](Z)
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d[EL" T
O _ 1 (2.22)
i P ()

According to the model, the FBM assumes that an excited pyrene probes a finite volume in
space during its natural lifetime and that this volume defines a blob. Since pyrene moeities
are labelled at random along the polymer backbone, the backbone is then arbitrarily divided
into a cluster of blobs, according to a Poisson distribution. Three parameters are then defined

in terms of this system. The first is k,,,, the quenching rate constant inside a blob containing

one excited-state and one ground-state pyrene. The second parameter, the exchange rate
constant, k,, describes the process of exchange of ground-state pyrene units between blobs.
Finally, <n> gives the average number of ground-state pyrene units per blob. The equations
that were derived by Tachiya to describe micellar quenching® can then be adapted to
describe quenching at the blob level, where the blobs are synonymous with Tachiya’s

micelles.” The following expression is then obtained which describes the concentration of

the Py, species as a function of time,

[Py Yoy = [PYay] ((=0) exp{— (Az + Lj xt — Ay (1—exp(— 4,t)) (2.23)

Ty
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where,

k, k. [blob
A, =< n > Hnakclbl0b] (2.24)
k,.. + k. [blob]

(kb/ b )2
Ay =<n> s > (2.25)
(k,,, + k,[blob])
A, =k,,, +k, [blob] (2.26)

%
Equation 2.23 provides an expression for [Py, ] In turn, this expression can be used to

()

solve Equation 2.19 to obtain f(¢), which is given in Equation 2.27.

L&A 1
fle)= [Pyzﬂ] ° 4 ZTfexp(— (Az +id, +—th} (2.27)
=0 .

Ty

This expression for f (t) can be used to solve Equation 2.20, giving an expression for

[PyZ] O} The expression for [Py:] ) enables the integration of Equation 2.21, which

yields an expression for [EO*] ) Finally, the solutions to Equations 2.18 and 2.22 are

39



% %
trivial, providing expressions for [Py, and [EL | )’ respectively. The expressions for

Joy

[Py, ] . [EO ] @ [Py.] () ™ [EL ] (1) @ given in Equations 2.28 - 2.31.

M

* * * e Ay A, +id, B 1
[Py'fz]a)‘[[Pykz]a:m”Pydiff](r:me 20 apridy -k ) S,

* 2 A A +id 1
—[Py, ety D2 T4 expl —| A, +id, +— |xt 2.28
Prarke— 0" 25 2 i -k, p[ ( 2T TMJ ] (2.28)
P 1. =[Py f
[ yﬁee](t) = yﬁ’ee](t=0) cXp _E (2.29)

* * * R Ay A, +id,
[EO ](t) :kz(([Pykz](tzo)+[Pydi/f](t=0)e 'ZTAZ_H-AA‘_ICZJ]

i=0
exp(— t} - exp[— (kz + lj X t}
Tro Tm

* t
y +[E0 ] eXP(__J
t=0
el 1 O
Tm Tko
exp —[A +iA4 +1]><t —eXP(—tJ
+[P * ] et N _3l Az +iA4 ’ ) Tm Tro (230
Te=0° S 4 vid, —k, Ay vid,+ -
) 4
Ty Tro
* * t
[EL ](t) =[EL ](t=0) exp —T— (2.31)
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Once the time behaviour of each pyrene species is known, expressions for the time-
dependence of the overall excited pyrene monomer and excimer can be obtained using

Equations 2.32 and 2.33.

[Py Y gy =Pyar )y +IPY ] ) 1PV 232)

[E") ) =[E0 )y +IEL ], (233)

After substitution of Equations 2.28 — 2.31 into Equations 2.32 and 2.33, the following
expressions are obtained for the time-dependent equations describing the monomer and

excimer decays.

* * 1
[PJ/ ](Z) = [Pydiﬁf](t — 0) exp|:_ (Az + _jx t— A3 (1 - CXp(— A4Z)):|

Tm

% * 2 A A, +id 1
+| [P +[Py ey B2 T4 expl —| k, +— |x¢
([ ykZ](tZO) [ yd!ﬁ](tzo) i~ 1! A2+iA4—k2] p[ ( ’ TMJ J

1

i ¥ 4 °°A_3’; A, +14, B . B
Pranke =0 20 T v, P

Ty

* t (2.34
+[nyree](t — 0) eXp(_ _J

Ty
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exp| ——— |—exp| —| k, + — |xt
y TEo Ty
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Ty Tgo
i 4 exp[—(A2+iA4+z_1]XZJ—CXP(_TI
. ) i M EO
[Pyl ety S 2T
Ty Tgo

* t (2.35
+[EL ](t ~0) exp[—z_—J

Fitting the monomer and excimer decays using Equations 2.34 and 2.35 yields the

parameters k,,,, <n>, and k,[blob], where [blob] represents the local blob concentration

within the polymer coil. Fitting the monomer decays using Equation 2.34 also yields the
% %
fractions f,;» fun,» and f,;,, Which represent the molar fractions of the Py, , Py, , and

*
Py ;.. species contributing to the monomer decays, respectively. In a similar manner, fitting

the excimer decays with Equation 2.35 yields the fractions f,; , f,, » frso>and fy; which

% % % *
represent the molar fractions of the Py,,, Py, , E0 ,and EL species contributing to the

excimer decays, respectively. The fractions fy..» fin, s Sagees Srags s, ° Srpo»>and fr,

can then be used to determine the overall molar fractions of each pyrene species present in

solution f., f4..» fi,» fro»and f, by applying Equations 2.36 —2.40.
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/, diff =
' 1+ foree " kaz + Semr " Szro (2.36)
S Mdiff S Mdiff /i Ediff /i Ediff
foree
/i Mdiff
/i M, / Ek,
sz = fdgff = fdi/]' (2.38)
f; Mdiff / Ediff
/
on = fd;ﬁf - (2.39)
/i Ediff
/
Sew = Sag < (2.40)
/i Ediff

Another parameter that can be calculated based on the FBM parameters is N,,, .

N,,, represents the average number of monomer units per blob and is given by Equation

2.41.

<n>

(—)1 - f;ﬁ.ee (M, x+M,(1-x))

Nblob =
(2.41)
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In Equation 2.41, M,, M,, x, and 4, represent the molecular weight of the pyrene labelled

NIPAM monomer (326 g'mol™"), the molecular weight of the unlabelled NIPAM monomer
(113 grmol™), the fraction of NIPAM monomers that are labelled, and the pyrene content in
moles of pyrene per gram of polymer listed in Table 2.1, respectively. The fraction
Ap, ! (1 - f Mﬁ.ee) represents the corrected pyrene content, or the pyrene content of the pyrene
units attached to the polymer that form excimer by diffusion and follow the FBM.*® Finally,

the parameter k,,, xN,,, can be calculated for each pyrene content in a given solvent.
Averaging k,,, x N, , values for all of the Py-PNIPAM-X% polymers in a given solvent
yields <k, xN,,, >, the overall rate constant of excimer formation of PNIPAM in that

solvent. In the case of a series of polystyrene randomly labelled with pyrene,

<k, xN,,, > obtained by applying the FBM analysis to the fluorescence decays acquired
with randomly labelled polymers has been shown to be equivalent to k., obtained by

applying the Birks Scheme analysis to the fluorescence decays acquired with end-labelled

polymers."

2.4 Results and Discussion

The steady-state fluorescence spectra for the Py,-PNIPAM-Y and Py-PNIPAM-X%
samples were acquired in organic solvents of varying viscosity (see Table 2.2). For
comparison, the steady-state spectra of the Py,-PNIPAM-6K and Py-PNIPAM-3% polymers
in all solvents, normalized to the peak at 375 nm, are shown in Figure 2.4. Typical monomer
emission peaks are observed in the 370 to 425 nm wavelength region, while the excimer

emission is seen as a
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Figure 2.4: Steady-state fluorescence spectra for the (A) Py,-PNIPAM-6K and (B) Py-PNIPAM-
3% samples. 4. =344 nm, [Py] = 2.5 pM. Top to bottom: Methanol (# = 0.55 mPa-s), 80%
methanol/hexanol (7 = 0.71 mPa-s), ethanol (# = 1.1 mPa-s), 60% methanol/hexanol ( = 0.97
mPa-s), 30% methanol/hexanol ( = 1.7 mPa-s), hexanol (# = 4.6 mPa-s).

broad, structureless emission centered at around 470 nm. By comparison of Figures 2.4A and
2.4B, it is obvious that the intensity of the excimer emission of the Py-PNIPAM-3% sample
is significantly stronger than that of the Py,-PNIPAM-6K sample, even though the two
polymers have similar pyrene contents. This illustrates one of the advantages of studying
randomly labelled polymers; for a similar pyrene content and solvent viscosity, the randomly

labelled polymers provides a significantly stronger excimer signal.

The analysis of the steady-state fluorescence spectra yields the 7, /7,, ratios for the
pyrene-labelled polymers which were calculated using the procedure described in Section
2.2.7. Figure 2.5 displays plots of the 7, /I,, ratio as a function of 7' for the Py-PNIPAM-

6K, 8K, and 14K polymers. Figure 2.5 shows that, for the alcohols, 7,/I,, increases
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Figure 2.5: Plots of I/I); (<) and k., (X) as a function of " for the (A) Py,-PNIPAM-6K, (B)
Py,-PNIPAM-8K, and (C) Py,-PNIPAM-14K samples.
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linearly with decreasing viscosity. A notable difference is observed between the values

measured in the alcohols (777" = 0.22 — 1.84 mPa"'s™') versus those measured in the aprotic

solvents (7' =2.2—2.7mPa 's™).

Apart from the point in acetonitrile (™' = 2.7 mPa "s™"), the two remaining aprotic

solvents studied, namely THF and 2-butanone, both give 7, /I,, ratios which are lower than

expected. Differences in pyrene fluorescence between alcohols and aprotic solvents is not

new and has been observed in the past but the underlying cause of this effect is not

27,28
known.” "

Previous studies™® have measured the 7,/I, ratio of end-labelled polymers as
functions of viscosity (77) or molecular weight (]\_4,, ). These studies have shown that the
I,/I,, ratio scalesas n“M nﬁ where « and S have been found to equal —1.0 and —1.6 for

poly(bisphenol A-diethylene glycol carbonate),® and B has been found to equal 1.62 for
polystyrene.” According to these findings, ln([ M ) should be well described by Equation

242

ln(I—Ej =InAd+alng+BInM, (2.42)

M

where A represents a proportionality constant. For the Py,-PNIPAM-Y samples in the

alcohols used in this study, In 4, «, and f have been found to equal 12.1 £ 0.5, -1.09 +
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0.06,and —1.72 + 0.05, respectively, which are in good agreement with previously obtained
values.™® The error on the parameters In 4, o, and S were estimated by using the average

and standard deviation values for these 30 data points (ignoring the data for the Py,-
PNIPAM-25K sample) to generate 1000 sets of 30 data points that were normally distributed
around their average value. Each set out of the 1000 data points was then analyzed to give a

1000 sets of In 4, a, and fvalues. The standard deviations of these 1000 In 4, «, and S

values were taken to be the error for each parameter. Figure 2.6 represents a plot of

ln(l o/ Ly ) as a function of viscosity and chain length for the Py,-PNIPAM-Y samples in the

alcoholic solvents and mixtures listed in Table 2.3, according to Equation 2.42. In Figure

2.6, the I, /I, ratios for the Py,-PNIPAM-25K sample were not used in the optimization

since these values deviate somewhat from the remaining samples. The reason for this

discrepancy is presently unknown.

Figure 2.6 shows a good agreement between the experimentally determined scaling

factors and the measured 7,/I, ratios. Two trends can be observed. First, as viscosity
increases, I, /I, decreases. Increasing the solvent viscosity hinders the diffusional motion

of the polymer. Decreased diffusional motion leads to fewer cyclization events, reducing

excimer formation and consequently, the 7,/7,, ratio. Second, as chain length increases,
I,/I,, decreases. A longer chain means that the pyrene units are situated further from each

other, resulting in reduced excimer formation.

The 7,/I,, ratios for the Py-PNIPAM-X% samples were also measured and they are

plotted as a function of the uncorrected pyrene content in Figure 2.7. Interestingly, Figure

2.7 seems to show an onset pyrene content of around 2 mol%. Below this pyrene content, no
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excimer is formed. Only once the onset content of 2 mol% is reached does excimer start to

be formed and 7, /I,, increases linearly with increasing pyrene content.

In(Z/1,,)
I
X
X
X

12.1 + Iny 1+ InM, 17

Figure 2.6: Plot of In(Zg/I)) as a function of viscosity and chain length according to Equation
2.42 for the Py,-PNIPAM-6K (<), Py,-PNIPAM-8K (0), Py,-PNIPAM-14K (A), Py,-PNIPAM-
25K (X), and Py,-PNIPAM-45K (O) samples.

Next, the fluorescence decays of the Py,-PNIPAM-Y and Py-PNIPAM-X% samples
were acquired using the Time-Correlated Single Photon Counting (TC-SPC) technique
(Section 2.2.8). Sample monomer and excimer decays for the Py,-PNIPAM-6K and Py-
PNIPAM-3% samples in the alcohols studied are shown in Figure 2.8. The decays of the Py,-
PNIPAM-6K, 8K, and 14K samples were analyzed with the Birks Scheme (Section 2.3.1).
The results of the fits are presented in Tables A1 — A6 of Appendix A. Except for the Py;-
PNIPAM-14K sample run in viscous hexanol that yielded little excimer, all fits were
excellent with residuals and autocorrelation function of the residuals randomly distributed

around zero and y* values smaller than 1.2.
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Figure 2.7: Plot of I/I); as a function of pyrene content for the Py-PNIPAM-X% samples in
acetonitrile (<), 2-butanone (OJ), ethyl acetate (A), tetrahydrofuran (O), methanol (X), 80%
methanol/hexanol (+), 60% methanol/hexanol (%), ethanol (), 30% methanol/hexanol (H),

and hexanol (A).

The trends obtained so far are well described by a relationship between 7, /7,, and
k,,established 30 years ago by Cuniberti and Perico. They showed that, at temperatures less
than 30 °C where excimer dissociation can be neglected, the 7,/I,, ratio is given by

Equation 2.43

I
—£ = ’fq)—fTMkl [Py]e (2.43)
1), Py

x, and the solvent viscosity, ¢,, and ¢, are the fluorescence quantum yields of, respectively,

the pyrene monomer and excimer, 7,, is the natural lifetime of the monomer, and [Py]

loc
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Figure 2.8: Fluorescence decays of pyrene end-labelled and randomly labelled PNIPAM, 4, =
344 nm. A) Py,-PNIPAM-6K, /., =375 nm. B) Py,-PNIPAM-6K, 4., =510 nm. C) Py-
PNIPAM-3%, A, = 375 nm. D) Py-PNIPAM-3%, 4., = 510 nm. Top to bottom: Hexanol (n =
4.6 mPa-s), 30% methanol/hexanol ( = 1.7 mPa-s), ethanol (y = 1.1 mPa-s), 60%
methanol/hexanol (7 = 0.97 mPa-s), 80% methanol/hexanol (# = 0.71 mPa-s) and methanol ( =
0.55 mPa-s)

represents the local concentration of ground-state pyrene units in the polymer coil.” Tt is

worth recalling that the parameter k, obtained from the Birks Scheme analysis of the

fluorescence decays of the Py,-PNIPAM-Y samples represents a pseudo-unimolecular rate

constant describing cyclization which is equivalent to k,[Py],. in Equation 2.43. Therefore,

loc

the 7,/I, ratios obtained from the steady-state spectra and the k., values obtained from the
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Birks Scheme analysis of the fluorescence decays of the Py,-PNIPAM-6K, 8K, and 14K
polymers are proportional and should show similar trends. These values are plotted in Figure
2.5 as a function of viscosity for each chain length. A remarkable correlation is seen between

I,/I, and k, for each end-labelled polymer except for Py,-PNIPAM-14K in high viscosity

solvents where the small amount of excimer formed complicated the analysis of the decays.

In particular, it can be seen from Figure 2.5 that as viscosity increases, /,/1,, and k,, both

decrease linearly in the alcohol solvents and mixtures. Increasing viscosity reduces the
ability of the polymer chain ends to diffuse in the solution, resulting in a decrease in the

frequency of cyclization events and consequently a decrease in 7, /1,, andk,,.

In addition to comparing k,, with the 7, /I, ratios obtained for each Py,-PNIPAM-
Y polymer, the k,, values obtained for each chain length in a specific solvent can also be
compared with each other. Since k_, is inversely proportional to the chain length, N, taking
the product k,, x N should eliminate the dependency of &, on chain length, and the resulting

products for each polymer should be the same for a given solvent. Figure 2.9 shows a plot of

k. x N as a function of n~" for the end-labelled polymers. Ignoring the points for the Py,-

PNIPAM-25K polymer in hexanol and in the 30% methanol/hexanol mixture whose
fluorescence decays could not be analyzed using the Birks Scheme due to minimal excimer
signal, the 3 sets of data remain equivalent within experimental error. Taking the average of

all k,, values for a given solvent yields <k, x N > , the average rate constant of cyclization

of pyrene end-labelled PNIPAM in that solvent with chain length dependencies eliminated.
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Figure 2.9: Plot of k.,X N as a function of ' for the Py2-PNIPAM-Y samples.

A previous study on pyrene end-labelled poly(ethylene oxide) (PEO) demonstrated

that , at high viscosity and molecular weight, k_ remained constant. After a certain point,
k., obeyed a scaling law similar to that observed for 7, /1, . This scaling law is expressed

in Equation 2.44.

ln(kcy ) —Ind+alny+BInM, (2.44)

For a series of pyrene end-labelled PEO, a and f were found to equal —1.0 and —1.3,

respectively.”’ As shown in Figure 2.10, the exact same behaviour was observed for the Py,-

PNIPAM-Y samples. Before the observed break point, ln(kcy) remained constant within

experimental error. After the breakpoint, ln(kcy) obeyed Equation 2.44 where In 4, «, and
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S were found to equal 3 = 1, —0.8 = 0.1 and —1.0 = 0.2, respectively. These exponents are

smaller than those obtained for PEO.
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Figure 2.10: Plot of In(k,,) as a function of viscosity and chain length according to Equation 2.44
for the Py,-PNIPAM-6K (<), Py,-PNIPAM-8K, ([J), and Py,-PNIPAM-14K (A) polymers.

The Py,-PNIPAM-25K and 45K samples did not generate enough excimer signal in
order to acquire the excimer decays. For these samples, only monomer decays were acquired
and these were fit using a sum of two exponentials. The results of these fits are listed in
Tables A7 and A8 of Appendix A. The monomer decays consisted of a shorter lifetime with
a contribution of 3 — 14% of the overall decays as well as a longer lifetime with a
contribution between 86 and 97% of the overall decays. In most cases, the longer lifetime
matched the natural lifetime of the monomer, implying that the majority of the fluorescence

signal was due to pyrene units which do not form excimer.

Finally, the fluorescence decays of the Py-PNIPAM-X% samples were fit using the

Fluorescence Blob Model (FBM, see Section 2.3.3). In the analysis, the monomer lifetime
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7,, was fixed and was determined by acquiring the fluorescence decays of the Py-PNIPAM-
0.1% sample, fitting the decay using a sum of two exponentials, and taking the long
decaytime as the monomer lifetime. The short lifetime 7, was determined by letting it float
in a first analysis, averaging the values obtained for each pyrene content, and then fixing 7

to its average value in a subsequent analysis.

The results of the FBM analysis are listed in Tables B1- B20 of Appendix B. Figures

2.11 — 2.14 represent plots of the parameters k, [blob], k,,, N,,,, and k, , xN,,, as
functions of the corrected pyrene content, 4, /(1 —f Mﬁee). The factor (1 - f Mﬁ,ee) serves as a

correction factor to account for those pyrene units which are isolated, do not form excimer,
and do not follow the FBM.*® All of the parameters plotted in Figure 2.11 show substantial
scatter. The scatter is believed to be a result of the long and flexible butyl linker used to label
pyrene onto the polymer. Its main effect is to de-correlate the motion of the pyrene label
from that of the backbone which requires the introduction of the additional parameter &k, in
the analysis of the decay. This was not the case with pyrenemethyl derivatives used in earlier

work whose shorter linker ensures that their motion is more tightly correlated to that of the

13-1
backbone, >

Despite this complication, the product %, x N,,, appears to take advantage of a
cancellation of errors between the individual parameters k,,, and N,,, that results from the

analysis and yields usually trends that show much less scatter.”” This is indeed observed in

Figure 2.14 where, except for the data obtained with Py-PNIPAM-2% which are close to the
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Figure 2.11: Plot of k.[blob] as a function of corrected pyrene content. A) Alcohols, methanol
(<), 80% methanol in hexanol ((0), 60% methanol in hexanol (A), ethanol (O), 30% methanol
in hexanol (+), and hexanol (X). B) Aprotic solvents, acetonitrile (), 2-butanone (OJ), ethyl
acetate (A), tetrahydrofuran (O).
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Figure 2.12: Plot of ky,; as a function of corrected pyrene content. A) Alcohols, methanol (<),
80% methanol in hexanol (), 60% methanol in hexanol (A), ethanol (O), 30% methanol in
hexanol (+), and hexanol (X). B) Aprotic solvents, acetonitrile (<), 2-butanone ([J), ethyl
acetate (A), tetrahydrofuran (O).
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Figure 2.13: Plot of V,,, as a function of corrected pyrene content. A) Alcohols, methanol (<),
80% methanol in hexanol (), 60% methanol in hexanol (A), ethanol (O), 30% methanol in
hexanol (+), and hexanol (X). B) Aprotic solvents, acetonitrile (<), 2-butanone (CJ), ethyl
acetate (A), tetrahydrofuran (O).

0.6 0.9
(A) (B)
0s | ©9 © o 0.8 - <><> O ©
TE 04 - ODD O é0.7‘
v§03 {0y 0] g 294 ©
% Q A A %05
302 - OA A 3 O rll
& + + <044 O
0.1 - -&XXX -I>-< 03 | AS O g g
0 . . 0.2 . . .
250 350 450 550 200 300 400 500
2py/(l_f‘Mfree) (llm(’l‘g_l) }'py/(l_foree) (”m()l'g_l)

Figure 2.14: Plot of kj,, X Ny as a function of corrected pyrene content. A) Alcohols, methanol
(<), 80% methanol in hexanol ((0), 60% methanol in hexanol (A), ethanol (O), 30% methanol
in hexanol (+), and hexanol (X). B) Aprotic solvents, acetonitrile (), 2-butanone (OJ), ethyl
acetate (A), tetrahydrofuran (O).
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transition point found in Figure 2.7, constant trends of k,,, x N,,, are obtained as a function
of pyrene content in both protic and aprotic solvents. Ignoring the values retrieved for the
Py-PNIPAM-2% sample, the remaining values were averaged to yield the average exchange

rate constant, <k, [blob]>, blob size, < N,,, >, and product, <k, , xN,,, >.

Figure 2.15 illustrates plots of <k, [blob]> and <N,,, > as functions of n ',

illustrating the dependence of these two parameters on viscosity. The exchange rate constant
is found to increase with decreasing viscosity. At a lower viscosity, diffusional motion is
enhanced, resulting in greater exchange of ground-state pyrene units between blobs.

<N,,, > 1s also observed to increase with decreasing viscosity since a lower viscosity

allows for a greater volume being probed during the lifetime of pyrene.
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Figure 2.15: Plots of (A) <k,.[blob]> and (B) </V;,;> as functions of 1]_1.

The product < k,,, x N,,, > is plotted in Figure 2.16 as a function of 1" together
with the normalized <k, x N > values obtained for the end-labelled polymers. When the

data obtained in the aprotic solvents and for Py,-PNIPAM-14K in the two most viscous
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solvents are eliminated, Figure 2.16 shows that both <k, xN,,, > and <k, xN>
increase linearly with 7' in the alcohols. The deviation observed for 7,/I,, and
<k, xN > in the remaining aprotic solvents (ignoring acetonitrile as a possible outlier) is
once again observed for <k, , xN, B > whose values are significantly lower than the
<k, *xN,,, > values measured in the alcohols. A linear relationship between
<k, xN,,, > and 77" is expected once more viscous aprotic solvents are included in the
study. Ignoring these differences, it is obvious from Figure 2.16 that both <k,,, xN,,, >
4.2728

and < k. xN > show similar trends, even when specific solvent effects are encountere

This result confirms that the two parameters provide the same quantitative information
regarding the chain dynamics of PNIPAM in organic solvents extending a conclusion that

was previously limited to polystyrene only.'

[a—
S

<~

e
(@)
1

N
AN
1

8 8
@s@é%g 0"

0.5 1.0 1.5 2.0 2.5 3.0

<Kp1op*Npiop™s V<K oy X N>
o
[\
1

o
o

S
o

! (mPa-s)~!

Figure 2.16: Plot of <kysXNy0p> (<) and y<k., X N> (O) as functions of ;1_1 where y equals 14.
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The results obtained for PNIPAM can also be compared with values previously

obtained for PS.** <N, > and <k, xN,,, > are plotted in Figure 2.17 for both
PNIPAM and PS as a function of 7~'. According to Figure 2.16, both <N, , > and

<k, xN,,, > are quite similar for PS and PNIPAM, although they take slightly larger

values for PS than for PNIPAM. These results suggest that the PS backbone is slightly more
flexible than that of PNIPAM. This conclusion can be drawn since a more flexible backbone
would result in a larger volume probed by pyrene during its natural lifetime as well as a
larger average rate constant of excimer formation, as observed for PS. Another quantity that

can be used to measure the flexibility of a polymer chain is the characteristic ratio, C, e

0

for PS in cyclohexane at 34.5 °C and PNIPAM in THF at 25 °C have been reported to be 10.2

and 10.6, respectively.’ The comparable C,_ values found for PS and PNIPAM is reflected

by the results obtained for N,,, and <k,,, x N,,, >, as shown in Figure 2.17.
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Figure 2.17: Plot of (A) <Np,p> and (B) <kpp X Npjop™> Versus ;1_1 for PNIPAM (<) and PS (O).
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2.5 Conclusions

The fluorescence results obtained thus far for the Py,-PNIPAM-6K, 8K, and 14K

polymers are in good agreement with those previously obtained for other pyrene end-labelled

3,8,13-17,26,29

polymers. Excimer formation was observed to be enhanced with decreasing

viscosity and decreasing chain length. For the Py,-PNIPAM-6K, 8K, and 14K samples,

1,/1, and k, were found to scale as 7'M, " (Figure 2.6) and n"*M, " (Figure

2.10), respectively, which are in good agreement with previously reported values.*™*° These
experiments agree with the relationship derived by Cuniberti and Perico given by Equation

2.43.% Furthermore, the quantity < k., x N > was found to increase linearly with decreasing

viscosity (Figure 2.9).

For the Py-PNIPAM-X% samples, the 7, /1,, ratios were also found to increase with

decreasing viscosity and increasing pyrene content. Analysis of the fluorescence decays of

the Py-PNIPAM-X% samples yielded the parameters k,,, andN,,,. Except for the Py-
PNIPAM-2% sample, k,,, N,,,, and k,, 6 xN, 6B remained relatively constant with
increasing pyrene content. Excluding the Py-PNIPAM-2% sample, the N,,, and k,,, xN,,,
values were averaged over the various pyrene contents to yield <N, , > and
<ky,, xN,,, >, the average blob size and rate constant of excimer formation, respectively.
Both < N,,, > and <k,,, xN,,, > were found to increase linearly with 7' (Figures 2.15B

and 2.16), reflecting that, as the viscosity decreased, an excited pyrene probed a larger
volume of space and that excimer formation was enhanced, respectively. When compared

with the results obtained for pyrene-labelled polystyrene (PS, Figure 2.17), < N,,, > and
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<k, XN,,, > obtained for PNIPAM were found to be similar to the values found for PS,

suggesting that both polymers exhibit a similar flexibility, as suggested from their C ratios.

Finally, the products <k,,, xN,,, > and <k, xN > obtained by analysing the

fluorescence decays of Py-PNIPAM-X% with the FBM and those of Py,-PNIPAM-Y with

the Birks Scheme showed very similar trends (Figure 2.16). Both <k, , xN,,, > and
<k, x N> increase linearly with n~', with both parameters showing similar differences

between the alcohols and the aprotic solvents studied. It can be concluded that the
information obtained from the FBM analysis of the fluorescence decays of randomly labelled
PNIPAM provides the same quantitative information describing the polymer chain dynamics
as that obtained from the Birks Scheme analysis of the fluorescence decays of end-labelled

PNIPAM.
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Chapter 3: Fluorescence Studies of a Series of Monodisperse Telechelic

a,0-Dipyrenyl-Poly(/NV-isopropylacrylamide)s in Ethanol and in Water

3.1 Introduction

Some 35 years ago, studies of the end-to-end cyclization of polymer chains were of
considerable interest, since they shed light onto fundamental aspects of processes such as the
synthesis of cyclic polymers, the cyclization of DNA, and the dynamics of chains in solution.
An important breakthrough was achieved in the early 1980’s when theoretical predictions'”
and experimental observations®™* indicated that the end-to-end cyclization process can be
probed by two pyrenyl moieties covalently attached onto the ends of a monodisperse polymer

and is described under these conditions by a single rate constant (k). The experiment is

straightforward: one pyrene chromophore is excited and its emission is monitored as it
encounters a ground-state pyrene to form an excimer.’ The extreme sensitivity of
fluorescence allows one to conduct such experiments with solutions of concentrations
usually low enough to ensure that no intermolecular interactions take place, so that the
6-18

fluorescence signal being detected reports solely on processes that occur intramolecularly.

The rate constant of excimer formation is a measure of k,, which in turn provides
information about the long-range polymer chain dynamics and as such, is a measure of the
flexibility of a given chain.

The most complete set of information about the rate constant &, has been obtained

for a series of pyrene-labelled monodisperse polystyrenes which were synthesized by anionic

polymerization.® Other backbones which have been investigated include
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polytetrahydrofuran,” polydimethylsiloxane,*'® poly(se—caprolactone),'’ polycarbonates,'*'**

and poly(ethylene oxide) (PEO)."*'® The latter studies stand out as PEO is the only polymer
in the list that is soluble in organic solvents and also in water. Since the pyrene label is
soluble in organic solvents, its presence at the ends of the chain does not affect significantly
the properties of the polymer in organic solvents, and, consequently, Py,-PEO displays the
typical kinetics expected for excimer formation via the diffusive encounters of two pyrenyl
moieties in organic solvents.'*'® Pyrene groups, however, are poorly soluble in water and
their incorporation on PEO chain ends has profound effects on the properties of the polymer
and on the kinetics of end-to-end cyclization. The photophysical properties of pyrene are
also affected by its confinement in an aqueous environment.'® '®%* For instance; a substantial
fraction of the excimer is formed instantaneously through direct excitation of ground-state
pyrene aggregates, which are stabilized by the water-soluble PEO backbone. Nonetheless,
given that end-to-end cyclization is described by a single rate constant, it has been possible to
derive kinetic models that follow relatively well the process of excimer formation in aqueous

solutions of Py,-PEO and also account for the presence of pyrene ground-state dimers.'®'%2*

Our research interests have focused on poly(N-isopropylacrylamide) (PNIPAM),
which, like PEO, is a non-ionic polymer soluble in organic solvents and in water at room
temperature. The two polymers share a number of properties, and have often been compared

25 and with proteins.” But, in some

with regard to their interactions with surfactants
important thermal and conformational properties, they markedly differ from each other. For
instance, the lower critical solution temperatures (LCST) of aqueous PEO solutions shows a

strong molecular-weight dependence, while that of PNIPAM is almost independent of the

molecular weight, exhibiting very flat cloud point lines. Also, PEO chains are inferred to
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adopt a loose helical form (11/2 helix) from MD simulation,”® and the size of each turn is
such that it can accommodate one water molecule linked to the chain via hydrogen bonds. In
contrast, PNIPAM chains in water are partially collapsed by the association of hydrophobic
isopropyl groups. One may expect, therefore, differences in the end-to-end cyclization
dynamics of PNIPAM and PEO in water and in organic solvents. The objective of the work
reported here was to investigate the fluorescence properties of a,w-dipyrenyl-PNIPAM in
ethanol and in water in order to assess the cyclization dynamics of PNIPAM in the two
solvents and to compare them to those of PEO in the same solvents, using data reported

previously for Py,-PEO.

Recent advances in controlled radical polymerization have led to the development of
synthetic protocols for the preparation of monodisperse polymers bearing reactive groups at
their ends,”’ creating entries into families of polymers soluble in water and/or organic
solvents carrying a fluorescent tag at one chain end, or both. Several examples can be found
in the literature where PNIPAM prepared by living radical polymerization has been labelled

28-31

with a pyrenyl groups at one or both chain ends.”* Using a procedure similar to

previously reported syntheses, Py,-PNIPAMs ranging in molecular weight (Mn) from 6,000
to 45,000 g/mol were synthesized and the steady-state and time-resolved fluorescence
properties of the polymers were studied in ethanol and in water. This study of the kinetics of
excimer formation of monodisperse dipyrenyl end-labelled PNIPAM is the first new
example, in addition to studies of Py,-PEO that provides the opportunity to compare the
photophysics of identical pyrene-tethered chains in water and an organic solvent.

Conversely, it allows one to gain further insight into the properties of amphiphilic telechelic
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PEOs and PNIPAMs, which have been compared and contrasted on the basis of scattering

and rheology measurements that probe different length scales than the pyrene excimer.

3.2 Experimental Section

3.2.1 Materials

All chemicals were purchased from Sigma-Aldrich chemicals Co. unless otherwise
specified. N-Isopropylacrylamide (NIPAM, 99%) was obtained from Acros Organics and
recrystallized from an acetone/hexanes (4/6, v/v) mixture. Acryloyl chloride (97%), sodium
bicarbonate (NaHCOs;, 99.5%), anhydrous sodium sulfate (Na;SOs, 99.0%), and
triethylamine (99.5%) were used as received. Dimethyl sulfoxide (DMSO, 99.9%) was used
without purification. 1,4-Dioxane and tetrahydrofuran (THF) were purified by a solvent
purification system with two packed columns of activated alumina provided by Innovative
Technology Inc. 4-(1-Pyrenyl)butyl iodide was synthesized as described earlier.”” All other
solvents were of reagent grade and used as received. Water was deionized (DI) using a
Millipore MilliQ system. Ethanol (Fisher Scientific, HPLC grade reagent) was used as

received.

3.2.2 Preparation of a,0-Dipyrenyl Poly(/V-isopropylacrylamide)

The polymer was prepared by a two-step end group transformation procedure, starting
from a precursor telechelic polymer, o,w-diisobutylsulfanylthiocarbonylsulfanyl poly(N-
isopropylacrylamide) (iBS,-PNIPAM)>’ prepared according to a previously reported
procedure (Figure 3.1).> In a first step, the precursor polymer, iBS,-PNIPAM was

aminolysed by n-butylamine (10-fold molar excess with respect to the thiocarbonylthio
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moiety) in THF to generate a,w-dimercapto PNIPAM (HS,-PNIPAM). In a second step,
HS,-PNIPAM was reacted with 4-(1-pyrenyl)butyl iodide (1.5-fold molar excess with respect
to the mercapto (SH) groups) in DMF to yield the targeted polymer. This nucleophilic
substitution reaction was catalyzed with potassium carbonate (K,COs) and a small amount of
the reducing agent triphenylphosphine (TPP) was added to prevent the formation of disulfide
linkages between polymer chain ends. The polymer in DMF was first recovered by

precipitation in diethyl ether. It was purified by two consecutive precipitations from THF to

diethyl ether.
‘ O
S S
S
THF | CH,CH,CH,CH,NH,
O/\/O\/\O)Sq
DMF )

5R yE “"”%} )

Figure 3.1: Synthetic scheme of telechelic a, ®-dipyrene poly(/V-isopropylacrylamide).

J
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3.2.3 Determination of Pyrene End-Functionality
The pyrene end-functionality was evaluated by UV-visible absorption spectroscopy.

First, the isobutylsulfanylthiocarbonylsulfanyl moiety (iBS) content of the corresponding
precursor polymers (iBS-PNIPAM) was determined for solutions of the polymer in
chloroform, using the absorbance at 310 nm. A solution of diethylene glycol di(2-(1-
isobutyl)sulfanylthiocarbonylsulfanyl-2-methyl propionate) in chloroform was used as the
standard (e310 = 28,600 M 'cm™'). Second, the pyrene content of Py,-PNIPAM was
determined for solutions of the polymer in methanol, using the absorbance of the pyrenyl
chromophore at 342 nm where iBS moieties do not absorb. The molar extinction coefficient
of the pyrenyl group in methanol was approximated by using that of 4-(1-pyrenyl)butanol
(PyBuOH) in methanol (g3 = 43,450 M™'em™). The molar extinction coefficient of
PyBuOH was determined by preparing solutions of known concentration of PyBuOH in
methanol and plotting their absorbance obtained with a 1 cm pathlength UV cell as a function
of PyBuOH concentration. A straight line was obtained whose slope yielded the molar
extinction coefficient of PyBuOH in methanol according to Beer-Lambert law. A
comparison of the iBS concentration (end functionality assumed to be 100 %) and of the

measured pyrene concentration gave the pyrene functionality values listed in Table 3.1.

3.2.4 Sample Preparation for Fluorescence Measurements

Since the pyrenyl pendants of the Py,-PNIPAM samples form pyrene aggregates or dimers in
aqueous solution, absorption measurements conducted in water must be carefully interpreted
if they are to be used to determine polymer concentration. Indeed, it has been shown in one
example that the molar absorption coefficient of a pyrenyl moiety is about 1.7 times larger
when the pyrenyl unit exists as an isolated monomer compared to when it is part of a ground-
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Table 3.1: Number-average molecular weights (M,) and polydispersity indices (PDI) of
the Py,-PNIPAM samples.

Samples M., (kgmol™) | PDI | Py functionality
Py,-PNIPAM-6K 5.9 1.05 85.4%
Py,-PNIPAM-8K 7.6 1.08 82.6%
Py,-PNIPAM-14K 13.7 1.10 87.4%
Py,-PNIPAM-25K 25.4 1.07 75.5%
Py,-PNIPAM-45K 44.5 1.10 74.8%

state pyrene aggregate.33 Taking this fact into consideration, the Py,-PNIPAM
concentrations in water were determined as follows. First, the polymer was dissolved in
ethanol where no pyrene aggregates are generated. The concentration of pyrenyl pendants
was determined from the molar absorption coefficient of 4-(1-pyrene)butanol in ethanol (e342
= 42,600 M 'cm™") determined in the laboratory. The Py,-PNIPAM solution was diluted to
the desired concentration of pyrenyl groups in ethanol. Then, the ethanol was evaporated off
and the same volume of water was added to the dried film of Py,-PNIPAM. This solution
was placed in the fridge for 30 minutes to enhance the dissolution of the polymer which is not
soluble at high temperature. Finally, the solution was stirred vigorously and allowed to warm
to room temperature (23 = 1 °C). Following this protocol, the pyrene concentration of the
Py,-PNIPAM solutions in water was the same as the one determined for the Py,-PNIPAM

solutions in ethanol. A pyrene concentration of 2.4x10° mol.L™' was used for the
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fluorescence measurements done in ethanol. All Py,-PNIPAM solutions in ethanol were
degassed by bubbling a gentle flow of nitrogen through the solution for 30 minutes before
steady-state or time-resolved fluorescence measurements were conducted. Aerated aqueous

solutions of Py,-PNIPAM were used for fluorescence measurements.

3.2.5 Size Exclusion Chromatography

The size exclusion chromatography (SEC) system consisted of an Agilent 1100
isocratic pump, a set of TSK-gel a-M (particle size 13 pm, exclusion limit 1x10” Da for
polystyrene in DMF) and a TSK-gel a-3000 (particle size 7 um, exclusion limit 1x10° Da for
polystyrene in DMF) (Tosoh Biosep) columns, a Dawn EOS multi-angle laser light scattering
detector A = 690 nm (Wyatt Technology Co.) and an Optilab DSP interferometric
refractometer A = 690 nm (Wyatt Technology Co.) under the following conditions: injection
volume, 100 pL; flow rate, 0.5 mL/min; eluent, DMF; temperature, 40 °C. The dn/dc value of
PNIPAM was determined to be 0.0738 mL-g™' at 690 nm in DMF at 40 °C using an Optilab

DSP interferometric refractometer (Wyatt Technology Corp).

3.2.6 Steady-State Fluorescence

The fluorescence spectra of the Py,-PNIPAM samples in ethanol and water were
acquired on a Photon Technology International (PTI) LS-100 steady-state fluorometer. The
fluorometer is equipped with an Ushio UXL-75Xe Xenon arc lamp and a PTI 814
photomultiplier detection system. Py,-PNIPAM solutions in ethanol and water were
respectively degassed and non-degassed. The solutions were excited at 344 nm. The

monomer fluorescence intensity (/,,) was obtained by taking the integral under the

fluorescence spectrum from 372 to 378 nm. The fluorescence intensity of the excimer (/)
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was determined by first normalizing the fluorescence spectrum of 4-(1-pyrene)butanol at a
concentration of 2.5x10° mol-L™" in ethanol and 0.6x107° mol-L™" in water to the peak at 375
nm of the fluorescence spectrum of the Py,-PNIPAM solutions. At such low concentration,
4-(1-pyrene)butanol emits as the pyrene monomer. Second, the normalized spectrum of 4-(1-
pyrene)butanol was subtracted from that of the Py,-PNIPAM solution. Third, the
fluorescence intensity of the subtracted spectrum was integrated from 500 to 530 nm to yield

I,

3.2.7 Time-Resolved Fluorescence

The fluorescence decays of the pyrene monomer and excimer of the Py,-PNIPAM
solutions were acquired on an IBH time-resolved fluorometer equipped with a nano-LED
light source. The Py,-PNIPAM solutions were prepared with a pyrene concentration of
1.2x107° mol'L™". The solutions were excited at 344 nm and the fluorescence decays were
monitored at 375 nm and 510 nm for the pyrene monomer and excimer using a cut-off filter
at 370 and 495 nm, respectively. A Ludox solution was used at the excitation wavelength to
determine the instrument response function which was convoluted with the desired

theoretical function for the decay analysis.

3.2.8 Analysis of the Fluorescence Decays
All monomer and excimer fluorescence decays were first fitted with a sum of

exponentials according to Equation 3.1.
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N
f(= Z ay xexp(—t/7,) with X=M (monomer) or E (excimer) (3.1)

i=1

The monomer and excimer fluorescence decays acquired for the Py,-PNIPAM solutions in
ethanol were also fitted with Equations 3.2 and 3.3 which are based on the Birks scheme

given in Scheme 3.1.°

Scheme 3.1: The Birks scheme for the formation of excimer with a pyrene end-labelled
monodisperse polymer

¢ ol

(PyPy)*
! K

In Scheme 3.1, the parameters &, , k—y, v, and 7z represent the rate constant of excimer

cy?
formation, the rate constant of excimer dissociation, the monomer lifetime, and the excimer

lifetime, respectively.

[PV g 1, ((X — 7" )yxexp(—t/7,)—(X — ;" Y xexp(~t/ T, ))

[Py*]= -
JX =Y +dk k (3.2)

*
+ [nyree ]o eXp(_t / Z-M)
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%
_ ko, [PY g 1o
JX =) +dk k.

[E*] (— exp(—t/7,)+ exp(—t/rz)) + [Py:]o exp(—t/zg) (3.3)

The parameters X =k, +7, ' and Y=k +7, ' are used in the expressions of the decay

times 7; and 7> which are given in Equations 3.4 and 3.5. The initial concentrations of pyrene

units that form excimers by diffusion or do not form excimers because they are attached onto

%k *
monolabelled chains are represented by [PV, 1, and [PV .., , respectively, in Equations 3.2

and 3.3. Occasionally, a short-lived pyrene species with a decay time of 2 — 4 ns and denoted

%
as Py is encountered when excimer formation occurs in restricted geometries such as when

the pyrene pendants are confined onto a polymer.'®

The origin of this spike is discussed
further in the Result and Discussion section. The monomer lifetime 7 in ethanol was

estimated to equal 220 ns by analyzing the monoexponential fluorescence decay of 4-(1-

pyrene)butanol in ethanol.

XY (X -Y) 4k,

1 (3.4)
2

L XY= (X =1) 4k,
2

7,

(3.5)
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The monomer and excimer fluorescence decays were fitted globally to ensure that the
decaytimes 7; and 7, remained the same in the analysis of the monomer and excimer decays.

The decay time 75 was fixed to 2 ns in the analysis.

3.3 Results and Discussion

3.3.1 Preparation and Characterization of the Polymers

The synthesis of o,m-dipyrenyl poly(N-isopropylacrylamide)s (Py,-PNIPAM) is
depicted in Figure 3.1. First, PNIPAMs of narrow size distribution bearing a trithiocarbonate
group at each chain end were prepared by reversible addition-fragmentation chain transfer
(RAFT) polymerization of NIPAM using a difunctional trithiocarbonate compound, i.e.,
diethylene glycol di(2-(1-isobutyl)sulfanylthiocarbonylsulfanyl-2-methyl propionate), as
chain transfer agent.”’ The isobutyltrithiocarbonate groups were aminolyzed yielding thiol
end groups, which were subjected to nucleophilic substitution using 4-(1-pyrenyl)butyl iodide
in the presence of sodium carbonate. Evidence for the successful end-labelling was obtained
by monitoring the UV absorption of the pyrenylbutyl pendants at 342 nm. The number
average molecular weight
(]\_4n) and polydispersity index (PDI) of the polymers shown in Table 3.1 were determined
by GPC analysis in DMF, a good solvent for PNIPAM and its hydrophobically-modified
analogues.” The extent of pyrene incorporation onto the polymer chain ends (end
functionality of the polymers, Table 3.1) was determined from the absorbance of the pyrenyl

groups for solutions of the polymers in methanol.
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3.3.2 Overview of the Solution Properties of the Polymers in Ethanol and in
Water
The two solvents selected for the study have similar viscosities at 25 °C (ethanol: 7=
1.07 mPa's and water: 77 = 0.89 mPa-s). The intrinsic viscosity ([77]) of a commercial
PNIPAM sample was determined to be 48.5 + 0.5 and 46.6 = 0.6 mL-g"' in ethanol and water

at 25 °C indicating that the dimensions (radius of gyration or end-to-end distance) of the

PNIPAM polymer coil should be similar in water and ethanol. All Py,-PNIPAM samples

were soluble in ethanol, but only the Py,-PNIPAM samples with M, values of 14,000 g/mol
or higher were soluble in water at 23 °C, the temperature of the fluorescence measurements
reported here. Samples of lower molecular weight (5,900 and 7,600 g/mol), which were
reluctant to dissolve in water, were used only for the studies of Py,-PNIPAM in ethanol.
Fluorescence spectra, normalized at 375 nm, of Py,-PNIPAM samples in ethanol and in water
are shown in Figures 2A and 2B, respectively. The spectra present a strong contribution
from the pyrene monomer emission, with bands at 376 nm to 396 nm, as well as a weak
pyrene excimer emission, with its characteristic broad emission centered at 470 nm. The
excimer emission intensity decreases with increasing chain length. The contribution of
excimer emission was weaker for polymers dissolved in ethanol, indicating that in water
hydrophobic interactions between the pyrene end-groups tend to overcome the natural
tendency of the polymer to stretch due to excluded volume effects, bringing the pyrene
pendants into close contact under the form of pyrene aggregates where excimer is generated

efficiently.'®!*!
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3.3.3 Solutions of Py,-PNIPAM Samples in Ethanol

The experiments reported below aimed at characterizing intramolecular excimer
formation. If excimer is generated intramolecularly, its emission intensity, relative to the
pyrene monomer intensity, should be independent on polymer concentration. Sample
fluorescence emission spectra for the Py2-PNIPAM polymers in ethanol and water are shown
in Figure 3.2. We established that the ratio of pyrene excimer to monomer emission

intensities, 1, /1, , was constant (= 3.1x107%) for Py,-PNIPAM-45K solutions in ethanol
ranging in concentration from 23 to 530 mg/L equivalent to a pyrene concentration of 0.32 to
25 pmol/L. The fluorescence spectra of all Py,-PNIPAM samples in ethanol were acquired at
a pyrene concentration of 2.5x10°® mol-L™', a value for which excimer formation occurs
exclusively between pyrene units linked to the same chain. The effect of chain length on the
I,/I,, ratio is seen in Figure 3.3 where the /,/1,, ratios are reported as a function of M,.
The slope of the log-log plot shown in Figure 3.3 equals —1.4 £ 0.2 for solutions in ethanol.
This exponent is smaller than that found in Chapter 2 where the 7, /I,, ratio was found to

scale as M, " , and this discrepancy is believed to be due to the greater accuracy obtained in

the calculations performed in Chapter 2 owing to the larger amount of data obtained.

The scaling relationship 1,/1,, oc M ,™"* found in ethanol for the Py,-PNIPAM

samples is in agreement with values expected from theoretical work conducted by Cuniberti

34,35

and Perico who proposed Equation 3.6 to estimate the 7, /I,, ratio for pyrene-labelled

polymers at temperatures < 30 °C where the rate constant for excimer dissociation can be

neglected with respect to 7 .
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Figure 3.2: Fluorescence spectra of pyrene end-labelled PNIPAM normalized at 376
nm, 4., = 344 nm. A) [Py] = 2.5% 10° mol.L™" in ethanol, top to bottom: Py-PNIPAM-6Kk,
Py-PNIPAM-8k, Py-PNIPAM-14k, Py-PNIPAM-25k, Py-PNIPAM-45k. B) [Py] =
1.25x107° mol.L™" in water, top to bottom: Py-PNIPAM-14k, Py-PNIPAM-25k, Py-
PNIPAM-45k.
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Figure 3.3: Plot of In(/g/Iy) versus In(M,) for pyrene end-labelled PNIPAM in water (O,
[Py] = 1.25x107° mol-L™") and ethanol (<, [Py] = 2.5x107° mol-L™"). Ethanol: slope =
—1.4 £ 0.2, Water: slope =-1.5£0.1.
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0 (3.6)

In Equation 3.6, x is a constant that depends on the geometry and sensitivity of the
spectrofluorometer used, k; is the bimolecular encounter rate constant, which for free pyrene

units would equal 2xR7/(3x7) with R, T, and 7 being respectively the ideal gas constant, the

absolute temperature in K, and the solvent viscosity, @y and #; are the fluorescence
quantum yields of, respectively, the pyrene monomer and excimer, 7y is the natural lifetime
of the pyrene monomer, and [Py];. represents the effective concentration of the unexcited

chromophores in the neighborhood of the excited species. The end-to-end cyclization rate

constant kcy is taken as the product k1 X[Py]iec. Since the parameters by, Or, K, and 7y are

constants that do not depend on chain length, Equation 3.6 implies that the 1, /I,, ratio

35,36 6,8,12,14 t

depends only on k_ which has been shown theoretically and experimentally 0

scale with the number average degree of polymerization N as N7, where y has been found to
take values between 0.9 and 1.9 depending on the polymer backbone and solvent. Based on

the above, the 7, /I,, ratio found to scale as N~ 4 (Figure 3.3) for the Py,-PNIPAM samples

35,36 6,8,12,14

in ethanol conforms to what is theoretically and experimentally expected for the
intramolecular excimer formation of a pyrene end-labelled monodisperse polymer in an

organic solvent.

Next, fluorescence decays for the pyrene monomer and excimer emissions were
acquired for the Py,-PNIPAM samples in ethanol in order to gain information about the

dynamics of excimer formation. All time-resolved fluorescence experiments were carried out
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with solutions where the pyrene concentration was 2.5x107° mol-L™". The decays recorded for
the monomer and excimer emissions are shown in Figure 3.4A and 3.4B, respectively. The
pyrene monomer decay rate increases with decreasing polymer chain length, reflecting the

increasingly more facile excimer formation. In fact, measurable excimer formation takes

place only in ethanolic solutions of Py,-PNIPAM samples of M, = 14,000 g/mol, or less
(see Figure 3.2A), so that the excimer fluorescence decays of Py,-PNIPAM-25K and Py,-
PNIPAM-45K in ethanol could not be acquired. The excimer fluorescence decays of the
shorter chains exhibited a well-defined rise time (Figure 3.4B) confirming that excimer
formation occurs by diffusive encounters of the chain ends. As the polymer chain length
increases, the excimer decays more slowly in the same manner as the pyrene monomer, a
consequence of the coupling that exists between the concomitant disappearance of the pyrene
monomer and formation of the pyrene excimer.” A spike was found at the early times in the
excimer decay of Py,-PNIPAM-12K. The origin of this spike is debatable. Such a spike is
usually observed for pyrene end-labelled polymers of high molecular weight or in viscous
solvents when excimer formation by diffusion is not favored.'®*° It can also be the result of
some residual light scattering making its way through the detector and the monochromator
despite the use of a 495 nm cut off filter, or possibly it could originate from an impurity that

emits weakly and is observed only when little excimer is formed.

The monomer and excimer fluorescence decays were first fitted with a sum of
exponentials (i.e. Equation 3.1) yielding the pre-exponential factors and decay times listed in
Tables 3.2 and 3.3. As the chain length of the Py,-PNIPAM sample increases, the number

average lifetime (<7>) increases, eventually reaching a value close to 220 ns, the lifetime of

4-(1-pyrene)butanol in ethanol. The increase in <z > reflects the decrease in efficiency for
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Figure 3.4: Fluorescence decays of pyrene end-labelled PNIPAM, 4., =344 nm. A)
Ethanol, [Py] = 2.5x10°° mol.L ™", A,,, = 375 nm, top to bottom: Py-PNIPAM-45k, Py-
PNIPAM-25k, Py-PNIPAM-14k, Py-PNIPAM-8k, Py-PNIPAM-6k. B) Ethanol, [Py] =
2.5x107° mol.L ™", A,,, = 510 nm, top to bottom: Py-PNIPAM-14k, Py-PNIPAM-8k, Py-
PNIPAM-6k. C) Water, [Py] = 1.2x107° mol.L™", A,,, = 375 nm, top to bottom: Py-
PNIPAM-45k, Py-PNIPAM-25k, Py-PNIPAM-14k. D) Water, [Py] = 1.2x10™® mol.L™/,
ZAem = 510 nm, top to bottom: Py-PNIPAM-45k, Py-PNIPAM-25k, Py-PNIPAM-14k.

excimer formation as the pyrene end groups are separated by increasing chain length. For
Py,-PNIPAM-45K, the pyrene units are kept so far apart that they emit only as independent
monomers and do not form excimers. The excimer decays have a short component whose

origin could be light scattering, a trace of impurity, or ground-state dimers.'™*’ The ratio
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Table 3.2: Pre-exponential factors and decay times obtained by fitting the monomer
fluorescence decays of the Py,-PNIPAM samples in ethanol with a sum of exponentials

(Equation 3.1 with N =2).

Sample ™1 (nS) am vz (1S) am X <z> (ns)
Py,-PNIPAM-6K 109+3 | 042+0.03 174 £2 0.58 £0.04 1.01 147 £10
Py,-PNIPAM-8K 91 +6 0.15+0.02 | 171.8+0.8 0.85+0.03 1.08 160 £ 8
Py,-PNIPAM-14K 112+13 | 0.10+0.02 204 £ 1 0.90+0.04 1.05 195+ 12
Py,-PNIPAM-25K 71+8 0.07+0.01 | 213.8+0.5 0.93 +£0.03 1.07 204 +9
Py,-PNIPAM-45K 95+27 | 0.04+0.01 | 218.2+0.8 0.96 = 0.03 1.20 | 213+10

Table 3.3: Pre-exponential factors and decay times obtained by fitting the excimer
fluorescence decays of the Py,-PNIPAM samples in ethanol with a sum of exponentials
(Equation 3.1 with NV = 3).

Sample 71 (nS) Agi g2 (NS) Agp 73 (nS) Ags X2 Apr/Ar3
1.2 0.83 47.2 -1.6 142.0 1.8 1.05 -0.9
Py,-PNIPAM-6K
+0.2 +0.04 +0.3 +04 +.2 +04 +0.3
1.9 0.78 48.6 2.1 158.5 2.3 1.10 -0.9
Py,-PNIPAM-8K
+0.1 +0.02 +0.3 +02 +0.2 +0.2 +0.1
1.5 0.77 42.5 -0.59 190.1 0.82 1.05 -0.72
Py,-PNIPAM-14K
+0.1 +0.02 +0.3 +0.05 +0.2 +0.07 +0.09
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A.,/ Ag; 1s negative and equals —0.90 for Py,-PNIPAM-6K and Py,-PNIPAM-8K. This

value 1s close to —1.0 which indicates that excimer formation is diffusion controlled as
expected from the prominent rise time observed in the excimer decays shown in Figure 3.4B.

As the chain length increases and excimer formation is less efficient, the 4,,/A,, ratio

becomes more positive and equals —0.72 for Py,-PNIPAM-14K.

A global analysis of the monomer and excimer fluorescence decays of the Py,-
PNIPAM solutions in ethanol was performed according to the Birks scheme with Equations
3.2 and 3.3. The fits were excellent with 4* values smaller than 1.30 and residuals and

autocorrelation function of the residuals being randomly distributed around zero. The
* * * .
parameters k., k_., 7z, and [, ([ =[PV eelo [PV oe ], +[PYay],) retrieved from the

analysis are listed in Table 3.4.

Table 3.4: Excimer formation rate constant (k), excimer dissociation rate constant (k.
cy), €xcimer lifetime (7g), and molar fraction of pyrene monomer that do not form
excimer (firee)-

Sample k, (10"s™) | k_,, (10"s™) | 7, (ns) S e

Py,-PNIPAM-6K 0.34£0.05 0.4=+0.1 60+6 | 0.097+0.007

Py,-PNIPAM-8K 0.26 +0.04 0.43 +£0.08 64+6 | 0.096+0.008

Py,-PNIPAM-14K 0.15+0.08 0.9+0.2 74 £ 25 0.24 +£0.09

The rate constant for excimer formation decreases with increasing chain length as £,
o M, with y=0.91 £ 0.03. The y-value is smaller than the values of 1.62 found for Py,-
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polystyrene in cyclohexane at 34.5 °C,° 1.52 found for Py,-polytetrahydrofuran,® 1.9 and 1.7
found for Py,-polycarbonate in acetonitrile and acetone, respectively,'* but it is similar to the
values of 1.1, 0.90, and 0.91 found for Py,-poly(ethylene oxide) in diethyleneglycol diethyl

ether at 50 °C, toluene at 45 °C, and tetrahydrofuran at 20 °C, respectively.'* Although 7,

and k_,, increase somewhat with increasing chain length (mostly for Py,-PNIPAM-14K),
this increase is believed to be an artifact because 7, and k_,, describe intrinsic properties of

the pyrene excimer which should not depend on polymer chain length, as long as the chain is
long enough as should be the case with the Py,-PNIPAM samples. This artifact is due to
limitations in the Birks’ scheme analysis of fluorescence decays acquired with long pyrene
end-labelled polymer constructs that do not generate much excimer. Indeed, as can be seen
in Figure 3.2, excimer formation is strongly reduced for the Py,-PNIPAM samples having an
M, greater than 14 K. This increase of 7z and k_.y with increasing polymer chain length has
been observed in at least one instance.’’ If e and k_.y are averaged one finds that the excimer
lifetime equals 66 + 7 ns which is reasonable for a pyrene excimer in organic solvent.” The

1

excimer dissociation rate constant is small and equals 6 + 3 x10° s™'. These results are

typical for excimer formation of a pyrene end-labelled monodisperse polymer in organic

5
solvents.

3.3.4 Solutions of Py,-PNIPAM Samples in Water at 23 °C

In Figure 3.5, the [,/I, ratio is plotted as a function of the molar pyrene

concentration for solutions in water of Py,-PNIPAM (M, > 14,000 g/L). The ratio [ oy

increases linearly with increasing polymer concentration, an indication that intermolecular
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Figure 3.5: Plot of Iu/Iy versus [Py] for Py,-PNIPAM-45k (A), Py,-PNIPAM-25k (),
and Py,-PNIPAM-14k (O) in water and Py,-PNIPAM-45k (O) in ethanol.

excimer formation is taking place in this concentration range (1 < [Py] < 7x107° mol/L).” For

solutions of identical Py concentration, the /I, ratio decreases with increasing chain

length, as was the case for Py,-PNIPAM in ethanol. The 7, /I,, ratio of the Py,-PNIPAM

solutions having a pyrene concentration of 1.25 uM was plotted as a function of M, in

Figure 3.3 (symbol: square). For this pyrene concentration, the /,/I,, ratio was found to

scale as M, " where yequals 1.5 = 0.1, an exponent similar to the one of 1.4 £ 0.2 found in
ethanol and within the range of exponents obtained for other Py,-polymers in organic

6,8,12,14

solvents. Since the viscosities of water and ethanol are rather close to each other,

viscosity is not expected to affect significantly the value of &, in Equation 3.6. Furthermore,
the similarity of the intrinsic viscosity values of unmodified PNIPAM in water and in ethanol
suggests that the dimensions of the polymer coil are the same in water and ethanol.

Therefore, the enhancement of excimer formation observed in Figures 2 and 3 for Pys,-
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PNIPAM in water is an indication that hydrophobic associations between pyrene pendants
occurs, inducing a decrease of the average size of the polymer coil and an increase in [Py]ioc

in Equation 3.6.

Fluorescence decays of Py,-PNIPAM solutions in water were acquired only for the
longer chains. The excimer decays were not bi-exponential (see Tables 3.5 and 3.6) which
rules out the possibility of using the typical Birks scheme to fit the fluorescence decays.’
This departure from the traditional Birks scheme is attributed to the presence of ground-state
pyrene aggregates which form excimer instantaneously upon direct excitation, as observed
previously in studies of aqueous solutions of Py,-PEO.'"?! The presence of ground-state
pyrene aggregates is supported by the values taken by the ratio, ag_/ag:, of the sum of the
negative pre-exponential factors divided by the sum of the positive pre-exponential factors.
For Py,-PNIPAM-14K. the only polymer amenable to studies in both ethanol and water, the

A, /A, ratio is more positive in water (—=0.42) than in ethanol (-0.72).  For aqueous

solutions, the A4, /A, ratio did not change much with M., taking values of —0.40 and

—0.43 for aqueoPy,-PNIPAM-25K and Py,-PNIPAM-45K, respectively. The presence of the
ground-state pyrene aggregates complicates the quantitative analysis of the fluorescence

decays. A detailed analysis of the decays is beyond the scope of this report.
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Table 3.5: Pre-exponential factors and decay times obtained by fitting the monomer
fluorescence decays of the Py,-PNIPAM samples in water with a sum of exponentials
(Equation 3.1 with N =3).

™I ™ ™3 <> (ns)
Sample ami am ams Ve
(ns) (ns) (ns)
4.5 0.302 28.0 0.264 109.1 | 0433+ | 1.10 56.0
Py,-PNIPAM-14K
+0.3 +0.006 | £0.8 | £0.005 | +£0.3 0.005 +0.8
6.8 0.198 44 0.195 118.4 0.607 1.05 82
Py,-PNIPAM-25K
+0.5 | £0.006 +2 +£0.006 | £04 | £0.007 +1
49 0.133 38 0.182 117.7 0.685 1.09 88
Py,-PNIPAM-45K
+0.7 | £0.009 +2 +0.006 | £0.3 | £0.008 +2

Table 3.6: Pre-exponential factors and decay times obtained by fitting the excimer
fluorescence decays of the Py,-PNIPAM samples in water with a sum of exponentials
(Equation 3.1 with NV =3).

Sample g1 (nS) Ag: 72 (nS) Ap> 73 (nS) Ags ){2 A, 1A,
10.8 -0.74 57.8 1.66 106 0.08 1.01 -0.43
Py,-PNIPAM-14K
+0.2 | +0.01| £0.7 | £0.03 +13 +0.03 +.03
17.6 -0.66 56 1.40 96 0.25 1.18 -0.40
Py,-PNIPAM-25K
+04 | +£0.02 +2 +0.04 +6 +0.06 +0.05
16.2 -0.76 60 1.57 99 0.19 1.12 -0.43
Py,-PNIPAM-45K
+03 | £0.02 +1 +0.06 +9 +0.07 +0.06
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3.4 Conclusions

Five pyrene end-labelled PNIPAM samples of narrow molecular weight distribution

ranging in size from M, ~ 6,000 to 45,000 g/mol (Figure 3.1 and Table 3.1) were prepared

and their solutions in ethanol and in water were studied by fluorescence spectroscopy. All
polymers were soluble in ethanol, but only samples of M, > 14,000 g/mol were water-

soluble. In the case of the polymers of M, 14,000, 25,000 and 45,000 g/mol, the excimer
emission was enhanced for polymers in water, compared to solutions in ethanol, an effect
attributed to the presence of pyrene aggregates via intra- and inter-chain association. This
association process is triggered by the hydrophobicity of the pyrene end groups and bears
similarity to the process of flower micelle formation in aqueous solutions of di-(n-octadecyl)-
PNIPAM.*® Tt is also akin to the micellization induced by Py in aqueous solutions of semi-
telechelic Py-PNIPAM reported previously.” Time-resolved fluorescence measurements,
which revealed a diminished rise time in the excimer profiles of the Py,-PNIPAM samples in

water (Figure 3.4), confirmed the presence of pyrene ground state aggregates. The ratio
1,./I,, , taken as a measure of the rate of excimer formation, was found to scale as M,

where y equals 1.4 £ 0.2 and 1.5 £ 0.1 in ethanol and water, respectively. These exponents

are within the range of exponents typically obtained with pyrene end-labelled monodisperse

6,8,12,14

polymers. All parameters retrieved from the analysis of the fluorescence decays of

polymers in ethanol were reasonable, and the rate of excimer formation &, was found to

scale as M, %9 an exponent which is smaller than the one obtained by analysis of steady
state data (/,/I,, ratio). The discrepancy may be a consequence of the smaller set of data
points available for k,, since it was possible to determine k,, accurately for only three
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polymers (Py,-PNIPAM-6K, Py,-PNIPAM-8K, and Py,-PNIPAM-14K) (see Table 4)
whereas all five Py,-PNIPAM samples yielded accurate 1,/I,, ratios (Figure 3.3).  The

photophysical properties of Py,-PNIPAM in ethanol are similar to those of Py,-PEO of
similar size in organic solvents, forming excimer according to the Birks scheme. As
observed for solutions of Py,-PEO in water, excimer formation kinetics are complex for
aqueous solutions of Py,-PNIPAM, due to the presence of aggregates of ground-state pyrene
units and they need to be subjected to a detailed data treatment in order to compare the
properties of the two families of polymers in water. Work towards this goal is ongoing, as it
is expected to unveil how differences in the hydration of the PEO and PNIPAM main
chains™ can impact the association of their amphiphilic derivatives in water monitored on the

time and distance scales of pyrene excimer formation.
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Chapter 4: A Study of the Dynamics of the Branch Ends of a Series of

Pyrene-Labelled Dendrimers Based on Pyrene Excimer Formation

4.1 Overview

A series of pyrene-labeled dendrimers were prepared from generation n = 1 to n = 4 where
the pyrenes were attached to the end groups of the dendrimers. Pyrene excimer formation was
monitored by steady-state and time-resolved fluorescence spectroscopy as a function of
generation number and in terms of the /g/Iy ratio and the average rate constant of excimer
formation <k>. To account for the unconventional distribution of pyrene labels which were
neither randomly distributed throughout the macromolecule nor limited to just two units
which are the only two pyrene-labeling schemes that can be dealt with in a straightforward
manner, a Model Free (MF) analysis was applied to the global analysis of the fluorescence
decays. Within experimental error, the Ig/l\ ratios and <k> obtained from, respectively, the
steady-state fluorescence spectra and the time-resolved fluorescence decays were found to
increase linearly with increasing generation number. This result is inconsistent with the fact
that both the Ip/l\ ratio and <k> are proportional to the local concentration of pyrene inside
the dendrimer ([Py]ioc) Which is not expected to increase with generation number if the
excited pyrene is assumed to diffuse freely throughout the dendrimer interior. Since the core-
dense model predicts that the dendrimer terminal ends can occupy any position throughout
the dendrimer interior, these results suggest that excimer formation between the pyrene-

labeled ends is enhanced due to the branched nature of the dendrimer.
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4.2 Link to Original Content

Chapter 4 has been published in the Journal of Physical Chemistry B. The original content

can be found at the DOI, online link, or citation provided.

DOI:

10.1021/jp9102228

Online Link:

http://pubs.acs.org/doi/abs/10.1021/jp9102228

Full Citation:

Yip, J.; Duhamel, J; Bahun, G. J.; Adronov, A. A Study of the Dynamics of the Branch Ends
of a Series of Pyrene-Labelled Dendrimers Based on Pyrene Excimer Formation J. Phys.

Chem. B. 2010, 114, 10254-10265.
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Chapter 5: Conclusions

This thesis presents a series of experiments that demonstrates how pyrene can be used
to probe the intramolecular encounters between two positions of a macromolecule. Two
different macromolecules were studied. The first macromolecule, poly(N-
1sopropylacrylamide) (PNIPAM), was labelled with pyrene both randomly and at the chain
ends. The synthesis of both the randomly and end-labelled PNIPAM samples was conducted
in the Laboratory of Prof. Francoise Winnik at the Université de Montréal.'” The second
macromolecule, a dendrimer built from a bis(hydroxymethyl)propionic acid backbone, was
labelled at the chain terminals with pyrene. The synthesis of the dendrimer molecules was
conducted in the Laboratory of Prof. Alex Adronov at McMaster University.* Steady-state
fluorescence spectra and time-resolved fluorescence decays of the pyrene-labelled
macromolecules were then acquired in suitable solvents. From the steady-state fluorescence

spectra, the 7, /I,, ratio was calculated as a first measure of the extent of excimer formation.

The time-resolved fluorescence decays were then analyzed with the appropriate model in

order to gain information about the time-scale over which excimer formation took place.

In Chapter 2, two PNIPAM series were studied. The first was a series of polymers
randomly labelled with pyrene and was referred to as Py-PNIPAM-X%, where X represents
the pyrene content and equals 0.1, 2, 3, 4, 5, and 6 mol%. The second was a series of
monodisperse polymers that were labelled with pyrene only at the end positions and was
referred to as Py,-PNIPAM-Y, where Y represents the molecular weight and equals 6, 8, 14,

26, and 45 kDa. Steady-state fluorescence spectra and time-resolved fluorescence decays
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were acquired in solvents of varying viscosity to determine the effect of viscosity on the
kinetics of excimer formation. These solvents included methanol, ethanol, hexanol, binary
mixtures of methanol and hexanol where the methanol content was 6%, 15%, 30%, 60%, and
80% by mass, acetonitrile, 2-butanone, ethyl acetate, and tetrahydrofuran. The fluorescence
decays of the monomer and excimer for the Py-PNIPAM-X% and Py,-PNIPAM-Y polymers
were analyzed using the Fluorescence Blob Model (FBM)’ and the Birks Scheme,’

respectively.

The 1,/I, ratios obtained were found to increase with decreasing viscosity,
increasing pyrene content (for the Py-PNIPAM-X% polymers), and decreasing chain length
(for the Py,-PNIPAM-Y polymers). These observations could be rationalized as follows. A
decrease in viscosity enhances the diffusional motion of the polymer, resulting in increased
excimer formation. As the pyrene content increases for a randomly labelled polymer, the
local pyrene concentration increases, resulting in increased excimer formation. Finally, a
decrease in the chain length of an end-labelled polymer brings the pyrene-labelled ends closer
together, resulting in an increase in the I,/I,, ratio. The [,/I, ratios for the Py,-
PNIPAM-Y polymers were also found to scale as n* x N” where 1 and N represent the
solvent viscosity and the polymer chain length, respectively. The exponents a and f were
found to equal —1.1 and —1.7, respectively (Figure 2.6), and are in good agreement with
values obtained for other polymers.”'® For the Py-PNIPAM-X% polymers, an onset pyrene
content of ~2 mol% was observed (Figure 2.7). Below this onset pyrene content, very little
excimer was formed. Above this pyrene content, the 7, /I, ratio increased linearly with

increasing pyrene content.
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The Birks Scheme analysis of the monomer and excimer decays of the Py,-PNIPAM-

Y polymers yielded £, the rate constant of cyclization of the polymer chain.® In high
viscosity solvents and for long chain lengths, &, was observed to reach a plateau (Figure
2.10). After a certain break point, &, scaled as 7% x N # where the exponents a and S were

found to equal —1.09 £ 0.06, and —1.72 + 0.05, respectively. These values agree well with
those obtained for a series of poly(ethylene oxides) (PEO) end-labelled with pyrene, where o

and 8 were found to equal —1.0 and —1.3, respectively.'' The rate constant k., also correlated

well with the corresponding 7, /1, ratios at small chain length and low solution viscosity

(Figure 2.5). This is expected since theoretical work done by Cuniberti and Perico predicts
that the two quantities should be proportional (Equation 2.43)."* Finally, taking the product

k. x N eliminated the dependence of the cyclization rate constant on chain length, and,

within experimental error, the product was found to be the same for each end-labelled

polymer in each solvent (Figure 2.9).

Analysis of the monomer and excimer decays of the Py-PNIPAM-X% polymers

yielded the parameters k,[blob], k,,,, and N,,,.° Within experimental error, the three

parameters remained constant with increasing pyrene content and increased with decreasing
viscosity (Figures 2.11 — 2.13 and 2.15). Ignoring the data obtained with the Py-PNIPAM-
2% sample which corresponded to the pyrene content above which excimer was formed

(Figure 2.7), the product k,,, xN,,, also remained constant with pyrene content within
experimental error (Figure 2.14) and averaging k,,, x N,,, for the remaining polymers in a

given solvent yielded < k,,, x N,,, >, the average rate constant of excimer formation in that
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solvent. For the alcohols, <k,,, xN,,, > was found to increase linearly with decreasing

viscosity (Figure 2.16). A notable difference was observed in the aprotic solvents studied,

where <k, , xN,,, > was found to be significantly lower than expected, except in

acetonitrile which may be an outlier. Differences in pyrene fluorescence have already been
observed between alcohols and aprotic solvents, and the reasons for these differences are not

fully understood."**

Finally, k., xN was compared with <k,,, xN,,, > to determine if the two rate

constants describe polymer chain flexibility in a similar manner. Within experimental error,
both quantities showed similar trends in both the alcohols and the aprotic solvents (Figure
2.16), demonstrating that the same information on polymer chain dynamics is obtained,
regardless of the manner in which the pyrene label is incorporated into the polymer, either

randomly or specifically at the ends.

In Chapter 3, the Py,-PNIPAM-Y samples were studied in ethanol and in water to
investigate the effect that pyrene solubility which is good in ethanol and poor in water has on
excimer formation. Monomer and excimer decays were acquired for the Py,-PNIPAM-6K,
8K, and 14K polymers in ethanol. For the Py,-PNIPAM-25K and 45K polymers in ethanol,
not enough excimer signal was present and only the monomer decays were acquired. In
water, only the Py,-PNIPAM-14K, 26K, and 45K polymers were soluble, and monomer and

excimer decays were acquired only for these samples.

The 1,/1,, ratio was found to scale as M, in ethanol (Figure 3.3), which agrees

with previous theoretical and experimental work.”"" The exponent of —1.4 is smaller than

that observed in Chapter 2, and this discrepancy is believed to be due to the greater accuracy
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obtained in Chapter 2 owing to the greater number of data points included in the

5

optimization. In water, 7, /I,, scaled as M, ™', This exponent is similar to that observed

in ethanol. The I,/I,, ratio was also measured as a function of polymer concentration in
Figure 3.5. In water, /,/1,, decreased with decreasing pyrene concentration down to very
low pyrene concentrations, suggesting the presence of intermolecular ground-state pyrene
aggregates in aqueous solution, even at concentrations as low as 0.5 uM. In ethanol, 7, /1,

remained constant over the entire pyrene concentration range studied, implying that excimer

formation was due only to intramolecular interactions in this solvent.

The fluorescence decays of the monomer and excimer for the Py,-PNIPAM-6K, 8K,

and 14K polymers in ethanol were analyzed globally using the Birks Scheme® to yield ks
the rate constant of cyclization. k, was found to scale as M, (Table 3.4). This exponent

is smaller than that observed for the /,/I,, ratio, but is similar to values previously obtained

for other polymers'""

and for Py,-PNIPAM samples obtained in a broader range of organic
solvents in Chapter 2. For the Py,-PNIPAM-26K and 45K polymers in ethanol, the number
average lifetime (< 7 > ) was found to approach 220 ns, the lifetime of 1-pyrenebutanol in
ethanol. This increase in < 7 > with increasing chain length reflects the decrease in excimer

formation observed for the longer polymers since the pyrene-labelled ends are held further

apart. The a,,/a,, ratio was also calculated by fitting the excimer decays of the Py2-

PNIPAM-6K, 8K, and 14K polymers with a sum of exponentials (Table 3.2). The ratio was

close to —1, indicating that very little ground-state pyrene aggregates were present.
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In water, <7 > for the pyrene monomer also increased with increasing chain length,
reflecting the decrease in excimer formation for longer chains (Table 3.5). Analysis of the

excimer decays with a sum of exponentials yielded the a, /a,, ratio which was found to

remain constant at around —0.4, a value which is significantly more positive than —1 (Table
3.6). This result confirms the earlier conclusion that ground-state pyrene aggregates are
present in water. The difference in the level of ground-state pyrene aggregates in ethanol and
in water is due solely to the difference in pyrene solubility between the two solvents. Ethanol
i1s a good solvent for pyrene, minimizing the presence of ground-state aggregates, whereas
water is a poor solvent for pyrene, causing the pyrene units to aggregate. The presence of
intermolecular ground-state pyrene aggregates greatly complicates the analysis of the

fluorescence decays and no further analysis was conducted.

In Chapter 4, four generations of dendrimers were synthesized with a
bis(hydroxymethyl)propionic acid backbone and terminal sites that were covalently labelled
with pyrene, as well as a dendrimer-polystyrene hybrid where each dendrimer was covalently
attached to one end of a linear polystyrene. The pyrene-labelled dendrimers were referred to
as Pyx-GY-COOH where x represents the number of pyrene units per dendrimer and equals 2,
4, 8, and 16, and Y represents the generation number and equals 1, 2, 3, and 4 (Figure 4.1).
The pyrene-labelled dendrimer hybrids were referred to as Py,-GY-PS (Figure 4.2). Since
these pyrene-labelled macromolecules are neither end-labelled polymers nor randomly
labelled macromolecules, which are currently the only two types of pyrene-labelled
macromolecules whose fluorescence decays can be dealt with in a quantitative manner, a new
model was derived in order to analyze the fluorescence decays. This model, termed the

Model-Free (MF) model, uses a sum-of-exponentials to model the function f(t) which
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describes the distribution of rate constants of excimer formation which results in the complex

fluorescence decays.

Steady-state fluorescence spectra and time-resolved fluorescence decays were

acquired in tetrahydrofuran (THF), a good solvent for both the dendrimer and the pyrene
groups attached at its periphery. Initial results showed a linear increase in the ([ 2/ 1y )SS
ratio with increasing generation number from generations 1 to 3, followed by a decrease from

generation 3 to 4 for the Py,-GY-COOH dendrimers. The superscript SS serves as a reminder
that this ratio was calculated from the steady-state fluorescence spectra (Figure 4.3).
However, the (I 2Ly )SS ratio for the Pyx-GY-PS hybrids did not follow this trend, and
instead, increased linearly with generation number. The results obtained from the MF
analysis of the fluorescence decays also contradicted this trend. According to the MF
analysis, the average rate constant of excimer formation, <k >, was found to increase
linearly with increasing generation number. Analysis of the fluorescence decays of the
monomer also showed a contribution from a species that fluoresced with a lifetime close to
210 ns, the lifetime of 1-pyrenebutyric acid in THF, suggesting the presence of unattached
pyrene impurities. According to the MF analysis, this impurity represented 3 mol% of all

pyrene species in solution for the G4 dendron. After purification of the G4 dendron, both the
([ 21y )SS ratio and <k > increased linearly with generation number (Figure 4.4). This

finding reflects the effect that even minute amounts of pyrene impurities can have on steady-

state fluorescence results.

In addition to measuring the average rate constant of excimer formation, the MF

model also gave the (I o )SPC ratio, calculated based on the time-resolved fluorescence
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decays. The superscript SPC reminds us that this ratio was derived from the time-resolved

fluorescence decays acquired with the single photon counting technique. The (I o)y )SPC

ratio is an absolute quantity, which implies that measurements of the (I oLy )SPC ratio

SPC

performed in different laboratories can be compared. In addition, the (7,/1,, )" ratio was

used to predict how changing the fractions of the different pyrene species in solution would

affect the 7, /I, ratio. Setting the fraction of free pyrene units, f,,., equal to zero for the
G4 dendron, the trends observed for (1,./1,,)" before and after setting S e €qual to zero

matched exactly the trends observed for (I 2Ly )SS before and after purification of the Pys,-

G4-COOH dendrimer, respectively. The similar trends led to the conclusion that the odd

behavior found for the (I 2Ly )SS ratio of the G4 dendron was due to the presence of a

minute amount of unattached pyrene label.

The linear increase in <k > with generation number suggested that the volume
probed by pyrene scales as n*”, where n represents the generation number of the dendrimer.
However, previous experimental work has shown that, on average, the volume of a dendrimer
molecule scales as n'®.'®*" This difference implies that the volume of a dendrimer grows
much more quickly than the volume probed by the pyrene units attached to the terminal sites.
This does not, however, imply that the terminal sites do not probe the entire volume of the
dendrimer, as is predicted by the shell-dense model,” but rather that the pyreneyl pendants
undergo excimer formation before having had the time to probe the entire volume of the
dendrimer. The branched nature of the dendrimer holds the pyrene units close together,
forcing excimer formation between the nearby pyrene units, and decreasing the volume that
can be probed by an excited pyrene during its lifetime.
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Pyrene is a very useful probe that provides significant information about various
properties of a macromolecule; the difficulty lies in finding the appropriate model to analyze
and interpret the complex fluorescence decays obtained, in order to successfully extract that
information. This thesis gives three examples where analysis of the fluorescence decays
acquired for three types of fluorescently labelled macromolecules was successfully conducted

to deliver information on the internal dynamics of the macromolecules.
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Appendix A: Fluorescence Data for the Py,-PNIPAM-Y Samples

Table Al: Decay times and pre-exponential factors retrieved from the Birks Scheme
analysis of the monomer decays of the Py,-PNIPAM-6K sample.

Solvent 71 (ns) Ay 7, (ns) A v (ns) Am 75 (ns) As X

Acetonitrile 41 0.26 78 0.63 190 0.10 2 0.02 1.10
2-Butanone 35 0.08 72 0.72 105 0.04 2 0.16 1.07
Tetrahydrofuran 43 0.07 140 0.81 190 0.10 2 0.02 1.06
Methanol 47 0.07 108 0.64 220 0.08 2 0.20 1.09
80% 49 0.06 135 0.78 220 0.12 2 0.05 1.12
60% 48 0.04 152 0.74 220 0.10 2 0.12 1.10
Ethanol 47 0.05 142 0.66 220 0.10 2 0.19 1.05
30% 46 0.04 175 0.80 220 0.14 2 0.02 1.14
Hexanol 36 0.04 191 0.76 220 0.17 2 0.02 1.12

Table A2: : Decay times and pre-exponential factors retrieved from the Birks Scheme
analysis of the excimer decays of the Py,-PNIPAM-6K sample.

Solvent 71 A, T A, T8 A Ts A key keey X
(ns) (ns) (ns) (ns) (s | (ush

Acetonitrile 41 -2.82 | 78 | 2.94 54 2 2 | 0.05 11 2.6 1.10
2-Butanone 35 -2.60 | 72 | 2.76 | 43 9 2 | 039 5.9 3.3 1.07
Tetrahydrofuran | 43 -0.57 | 140 | 0.61 63 11 2 | 0.18 3.2 6.0 1.06
Methanol 47 -0.82 | 108 | 0.86 | 56 9 2 | 0.08 59 22 1.09
80% 49 -0.66 | 135] 0.72 | 59 14 2 | 0.06 3.8 2.9 1.12
60% 48 -0.59 | 152 ] 0.66 | 6l 18 2 | 0.14 2.8 3.7 1.10
Ethanol 47 -0.59 | 142 | 0.65 | 60 14 2 | 0.14 3.4 3.6 1.05
30% 46 | —0.44 | 175 ] 0.52 | 66 21 2 | 0.16 1.9 6.0 1.14
Hexanol 36 | -0.30 | 191 | 042 | 77 18 2 | 025 1.9 14 1.12
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Table A3: Decay times and pre-exponential factors retrieved from the Birks Scheme
analysis of the monomer decays of the Py,-PNIPAM-8K sample.

Solvent 71 (ns) A 7, (ns) A v (nS) Awm 75 (ns) As s

Acetonitrile 43 0.16 89 0.67 190 0.06 2 0.12 1.02
2-Butanone 37 0.09 77 0.80 105 0.04 2 0.08 1.06
Tetrahydrofuran 44 0.04 152 0.77 190 0.10 2 0.09 1.04
Methanol 49 0.05 126 0.72 220 0.08 2 0.15 1.15
80% 50 0.05 151 0.82 220 0.13 2 0.01 1.11
60% 49 0.04 171 0.84 220 0.12 2 0.00 1.15
Ethanol 48 0.05 159 0.82 220 0.10 2 0.04 1.10
30% 47 0.03 187 0.77 220 0.07 2 0.12 1.10
Hexanol 41 0.04 199 0.70 220 0.20 2 0.06 1.08

Table A4: Decay times and pre-exponential factors retrieved from the Birks Scheme
analysis of the excimer decays of the Py,-PNIPAM-8K sample.

Solvent 7) A, T A, w | A 7, A, key Kooy Pe
(ns) (ns) (ns) (ns) (s | (us™)

Acetonitrile 43 1 090 | 89 | 093 | 54 | 5 2 [ 006 | 81 26 | 1.02
2-Butanone 37 | 244 | 77 | 259 ] 45 | 9 2 058 ] 49 35 | 1.06
Tetrahydrofuran | 44 | -0.55 | 152 | 0.58 61 21 2 0.27 2.1 5.5 1.04
Methanol 49 | 069 | 126 [ 073 ] 58 | 14| 2 [o013 | 42 24 | 115
80% 50 | —0.63 | 151 | 068 [ 62 [ 17| 2 [o014 | 28 33 | 111
60% 49 | —055 | 171 [ 060 | 66 | 22| 2 [023] 1.9 46 | 115
Ethanol 48 | —051 | 159 [ 056 | 64 | 17 | 2 017 ] 26 43 | 1.10
30% 47 | 045 | 187 [ 052 72 [ 24| 2 [034 ] 14 6.8 | 1.10
Hexanol 41 | —020 | 199 [ 028 | 93 |18 2 [ o041 ]| 15 124 | 1.08
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Table AS: Decay times and pre-exponential factors retrieved from the Birks Scheme
analysis of the monomer decays of the Py,-PNIPAM-14K sample.

Solvent 71 (ns) A 7, (ns) A v (nS) Awm 75 (ns) As s

Acetonitrile 44 0.06 124 0.67 190 0.13 2 0.14 1.08
Tetrahydrofuran 40 0.03 172 0.61 190 0.26 2 0.11 1.01
Methanol 47 0.04 167 0.77 220 0.19 2 0.00 1.11
80% 45 0.03 185 0.65 220 0.20 2 0.12 1.08
60% 41 0.03 195 0.56 220 0.29 2 0.12 1.04
Ethanol 42 0.03 190 0.61 220 0.24 2 0.13 1.11
30% 36 0.02 200 0.49 220 0.34 2 0.14 1.15
Hexanol” - - - - - - - - -

“Decays could not be fit using the Birks Scheme

Table A6: Decay times and pre-exponential factors retrieved from the Birks Scheme
analysis of the excimer decays of the Py,-PNIPAM-14K sample.

Solvent 7 A, T A TE A Ts A key key ){2
(ns) (ns) (ns) (ns) (s | (us™)

Acetonitrile 44 | —0.63 | 124 | 0.69 57 12 2 0.13 3.9 4.0 1.08
Tetrahydrofuran | 40 | —-0.44 | 172 | 0.52 78 20 2 0.55 1.4 11.3 1.01
Methanol 47 | -0.49 | 167 | 0.59 64 19 2 0.21 2.2 5.1 1.11
80% 45 | —0.41 | 185 | 0.51 71 22 2 0.34 1.6 7.5 1.08
60% 41 | -0.34 | 195 | 047 87 16 2 0.37 1.7 11.6 | 1.04
Ethanol 42 | 035 | 190 | 0.48 74 21 2 0.31 1.5 9.4 1.11
30% 36 | —0.20 | 200 | 0.30 84 23 2 0.49 1.4 152 | 1.15
Hexanol® - - - - - - - - - - -

"Decays could not be fit using the Birks Scheme
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Table A7: Pre-exponential factors and decay times obtained by fitting the monomer
fluorescence decays of the Py,-PNIPAM-25K sample with a sum of two exponentials.

Solvent 71 (ns) A 7, (ns) Ay <> (ns) v

Acetonitrile 76 0.136 174 0.864 160 1.09
Methanol 82 0.097 209 0.903 197 1.09
80% 76 0.077 216 0.923 206 1.14
60% 89 0.082 217 0.918 206 0.97
Ethanol 81 0.083 215 0.917 204 1.08
30% 86 0.070 217 0.930 208 1.06
Hexanol 49 0.056 212 0.944 203 1.23

Table A8: Pre-exponential factors and decay times obtained by fitting the monomer
fluorescence decays of the Py,-PNIPAM-45K sample with a sum of two exponentials.

2

Solvent 71 (ns) A, 7, (ns) A <> (ns) X

Acetonitrile 58 0.060 185 0.94 177 1.05
Methanol 87 0.057 220 0.94 212 1.22
80% 100 0.063 222 0.94 214 1.13
60% 71 0.043 219 0.96 213 1.06
Ethanol 105 0.060 219 0.94 212 1.20
30% 88 0.049 219 0.95 213 0.99
Hexanol 69 0.035 216 0.97 210 1.08
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Appendix B: Fluorescence Data for the Py-PNIPAM-X% Samples

Table B1: Parameters retrieved from the FBM analysis of the monomer decays of the
Py-PNIPAM-X% samples in acetonitrile.

Sample ke[blob] Kpiop <n> | fuairr | k2 | fuy, | Tm ffree x?
(us'M) | (x10"s7 (ns™) (ns)
Py-PNIPAM-2% 6.7 1.4 1.4 0.60 026 | 0.25 | 190 0.15 1.14
Py-PNIPAM-3% 7.5 1.5 1.9 0.60 0.26 | 0.34 | 190 0.05 1.08
Py-PNIPAM-4% 7.5 1.6 2.1 0.62 0.26 | 0.36 | 190 0.02 1.19
Py-PNIPAM-5% 6.6 1.5 2.7 0.53 0.26 | 0.46 | 190 0.01 1.23
Py-PNIPAM-6% 6.3 1.6 3.1 0.47 026 | 053 | 190 0.01 1.18
Table B2: Parameters retrieved from the FBM analysis of the excimer decays of the Py-
PNIPAM-X% samples in acetonitrile.
Sample fEdL-ff TE, fEdiff Tg, fe, ky fEkz x?
(ns) (ns) (ns™)
Py-PNIPAM-2% 0.56 51 0.00 81 0.20 0.26 0.23 1.14
Py-PNIPAM-3% 0.50 52 0.03 75 0.19 0.26 0.28 1.08
Py-PNIPAM-4% 0.49 52 0.00 70 0.23 0.26 0.28 1.19
Py-PNIPAM-5% 0.43 50 0.00 72 0.20 0.26 0.37 1.23
Py-PNIPAM-6% 0.36 50 0.00 70 0.24 0.26 0.40 1.15
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Table B3: Parameters retrieved from the FBM analysis of the monomer decays of the

Py-PNIPAM-X% samples in 2-butanone.

Sample ke[blob] kpion <n> | fuairr | k2 | S, | T | Mpree | X
(us'M) | (x107s7h (ns™) (ns)
Py-PNIPAM-2% 9.9 1.9 0.6 0.69 0.17 | 0.22 | 105 0.08 1.14
Py-PNIPAM-3% 9.0 1.7 1.0 0.67 | 0.17 | 0.29 | 105 | 0.04 | 1.07
Py-PNIPAM-4% 8.9 1.7 1.2 0.69 0.17 | 0.28 | 105 0.03 1.2
Py-PNIPAM-5% 4.9 1.1 1.9 0.57 | 0.17 | 042 | 105 | 0.01 1.2
Py-PNIPAM-6% 6.0 1.1 23 0.53 0.17 | 0.46 | 105 0.01 1.2
Table B4: Parameters retrieved from the FBM analysis of the excimer decays of the Py-
PNIPAM-X% samples in 2-butanone.
Sample fEdiff TE, fEdiff (23 fEL k;, fEk2 XZ
(ns) (ns) (ns™)
Py-PNIPAM-2% 0.65 49 0.03 71 0.11 0.17 0.21 1.14
Py-PNIPAM-3% 0.59 44 0.00 63 0.16 0.17 0.25 1.07
Py-PNIPAM-4% 0.56 43 0.01 62 0.19 0.17 0.23 1.16
Py-PNIPAM-5% 0.51 44 0.00 63 0.11 0.17 0.37 1.2
Py-PNIPAM-6% 0.47 43 0.00 63 0.13 0.17 0.41 1.15
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Table BS: Parameters retrieved from the FBM analysis of the monomer decays of the
Py-PNIPAM-X% samples in ethyl acetate.

Sample ke[blob] kpiop <n> | fuairr | k2 | S, | T | Mpree | X
(us™ M) | (x107s7) (ns™) (ns)
Py-PNIPAM-2% 5.0 1.1 0.9 0.58 0.15 | 0.24 | 200 0.18 1.14
Py-PNIPAM-3% 5.6 1.1 1.3 0.61 0.15 | 031 | 200 0.07 1.12
Py-PNIPAM-4% 6.7 1.4 1.3 0.63 0.15 | 032 | 200 0.04 1.23
Py-PNIPAM-5% 4.2 0.9 2.0 0.53 0.15 | 045 | 200 0.01 1.10
Py-PNIPAM-6% 4.1 01.0 2.3 0.48 0.15 | 0.51 | 200 0.01 1.19
Table B6: Parameters retrieved from the FBM analysis of the excimer decays of the Py-
PNIPAM-X% samples in ethyl acetate.
Sample fEdL-ff TE, fEdiff Tg, fe, ks fEk2 x?
(ns) (ns) (ns™)
Py-PNIPAM-2% 0.59 47 0.00 103 0.16 0.15 0.24 1.14
Py-PNIPAM-3% 0.54 49 0.00 93 0.18 0.15 0.28 1.12
Py-PNIPAM-4% 0.50 50 0.01 86 0.23 0.15 0.26 1.23
Py-PNIPAM-5% 0.46 51 0.00 82 0.15 0.15 0.39 1.10
Py-PNIPAM-6% 0.41 51 0.00 83 0.16 0.15 0.43 1.19
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Table B7: Parameters retrieved from the FBM analysis of the monomer decays of the
Py-PNIPAM-X% samples in tetrahydrofuran.

Sample ke[blob] kpiop <n> | fuairr | k2 | S, | T | Mpree | X
(us™ M) | (x107s7) (ns™) (ns)
Py-PNIPAM-2% 8.5 1.2 0.8 0.54 0.12 | 0.21 190 0.25 1.13
Py-PNIPAM-3% 5.1 0.9 1.2 0.66 0.12 | 0.27 | 190 0.06 1.06
Py-PNIPAM-4% 7.7 1.5 1.0 0.70 0.12 | 0.24 | 190 0.06 1.16
Py-PNIPAM-5% 4.0 0.8 1.9 0.59 0.12 | 039 | 190 0.01 1.15
Py-PNIPAM-6% 3.9 0.8 1.3 0.56 0.12 | 043 190 0.01 1.15
Table B8: Parameters retrieved from the FBM analysis of the excimer decays of the Py-
PNIPAM-X% samples in tetrahydrofuran.
Sample fEdL-ff TE, fEdiff Tg, fe, ks fEk2 x?
(ns) (ns) (ns™)
Py-PNIPAM-2% 0.63 55 0.11 172 0.02 0.12 0.24 1.13
Py-PNIPAM-3% 0.63 52 0.05 108 0.07 0.12 0.26 1.06
Py-PNIPAM-4% 0.60 54 0.14 100 0.06 0.12 0.21 1.16
Py-PNIPAM-5% 0.53 52 0.00 87 0.11 0.12 0.35 1.15
Py-PNIPAM-6% 0.50 50 0.00 86 0.11 0.12 0.39 1.15
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Table B9: Parameters retrieved from the FBM analysis of the monomer decays of the
Py-PNIPAM-X% samples in methanol.

Sample ke[blob] kpiop <n> | fuairr | k2 | S, | T | Mpree | X
(us™ M) | (x107s7) (ns™) (ns)
Py-PNIPAM-2% 7.4 1.3 1.2 0.56 0.21 | 0.22 | 210 0.22 1.16
Py-PNIPAM-3% 5.5 1.2 1.5 0.65 0.21 | 0.29 | 210 0.06 1.13
Py-PNIPAM-4% 5.7 1.2 1.8 0.64 0.21 | 033 | 210 0.03 1.25
Py-PNIPAM-5% 5.8 1.2 2.2 0.55 0.21 | 044 | 210 0.01 1.19
Py-PNIPAM-6% 5.8 1.2 2.7 0.49 0.21 | 0.50 | 210 0.01 1.09
Table B10: Parameters retrieved from the FBM analysis of the excimer decays of the
Py-PNIPAM-X% samples in methanol.
Sample fEdL-ff TE, fEdiff Tg, fe, ks fEk2 x?
(ns) (ns) (ns™)

Py-PNIPAM-2% 0.58 57 0.13 116 0.07 0.21 0.23 1.16
Py-PNIPAM-3% 0.53 52 0.00 83 0.24 0.21 0.24 1.13
Py-PNIPAM-4% 0.50 52 0.00 79 0.25 0.21 0.26 1.25
Py-PNIPAM-5% 0.43 54 0.00 72 0.23 0.21 0.34 1.19
Py-PNIPAM-6% 0.37 53 0.04 72 0.23 0.21 0.37 1.09
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Table B11: Parameters retrieved from the FBM analysis of the monomer decays of the
Py-PNIPAM-X% samples in 80% methanol in hexanol.

Sample ke[blob] kpiop <n> | fuairr | k2 | S, | T | Mpree | X
(us™ M) | (x107s7) (ns™) (ns)
Py-PNIPAM-2% 5.5 1.0 1.2 0.54 0.17 | 0.21 | 210 0.25 1.18
Py-PNIPAM-3% 4.9 1.0 1.4 0.65 0.17 | 0.28 | 210 0.07 1.09
Py-PNIPAM-4% 5.6 1.2 1.4 0.66 0.17 | 030 | 210 0.04 1.08
Py-PNIPAM-5% 4.4 1.0 2.0 0.59 0.17 | 0.40 | 210 0.01 1.14
Py-PNIPAM-6% 4.1 0.9 2.5 0.53 0.17 | 046 | 210 0.01 1.21
Table B12: Parameters retrieved from the FBM analysis of the excimer decays of the
Py-PNIPAM-X% samples in 80% methanol in hexanol.
Sample fEdL-ff TE, fEdiff Tg, fe, ks fEk2 x?
(ns) (ns) (ns™)

Py-PNIPAM-2% 0.60 52 0.03 117 0.13 0.17 0.24 1.18
Py-PNIPAM-3% 0.58 51 0.00 96 0.17 0.17 0.25 1.09
Py-PNIPAM-4% 0.55 52 0.00 87 0.21 0.17 0.25 1.08
Py-PNIPAM-5% 0.49 54 0.03 83 0.14 0.17 0.33 1.14
Py-PNIPAM-6% 0.43 53 0.01 76 0.18 0.17 0.38 1.21
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Table B13: Parameters retrieved from the FBM analysis of the monomer decays of the
Py-PNIPAM-X% samples in 60% methanol in hexanol.

Sample ke[blob] kpiop <n> | fuairr | k2 | S, | T | Mpree | X
(us™ M) | (x107s7) (ns™) (ns)
Py-PNIPAM-2% 4.9 0.80 1.0 0.52 0.11 | 022 | 210 0.26 1.05
Py-PNIPAM-3% 2.9 0.67 1.4 0.66 0.11 | 0.28 | 210 0.06 1.12
Py-PNIPAM-4% 3.5 0.68 1.5 0.64 0.11 | 031 | 210 0.05 1.01
Py-PNIPAM-5% 3.7 0.65 2.0 0.58 0.11 | 039 | 210 0.02 1.08
Py-PNIPAM-6% 3.2 0.66 2.4 0.54 0.11 | 045 | 210 0.01 1.06
Table B14: Parameters retrieved from the FBM analysis of the excimer decays of the
Py-PNIPAM-X% samples in 60% methanol in hexanol.
Sample fEdL-ff TE, fEdiff Tg, fe, ks fEk2 x?
(ns) (ns) (ns™)

Py-PNIPAM-2% 0.58 57 0.13 154 0.05 0.11 0.24 1.05
Py-PNIPAM-3% 0.59 47 0.00 103 0.15 0.11 0.25 1.12
Py-PNIPAM-4% 0.55 55 0.13 111 0.05 0.11 0.27 1.01
Py-PNIPAM-5% 0.50 54 0.11 101 0.05 0.11 0.34 1.08
Py-PNIPAM-6% 0.43 51 0.02 81 0.19 0.11 0.36 1.06
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Table B15: Parameters retrieved from the FBM analysis of the monomer decays of the
Py-PNIPAM-X% samples in ethanol.

Sample ke[blob] kpiop <n> | fuairr | k2 | fuy, ™ | fMpree| X°
(us™ M) | (x107s7) (ns™) (ns)
Py-PNIPAM-2% 4.4 0.92 0.9 0.60 0.15 | 0.21 210 0.19 | 1.12
Py-PNIPAM-3% 4.3 0.90 1.2 0.64 0.15 | 0.28 210 0.09 | 1.10
Py-PNIPAM-4% 4.1 0.94 1.3 0.66 0.15 | 0.30 210 0.04 | 1.23
Py-PNIPAM-5% 3.8 0.91 1.7 0.61 0.15 | 0.38 210 0.01 | 1.10
Py-PNIPAM-6% 5.1 1.00 1.9 0.55 0.15 | 043 210 0.01 | 1.05
Table B16: Parameters retrieved from the FBM analysis of the excimer decays of the
Py-PNIPAM-X% samples in ethanol.
Sample fEdL-ff TE, fEdiff Tg, fe, ks fEk2 x?
(ns) (ns) (ns™)

Py-PNIPAM-2% 0.61 52 0.10 118 0.09 0.15 0.21 1.12
Py-PNIPAM-3% 0.56 51 0.08 106 0.13 0.15 0.24 1.10
Py-PNIPAM-4% 0.52 52 0.04 94 0.17 0.15 0.25 1.23
Py-PNIPAM-5% 0.50 51 0.00 87 0.19 0.15 0.31 1.10
Py-PNIPAM-6% 0.34 51 0.01 80 0.22 0.15 0.34 1.05

119




Table B17: Parameters retrieved from the FBM analysis of the monomer decays of the
Py-PNIPAM-X% samples in 30% methanol in hexanol.

Sample ke[blob] kpiop <n> | fyairr | k2 fute, | ™ | fMpree| X°
(us'*M) | (x107s7") (ns™) (ns)
Py-PNIPAM-2% 4.7 0.69 0.9 0.43 0.086 | 0.20 | 210 | 0.37 | 1.06
Py-PNIPAM-3% 3.2 0.66 1.0 0.61 0.086 | 0.26 | 210 | 0.13 | 1.04
Py-PNIPAM-4% 33 0.68 1.1 0.66 0.086 | 0.28 | 210 | 0.06 | 0.98
Py-PNIPAM-5% 2.5 0.58 1.5 0.64 0.086 | 034 | 210 | 0.02 | 1.15
Py-PNIPAM-6% 2.5 0.55 1.7 0.60 0.086 | 038 | 210 | 0.02 | 1.02
Table B18: Parameters retrieved from the FBM analysis of the excimer decays of the
Py-PNIPAM-X% samples in 30% methanol in hexanol.
Sample fEdL-ff TE, fEdiff Tg, fe, ks fEk2 x?
(ns) (ns) (ns™)

Py-PNIPAM-2% 0.58 55 0.12 169 0.04 0.086 0.26 1.06
Py-PNIPAM-3% 0.59 52 0.08 128 0.07 0.086 0.26 1.04
Py-PNIPAM-4% 0.59 50 0.05 113 0.11 0.086 0.25 0.98
Py-PNIPAM-5% 0.56 52 0.06 103 0.09 0.86 0.30 1.15
Py-PNIPAM-6% 0.52 54 0.11 118 0.03 0.086 0.36 1.02
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Table B19: Parameters retrieved from the FBM analysis of the monomer decays of the
Py-PNIPAM-X% samples in hexanol.

Sample ke[blob] kpiop <n> | fuairr | k2 fute, | ™ | fMpree| X°
(us'*M) | (x10s™) (ns™) (ns)
Py-PNIPAM-2% 2.8 0.76 0.77 0.39 0.072 | 0.16 | 210 | 0.45 | 0.99
Py-PNIPAM-3% 2.7 0.73 0.76 0.59 0.072 | 0.21 | 210 | 0.20 | 1.07
Py-PNIPAM-4% 3.2 0.78 0.77 0.63 0.072 | 0.21 | 210 | 0.15 | 1.02
Py-PNIPAM-5% 2.5 0.60 1.00 0.66 0.072 | 0.28 | 210 | 0.07 | 1.24
Py-PNIPAM-6% 2.5 0.62 1.15 0.65 0.072 | 032 | 210 | 0.03 | 1.06
Table B20: Parameters retrieved from the FBM analysis of the excimer decays of the
Py-PNIPAM-X% samples in hexanol.
Sample fEdL-ff TE, fEdiff Tg, fe, ks fEk2 x?
(ns) (ns) (ns™)

Py-PNIPAM-2% 0.60 52 0.11 169 0.04 0.072 0.25 0.99
Py-PNIPAM-3% 0.64 51 0.08 145 0.05 0.072 0.23 1.07
Py-PNIPAM-4% 0.64 50 0.07 127 0.07 0.072 0.21 1.02
Py-PNIPAM-5% 0.63 53 0.05 127 0.05 0.072 0.26 1.24
Py-PNIPAM-6% 0.59 53 0.07 118 0.06 0.072 0.29 1.06

121




