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Abstract

This thesis combines two different models, namely the model free analysis (MFA) and the
fluorescence blob model (FBM), that were used to study the conformation and internal
dynamics of two highly branched macromolecules, that were fluorescently labétetthavit
dyepyrene. Pyrene was selected due to its ability to form an excimer upon encounter between
an excited and a grourglate pyrene. The effeodbf branching on the dynamics of the chain
ends of2,2-bis(hydroxymethyl)propionic acid backbone demuy were first studied. Six
generations of the dendrons, G@{6), were prepared with their terminal ends covalently
labeled with a pyrenyl moietPfx-G(N), x = 2V). The MFA was used to calculate the average
rate constant k> of excimer formationwhich was found to be proportional to the local
concentration of pyreneéPjjioc. To account for the presence of aggregated pyrenyl groups,
whose contribution wa®und to be significantly larger for the G5 and G6 dendrokrs,was
divided by the fractiorof pyrenyl groups forming excimer through diffusidag. <k> was

found to depend on the solvedtje to different solvent viscosity?( and probability |§) of
pyrene excimer formation (PEF). Consequemnifferent trendsvere obtained by plottingks=

as a function of Py]ioc in tetrahydrofuran (THF), toluen®&,N-dimethylformamide (DMF),

and dimethylsulfoxide (DMSO). To account for these differenceskinwith solvent, the
model compouneéthyl 4(1-pyrene)butyrate (PyBE) was preparé&te rate constarior PEF
through diffusiveintermolecularencounterskaitt, was determined for PyBE in each of the 4
solvents and used to normalizie<<k>/fqif Xkyit i versu$[Py]ioc was then plotted anti¢ data

in each of the 4 solvents collapsed onto a singlster tend which passed through the origin



thus confirming the direct relationship betwedr end Py]ioc and suggesting that the dendron
side chains obeyed Gaussian statistics

Thechain enddynamics of a polymer with a different branching architectuaenely
polymeric bottle brushes (PBBs), were then investigated. Four poly(oligo(ethylene glycol)
methyl ether methacrylates) (P(PyB®®\), y = 3, 5, 8, and 12) with side chain lengths
containing 12, 18, 27, and 39 atgmaspectivelywere endabeled with a Jpyrenemethoxy
group. <«> was then determined in THF, DMF, dioxane, and DM3%)]{c was calculated
assuminghateach side chain proble sphericablob, whose diameter waspresented by the
endto-end distance of the side chainssc, assuming a Gaussian conformation in solution
with reesc = n°°xI. The model compounti-pyrenemethoxy dethylene glycol methyl ether
(PYEGME) was ynthesized andkir was determined to normalize férandp. A plot of
<k>/fqifr xkaifri versu$[Py]ioc was considered again and the data obtained in THF, DMF, and
dioxane verefound to converge onto a single trend. Unfortunately, DMSO was found to be
too polar to study the fully pyrene labeled P(PyH®&) PBBs, and it is believed that the
hydrophobic pyrene pendant was not fully solvated and resided closer to the polymethacrylat
(PMA) main chain. Excellent agreement was found when comparing the results obtained
between the PBBs and the dendrons, even though the two families of macromolecules

exhibited a very different branching architecture.

The PBB architecture was then inugated in more detail in organic and aqueous
environments. A series of poly(oligo(ethylene glycol) methyl ether methacrylate) PBBs were
synthesized by randomly copolymerizing an oligo(ethylene glycol) methyl ether methacrylate

with penta(ethylene glycol)-piyrenemethyl ether methacrylate) to yield a series of ByEG

Vi



PEGMA samples, whera=0, 3, 4, 5, 7, 9, and 19). The change in main chain flexibility in
organic solvents asprobedas a function oincreasing side chain length using the FBM. The
FBM retrieves the number of structural unision, encompassed per unit volumeldob. As

the side chain length of a PBB increases, there is an increase in steric repulsion between the
side chainswhich causes stiffening of the polymer main chain. This increase in polymer
stiffness is reflected by a decreasdiw, and an increase in the patencdength,l,, of the
PBBs. In an attempt to quantify the chang&lirn, with increasing side chain lengthpbob-
based approach was suggested, which combines the FBM and the-Roatkl/worm like
chain (KPWLC) model to obtaifp. Thelp values okained from the FBM approach were
plotted as a function of the number of atoiMs, in the side chain, where it was found that
increased linearly witiNs?, as had been proposed theoreticdljywvas also determined from
conformation plots based on intrinsic viscosity], [using gel permeation chromatography
(GPC).Using a Bohdaneckiynearization, thé, was extracted from the GPC traces and found
to be 1.8 times larger than thgound using he FBM. This discrepancy was attributed to the

difference in length scales probed by each technique.

ThePyEG-PEGMA PBBs were then studied in an agueous solution to investigate the
shielding effectafforded by the oligathylene glycdlsidechains of PBBs tthe hydrophobic
pyreryl groups The FBM was used to investigate the level of aggregation of the pyrenyl
moietes as well as the effedhat theside chain lengthhad on shielding pyrene from the
agueous environment. The change in the mawprobed by pyrene wasudiedusing Npiob
obtained from the FBM of the fluorescence decayd comparing the results obtained in

organic solverg, where both the polymer and pyrewere fully soluble to those obtained in
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an aqueous solutipmvhere the plymer is solublébut pyrene is only slightly solubléVhen
compared to a series of poly(alkyl methacrylates) labeled with a shopgredebutyl
methacrylate linker, thBlyop Values obtained fdPyEG-PEGMA PBBsin water were found

to overlap perfectlyThese results suggested that even though pyrene is attached onto a 16
atomlong linker, it can only probe a volume similar to that afforded by a 4-&oglinker

in water. This study also indicated that the oligo(ethylene glycol) side chains of tre PBB
generate an organlike environment around the main chain, that shields the hydrophobic

pyrenyl labels from interacting with the aqueous phase.
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Chapter 1

Introduction



The conformation of macromolecules in solution has a major effect onptiogierties. For
example, a linear chain in a good or poor solvent will reach thediarte regime, where the
viscosity of the polymer solution increases rapidly with increasing polymer concentration, at a
lower or higher concentration, respectivél. structured or denatured polypeptide can yield

a catalytically active protein or an amorphous coil made of more or less folded segments,
respectively. Linear chains with short or long side chains are coiled or elongated in solution,
yielding concentratedolutions that have a high and low number of entanglements, resulting
in high and low modulus, respectivélyThe profound impact that macromolecular
conformation has on the solution properties of macromolecules has resulted in a sustained
effort to devebp techniques that could probe macromolecular conformations in softHion.
NMR,** circular dichroisnf, rheology! intrinsic viscosity!? andlight scattering* %epresent

a small list of techniques that have been applied over the years to solve macromolecular
conformations in solution. Perhaps not as intensively used, fluoresoased methods such

as fluorescence anisotropy and fluorescemsenance energy transfer (FRET) are also-well
established techniques, that are applied to study the conformafionacromolecules in
solution by monitoring the delocalization of the emission dipole moment of an appropriate dye
with respect to its excitation dipole moment or the transfer of energy of a donor to an acceptor,
respectively: 1in these fluorescence expaents, the dyes are physically or covalently bound

to the macromolecule so that the behavior of the dyes directly reflects the behavior of the
macromolecule. The main advantage of using fluorescence to probe macromolecules resides
in its outstanding seiwity, which allows the study of macromolecules at concentrations that

are 2to-3 orders of magnitude lower than for any other technique.



One fluorescence technique, that is not known for its capability to probe the
conformation of macromolecules in gtbn is pyrene excimer fluorescence/formation
(PEF)! 2 EF is a chemical reaction where an excimer is formed from the encounter between
an excited and a grourglate pyrene. Consequently, the redastant folPEF kees), which
can be determined fromtemdystate and timeesolved fluorescence measurements, is
proportional to the concentration of groustzite pyrenes experienced by an excited py¥éne.
But if a macromolecule happens to be covalently labeled with a pyrene derivativipdhen
equalskgii® [PY]ioc, Wherekgirt is the PEF rate constant for diffusive encounters Byfb{ is
the local concentration of growsdate pyrenyl labels experienced by an excited pyréime.
turn, [Py]ioc is proportional to the local density of the pyrdabkeled macromolecule in solution
since the pyrenyl labels are covalently attached to it, @nduchkeer yields quantitative
information about the conformation of a macromolecule. However, the tricky part in a PEF
experiment consists in disentangling the contributionkptg that arise from the internal
dynamics of the macromoleculkiif) ard its local conformation Hy]ioc). Over the past 25
years, the Duhamel Laboratory has introduced two new methoddlétias have shown
promising results for determining the conformation in solution of rigid biological
macromolecules such as polysacchatife@nd polypeptides 82 in this context, the purpose
of this thesis is to assess whether the samelRREEd methodology, that worked so well for
biological macromolecules, could be applied to the study of highly branched synthetic
macromolecules, namely dendrimers and polymaoitle brushes (PBBs). This Introduction

will go over the principles of PEF and how it can be applied to probe the conformation of



macromolecules in solutipmnd provide an overview of the properties of dendrimers and

PBBs.

1.1 Pyrene Excimer Fluorescence

Excited pyrene dimers, or excimers, were discovered in 1955 by Forster and Ré&iges.
demonstrated in 1963 that the kinetics of excimer formadticsolution for excimeforming

dyes (EFDs) like pyrene could be described by a simple kinetic scheme, now known as the
Birks Scheme, that involved a rate constant of formatigi) @nd dissociatiork{qit), and the

natural lifetime of the monomery{) and excimer #g).! It was also acknowledged early on

that excimer formation could be generated intramolecularly by linking two EFDs with a short
linker? 224 A 1974 theoretical report, where Wilemski and Fixman demonstrated that
guenching of one dye attached to one end of a monodisperse chain by a quencher at the other
end could be handled by a single quenching rate corfstafied toa series of studies where

the rate of endo-end cyclization (EEC) was characterized by monitoring PEF between two
pyrenyl labels attached at the ends of alkyl ciafh%&and poly(ethylene oxidefs®In these
studies, the fluorescence spectra bé tpyrene enthbeled chains were acquired and
relationships about the EEC rate constdgf) (were inferred from the ratibe/Im of the
fluorescence intensity of the pyrene exciney ¢ver that of the pyrene monoméy), since
thelg/lm ratio is propational tokcy according to Equatiofh.1. In a major advance to the field,

M. A. Winnik applied the Birks Scheme (see Schdni¢ to analyse the fluorescence decays
acquired with a series of pyrene datieled monodisperse polystyrenes and deterkaine

a direct manner (see Schemg).3 °
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The Birks Scheme analysis of pyrene 4gigeled monodisperse chains could then be
applied to other polymers to assess the effect that the backbone composition would have on
key. These experiments represented a first attempt at applying PEF to probeethal int
dynamics of macromoleculés? SFor instance, for a same degree of polymerizatipnvas
much larger for poly(ethylene oxide)and polydimethylsiloxarie?than for polystyrene

reflecting the larger flexibility of the two former chaih8.
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Schemel.l.Bi r k s 6 s maerenmlecule énthlzeled with two pyrenes.

The kinetic studies of erldbeled monodisperse oligomers to investigate the EEC of
linear chains, while synthetically challenging due to the requirement of labeling the polymer

at two specific positionsyere mathematically simple sindey could be extracted from the



Birks scheme analysis of the fluorescence decays acquired with the pyretabedad
polymes. Although PEF is a bimolecular reactid®, is a pseudainimolecular rate constant,
whose expressinis shown in Equatioh.2. In the case of a monodisperse chain labeled at both
ends with pyrene Fy]ioc in Equationl.2 corresponds to the concentration of one grestate

pyrene inside the volumé.i defined by the polymer coil, since the other pyrenyl label must

be excited to form an excimer. Due to the difficulty of measuvifag experimentally, Mcoi

is usuallylumped withkgitt andkey is being considered. Sind&oi scales a®P3", wheren is

the Flory exponent equal to 0.5 and 0.6 in a theta or good solvent, respectively, scaling laws

such ad/coil ~ DP? were observed experimentally withranging between.® and 1.9.6

kcy = I'(diff :1: I:)>]Ioc 'ﬁiff (12)

V,

coil

The discrepancy between theexponents obtained experimentally and the predicted
3nvalues of 1.5 and 1.8 can be traced back to the short rabfs@vailable to conduct EEC
experiments. APP increases, the probability of forming an excimer decreases, which leads
to the eventual disappearance of PEF. These experiments can be betestood by
considering that a pyrenyl label can only probe a finite volume referred tblab while it
remains excited. EEC will result in PEF only for those chains, whoseoesmtl distancer£g)
is smaller than the diameter ob#ob. As DP increass, the fraction of chains whoset is
larger than thdlob diametey cannot form excimer and the excited pyrene will emit with its

own lifetime tw.2 ® &This phenomenon limits the rangelis over which EEC can be carried
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out. For instance, BP larger than 170 would be the upper limit to conduct EEC experiments
for polystyrene in tolueng®As a result, these earlyHE experiments aimed at characterizing
macromolecules in solution by PEF led to the untold conclusion that the pyrenyl labels would
need to be brought closer to each other, if PEF were applied to probe large macromolecules
whose backbone would be stiffésan that of polystyrene. Instead of targeting the chain ends,
such conditions could be easily achieved by randomly labeling a polymer with pyrene.
Unfortunately, such a labeling scheme would introduce a distribution of distances for each
pyrene pair, whichwould result in an intractable distribution of PEF rate constants
corresponding to each chain length spanning every two pyrenyl labels based on the work by
Wilemski and FixmanA.? These considerations were discussed in an earlier ré\Aew.

A solution to this mathematical deadlock was proposed in 1999 by considering that an
excited pyrenyl label could not probe the smtpolymer coil during its finite lifespan, but
rather asubvolumereferred to as blob. °The polymer coil could then be divided into a
cluster of identicalblobs where the randomly attached pyrenyl labels would distribute
themselves according to a Poisson distribution. Since an ensemble of pyrene moieties
randomly distributed inside polymeiidobsor surfactant micelles are conceptually identical,
the robust mattematical treatment used to determine the aggregation number of rhitedlss
then applied to determine the number of structural ubisy) constituting ablob.* °This
mathematical model was referred to as the fluorescblatemodel (FBM) and has been
applied to a wide variety of macromolecules randomly labeled with pyréde® & 8 °The
FBM also yields lhe average numbems of groundstate pyrenyl groups pétob, the rate

constantkyion, Of diffusive encounters between two structural u®ds bearing an excited
7



and a groundtate pyrene inside a sarieb, and the molar fractiofiiee Of pyrenyl labels
that are isolated along the chains and do not form excMges.is determined by combining

<n>, fufree, @nd the molar fraction of SUs bearing a pyrenyl labelccording to Equatioh.3.

Q- fypee) 2 K
Nyiob = o " (13)

Based on its definitiorkoiop is equal to the produddis® (1/Voiob), WhereVoion is the
volume of ablob so that the produdtios® Noiob in Equation1.4 is proportional to the local
pyrene concentrationRlyjioc = <n>/Vhiob) in the macromolecule. Since the pyrenyl labels are
covalently attached onto the macromolecule, the prddistNoion has been found to respond
to the internal dynamics of macromolecuteéd his productis also proportional to the local
density of the racromolecule, as shown in Equatibd, and should thus be capable of probing

the conformation of macromolecules in solution.

1 (}- foree) >
Vblob X

(1 flT/Ifree) @<f} p
X H Vo

kblob3 Nblob :kdiff I;diff

(14)
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As a matter of factNoon® experimentally determined by PEF experiments on
randomly labeled macromolecules has been found to equal the maximum npaE&)( of

structural units separating two pyrelabeled SUs, while still allowing for PEF to occur. This



feature has beemecently applied to characterize the conformation of several polysaccharides
(amylosé %and amylopectirt)‘and polypeptides 8 *

While the FBM is ideally suited to study macromolecules randomly labeled with
pyrene, it does not apply to macromolecules whose chemical composition does not provide
reactive groups for labeling that are not randomly distributed throughout the macromolecule.
Examples of such macromolecules would be linear polymers with two reactive groups at the
ends such as condensation polymers or dendritic macromolecules, wdrmgsehain ends are
inherently reactive. The realization that numerous macromolecular architectures could not be
studied with the FBM led to the development of the model free analysis (MR#h can be
applied to any pyrenkabeled macromoleculés* °The MFA is based on the mere observation
that any fluorescence decay can be fit with a sum of exponentials. Consequently, the
fluorescence decays of any pyrdabeled macromolecule can be fit with a sum of
exponentials, whose pexponential factorsa() and decay time<i) can be rearranged into

Equationl.5 to yield the average rate constant for PEF.

<k >=%+— — (1.5)
aat

Like key in the Birks Scheme dwiob in the FBM, <> is a pseudo unimolecular rate constant
which depends on both the rate constémt, of PEFthrough diffusive encounters and the

local concentration of pyreneé?{ioc.



<k> = Kiiff [ P)L,c (1.6)

Unlike the FBM, the MFA cannot deconvolute information on the dynamics of the
macromoleculekgirr) from information on its conformationR/]ioc) in solution. However, «>
has been shown to increase linearly with increasifyiof by studying a series of pyrene
labeled bis(hydroxymethyl) propionic acid backbone dendrons@RY)) of generationN
ranging from 1 to 6 withx pyrenyl labels X=2") covalently attached to its terminal erids.
Dendrons are symmetricand welldefinedtreelike macromolecules with many terminal
ends. If a pyrenyl group is covalently boundetachterminal end of the dendrpthen the
number(2V) andlocationof pyrenyl labelsarepreciselyknown. The Py]ioc should thus equal
(2N 1)MVdendron As long aVdendroncan be determinedPfioc is known. Duhamel derived an
expression to calculate the average distance between two pyrenyl giotsg, for the series
of Pyx-G(N) dendrons, allowing for the determinationMafnaron~ <L?>%2.4 <k> was found to
be proportional to (2i 1)/<L.2>%2, and thugPy]ioc in tetrahydrofuran (THF)Not only could
<k> probe the local density of dendrimers, but it has also been shaeftettd the flexibility
of a macromol ecul e in a st udatmaleicardydvde)lng a 0 ¢
(PI MA) and o6fl e&%fbled polysiloxane.

Scattering techniques are the dominating techsidoe the characterization of
macromolecules due tiheir ability to determine the internal density of macromolecules in

solution. Yet, the examples discussed above and based on the application of the FBM and MFA
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to the analysis of PEF data suggest that PEF should respond to the local density of the
macronolecule throughRyjioc. In turn, PEF studies of pyreiebeled macromolecules should

be able to characterize the conformation of macromolecules in solution in a manner similar to
scattering techniques, since both techniques can probe the internal demsitromolecules.

Both dendrons and polymeric bottle brushes (PBBs) exhibit highly branched and complex
architectures which, once covalently labeled with pyrenyl groups, can be studied using PEF
The purposeof the research conductédthis thesis was ths to investigate whether the PEF
signal of pyrendabeled dendrons and PBBs could be emplotegrobetheir internal
dynamics and conformations in a variety of solvents having different viscosities and polarities.
But before considering the feasibility of this proposabraef overview of dendrimers and

PBBs is presented hereafter.

1.2 Dendrimers

Dendrimers are ideal candidates to study tgd. of their pyrendabeled analogues in
solution because of their monodispessal perfectly wetdefined tredike structure. Their
reactive terminal ends provide obvious locations for pyrene labeling, while the number of
terminal ends can be tailored by increasing or decreasing the generation nidnber,
Dendrimers can either beayvn divergently or convergently, and include a focal point or core,
interior branching, and terminal functional grodpdntroduced by \gtle in 1978} 8the
divergent method was first utilized by Denkewaft€Fpmalia® ® ‘and Newkomé,deginning

with a single core molecule and then diverging outwards in successive cycles of monomer

addition to each functional groufollowed by a deprotection stépThe exponential increase

11



in the number of terminal ends with increasih@llows for the synthesis of dendrimers with
high molecular weights. However, increased congestion at the dendrimer periphery and high
concentration of reactive groups results in incomplete grovagtusing éfects in the higher
generation dendrimers obtained by divergent methdd®.#The convergent method was
proposed byréchet *and Millerand and Neemafto circumvent the congestion observed in
the higher generation dendrimers resulting in defect formation. It begins with a condensation
reaction of the terminal enddollowed by deprotection. Cycles of condensation and
deprotection are repeated until agle monomer unit is connected to make the core of the
dendrimer® *While higher molecular weight dendrimers are often difficult to prepare due to
steric hindrance at the final coupling step of the dendritic arms to the core, convergent
dendrimers often produce perfectly monodisperse structdtésiike the divergent method,
the convergent method allows for purification at each round of coupling, which eliminates the
accumulation of side products with incomplete couptifi@he two most common types of
dendrimers are Tomoligype poly(amido amine)s (PAMAM) andFréchettype poly(benzyl
ether)s? ®

The multitude of terminal ends amldoroteded corewhich arepresent in dendrimers
makes them ideal candidates in applications such as in light harvesting systems,
nanomediciné,tgene delivery, °catalysis’ %and optical sensofs!The ability of dendrimers
to generate large local concentrations of compounds of interest also led to some conceptual
discussions by de Gennes and Hervet, about the location of the terminafiendss initially

postulated that the terminal ends ofdendrimer remained at the outer periphery of the
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macromolecule, creating a core and shell domain, where each additional inci¢assuited

in an increase in segmental den8ifipe Gennes believed that the crowding generated by the
terminal ends would limit the dendrimer growth to a finite number of generafiamss the

case for highly branched glycog&iThis theory was initially readily accepted by researchers
prompting a discussion by Lescanec and Muthukimaho conducted simulations based on

a kinetic growth method. They found théte calculated density distributions suggested
instead, a core dense model with the terminal ends of a dendrimer at a given generation size
being buried withing the macromolec@léTheoretical studies of shillersugcore dense
models have shown that the core dense model is correct, and it is believed by Ballauff, that all
other models should be disregardédhe driving force of the core dense model stems from
entropic effects, which favor the search of the enti@ir3ensional (3D) conformational
dendrimer interior by the terminal endather than their localization at the periph&hA

second factor stems from the difference in the rate of growth between the number of terminal
ends and the volume of the dendrimer. While the chain ends grow expdigetite volume

of a dendrimer grows linearly as a function\of ‘As a result, loweN dendrimers tend to be

open and flexible, while highéd derdrimers become less deformable spheres, ellipsoids, or
cylinders? "Tomalia describes three phasasdergone byhe density and accessibility to the
interior of a dendrimer as a function of generation nurhbene molecular weight, generation
number, and typ of core, interior, and terminal ends all contribute to the scaffolding properties
of a dendrimef.” Lower generations, ®f-G(3), contain a flexike scaffolding, mid

generations, G)-G(6), have container properties, and higher generations, larger tiiagn G(
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have rigid surface scaffolding or de Gennes dense patKitibile the de Gennes shell dense
model has been disprovéh,the surface area available per terminal group becomes
increasingly smaller with increasiig until it reaches the physical cressctional area of the
terminal group, at which point the deirder has reached the de Gennes dense packed regime.
The recognition that the accessibility of small molecules to the dendrimer iraeddhe
internal dynamics of the terminal ends change in each of the three phases mentioned above
was important, as ihelped define the limits of applications for dendrimers of a given
generation.

While fluorescence spectroscopy technigues can take advantage of the intrinsic
fluorescence of amino acids such as tryptophane or tyrosine to probe protein %dttarg,
hawe been much fewer studies that use the intrinsic fluorescence of some dendrimers to probe
the internal dynamics and conformation of dendrifié@f course, dendrimers have been
labeled with dyes to study their properties by fluorescence resonance eaesfgri®’°time-
resolved fluorescende?’ 1steadystate fluorescence (SSFjpyrene excimer fluorescence
(PEF)? 7 3and florescence anisotropyAmong these spectroscopic techniques, PEF has been
used to characterize the lergnge internal dynamics of a wide \dy of macromolecules
with architectures ranging from polymer coibs; helices, to dendrimers?Unfortunately,
results obtained for pyrerlabeled dendrons solely through SSF spectra can be plagued by
artifacts as described in a review by Duhamé&Tlhese inconsistencies arise mainly from the
presence of free unattached pyrene derivatives which are not completely removed during the
purification of the pyrendabeled dendrimers. PEF is in effect a quenching mechanism for the

pyrene monomer, which shens its lifetime. As highlighted in two studies by the Duhamel
14



laboratory’ ¥ Sthe extremely largeFy]ioc found in pyrendabeled dendrimers relsi in
efficient PEF associated with the strong quenching of the pyrenylslakteched to the
dendrimer, but not of the free pyrenyl derivatives in solution. A reduction in pyrene lifetime
from 200 ns for a pyrenyl derivative in solution to 5 ns fordéwme pyrenyl label attached on
a dendrimer is not unusual. Yet, since the quantum yield egu&l$v, wherekqq is the
radiative rate constant, a-4@ld decrease irfm results in a 4dold decrease in fluorescence
guantum yield, implying that one unattached free pyrenyl derivative emits as strongly as 40
pyrenyl derivatives covalently attached to the dendrimer. In essence, if 2.5 mol% of the pyrenyl
labels are not atthed to the dendrimer, or if the pyreladeled dendrimer is 97.5% pure, the
fluorescence of the monomer, which is typically used to draw conclusion about the
fluorescence response of a pyréaleeled macromolecule, will be 100% off! Reducing the
error on he pyrene monomer fluorescence@8%6, which still represents a large error, would
require a 99.5% pure dendrimer. As discussed by Duhamel, the origin of the most surprising
results reported for pyrerdabeled dendrimers in the literature can be traced badhe
presence of unattached pyrenyl derivatieesl the MFA of the fluorescence decays acquired
with pyrenelabeled dendrimers can eliminate this artefact, thanks to the ability of the MFA to
isolate the contribution of pyrenyl derivatives that aee fin solutiort® To date, the MFA has
been applied to probe PEFE3’6 but also FRET 7 &n fluorescently labeled dendrimers.

The first application of th MFA to pyrenelabeled dendrimers was conducted on a
series of four generations of pyrelaeled aliphatic polyester dendrons with a poly(2,2
bis(hydroxymethyBpropanoic acid) (PMPA) backboiéThe average rate constant for PEF,

<k>, was calculated and shown to increase linearly with increabitigck> was proportional
15



to [Pylioc, then the volume probed by pyreMey, was expected to scale d8°for N= 171 4.
However, this scaling law was smaller than whieatbeen discussed in the literature regarding

the scaling of the volume of a dendNgendron~ N*°.7 3The authors suggested that the smaller
exponent of the scaling law arose from the branched architecture of the dendrons, which holds
the ends of the dendron closeatrexpected and does not allow an excited pyrene to probe the
entire volume of the dendrimer before forming an excifféwo generations of a pyrene end
labeled poly(aryl ether) dendron (PA) were also prepared and studied with the’ MFA.
Comparison of the k> values etrieved with the PMPA and PA dendrons showed that the
internal dynamics of the PA dendrons were significantly lower than those of the PMPA
dendrons as expected from the rigid phenyl rings incorporated in the PA backi§one
Unfortunately, only two generations of the PA dendrons were prepared so the trénd/ef <

N could not be investigated. The original study with pyreieeled PMPA dendrons of
generations 1i 4 was extended to include a generation 5 and 6 pyateéed PMPA
dendrong. “The dendrons were analyzed with the MFA to yiekdt end the molar fraction of
pyrenes that were aggregatéds The average squared etndend distance<Lp,?>, between

any two pyrenyl labels was calculated and usedetermingPy]ioc. This study repesented

the first example wheree: was found to be proportional Byfioc. Thefaggwas also calculated

for eachN and found to remain below 5 mol % for generations 1 through 4 but increased to 10
% and then 35 % for the generations 5 and 6, respegtiVee rapid increase in aggregated
terminal ends for the generation 6 dendrimer was taken as evidence that de Gennes dense

packing regim®& was observed for the high generation dendrimers as discussed by Totnalia.
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1.3 Polymeric Bottle Brushes

Over the last 20 years, advances in controlled radical polymerization techniques have allowed
the synthesis of polymers with a variety of architectures, chemical compositions, and
functionalities, which can be tuned depending on the deajpptication’ ®8 *Architectures
vary from the standard linear chain to branched macromolecules or mixtures of the two.
Polymeric bottle brushes (PBBs) are a class of branched polymers which are characterized by
having a high grafting density and large molecular weightddéns. Some of the advantages
to the PBB architecture is a high degree of control over the chemical structure, molecular
weight of the side chasnand grafting density, which affords a high degree of functionality
and large controlled sizes, that carfibely tuned to achieve a desired application.

The preparation of PBBs can be achieved using three different techniques shown in
Figurel.l and referred to as graftifig, graftingfrom, and graftingthrough Each technique
has specific pros and coh8The first graftingto technique involves the separate synthesis of
a polymer backbone and side chains, which are coupled together at a later stage. The benefit
of the graftingto technique ighat the polymer backbone and side chains can be synthesized
with a large degree of polymerization (DP) and fully characterized independently of one
another. Unfortunately, coupling efficiencies decrease as the molecular weight of the side
chain increasedue to steric hindrance. As a result, the grafting density can be low and uneven.
In the second graftinffomtechnique, the polymer backbone is synthesized first and acts as a
macroinitiator, from which the side chains are grown. Since the polymer backbon
synthesized first it can be characterized on its own. If the side chains can be grown using a

controlled polymerization technique they are likely to be monodisperse, although they cannot
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be characterized once grown from the macroinitiator. The fedinique is the grafting
through technique, which involves the synthesis of a macromonomer, which is then
polymerized. The benefits of the graftittgoughtechnique are that the side chains can be
synthesized beforehand with a narrow disperdityand fuly characterized prior to
polymerization. Furthermore, the graftittgroughtechnique ensures that all structural units
bear a side chain. However, one notorious drawback of this technique is that the preparation
of PBBs with a high DP is more challenging dchieve with larger macromonomers. For
instance, Cho et al. found that an oligo(ethylene glycol) methyl ether methacrylate monomer
with 45 ethylene glycol units could only be polymerized up to a maximum main chain DP of
88 using atom transfer radical goierization (ATRP¥ 2

Different polymerization techniques have beetilized with the three grafting
techniques.® B 2 5L iving polymerizations such an anionic polymerization or +ipgning
metathesis polymerization (ROMP) produce IBwpolymers B < 1.1) and achieve a great
level of control & However, pseudeliving or controlledliving radical polymerization
techniques such as ATRP, reversible addittmgmentation chain transfer (RAFT), and
nitroxide mediated polymerization (NMP) aabso able to produce polymers with I@vand

with less demanding synthetic protoc®.®
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Figure 1.1. Schematic representation of the A) graftiogB) graftingfrom, and C) grafting
throughtechnique.

Polymer stiffness and how it is affected by changes in side chain length, grafting
density, and chemical composition, are central questions for the characterization of PBBs. The
chain stiffness of a polymer is defined by the main chain stiffness paramétewhich
represents either the Kuhn lengli,or the persistence length € 221k). Kuhn described a
polymer coil as a freely jointed chain constituted\efKuhn segments of length.2 “This
model assumed that there were no restrictiortheédond angle betweewr rotation of the
Kuhn segments which were made of several structural units. The unperturbed mean squared
endto-end distance, R2>o, of this freely jointed chain was equalNex|k’. The expression of
the effective length of a Kuhn segment is given in Equatibi as the ratio of R?> to the
contour length of the polymel, equal to the producixl, wheren is theDP of the chain and

| is the length of a structural unit in the chain.
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ly =——— (1.7)

Flory also defined the characteristic raf@, which is a dimensionless consta@t. equals

(N3 1k®)/(n?1%) and is related tt through Equatiori.8.8 8

<R 3 &nf NP (18)

lkis related to the persistence lendghand both, andlk are typically expressed in nanometers.
lp represents the length required to decorrelate the projection of the tangent to the contour
length of the main chain at positiafirom its original orientation at=0 as shown in Equation

19.

<cosp (x)] > exp( x4, (1.9)

In Equationl.9, ¢(x) is the angle between the tangents taken at positiamslx=0 along the

contour of the chainfhe determination df will be discussed in further detail hereafter.
Numerous theoretical, computational, and experimental studies have been conducted

on PBBs to determine the effect of side chain length, grafting density, and chemical

composition ory or Ip using the worrdike chain (WLC) model. The most common WLC
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modelwas described by Kratky and Porod, which results in the expression given in Equation
1.10 of the squared ertd-end distance of a linear chaimeg#> as a function of, and its

contour length|_.8 9

<rg >ZL 2781 exp(L |;) (1.10)

As it turns out, numerous theoretical studies predictlirgtales with the molar mass
Mo of the side chain. In this context, Fredrickson published a study in 1993 where binding of
an ionic surfactant to an oppositely charged polyion would induce tfemstg and extension
of the polyion main chain to an extent that would depend on the length of the surfactant alkyl
tail and the percentage coverage of the pol§itht the high coverage limil, was found to
scale ao!™8. Since the structure of a complex formed in solution between surfactants and a
polyion is conceptually the same as that of a PBB with flexible side chains, the scaling laws
obtained by Fredrickson are often used to rationalize experimental results ehbtdimEBBs.
Using a seHconsistent field approach, Subbotin reached a similar conclusion for PBBs with a
semiflexible backbone and flexible side chains, finding thacaled ad?.° Subbotin also
suggested th&g was the product of the persistetergth of the main chain and a second term
which is related to the side chains. A similar result was obtained by Nakamura, who introduced
the termd ¢ * and/ v %, which reflect theshortrangecontributions between the main chain and
the side chain units near the main chaird the contributions from the side chalrds shown
in Equation1.11, the main chain stiffness parametet, is simply the sum ofg ! and/y .
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Nakamura derived thexpression given in Equatidhl12 for /v 1, whereR., YF, ks, andT are
the radius of curvature of a comb molecule with flexible side chains, the free energy
accompanying the bending of the comb molecule, the Boltzmann constant, and the absolute

temperature.

/= [+ 1 (111)
DF
/' = 4R’
1= 4R T%; (112)

Binder and coworkers have extensively studied PBBs using Monte Carlo
simulations’ 2° 6They used a bond fluctuation model on a simple cubic lattice to study both
backbone and side chain length variations for a flexible PBB in good solvent contlitions.
Comparison of the simulated data to experimental work conducted by Rathtgimeved
quantitative agreement for the different length scales investigdtedetermined from these
simulationswas shown to increase with side chain length, unfortunatelgss than linear
increasawas showt? “This finding contradicted the experimental resoftRathgebgrwhich
showed thal, did not change with side chain length, remaining constant for side chain length
increasing from 22 to 98utyl acrylate monomers/One conclusion of these theoretical
studies was thdhe scaling predictions were not usefat theexperimentally accessibtede
chain lengths.However, the authorsrovideda few explanationfor thepossible differences

in simulations versus experiments. Firstly, one must consider that experimental measurements
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provide data that reflect the conformation of the entire polymer, from whfiewhthebackbone
is being extractedwhereas simulations do#y probe thdp of the backbone. Secondly, the
standard definition off, is well defined only for Gaussian chains and not for real chains with
excluded volume interactions. Finally, the simulations use very good solvent conditions to
modelapolymer chain, which might not be the case experimentally. The authors did conclude
that the main chain stiffness of a PBB can be changed to a large extent by varying the length
of its side chain8.® “The inconsistencies mentioned above both experimental and theoretical
predictions were the driving force for Chatterjee and Vilgis to study the scaling laws of PBBs
using moleculadynamics simulation$&Similarly to the work conducted by Fredrickson, the
authors identified two regimes depending on the number of atoms in the side lchidia low
coverage limit or for shorter side chaihsyas found to scale &% and in the high coverage
limit or for longer side chains, the polymer became semiflexibld sswhled adNs'>8.° 8

The remarkable stiffening of a flexible polymer with the addition of long enough side
chainsst emmed from research conduct eadn doHh?0bosmb p
andt he synthesis of macromers o.l%#&Bincetiemon o me |
many groups have investigated the effect of side chain length on PBB flexibility. The Schmidt
and Tsukahara groups combined their PBBs made of a polymethacrylate backbone with
polystyrene side chains (PM&PS) prepared by radical polgmzation of methacryloyl end
functionalized polystyrene macromonomers to study the effect of side chain molecular weight
onlk.! °Fhe results obtained by small anglea§ scattering (SAXS) and with a gel permeation
chromatography (GPC) system equippethwa multiangldaserlight scattering (MALLS) and

viscosity detector were combined to determine the esestional radius of gyrationRg?>c,
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andl of the PMAQg-PS PBBs. Using eight samples prepared with side chain ntaabeage
molecular weightsM,, ranging from 720 g/mol to 4,940 g/mtdwas found to increase with
increasingMn. Thelk values taken from the Schmidt and Tsukahara $ttifiiotted in Figure

1.2 as a function oflo> demonstrate thdt increases linearly witMg?. Zhang et al. working

on PMAg-PS PPBs found a similar scaling relationship betwkeand M, using a
combination of light and small angle neutron (SANS) scattering techniduise side chains
ranged in molar mass from 800 g/mol to 3,600 g/mol, howevely ttadculated by Zhang et

al. was half thex determined by Wintermant&l®®° Changingthe chemical composition of

the polymer backbone, Terao and Hokajo synthesized three PBBs consisting of a polystyrene
backbone with polystyrene side chains{PBS) containing 15, 3&nd 65 styrene units>®0 °
Characterization of the PBBs was conducted in toluene using static light scattering (SLS) of
monodisperse fractions of each PBB obtained through fractional precipitation. After
successive doubling of the number of styrene unitee side chairlx was found to increase
from 16 nm to 36 nm to 75 nm. In this cakéancreased linearly witivlo. However, the data

set consisted of only three samples. Interestidgblso increased linearly witklo? in Figure

1.2, albeit without passing through the origin. Unlike the previous authors, Rathgeber found
no dependence &f on side chain length andported ark value of 70 nm in toluene for three
poly(alkyl methacrylate) backbones bearing polg(tyl acrylate) side chains (PMgk

PnBA), which were studied by SLS and SAR%After including more sampleia their data

set, an increase was observedkigoing from PMBA to PMA-g-PnBA with 9 nBA units! 1 °

The plateau ik, shown in Figurel.2 for the PMAg-PnBA PBBs, is observed for sid#ains

having more thar22 nBA units and this effect was also investigated using M&#do
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simulations. The authors believe that the saturation effect observed at higher side chain length
arises from the fact that the inner side chain segments are teoi@ly hindered and

contribute more to the stiffening of the polymer backbone versus the outer segments of the side
chains, which have more conformational freedom to arrange themselves in the much less

crowded environment generated away from the maamch' ©

250
200 -
Wintermantel
PMA-PS
= 150 A
S 5
N
,..,_'ff 100 A Rathgeber
PMA-PrBA
o O——A
50 PS-PS
0 ' '
0.E+00 2. E+07 4 E+07 6.E+07
M,? (g/mol)

Figure 1.2. Plot oflx versusMo? from work published byB) Wintermantel. © (©)
Zhang! ° (A) Rathgebet,! &nd O) Terao! 809

Unlike the previous authors,ilkuchi synthesized a PBB consisting of #idde n-hexyl
isocyanate side chaids.These stiff cylindrical brushes were characterized using a

combination of GPEVALLS to calculate the radius of gyratiorRg> of the polymer and
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SAXS to determine Ry&?>c. lx was then extracted by fitting thdR&> according to the WLC
model based on theeBoitDoty equation, which is discussed in more detail afterwayds:
the stiff PBBs was found to scale linearly whv, which was different from th& ~ M¢?
expected for PBBs with flexible side chath?8.2

When determining the structural parameters defining a PBB from a scattering
techngue, the lengthlp, per monomer unit in the backbone must be considered and can be
determined experimentally from the Holtzérnalysis or if the molar mass per unit contour
length, M, is known. The maximum value expected for an alkyl chain in théraailk

conformation is 0.25 nm, since it equat®252 sin(109.5/2), as illustrated in Figure.3.

0.154 nm

'?\.\/
109.5°

Figure 1.3. Schematic representation of an alkyl chain in the fully extetrded-

conformation.

Multiple accounts report that the contour length per monomerlgnias insensitive
to the backbone and side chain len§th.° For a PMA backbone; was found to equal 0.253
nm?® ‘and 0.241 nm°,‘and for a PS backbone 0.2 © fh toluene, with all values being close
to the theoretical value of 0.25 niarlier reports by Schmidt and-emrkers found different
and muchlower values of 0.071 nm and 0.145 nm in tetrahydrofuran (THFhfok of a
polymer obtained by polymerizing methacryloyl emndctionalized oligo methacrylate
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(Mg=2410 g/mol) and a PMA&-PS M¢=3624 g/mol), respectively:E1 HMowever, it was later
explained that the smallésvalues obtained weneot correct because they had been derived
from the Benoit Doty formula, which neglectsexcluded volumé.® The effect of solvent
guality was also investigated by Zhang et al. and Fisher '&t%dl.A decrease il was
observed when going from a good tgsolvent, with the PM-g-PS PBBs showing a decrease

inlp from 0.241 nm in toluene to 0.207 nm in cyclohexane and from 0.145 nm in THF to 0.110
nm in cyclohexane. There has been agreement in the literature about the chiangighof
solvent qualitywith a coiled backbone conformation in a theta solvent giving rise to a smaller
lp versusthe |, obtained fora swollen backbone conformation in a good solveith anlp
approaching the maximum value of 0.25 nm for a fully extended backbone mattse
confarmation.

The effect of grafting density ok has also been studied experimentally and
computationally. Kikuchi synthesized a series of PBBs with PS main chain and-pekyl
isocyanate) side chains (BSPnHIC) with varying grafting densities! The PBBs were
characterized using GPKIALLS and SAXS and botHk and Rz?>c were studied as a
function of the grafting densitys. s is defined as the inverse of the area occupied by a side

chain and can be calculated using Equatid3.

(1.13)

27



In Equation1.13, dps andlg are the diameter of the PS main chain and the distance between
two PnHIC side chain joints to the main chain, respectively. For $pwRs?>c was found to
increase with increasingas expected, howevetrRsz>>c reached a plateau in the highegion
corresponding to theRs?>c value expected for the homopolymdrs. * or Ik was shown to
increase linearly with increasirgg with the yinterceptapproaching th& value of a linear PS
chain. The contribution from the side chains?, which was first introduced in Equatidri 1,

was also calculated and was found to be proportionsl e effect of grafting density dn

was investigated by Lianet al.for PBBs using a combination of coargined molecular
dynamics simulations and scaling analysis for polymers in a melt by determining a crowding
parameterf, describing the overlapetween neighboring macromolecule'sPolymers with

a low grafting density, also called comb polymers, were representeld kylacorresponding

to conditions where side chains and backbone were able to interpenetrate (comb'rédime).
high grafting densities,F 1, steric repulsions between the side chains prevented
interpenetration and the polymers were viewed as PBBs (bottlebrush rédifnehe comb
regime,lx was found to be equivalent to that found for a linear chain, aRdvwess increased,
interactions between the side chains caused a local stiffening pblymer backbone and
became proportional t& in the bottlebrush regime! Experimental and computational
simulations conducted by Kikucht al.and Lianget al, respectively, found thatis expected

to increase linearly with the grafting density* 2®1 n contrast Chatterjee, who also used
molecular dynamics simulations to investigate the effect of the grafting dendityfound

that in the high coverage limit, scaled as'78.9 8
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With the vast variety of choices in PBB composition along with the added complexity
of solvent quality, it is very difficult to fully understand the implications of the PBB
architecture on the flexibility of the nrachain. Unfortunatelythe above discussion indicates
that theoretical, experimental, and computational simulations do not fully agree yet on the
effect, that side chain length should have onlgloe |«. Other factors such as solvent quality
and temperature have also not been fully understood. The techniques used for the
characterization of PBBs will now be discussed in detail. While scattering techniques are by
far the most common tool used in the characterization of PBBs, it is clear from the
discrepancies in the results reported in the literature that other techniques, such as pyrene

excimer fluorescence, could offer a unique contribution to the field.

1.4 Polymeric Bottle Brush Characterization

The DP of a PBB and its side chains as well ak, @se all essential parameters, that need to

be characterized, when designing a polymer for a desired application. While these parameters
are typically obtained by using a combination of static light scattering (SLS), small angle X
ray or neutron scatteringAXS or SANS), and gel permeation chromatography (GPC), both
atomic force microscopy (AFM) and fluorescence measurements can also be used to support

the conclusions drawn from these other techniques.

Static light scattering
Static light scattering (SLS) is a wasttablished technique for determininthe weight
average molecular weigh¥)w, andz- average radius of gyratioaRs?>;, of a macromolecule
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in solution! * SLS measurements are conducted on a polymer solution at multiple angles and
concentrations. A light source, typically a laser, is set up at a known distance from the sample
cell and the detector is set at an angléo the transmitted beam ranging fr@s° to 150° as

displayed in Figuréd 4.

Light source Sample cell
‘X:} Incident ~ — Tl;ap_sr_nit_tq’

beam
Qetector

Figure 1.4. Traditional set up for a SLS instrument.

Unlike small molecules, macromolecules with a size that is larger than a twentieth of the
wavelength of thancident light have anasymmetricalscattering envelope, whereby the
intensity of scattered light is stronger for forward scattering than backward scattering, being
largest wherg = 0°.1 ! Interference effects are caused by the phase differences of the light
scattered by different parts of the macromoleéll€! dnterference effects decrease the
intensity of scattered light and their contribution to the scattering signal is greater at.fatdger

A patrticle scattering factoR(q), is introduced, which depends gnthe size of the polymer,

and its general shape (coil or rlikk).1*® A Zimm plot is constructed with-6 polymer mass

concentrations(Gm) andseveralviewing angles to obtain all of the characteristic information
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pertaining to the polymer includingw, <Rg?>>;, and the second virial coefficier,. All of

these parameters are related through Equatich

. KC, _a1 & 1 o q 114
lim R EEM_W 2AC +gg_ —3%0—2<F§>23|r122 (1.14)

In Equation1.14, K, Rg, and/, are the optical constant, the excess Rayleigh ratio at the
scattering anglg, and the wavelength of the light from the incident beam.

The persistence length, of a polymer can be obtained from an SLS measurement by
determining the<Rs?>; of a monodsperse polymer. Assuming that the polymer behaves as a

wormtlike chain® %he BenoitDoty equationt * 8hown in Equatio.15, can bepplied.

2 2@ a ¢
<%; z_L 4 ﬂ ﬂe1 X%L ¢ (1.15)
K 3, L L? é c I, &

In Equationl.15, L is the contour length of the polymer chaim¥y. Through the careful
preparation of multiple monodisperse polymers, a pleRgf>, versusM,, can be constructed
and then fit with Equatiof.15 to extract,.! ° Polydispers@olymerscan also beharacteried
in this manneby usinga gel permeation chromatograp{@PCO instrument equippedith a

differential refractive index (DRI) andraulti-angle &ser light scattering (MALLS)etector

that enables the analysis of thin slices of the molecular weight distribution, where the polymer

can be considered to be monodispérs&! The<Ry?>; of a wormlike chain can be described
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as the sum of two contributions including the squared radius of gyration of the cross section,
<Ry>>c, and the squared radius of gyration of th@n chain<Rs>>w, as shown in Equation

1.16120

<R 2 =R . > R 5 (1.16)

The effect of chain thickness becomes more important with decreasing moleculartwéight.
was found by Kikuchi that the contribution<®s?>c to <Rs>> became negligible fdviw larger

than 20,000 g/madl.t Small angle Xray scattering (SAXS) is typically employed to determine
the <Rs>>c of a polymer and will be discussed further in the SAXS seétioffhis
methodology needs also to consider chain end effects, when working with low molecular
weight polymers. This is accomplished by introducing the contribution of the side chains at
the ends of the main chain by addigtp the main chain contour lengti.The last factor to
consider, when determining thgefrom the <Ry?>>; of a polymer is solvent quality. If the
polymer is studied in good solvent conditions, then the data might not be fit well using
Equationl1.15. To account for intramolecular excludealume effects, theRy?>; data can be

re-fit with the quasitwo-parametr (QTP) theory for a wormlike chalr’-1 2 ¥he QTP theory

uses a radius expansion factyto account for excluded volume effects.
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Small angle Xay scattering and small angle neutron scattering
Small angle Xray (SAXS) and neutron (SANSgattering techniques both stem from the basic
theory that was already presented for Sh& with differences in the source and scattering
involved for the different radiations. While scattering of visible light results in differences in
polarizability, which are accounted for by introducing the refractive indexthadthange in
refractive index of the solution with polymer concentratidn/dc), the scattering of Xays
and neutrons results in differences in electron density and neutron scdtagtigdensity,
respectivelyt 1 The wavelengths of Xay and neutrons are in the 0.1 nm and 0.1i hmm
range, respectively, and ar@arders of magnitude smaller than for visible light, and therefor
provide information on a smaller length scaldleasurements are made at very small angles,
typically less than 2°, to reduce interference effééts.

X-rays can be generated by using either a synchrotron, with wavelengths ranging from
0.06 to 0.3 nm, or a laboratory instrument with a @wéurce at a set wavelength of 0.154
nm! ! The source of radiation determines the upper limit for measeifgep,, which can

only be measured if it is less thar, whereg is the scattering vector defined in Equatiohy.

q=2P 7‘” G (1.17)

Typically, the<Ry?>; can be extracted from SAXS measurements, if the polymer is less than
5 nm in size fot = 0.154 nm and) = 0.5°, but this upper limit can be pushed by decreasing

g.r * The Kawaguchi labratory has used SAXS to determine the cresstional radius of
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gyration, <Rs?>>c, of cylindrical rod brushes! ¥Rs?>c was determinedrom crosssection
Guinier plots obtained by representingd[(q)] as a function ofg?, wherel(q) is the
experimental excess scattering intensityor polymers with a small enougtRg®>;, a plot

of 1(g) versugg can be constructed. Theof a polymer can then be extracted in two different
ways from arl(qg)-versusq scattering plot, either through graphical determination or by fitting
the data with a model such as the one developed by Sharp and Blodrfteld.

Depending on th&Rs?>; of a macromolecule, either thermdl ¢ 0.1 nm) or cold
neutronsl( ~ 1 nm) can be employed. Increasingcreases the upper limit to 20 nm for the
determination 0o&kRy?>>; by SANS in the Guinier region, making it a complementary technique
to SLS! ! Macromolecules studied by SANS either need to be labeled with denteribe
dissolved in a deuterated solvent. The difference between the neutron scattering lengths of
hydrogen and deuterium is what affords the necessary cohtréke indepth study by Zhang
et al. on the conformation of PBBs prepared with a polymethacrylate main chain and
polystyrene side chain represents an example of the application of SANS to the study of
PBBs! ° The SANS and SLS techniques were combined to deterimiheandl,.! © These
paraméers were extracted from fitting a Holtzérplot, wheregxI(q)/C obtained from SANS

experiments was plotted as a functiom,ofviith the PederseBchurtenbergér fitting routine.

Gel permeation chromatography
Gel permeation chromatography (GPC) is the most commonly used analytical technique to

determinghe number (M) and weight (M) average molecular weighdnddispersity =
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Mw/Mn) of a polymer GPC works by separating polymers according to their hydrodynamic
size. A GPdnstrumentconsists of a pump, an autoinjector, and a set of columns followed by

a series of detectors. GPC systems typically contain one or more concentration detectors, based
on differential refractive index DRI) or UV absorption, as well as right angle, low angir

multi angle light scatteringand viscosity detectors. A GR@strumentwith all three types of
detectors is coined a triple detection system.

In a GPC experiment, separation occurs when the polymer solution flows through the
pores of the columns. Polymers with a larger hydrodynamic radius will interact less with the
pores compared to a smaller polymer, which will spend more time and get aasidghatthe
pores. As a result, larger polymers will elute at a shorter elution time than polymers with a
smaller hydrodynamic radius. A column set has an upper exclusion and lower exclusion limit.
The upper exclusion limit occurs when a polymer is too largedoes not interact with the
pores. The polymer can no longer be separated by the columns and is immediately eliminated
from the system. The lower exclusion limit is observed when the polymer is too small and
interacts with all the pores in the columittiese polymers will elute close to or wihmall
molecule impurities

One of the benefits of GPC is that a polydisperse polymer can be analyzed in
monodisperse slices without the need to fractionate the sample. GPC can be used to investigate
the flexibility of polymers by constructing conformation plots usi#Ry?>; and the intrinsic
viscosity, Ji], of the polymer to calculatg.! 2 €onformation plots utilizing GPC coupled with
a MALLS detector have been used by Mourey and the Kawaguchi group to inteegttyemer

flexibility. * 12152 By carefully selecting the high molecular weight region of the polymer
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trace, the<Ry?>>; of each slice can be plotted as a functioMafand fit with Equatiori.15 to

determindp. One of the main disadvantages of light scattering techniques is the dependence

of Ry on the refractive index incrememiy/dc, of the polymer. A weak signal from the light

scattering detector translates into a large error in the conformatiort platgiscosity detector

can also be used to construct/g-yersusmolecular weight conformation plot#] is more

sensitive to lower molecular weight polymer species and offengyleer signatto-noise

ratio! 2 Yamakawa, Fuijii, and Yoshizak#?? 8lerived a WLC model for intrinsic viscosity,

which was linearized by Bohdaneékd/ih Equation1.18.

am? o

éﬁhi] szh '|'BhMl/2

(1.18)

Plotting (M%/[4])Y2 as a function oMY yields a straight line, whoseintercept and slope are

taken ashn andBn, respectively, which are related to thef the polymer through Equations

1.19 and1.20, respectively.
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In Equation1.19, Ao, ML, Fop, equal 0.46 0.53 log(d/2lp), whered is the hydrodynamic
diameter of the PBBYIo/b, whereMo andb (=0.25 nm) are the molar mass and length of the
structural unitand2.87x10% mol 1, whichis the theoretical Flory constant for infinitely large
molecular weightsrespectivelyln Equationl.20, Bo equalsl.05for M/(2IpM.) values ranging

from 0.4 to 300.

Atomic force microscopy
Atomic force microscopy (AFM) is a popular technique used by many researchers to visualize
the rod orworm-like conformations so famously afforded by PBBS1®32 3 The high
density of flexible or rigid side chains allows researchers to visualize PBBs by increasing their
crosssectional diameter andRy%>,. Since the polymers are adsorbed onto a substrate,
characterization is done atwo-dimensional2D) space AFM studies are also complicated
by the fact thatdsorption of a PBB onto a substrate has been shown to cause backbone scission
over time! 23 %Park et al. studied droplets of a PBB polymer melt consisting of a
polymethacrylate backbone with a disulfide linker in the middle and with polyfyl
acrylate) side chains. In these experiments, a drop of the PBB was spread across the mica plate
andthe distribution of PBB lengths was monitored as a function of the distance from the point,
where the drop had been originally spread into a film. Spontaneous chain scissiSrboh8s
and G C bonds were observed at distinct distances of r -5@6m and r ~ 140nm,
respectively, from the drop edgé.3

Sheiko also visualized a PBB corisig of a polymethacrylate (PMA) backbone and

poly(methyl methacrylate) (PMMA) side chaihd The PBBshadan extended conformation
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with collapsed bBckbone segments that were measured to be 1/3 of the fully extended length.
Contraction of the polymer backbone is believed to occur as the polymer transitions from a
solvated state in a good solvent to the dry state, which is more akin to poor solvent
conditions! 3 The determination df, from AFM images has also been investigated and can be
determined using two complementary methbé$he first method uses the local curvature of

the PBB, as shown in Equatid1! 3 6
-S .
<cos@) > =X ‘ (1.21)
",

In Equationl.21, cos) ands are the cosine of the anglg,between two unit vectors tangent
to the chain contour and the distance separating the two veesgpectively.
The second method is based on the KPWLC model applie2Despace with Equation

122132386

A a2 & _L 6
(RJ>2D_4|pLéag —Lég exp -6 (1.22)

To account for the loss of one degree of freedom in the moldgugemultiplied by a 2
factor! 3 Equationl.22 holds only if the molecules deposited onto a substrate have equilibrated

prior to the measurements.®
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Pyrene excimer fluorescence

Pyrene excimer fluorescence or formation (PEF) has been used to study a handful of PBB
systems, where a pyrenyl label was either covalently attdéh&#? &r loaded >? 4 thto the

PBB. Zhao et al. reported the synthesis of a PBB with a backbone consisting of a poly(glycidyl
methacrylate) used to generate a bivalent linker for attachment-plyeedebutyroyl group

and a poly{l-isopropyl acrylamide) side chain (PGMAPY/PNPAM).! 3 The PNIPAM
hydrophilic linker had a degree of polymerization of 53 and could be dissolved in both organic
and aqueous m&d Concentration studies were conducted to investigate the level of
interpenetration of the side chains in tetrahydrofuran (THF), a good solvent for PNIPAM and
pyrene, and in water, a good solvent for PNIPAM and a poor solvent for pyrene.-Stimtady
fluorescence (SSF) was used to calculate the efficiency of excimer formation baselt/bn the
ratio, by taking the intensityi) measured at 476 nm for the excimer and dividing it by the
intensity (v) measured at 397 nm for the pyrene monomer. The polafitythe
microenvironment of pyrene was also probed throughitheratio, where thé: andlz peaks

of the monomer emission were found at approximately 377 and 388 nm, respectively.
Unfortunately, the authoemalyzedhelg/Im andl /13 ratios at concendtions in THF that were

so high that they observed both the inner filter effect and reabsorption and )ettedor
results obtained for pyrene concentrations aboveM @re not reliable. The inner filter effect
occurs when the concentration of theéarhophore is so high that the excitation light cannot
completely pass through the solution, so that only the section of the solution located next to
the cell wall in direct contact with the incoming beam is being irradiagsailting in the

absence of exiation at the center of the cell, where fluorescence is detected. Consequently,
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the fluorescence observed is much less than expected. Reabsorption is also observed at high
chromophore concentrations and occurs when the fluorescence of the chromopkere is r
absorbed by a neighbouring chromophore distorting the monomer emission. In the case of
pyrene, thd: peak becomes smaller, and the overall monomer emission becomes distorted as
shown in Figure 7 of the manuscript.At pyrene concentrations lower tharm i® the Ie/lm

ratio is constant, indicating that only intramolecular excimer formation, and thus no
interpenetration of PBBs, is taking place. A simiksue is found in water and only the data

for pyrene concentrations smaller than®1M are reliable. Thég/lv ratio begins to increase

with increasing pyrene concentration, indicating interpenetration and the formation of PBB
aggregates. Gadwal et alsalsynthesized a PBB with a PGMA backbone, where each glycidyl
moiety was used to generate a bifunctional linker connected to-pypeeiebutanoyl group
andoligo(ethylene glycoBto yield a series of PGMA-Py/PEG samples2 The fluorescence
spectra of the PGMA-Py/PEG with 1 and 16 ethylene glycol (EG) units were acquired. While
not discussed in the manuscript, te#w ratios could have been calculatadd it is evident

from the spectra acquired in chloroform that the PBB with 1 EG unit shows a substantial
erhancement in excimer formation compared to the PBB with 16 EG units. The PBB with the
longer side chains experiences more steric interactions between the side chains causing a
stiffening of the polymer backbone. As a result, the local concentration afggexreases,
which causes a decrease inléy ratio as expected from Equatidri. A similar experiment

was conducted by Farhangi etfak a series of PBBs with increasing side chain lefdithe

PBBs were constituted of a poly(methyl methacryldB&YIMA) backbone with alkyl side

chains ranging in length from 1 to 18 carbon atoms. They were randomly labeled with 1
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pyrenebutanothroughout the polymer to yield a series of PMMA&Y/C, samples. Dilute
PMMA-g-Py/G, solutions were studied in THF using both SSF and-tieselved fluorescence

(TRF). The results showed that extension of the alkyl side chains led to a pronounced decrease
in PEF attributed to the stiffening and extension of the main chain, as had been observed in the
study by Gadwal et 12 3 ¥he TRF decays were analyzed using the fluorescence blob model
(FBM), which was developed in the Duhamel laborafoffhe FBM retrieveNoiob, Which is

the number of monomer units encompassed withilola Nbiob is expected to decrease as the
number of atoms in the side chain increases and the polymer backbone becomes less flexible.
This was indeed the case, Mg, was shown to decrease and patesimilarly to the trend

shown for thdg/lm ratios. The plateau observed in both liglbs andNpiob values occurred for

the PBBs with 12 and 18 carbon atoms in the side chain. The authors believe that this trend
demonstrates a saturation of the local volume, where a side chain made of more than 12 carbon
atoms no longer affects the dynamics of the nohain probed by PEF.

While PEF remains a powerful technique, which has lzggaliedto characterize a
variety of polymer architecturés’? lvery few studies have been conducted using pyrene
excimer fluorescence to stugplymers with a PBB architecture. PEF is a characterization
technique which extracts information about the structure and conformation of a macromolecule
as well as its internal dynamics. The driving force for this thesis was to extend the applications
of PEF to be able to determine the local concentration of pyrene of a pwsled
macromolecule in solution and to draw conclusions about the conformation of the

macromoleculén a mannesimilar towhat is currently done witkcattering techniques.
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1.5Research Goals and hesis Outline

The main objectivevasto investigate whethea different technique, namely pyrene excimer
fluorescence (PEFran be usedo characterize the conformation and internal dynamics of
macromolecules ith complex architecture, a field typically dominated by scattering
techniques. This thesis has focused on two specific branched macromolecular architectures
namelydendrons and polymeric bottle brushes (PBBs). The first researclvgeab apply

our PEFbased methodology endrons and PBBbkat had beehomogenously enthbeled

with the chromophorgyrene. The dynamics of the terminal ends of dersinod PBB were
investigatedoy determiningthe average rate constark><of excimer formationwhich was

then related to the local concentration of pyrfiAgi.c calculated foreach construct. Few
studies have related the dynamiesperienced by thechain endsof highly branched
macromolecule$o their local concentratiorPyrene with its ability toform an excimerywas

an ideal candidatéo conduct these studieand the relationship between the twoasv
investigated using PEF. The second research goal was to conduatepthrstudy bPBBs

in both organic and aqueous solutiofige firstgoalwas b studythe change in PBB flexibility

with increasingside chain lengthTo this enda newblob-based approachas introducedo
guantitatively measurthe persistence lengthy, for a series opyrenelabeledPBBs witha
poly(methyl methacrylate) mairhain and poly(oligoethylene glycd)de chais (PMMA-g-
Py/PEG) The secondgoal was to studythe ability of the densely grafted side chanrighe
PMMA-g-Py/PEG sample® protect the hydrophobic pyrenyl pendaadswell as the fraction

of aggregated pyrngl groups. This research was completed by a study of the loading capacity

in water of unlabeled PMMA-PEG samples with molecular pyrene.
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This thesis is composed of six chapters. The first chapter sets out to introduce PEF and
describe how it haseen used in the literature to characterize macromolecules in solution. Two
of the models currently used by the Duhamebtalory, namelythe model free analysis
(MFA) and the fluorescence blob model (FBMjgre presentednd discussed. The dendritic
and bottle brush architecturesvere discussedalong the synthetic roes and their
characterization in solution. Chapter 2 focusseshenstudy ofsix generations of pyrene
labeled dendrons. A calibration curve was constructed to compare the dynamicsyoéiiee p
labeled terminal endef the dendrongo the local concentration of pyrene in a variety of
solvents. This curve set the stage for Chapter 3, which involved the synthesis and
characterization of four PBBw&hose side chainsad been homogenously laleel with pyrene.

A grafting-through method was adoptechich ensurethateach side chainasmonodisperse
in length. The volume probed by the side chains of the PBBs with 12, 18, 27, ad 39
hydrogenatoms in their side chains weivestigatedin 4 different solvents. Thénternal
dynamics of each PBB were then studiead <> was calculated and ptet as a function of
[PYlioc. The results were compared to those obtained in Chated 2jood agreement was
foundbetween the two different branchedhitectures. Chapter 4 introduces a new series of
PBBs whichwererandomly labeled with pyrene and contadia variety of side chain lengths
rangng from 3, 12, 15, 18, 24, 3@ 60nonhydrogeratoms. The flexibility of these polymers
wasinvestigated using the Fluorescence Blob Model (FBM) ahbblabased approach was
used, for the first time, to determitiee |, of thesepolymess. The flexibility of the PBBs was
also investigated using gel permeation chromatography and an image BBthetR 60 atoms

in the side chaicould be obtainedsingatomic force microscopyl hepyrene labelet®PBBs
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were fully characterized in organic solveimt Chapter 4and Chapter 5s a study otthese

same polymers invater The pyrene pendatn be viewd asa hydrophobic drugwhich

would have been covalently bound to PBBs and studied for drug delivery applications. The
effecsthatthelength of the spacer attached to the pyrenyl moatyvell as the length of the
PBB side chainshave on the behavioof the PBBswere thoroughly investigated using a
variety of fluorescencbased techniques. The concluding chapter, Chapter 6, summarizes the
main conclusions and discoveries from each of the abwrmioned chapters and discusses

future work.

44



Chapter 2

Direct Measure of the Local Concentration of Pyrenyl Groups in Pyrene
Labeled Dendrons Derived from the Rate of Fluorescence Collisional

Quenching

Adapted withpermission fromThoma, J. L.; McNelles, S. A.; Adronov, A.; DuhamelPirect
Measure of the Local Concentration of Pyrenyl Groups in Pylcabeled Dendrons Derived from

the Rate of Fluorescence Collisional Quenchitglymers202Q 12, 1-14.
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2.1 Abstract

The modelfree analysis (MFA) was applied to measure the average rate con&tgrfo(pyrene
excimer formation (PEF) in a series of pyrdakeled dendrons referred to asxdB(N),
wherex (= 2V) is the number of pyrenyl labels born by a dendrogewferatiorN ranging from 1

to 6. <> was measured in four different solvents, namely tetrahydrofuran (THF), toNi&he,
dimethylformamide (DMF), and dimethylsulfoxide (DMSOk>was found to increase linearly
with increasing local pyrene concentratiofPyioc), where Pylioc had been determined
mathematically for the RyG(N) dendrons. The slope of each straight line changed with the nature
of the solvent and representeg, the bimolecular rate constant for PE&kx depended on the
solvent viscody (d) and the probabilityd) for PEF upon encounter between an excited and a
groundstate pyrene. In a same solvéqai for the Py-G(N) dendrons was about 360 + 30 times
smaller tharkqi obtained for ethyl 41-pyrene)butyrate (PyBE), a pyrene mbdempound
similar to the pyrene derivative used to label the dendrons. The massive deckeasibgerved

for the Py-G(N) samples reflected the massive loss in mobility experienced by the pyrenyl labels
after being covalently attached onto a macr@uoole compared to freely diffusing PyBE.
Interestingly, theéqir values obtained for the R¢%(N) dendrons and the PyBE model compound
followed similar trends as a function of solvent, indicating that the difference in behavior between
thekqirr values obtained in different solvents were merely due to the changeg]iarttip values
between the solvents. Normalizing th&><values obtained with the R&(N) dendrons by
thekairr values obtained for PyBE in the same solvents accounted for chargandp, resulting

in a master curve upon plottindgg>d(fairr % kair) as a function ofRyjioc, wherefqir was introduced

to account for some pyrene aggregation in the higher generation dendse@ (€. This result

demonstrates thaks: represets a direct measure d®P¥]ioc in pyrenelabeled macromolecules.
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2.2 Introduction

Techniques such as viscometry, light scattering (LS), and small anglg ¢(§AXS) or neutron
(SANS) scattering have traditionally played a critical role in the characterizatfon
macromolecules due to their ability to determine the internal density of macromolecules in
solution. Since the internal density of a macromolecule can be related to its volume after the
molecular weight has been determined, such measurements prowdars to assess the
dimensions of macromolecules in solution. For instance, the existence of excluded volume
experienced by macromolecules in solution is readily detected by a marked decrease in the internal
density of macromolecules, which can be matherally predicted and experimentally confirmed
through intrinsic viscosity {f]) and LS measurementsThese measurements are typically
conducted with polymer concentrations in thé 10 g/L range, a concentration range that is
suitable for wellsoluble samples, but that can lead to aggregation and challenging data analysis
for less soluble macromolecules

In contrast, fluorescence is better known for its ability to probe fast photochemical
processes, which has led to the implementation of many fluoresbased applications to
characterize the internal dynamics of macromolecules in soRufiora typical fluorescence
collisional quenching (FCQ) experiment, where quenching occurs solely upon contact between the
excited dye and its quencher, a macromolecule is covalently labeled with a dye and its quencher
at two specific positions, followed by the acgjtion of the monoexponential fluorescence decay
of the fluorescently labeled macromolecule. Analysis of the decay yields the decay)time (
corresponding to the quenching of the dye by the quencher, which is equa #oki#? [Q]ioc) %,
where #o, kditt, and Rlioc are the dye natural lifetime, the bimolecular quenching rate constant

describing the diffusive encounters between the excited dye and the quencher, and the quencher
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concentration experienced locally by the excited dye, respectively. Be[@ligeis deemed
impossible to measure experimentally, the fluorescence decay analysis yields the product
kaif3 [Q]ioc, Which is referred to as the pseugliimolecular rate constakt Information about the
internal dynamics of the macromolecule is ree@@yromk, a largerk reflecting a more flexible
macromolecule. Yethis interpretation ok overlooks the fact thatis not only a function okt

but also of Q]ioc, Which is related to the internal density of the macromolecule, sinceiémeher

is covalently attached to the macromolecule.

The difficulty in establishing the relationship betwé&emd [Q]ioc for fluorescently labeled
macromolecules is rooted in a number of technical and theoretical hurdles that must be overcome,
as described in an earlier reviéwirst, most photophysical processes like FCQ occur over short
distances of less than 5 ririthis constraint requires that the dye and quencher be relatively close
to each other, limiting the application of FCQ experiments to oligomers, not macromolecules. To
study macromolecules by FCQ and resolve this first hurdle, the dye and quencherlnosgbe
closer to each other, typically by increasing the number of dyes and quenchers attached to the
macromolecule. Unfortunately, this practice leads to the second hurdle of FCQ experiments,
whereby each polymer segment spanning a dye and a quencliey ires different quenching
rate constant, which leads to a complex distribution of quenching rate cohkgtai ¢urn, the
fluorescence decagf the randomly labeled macromoleculesns intoa sum of exponentials
associated with a distribution of decay tintegqual to (1, + ki) . Since no multiexponential
decay analysis can resolve all thealues resulting from the distribution of tkerate constants,
the average rate constant for quenchikg is typically determined. The relationship betwe&n <

and Qlioc Now needs to be establisheshd this represents the third hurdle in FCQ expearime
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becauseQ]ioc is difficult to predict for a macromolecule labeled with more than one dye and one
guencheg.

For reasons that have been preseritedeveral review$,> excimer formation upon
encounter between an excited and a grestate pyrenyl group covalently attached onto a
macromolecule is a weknown and often used FCQ application to proberiternal dynamics of
macromolecules. The multiexponential fluorescence decays acquired with macromolecules
labeled with more than two pyrenes can be satisfyingly fit according to the -fregl@nalysis
(MFA), which yields the average rate constaki of pyrene excimer formation (PEFY.In this
case, the grounstate pyrenes act as quenchansl <> is related to the local pyrenencentration
([Pylioc) experienced by an excited pyrene according to EquatioriEquatior2.1 is well accepted
in the literature because it has been shown to hold for homogeneous pyrene soliitamrses
with the results obtained witmdlabeled monodisperse polyméfsand it has been predicted for
polymers randomly labeled with pyrene¥lhe MFA has been shown to be a superior analytical
tool** compared to other procedures that have been applied previously to study the fleerecen
pyrenelabeled dendrimers?? 8as was reported in an earlier reviéWet, validation of Equation
2.1 is essential to demonstrate that FCQ experiments such as those based on PEF yield parameters
that report onRyjioc, and thus on the internal density of thacromolecule onto which the pyrenyl

labels are attached.

<k > l%il‘f [Pﬁloc (21)

The only study to have indicated that Equatidil is valid was conducted in

tetrahydrofuran (THF) with a series of pyrene labeled dendedaged to as RYG(N). The Py-
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G(N) dendrons were prepared with a -Bj&(hydroxymethyl) propionic acid backbqgnthe
generation numbem) of the dendrons ranged from 1 throughaidx (= 2V) represented the
number of pyrenyl labels covalently attachtedthe terminal ends of a dendron of generation
N.2 °The published derivation of the average squareet@end distance, kp?>2, of the highly
branched PyG(N) dendrons was employed to estima®g]pc for each Py-G(N) dendron. The
MFA of the fluorescence decays acquired with the-BYN) dendrons yielded k=, which was
found to increase linearly with increasiri®y]oc as predicted by Equatidhl. This original study

is now extended to the three additional solvents toluRr¢.dimethylformande (DMF), and
dimethylsulfoxide (DMSO), which provide, after including THF, a series of four solvents with a
broad range of polarity and viscosity. In turn, polarity and viscosity affected the probad)ibfy (
forming an excimer and the diffusion coefént O) of the pyrene labels iadifferent manner,
which affected the results obtained by PEF. Fortunately, these effects could be accounted for by
studying PEF with homogeneous solutions of ethyl-pyrene)butyratg§PyBE) in the same
solvents, which provided a means to assess k@wn Equation2.1 was affected by solvent
polarity and viscosity. After accounting for the changdgitdue to solvent polarity and viscosity,

all <k> vs. [Py]ioc plots obtained fothe Py-G(N) samples in the different solvents merged into a

single master curve, thus demonstrating the validity and generality of EqR4tion

2.3 Experimental

Materials: The six 2,2bis(hydroxymethyl)propionic acid backbone dendrimers bearing pyrenyl
labels at each terminal end have been previously synthesamdl their synthesis and
characterization in THF can be reviewed in a previous publicafibine chemical structure of the

pyrenelabeled dendrons (R¥G(N)) used in this study is provided in Tal24.
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Table 2.1.Chemical structure andP{jioc for each PyG(N) dendrorg °
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(dimethylamino)pyridine (DMAP O

dimethylsulfoxide (DMSQ O 99.9%), ethanol (reagent grade), -fiyrenebutyric acid (97%),

sodium hydroxide® 9 7), @nhdsétlium sulfate (anhydrou®

9 9 W N-dimethylformamide DMF, O
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Sigma Qakville, ON, Canada). &lium bicarbonate§ 9 9 ), 7tetr&ydrofuran optima Q@

99.9%), and tolueng@listilled in glas$ were supplied by VWR (Mississauga, ON, Canada), Fisher
Scientific (Ottawa, ON, Canada), and Caledon Laboratories (Halton Hills, ON, Canada),
respectively. All chemicals weresed as received.

Synthesis of ethytd-pyrene)butyrate (PyBE) he sythesis of the model compound ethy(14
pyrene)butyrate (PyBE) follows the reaction scheme outlinétheme2.1 and is described in

more detail hereafter. Freshly distilled DCM (25 mL) was added to a 50 mL round bottom flask
(RBF) equipped with a magnetstir bar. 2Pyrenebutyric acid (1.00 g, 3.5 mmol), ethanol (1.60

g, 34.7 mmol), and DMAP (0.08 g, 0.7 mmol) were added to the RBF. The RBF was then placed
in an ice water bath under a gentle flow of nitrogen (Praxair, 4.0). DCC (0.72 g, 3.5 mmol) was
dissolved in5 mL of DCM, and the solution was added dropwise to the RBF over 30 min. The
reaction was left stirring under a nitrogen atmosphere at room temperature for 18 hours. The next
day, the reaction solution was filtered using suction filtration woree the urea precipitate. The
reaction solution was then washed with 0.5 M HCI, a saturated solution of sodium bicarbonate,
and a saturated solution of sodium chloride. The organic layer was extracted after each wash and
dried with sodium sulfate. Siliogel chromatography was then used to purify PyBE using a 1:10
ethyl acetate:hexane mixture. The final product was isolated as a colourless solid ama dried
vacuoovernight (0.68 g, 62 %). TH&l NMR spectrum is shown in Figur@3 in theSupporting
Information (SI) and its molar absorbance coefficient at 344 nm equals 42,600 + 14 in

THF.
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Ethanol, DMAP, O
———
O DCM, 0°C O

Scheme2.1. Chemical reaction scheme of the synthesis of the model cometiuyidt(1-

pyrene) butyratéPyBE).

UV-Vis SpectroscopyAll absorption measurements were carried out on a Varian Cary 100 Bio
spectrophotometélarian, Palo Alto, CA, USA)The Pyk)-G(N) solutions were prepared with a
pyrene concentration &.510° M equivalent to an optical density of 0.1. The absorbance
measurements were made using a quartz cuvette with a 10 mm path length.

SteadyState FluorometerAll steadystate fluorescence (5¥measurements were performed on

a QM400 spectrofluorometer equipped witke@non arc lamgHORIBA, London, ON, Canada)

The different pyrene solutions in organic solvents were degassed fo430nin depending on

the organic solveniTheir spectra weracquired with a 344 nm excitation wavelength and over
wavelengths ranging from 350 to 600 nm. The SSF measurements with.iB¢NPydendrons

were conducted using the conventional Aghgle geometryand the measurements carried out
with more concentrated solutions of the PyBE model compound were performed using the front
face geometry to avoid the inner filter effect and reabsorption. The intensity of the excimer
emission /g, was divided by the intesity of the monomer emissiohy, to obtain thdg/lv ratio,

which is a measure of PEF efficiendy. was calculated by integrating the area under the first

fluorescence peak of the monomer fluorescence spectrunm/fein4 nm to/ oo + 4 nm, where

/ 0.0 corresponds to the wavelength of th@ Bansition of the pyrene derivative in a given solvent.
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Sincele was much less sensitive to solvent differences, it was calculated by integrating the excimer
fluorescence intensity under the spectrum from 500 Gors3.

TimeResolved FluorometerA FluoroHub fluorometer (HORIBA, Piscataway, NJ, USA)
equipped with a DeltaDiode at 336 nm was used to acquire the monomer and excimer time
resolved fluorescence (TRF) decays of the degassed solutions ofiG6@\Fylendons and PyBE

in the different solvents at 375 and 510 nm with a 370 and 490 nm cut off filter, respectively. The
cut off filters prevented stray light from reaching the fluorescence detector. All decays had 20,000
counts at their maximum and were acquiogdr 1,024 channels with timg@grchannel of 0.435,
0.0514 or 0.102 ns/ch. A 2.04 ns/ch tiper-channel was used for the fluorescence decays of
2.3 10 ® M dilute solutions of the PyBE and P (0) model compounds acquired to determine

the natural lifetme (fm) of the pyrene derivatives. The instrument response function (IRF) was
obtained with amluminum reflective monolitby setting the emission wavelength at 336 nm. The
IRF was then convoluted with the mathematical expressions for thelépendentancentration

of the pyrene monomer and excimer given in Sl as Equat@fasagd 2.2 for the MFA*® and as
Equations 8.3 and 2 4 for the Birks scheme analy<i$The parameters in Equation2.81 S2.4

were optimized according to tidarquardiLevenberg algorithmd.°The quality of the fits was
gauged from a lowe? (< 1.20) and residuals and autocorrelation of the residuals randomly
distributed around zero.

Model Free Analysis (MFA) of the Fluorescence Decdy® model free analysis (RR) is a

global analysis tool which can be used to simultaneously fit monomer and excimer
decag.®> %2 The MFA can be used to fit the decays of any molecule or macromolecule labeled
with the chromophore pyrene. When pyrene becomes excited by a photon of light, it can decay to

the ground statesing one of two pathways. It can either fluoresce with its monomeric lifetime,
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tm, Or it can encounter another groustdte pyrene and form one of two excimers. An excimer
can be the result of the proper (EO) and improper (D) stacking of two pyrenyl gradiisey have
their own lifetime,feo andp, respectively. Three different pyrene species are expecteektasto
in solution, namely those pyrenes that are isolated in solution cannot form exeyme?) (form
an excimer through diffusive encount@Psuir*), and are preaggregateds0* or D*). The MFA
yields the molar fractionfee, fairt, @andfagg (= feo + fo) of the pyrene speciédyiee*, Pyuir*, EC*,
andD?*, respectively. In some instances, a contribution from residual scattenpugsibly shor
lived pyrene dimers is seen in the excimer decayd an exponential with a short lifetin)(of
4 ns is added to the expression of the excimer decay during the decay analysis. More information
about the details of the MFA can be foundhe SI, along with the equations used to fit the pyrene
monomer and excimer TRF decays.

Using the decay timeg;, and preexponential factorsa, calculated by the MFA, the
average lifetime, &, as well as the average rate constant of excimer formation can be

calculated as shown using Equati@® and2.3, respectively.

3
<t>=§ at, (2.2)

i=1

1
<t >

1
<k >=— — 23
. (23)

Using the molar fractions of the different pyrene species along witlard <>, thelg/ly '~ ratio

representing the absolutglm ratio shown in Equatio®.4 can be calculated*



(| /| )TRFz(fdiﬁEoon+fdiﬁD [5) < t>k< 1%0 'Eo [fD o (24)
o far <t > Fee ) )

Birks Scheme Analysis of the Fluorescence Detdlise pyrene monomer and excimer
fluorescence decays of PyBE were also fitted globally with Equati®8sa8d 2.4, respectively.

In this case, the excimer is assumed to be produced by dédfasisounters between an excited
and a groundgtate pyrene label with a single rate conskast The excimer can then fluoresce
with its natural lifetimefeo or dissociate by returning an excited and grestade pyrene with a
dissociation rate constaki. Global analysis of the decays yields? [PyBH, k-1, andteo, where

[PyBH is the concentration of the PyBE model compoUht?

2.4 Results

The average squared etwdend distance, kp?>Y?, of a series of 272
bis(hydroxymethyl)propionic acid backbone dendrons labeled wiyré&nebutyric acid at their
terminal ends (RyG(N)) is shown in Equatior2.5, which has been derived in an earlier
publication? °The parametera (= 6) andb (= 8) in Equatior2.5 representhe number of atoms
connecting the pyrene label to the first junction point and the number of atoms resulting from the
incorporatia of each bis(hydroxymethyl)propionic acid in the construct, respectively. In Equation

25,1 represents the projection of a@Cbond length taken to equal 0.125 nm.

2 3 9N N+l
<L2, > 1234 22 b2 . 2 2 (2.5)
2 N1
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[PY]ioc could then be determined with Equatf, whereNa is the Avogadro number and
the term (2 i 1) represents the number of groestdte pyrenes in the RB(N) dendron after
considering that one pyrenyl label must be excited in a PEF experimenBybgeconcentrations
corresponding to the different 26(N) dendrons are provided in Taldd. The very largeRY]ioc
concentrations reported in Tal#lel are a result of the short distances separating the ends of the
dendrons in comparison to their ovesale. For instance, a linear chain made of 16 bonds would
have an endo-end distance equal to 481 = 0.5 nm using ahvalue of 0.125 nm. This erd-
end distance would result in a molar concentration for one chain end according to EgGation
equal to 25 M, which is much larger than many organic solybotss a consequence of dealing
with the endto-end distance of eolecule instead of its overall size that is much laNykth their
much higher number of chain endbe Py-G(N) dendronshave considerably higher local

concentrations of chain ends, as repometable2.1.

(P =2 (26)

The steadystate fluorescence (SSF) spectra for eagH3IfM) sample were acquired in the
different solvents and are shown in Figaré for toluene, DMF, and DMSO. PyG(1), which
contains two pyrenyl groups, produces the least amount of excimer inchaaht and PEF was
found to increase with generation number and the number of pyrenyl groups present in a given
Py-G(N) dendron, thus reflecting a direct relationship between the PEF efficiendyyid The
SSF spectra shown in Figugel are typicalof a pyrendabeled macromolecul@and the PEF

efficiency can be better quantified by consideringléfig: ratio, which is proportional tkyir and
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[PYlioc, @s shown in Equatich7. The expression & is given in Equatior2.8, whereR, D, and

p are the molecular diameter of pyrene, the diffusion coefficient of pyrene, and the probability of
having PEF upon a diffusive encounter between an excited and a gtat@dpyrene,
respectively’. The expression of the diffusion coefficielx) for one pyrene molecule is given

in Equation2.9, wherekg, T, A, andR, are the Boltzmann constant, the absolute temperature, the
solvent vigosity, and the hydrodynamic radius of the dye, respectively. Based on Eg@atibns

2.9, kaifr, and thus thég/Iv ratio, is proportional to the rati'/, which depends critically on the
dielectric constantreportedat 20°C) and viscosityreportedat 25°C) of the solvent, which equal

2.4 and 0.56 mPa.s, 7.5 and 0.46 mPa.s, 38 and 0.79 mPa.s, and 47 and 1.99 mPa.s for toluene,

THF, DMF, and DMSO, respectivefy?

|_E, kdiﬁ 3[ I:)y]loc (27)

kys =4pN, RDp (2.8)
K, T

D= 6,OB/Rh (2.9)
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Figure 2.1. SSF spectra of the R%B(N) dendrons normalized at thedGransition of pyrene (~378
nm) in (A) toluene, (B) DMF, and (@M)MSO. From top to bottom: ByG(6), Py>-G(5), Pye-

G(4), Py-G(3), Py-G(2), and PyG(1)./ex= 344 nm, [Py] = 2.510° M.

The lg/lm ratios of the PyG(N) dendrons were plotted in Figu2e?A for each solvent.
The Ie/lm ratio increased with increasing generation number. However, and as predicted by
Equations2.7 i 2.9, thelg/lm ratio did not depend solely on the viscosity of the solvent. For
instance, toluene with a viscosity higher than THF was found to form excinrerefiiently,
followed by THF, DMF, and finally DMSO. THRvhich is more than 4 times less viscous than
DMSO, yieldedIg/Im ratios that were only 2-#bld larger than those obtained in DMSO. This
behaviour was a result of the differgnvalues taken ifcquation2.8 for different solvents. The
Ie/lm ratios were also plotted as a function Bhjjoc in Figure2.2B. Fairly linear trends were
obtained betweete/Im and Pylioc up to Py>-G(5), but clear deviations from linearity were
observed for Py-G(6). The linear increase ot/lm with increasing Pyjioc agreed with the

behavior expected from Equati@ry.
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The somewhat odd behavior observed in Figu2B for Py4-G(6), whereby thég/Iv ratio
is smaller than anticipated, has two most plausiblse&s One would be the presence of a small
but strongly emissive amount of unattached pyrenyl labels, that would artificially increase the
pyrene monomer emission, thus reducing thév ratio as was illustrated in an earlier
publication! The second would be the enhanced crowding of the terminal pyrenyl groups for the
Pyes-G(6) sample leading to a reduction in the number of pyrenyl groups available for diffusive
PEF, and thusesulting in less efficient PEF as was suggested earlier for the trends obtained in
THF 2 °To address these concerns as well as the somewhat betadizior shown in Figur2.2B
where each solvent yielded a different trend, a more detailed analysis of the fluorescence data is
required by applying the model free analysis (MFA) to the fluorescence decays of{BENPY
samples. The MFA dissects the PiEBcess into its dynamic and structural compongmisn by
the average rate constark><for PEF (see Equatichl) and the molar fractions of the different

pyrene species contributing to PEF, respectively.
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Figure 2.2. Plot of thelg/lw ratios for each RyG(N) dendrorin (O) toluene, ) THE2 ()
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The TRF decays of each P$(N) dendron were acquired in toluene, DMF, and DMSO
and then analysed using the MFA. The global MFA of the decays gave excellent fitsc#ith a
1.2 and residuals and autocorrelatudrtheresiduals randomly distributed around zero. A sample
fit is shown n Figure 2.2. A detailed explanation of the MFA can be found in the supporting
information (SI) as well as all the parameters retrieved from the fits in Tab@2.5. The MFA
parameters were used to calculake from Equatior2.3 and the molar fracties of the different
pyrene species. These molar fractidns, fqirr, andfagg represent the pyrenes that do not form
excimer in solution and are usually free unattached pyrene derivatives, form excimer through
diffusive encounters, and form excimer thgh direct excitation of a pyrene aggregate,
respectively. To ensure that the parameters retrieved from the MFA provided an accurate
representation of the fluorescence spectra shown in FgRrthe parameters retrieved from the
MFA of the decays were ad to calculate the absolutgln™R" ratios using Equatio@.4. The
absolutdg/Im™RF ratios calculated from Equati@y should be proportional to the relativéiySSF
ratios obtained from the analysis of the SSF spectra. The linear relationship observed id. Figure
between thée/Im"R" andle/ImSSFratios demonstrated that the MFA parameters retrieved from the
global analysis of the fluorescence decagseed with th analysi®f the fluorescencetensities

in the fluorescence spectiBhe average rate constamt<could now be studied in more detail.
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Figure 2.3. Plot of Ig/Im"R" versusle/ImSSFfor the Py-G(N) samples in A) toluene, B) DMF, and
C) DMSO.

Figure2.4A is a plot of &> vs. [Py]ioc for the Py-G(N) samples in the three solvents. As
for the Ig/In>SFratios in Figure2.2B, <k> increasd linearly with increasingRy]ioc for N values
ranging from 1 to 5 but showed a clear downward curvature #+@&p). The same behavior had
been observed earlier in TH&Nd this behavior had been attributed to increased aggregation of
the pyrenyl labelswhich lowered the local concentration of active pyrenyl labels that could form
excimer by diffusive encounters between an excited and a gstatelpyrené.°The notion that
the pyrenyl labels were strongly aggregated in the-8¢6) sample was easily illustrated by
plotting the molar fraction of aggregated pyrerfeg)(as a function of the generation number in
Figure2.4B. While the Py-G(N) samples with & N ¢ 5 yieldedfaggvalues that were smaller than
0.06,fagg for the Pys-G(6) sample took a value that was larger than 0.17 in all solvents studied.

Since «> is wnaffected by the presence of free pyrene derivatives, this result confirmed our earlier
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analysig °that the unexpected behavior observed fog#(6) in Figure2.2B and 2.4A was
probably a consequence of extensive aggregation of the pyrenyl labels due to overcrowding.
Dividing <k> by the molar fraction of pyrenyl groupshich form excimer exclusively though
diffusive encounterdd),? *accounts for this artefact by increasirig-¢o the value that it should

take if all its pyrenyl groups were dissolved in the solution, as assumed bydaduétfor the

calculation of Py]ioc.
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Figure 2.4. Plot of (A) <> versus Py]ioc for the Py-G(N) dendrons, (Bjagg Calculated by the
MFA for each generation, and (Chefairr versus Pyjioc for the Py-G(N) dendrons in Q)

toluene, ) THFZ 1<) DMF, and A ) DMSO.

This correction was appliednd the ratio k>/fqir was plotted as a function oPY]ioc in
Figure2.4C. The linear relationships obtained in the plots shown in Figdt for all Py-G(N)
dendrons in toluene, THF, DMF, and DMSO validated the proposal that the unexpected behavior
observed for thee/lwSSFand <> parameters in Figuréa2B and2.4A was de to extensive

aggregation of the pyrenyl groups ingl?$%(6). Similarly to the trends obtained in FigeB
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with thelg/ImSSFratios, <«> was found to be larger in the more viscous toluene than in THF. In an
effort to identify the origin of this phenomen and assess whether it was general or specific to
the family of Py-G(N) dendrons, the PEF process was investigated further with etfiyl 4
pyrene)butyrat€dPyBE), which was used as a model compound, since it resembles the pyrene
derivative covalently dund to the Py¥G(N) samples.

The fluorescence spectra of PyBE solutions with concentrations ranging from 6 to 14 mM
were acquired in toluene, THF, DMF, and DMSO and are presented in Fig@refSl. The
fluorescence spectra showed the expespedtral features of a pyrene derivative forming excimer,
with a set of sharp peaks observed between 370 and 410 nm indicative of the pyrene monomer and
a broad structureless emission centered at 480 nm for the excimer. Increasing the PyBE
concentration rgulted in increased pyrefpgrene encounters that resulted in increased PEF. The
fluorescence spectra shown in FiguBe3Svere analyzed to obtain th&iflmSSFratios, which were
plotted as a function of the PyBE concentration in Figrd.S he plots wre linear as expected
for PEF, but they also displayed the same unexpected trend observed withrG(®&)Pyendrons
that showed more viscous toluene yielding latgix>STratios than less viscous THF.

The fluorescence decays of the pyrene monomeéreacimer of all the PyBE solutions
were acquired and analyzed according to the Birks scheme and the MFA. The parameters retrieved
from the Birks scheme analysis and MFA for the PyBE solutions have been listed in Tables S1
and S2, respectively. The fluooesice decay fits were excellent with the MFA in all solvents and
for the Birks scheme in toluene am#iF butshowed some slight deviations at the early times in
DMF and DMSO, possibly due to the increased viscosity of the two latter solvents. Nevertheless,
the produckqir® [PyBH obtained from the Birks scheme analysis of the fluorescence decays and

<k> obtained from the MFA were plotted as a function of the PyBE concentration in Ei§are
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Both <> andkgifr® [PyBH increased linearly with increasing P oncentratioywith <k> being
always slightly smaller than the produetis® [PyBH, probably a consequence of the different
assumptions made for the derivation of each model. The Birks scheme assumes that the pyrene
excimer dissociates withdissociation rate constant that is typically small comparedfte, Hs
found experimentally in Table S1, whereas the MFA neglects the excimer dissociation altogether.
The Birks scheme also assumes a single rate constant for excimer foynvagogas théVFA
assumes that the excimer can be formed by several rate constants. The poorer fits obtained for the
fit of the fluorescence decays with the Birks scheme analysis in DMF and DMSO suggests that the
MFA is a more robust analysis method. Nevertheless,stbpes of the plots of ks and
kaitt® [PyBH as a function of PyBE concentration in FigargA and of <> versus Py]iocin Figure
2.4C vyielded the bimolecular rate constakdi(inter]) for intermoleculardiffusive encounters
between two pyrene molecsldor PyBE and the pyrenyl labels of thex#3(N) dendrons,
respectively. They are plotted in Fig@&B as a function of the inverse of the solution viscosity.

The three plots fokyir Show some striking similarities with a sharp maximum for/a 1/
value of 1.79 (mPa-s)obtained in toluene. The common behavior observed for the pyrenyl
labels of the Py¥G(N) dendrons and PyBE demonstrates that this behavior is a result of the
pyrene dyeand notof its attachmenbnto the dendrongsir was found to be 360 + 30 times
larger for the PyBE model compound than for the pyrenyl labels covalently attached to the
dendrons. This massive reductiorkii reflects the equally massive loss in miibpi
experienced by a pyrene derivative upon covalent attachment to a macromolecule versus the

same pyrene derivative freely diffusing in solution.
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Figure 2.5. (A) <k> andkair® [PyBH versus [PyBE] in O, ®) toluene, OJ, Il THF, (0,‘)
DMF, and A,A) DMSO; solid and hollow symbols are for the fluorescence decay analysis

according to the Birks scheme and MFA, respectively. B) Pldusffor (03) the Py-G(N)

dendrons an#i[inter] for the PyBE model compound when the fluorescence decays were fitted

according to Q) the MFA and \‘) the Birks scheme. Qirxh of PyBE versus solvent viscosity.

Another important feature of Figug5B is thatkait is not inversely proportional to the solution
viscosity, because PEF depends also on the probabiliof forming an excimer upon encounter
between two pyrene moietiezs discussed in EquatioBd i 2.9. This aspect is further illustrated
with Figure2.5C, which shows the produdg kait[inter], which is proportional t@, plotted as a
function of the solvent viscosity. For the four solvents investigdiekls[inter] fluctuates from
0.86 10° M-t-mPa in THF to 2.0010° M-*.mPa in DMSO. Alditionally, the /2 kqi[inter] value

of 1.13 10° M-1.mPa for DMF was almost half that of 230@° M-1.mPa in DMSO, suggesting
a similar relationship fop as had been suggested earlier with otherpyrene model compousd

namelyl-pyrenemethylacetamidandn-butyl-1-pyreneacetamide®
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For the sake of consistency, the>#qi# values obtained for the R%B(N) dendrons in
different solvents were divided by thesx[inter] values of 1.90, 2.93, 1.42, and 1.00'Ms?
obtained from the MFA of the PyBE decays acquired in THF, toluene, DMF, and DMSO (see
Figure2.5B) to account for the changes in the rgiib between the different solvents. The quantity
<k>/(fairr kaite[inter]) was plotted as a function oPYioc in Figure 2.6 for the four solvents
considered. All data points in FiguPedAC collapsed along a master line in Figadr@, indicating
that this correction accounted for the differpfft values of the solvents. The data points showed
more scatter for thkigher generation dendrimers, possibly because the pyrenyl labels were more
aggregated, but also because the larger dendrons might have been subject to more excluded volume
effects, which are not accounted for by the derivation of EquattbriThe smalledendrons are
likelier to be devoid of solvent effects and their behavior is-dedicribed by Equatioh4, which
assumes that each chain segment behaves like a Gaussian chain. Finally, the straight line obtained
between k>/(fqifr? kairt[inter]) and Pylioc demonstrates thaks responds directly tdyjioc for the

pyrenelabeled dendrons regardless of the nature of the solvent.
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Figure 2.6. Plot of <>/(fair2 kaire[inter]) as a function ofRy]ioc for the Py-G(N) dendrons where
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possible aggregation of the pyrenyl labels &aglinter] obtained from the MFA of the PyBE

fluorescence decays in the sasmvent to account for thg//7 term in Equatior2.81 2.9; (O)

toluene, ) THF2 <) DMF, and A) DMSO.

2.5 Conclusion

A series of six pyrene eddbeled dendrons (R¥(N)) were studied in toluene, THF, DMF, and
DMSO. These four solvents had different polastind viscosies, which affected PEF through
diffusive encounters between the pyrenyl labels differently. Accounting for the p@tidoy
dividing the «> values obtained for each ;P§(N) sample in different solvents Iy obtained
for the model compound PyBE in the same solvegtslded a straight line between

<k>/(faitr® kaie[inter]) and Pylioc. This relationship was found to hold regardless of the nature of
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the solvents, particularly for the smaller dendrons that ax®id of solvent effects. It also
demonstrates thatkx obtained from the MFA of the fluorescence decays acquired with pyrene
labeled macromolecules depends directly Byi§c and can thus be used to probe the internal
density of macromolecules in the samanner as other techniques like intrinsic viscosity or static
light scattering. The main difference between PEF and these other techniques is that it takes
advantage of the extreme sensitivity of fluorescence, which allows fluorescence measurements to
be performed withpyrene labeled macromolecudelutions as low as 1 mg/two to threeorders

of magnitude lower than all other standard technithegtsre used to characterize macromolecules

in solution.
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3.1 Abstract

Four poly(oligo(ethylene glycol) -pyrenemethyl etlremethacrylate) (P(PyE®A) samples

with y = 3, 5, 8, and 12) were synthesized, where each side chain was terminated with a 1
pyrenemethoxynoiety. The efficiency of excimer formation between an excited and a ground
state pyrene was used to assess théoooation of the PyEGside chains in these polymeric
bottle brushes by conducting timesolved fluorescence measurements in tetrahydrofuran (THF),
N,N-dimethylformamide (DMF), dioxane, and dimethylsulfoxide (DMSQO). These experiments
took advantage of th@ependency of the average rate consté&ntcef pyrene excimer formation
(PEF) on the local pyrene concentratidty][oc experienced by an excited pyrene bound to the
P(PYEGMA) samples. Py]ioc could be estimated theoretically by assuming that the dide
chains adopted a Gaussian conformation. Linear plot&efqss as a function ofRy]ioc, Wwhere

faitr is the molar fraction of pyrenyl labels forming excimer by diffusiotroduced to account for
residual pyrene aggregation, were obtained in all four solvents with slopes that depended on
solvent viscosity and the probability of PEF upon diffusive encounter between two pyrenyl labels.
Solventinduced differences in PEF &iiency could be accounted for by determining the
bimolecular rate constankgir[inter], for intermolecular PEF with the model compound 1
pyrenemethyl diethylene glycol methyl ether in the four solvents. Except for DMSO, which was
too polar and led to thsegregation of the pyrenyl labels close to the polymethacrylate backbone,
the data obtained for all P(PyE@A) samples in THF, DMF, and dioxane collapsed on a master
line, similaty to the one obtainedn Chapter 2with a series of pyrenkabeled dendrawhen
plotting <k>/(faitr® kit [inter]) vs. [PY]ioc. The k>/(fqir® Kairt[inter]) vs. [Py]ioc master line confirmed

the direct relationship that exists between the PEF efficiencyRayhe:] a relationship that could

be used effectively to probe the comhation of highly branched macromolecules in solution.

71



3.2 Introduction

The endto-end distancergg) of linear polymer chains is a most important mathematical tool to
represent the dimension of a chain without having to account for the moléetdds associated
with the chemical structure of the monomer used to prepare the polymer undet study.
Theoretically ree is expected to scale a8 wheren is the number of bonds of the chain anid
the Flory exponent equal to 0.5 for a linear chiaithe bulk or in a theta solvent or 0.6 for a chain
in a good solvert Experimentally however, it is usually nef that is determined but the radius
of gyration Rs) using scattering techniqué$Rs can then be related tee by taking advantage
of the weltknown relationshipee® = 6 Rs?, that applies to linear chains. The main advantage of
usingRe overree in the case of linear chains resides in the small number of chain ends that need
to be detected foree measurements,ompared to the much larger number of structural units
constituting the linear chain that are probed iR@measurement. This explains why experimental
techniques that probe the ends of a linear chain must enhance the chain end signal to facilitate their
detection, typically by labeling the two chain ends with fluorescent dyes such as a pair of FRET
donor and acceptor dyes lor two pyrene labels2! “The dyes are selected for the ability of their
fluorescence signal to report on eitinet directly for a FRET pajror the local concentration of
the chain ends within the macromolecular volume for the pyrene labelsan then be derived
from the analsis of the pyrene fluorescence.

While the ability of fluorescence experiments to prohsrom fluorescently endabeled
linear chains is weléstablished;! “the ree-concept is more difficult to visualize in the case of
dendrimers and polymeric bottle brushes, whose many chain ends beg the question as to which
chain ends should be considered torabterize theee of such macromolecules. For these more
complex macromolecules, tiRe-concept is particularly weBuited as it characterizes the spatial
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mass distribution of a macromolecule within the macromolecular volume with respect to its center
of mass without having to consider its chain eh@<Yet a mathematical procedusgas proposed
in two recent studieto determine the average etwdend distance rge> for the terminals of
dendrimers that had been labeled with pyrenyl grdup&ree> was applied to predict the local
pyrene concentration Fljioc) generated by a series of six pyrene-eiekled dendrons. These
dendrons were prepared witR 2-bis(hydroxymethyl) propionic acid backbone and weferred
to as Py-G(N), where thegeneration numbem) ranged from 1 to 6 anithe number of pyrene
molecules(x) equaled Y. For each PyG(N) sample, the fluorescence decays of the pyrene
monomer and its excimer, generated through the diffusive encounters between an excited and a
groundstate pyrene, were fitted globally according to the model free analysis (MFA). These
studies yielded the average rate const&ntfer PEF for the PyG(N) samples in four different
solvents. k> equals the produdtiis® [PY]ioc, Wherekqir is the bimolealar rate constant for PEF
by diffusion. Accounting for solveribduced differences in the fluorescence response of the
pyrene derivatives of the R%(N) samples led to a master ljrdong which all > values
obtained for the RyG(N) samples clusteraaghen plotted againsP}ji.c.> 8The coalescence of all
<k> values along a master line suggested that the calculated values led tgredictions for
[PYlioc, that reflected the conformation of the dendrons in solution.

Emboldened by this early success, the present study illustrates how the satvesdF
methodology can be applied to predict the conformation of the side chains ofraiaotlily of
highly branched macromolecules, namely a series of polymeric bottle brushes (PBBs) belonging
to the PEGMAtype, introduced by the Lutz group due to their interesting thermoresponsive
propertiest # 9n solution, PBBs adopt an extended confation as the main chain becomes more
crowded with increasing side chain length.?The topology of the PBBs generates two length
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scales, one related to the main chain, which is often described by its persistencderagiti (
another by the side chra, which is described by tlaerage squared cressctional radius of
gyration of themain chain(Ryc) or the endto-end distance of the side chaifise,sd.? *3 5The
parameters, Rc,c, andreg,scare typically extracted from scattering data, whose analysis requires
Adi viding outo the contribution of the side
signal pertaining to the main chain. In turn, this mathematical process involvasgnsakne
assumptions about the density profiles of the side cR&isstopic labeling of specific sections

of PBBs (backbone or side chains) couldtinguish between both contributions in a more
definitive manner, but to the best of our knowledge such experiments have not been conducted
yet.

In contrast, the backbone and side chains of PBBs can be labeled separately with a pyrenyl
derivative whos fluorescence response would provide information about the internal density of
the targeted section of the fluorescently labeled PBB. In the present study, four poly(oligo(ethylene
glycol) 1-pyrenemethyl ether methacrylad€P(PyEGMA) sampleswith y beng the number of
ethylene glycol units in the side chain equal to 3, 5, 8, andwig2g prepared where each side
chain was endbbeled with a pyrenyl group. The design of the P(R)WE& constructs, where
each side chain was pyrene daleled, was utilied to probe the conformation of the side chains
based on the fluorescence of the pyrenyl derivative. The monomer and excimer decays of the
P(PyPEGMA) samples were acquired in tetrahydrofuran (THE 0.456 mPa.s at &), N,N-
dimethyl formamide (DMF/A = 0.794 mPa.s at 2%&), dioxane f = 1.18 mPa.s at 2%C), and
dimethylsulfoxide (DMSO,/# = 1.99 mPa.s at 28C), and their global MFA yielded the
corresponding k> values for each sample in the different solvents. Assumirighiagpyrenyl
terminal of each Egsside chain could probe a spherical volume, whose diameter was defined by

74



the reg,sc (= N1, with n being the number of chemical bonds of lenigtk 0.125 nm)) of the

side chainallowed the calculation of predictedvalue for Py]ioc which was found to correlate
strongly with <>, as had been observed for the-B¢N) dendrons.* 8The strong correlation
between k> obtained from PEF measurements af]i§c suggests that PEF provides an
experimental means to probe the intrmensity of macromolecules in generahd the
conformation adopted by the E&de chains of PE®A samples in solution in particular. This
application of PEF to probe the conformation of macromolecules, and specific parts of a
macromolecule, in solutiorepresents an important development in the use of PEF which should

nicely complement scattering experimett.® & 33 5

3.3 Experimental

Materials Celite, chloroform © 99.8% ), dichloromethane (DCM) 99.8%9, diethyl ether ©

99%), N,N-dimethylformamide (DMF,0 9 9 . d8n¥thylsulfoxide (DMSO,0 99.9%), 4-
(dimethylamino)pyridine (DMAP,O 99%), 1,4dioxane (< 99%), ethyl acetat® ©9.7%),

methacrylic anhydride9d%), octa(ethylene glycol)q95%), 1-pyrenemethanol (98%3odium

chloride, sodium hydride (60% dispersion in mineral oil), sodium hydroxid®Ofla pel | et s,
97%) sodium sulfate (anhyda®us,t hO onyB%) htl etrri a
t ri et hyd9.589% iamderi(ethy@ene glycolP@%) wereobtained from Sigma (Oakville, ON,
Canada)Diethylene glycol monomethyl ethér 99%)was supplied by CI (Portland, OR, USA).
Dodeca(ethylene glycolXX97 %)was supplied by SiChem (Bremen, GermangntB(ethylene

glycol) O 95%)andt et r ahy dr of @x98)rwer® guichasea frofn Gisher Scientific

(Ottawa, ON, Canadalll chemicds were used as received.

75



The r adi c adazobisisobutyroaitrile (AIBN, Signt, 98%) was recrystalized in
ethanol three times.

p-Toluenesulfoglc h'1 or i d e98%y) ®as disaaved iriethyl ether and washed with
2 M NaOH. The organic phase was extracted and dried with sodium sulfate.
Preparation of the yrenemethoxy diethylene glycol methyl e(Rgle GME) model compound
The synthesis of the model compouli@yrenemethoxy diethylene glycol methyl etliedows
the reaction scheme outlined in Schedrfeand is described in more detail hereafter.
1-Pyrenemethanol (0.40 g, 1.7 mmol) was added to a round bottom flask (RBF) with 100 mL of
chloroform. Thionyl chloridg0.63 mL, 8.6 mmol) was addeatfopwise,and the solution was
brought to a gentle reflux for 2 hours. The solvent and excess thionyl chloride were evaporated
using nitrogen. THF was dried by stirring with calcium hydride overnight before distilling off 50
mL into a second RBMiethylene glycol monomethyl ethéd.21 g, 1.7 mmol) was then added
to the second RBF under a nitrogen atmosphere to which sodium hydride (0.08 g, 1.9 mmol) was
added. The reaction was refluxed for 1 hour before additgdtomethylpyrene dissolved in a
small amount of dried and distilled THF. The reaction was left stirring under nitrogen atmosphere
overnight at 40 °C. The next ddfie THF was removed using rotary evaporation ardigsolved
in dichloromethan€dDCM). The solutionwas then washed with a saturated solution of sodium
chloride. The organic phase was collected and dried with sodium sulfate and then purified by
column chromatography using a 50:50 ethyl acetate : hexane mixture as the eluent. The product

obtained was a ylew oil and its chemical composition was verified usthigNMR (Figure 3.1).
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Scheme3.1. Reaction schemdor the synthesis of the model compoutigpyrenemethoxy

diethylene glycol methyl ether.

Preparation of ipyrenemethyl ether oligo(ethylene glycol) (PyEd):. The synthesis of -1
pyrenemethyl ether oligo(ethylene glycol) (PyE®, wherey= 3, 5, 8, and 1Rfollows the
reaction scheme outlined in Scheme 3 Be same protocol was used pgoepare PyEEOH,
PYEGOH, PyEGOH, and PYyE@OH. The synthesis of PyEGH is described in more detail
hereafter.

Tri(ethylene glycol) (3.00 g, 20.0 mmol) amdtoluenesulfogl chloride (1.70 g, 22.0
mmol) were added to a round bottom flask (RBF) equippiial a magnetic stirrer and freshly
distilled DCM. Triethylamine (TEA) (4.18 mL, 30 mmol) was added to the RBF dropwise and the
reaction was left to stir overnight. The next day, the reaction was washed with a saturated solution
of sodium chloride. The oggic phase was extracted and dried with sodium sulfate. The product
was a palgyellow oil, that contained mostly moriosylated tri(ethylene glycol) (ToskGH) and
a small amount of doublipsylated tri(ethylene glycol) contaminant. The TosB8 product was
used in the next step without further purificatibiiN-dimethylformamide (DMF) was dried using

4A molecular sieves before distilling off 50 mL into a RBF to whighylenemethanol (2.29 g,
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9.87 mmol) and sodium hydride (0.32 g, 7.89 mmatyevadded under a nitrogen atmosphere.

The reaction mixture was then allowed to stir for 1 hour as the colour of the solution changed from
yellow to purple. TosE&DH (1.00 g, 3.29 mmol) was added to the RBF, which was placed in an

oil bath at 50 °C and lefo stir overnight. The next day, 5 mL of MilliQ water was added to the
RBF to quench any unreacted sodium hydride. The reaction solution was added to a separatory
funnel along with 50 mL of MilliQ water and ethyl acetate. The organic phase was extadted

dried with sodium sulfate. Silica gel chromatography was used to purify the crude product using
ethyl acetate as the eluent (acetone was added to the eluent for the higher molecular weight
monomers). The final product was a pgélow oil. The chemidacomposition of PyEGOH and

the other PyE@DH derivatives was verified usirftgl- NMR (Figure $.2-S3.5 in the SI).
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Scheme3.2. Reaction schemor the synthesis of-pyrenemethyl ethasligo(ethylene glycql

(PYEGOH, wherey= 3, 5, 8, and 12)

Preparation of 1pyrenemethyl ether oligo(ethylene glycol) methacrylate (RMEG3: The
synthesis of Jpyrenemethyl ether oligo(ethylene glycoipthacrylatd PyEGMA, wherey= 3, 5,

8, and 12 follows the reaction scheme outlined in Scheng Bhe same protocol was used to
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prepare PyEeMA, PYEGMA, PYEGMA, and PyEG:MA. The following discussion describes

the preparation of PyEfMA in more detail.

PYEGOH (0.15 g, 0.41 mmol) and DMAP (5.0 mg09 mmol) were added to a RBF with 25 mL

of freshly distilled DCM. The RBF was placed in an ice water bath and methacrylic anhydride
(0.09 mL, 0.62 mmol) was added dropwise. The reaction was left to stir overnight at room
temperature. The next day, theagan mixture was washed with 2 M NaOH (aq) three times. The
organic phase was dried with sodium sulfate and the product was purified by silica gel
chromatography using ethyl acetate as the eluent. The chemical composition of thIRyEG
monomers foly = 3, 5, 8, and 12 was confirmed by analysis of thdiNMR spectra shown in

Figures 8.6-S3.9 in the SI, respectively.

y=3.5,8.12

(0] (0]
(] (8]
0(/\/ }H DMAP 0(/\/
y=3.5.8,12 + 0 > 5
“ o “

Scheme3.3. Reaction schemfor the synthesis of-pyrenemethyl ethesligo(ethylene glycol)

methacrylate (PyE®IA, y=3, 5, 8, and 12)

Preparation of poly(dpyrenemethyl ether oligo(ethylene glycol) methacrylate) (P(RVED):
The synthesis gboly(1-pyrenemethyl ether oligo(ethylene glycatethacrylateyP(PyEGMA),
wherey= 3, 5, 8, and 12follows the reaction scheme outlined in Schende Bhe same protocol
was used to prepare P(Py®M@), P(PYEGMA), P(PyEGMA), and P(PYyE@MA). The

polymerization of P(PyE&/A) is presented hereafter.
79



PYyEGMA (150 mg, 0.35 mmi was added to a Schlenk tube with 2 mL of THF optima. AIBN
(0.28 mg, 1.73 mmol) was added from a 0.6 mg/mL stock solution and the solution was degassed
with nitrogen (4.0, Praxair) for 30 mins. The tube was sealed and added to an oil bath at 65 °C.
The ®lution mixture was left to react overnight. The next morning, the polymerization was
terminated and the polymer was precipitatedl times in diethyl ether. The chemical structure of
each P(PyE@VA) polymer is shown in Tabl8.1 and they were characterizesing'H NMR and

GPC in Figures $10 and 8.11, respectively.

(>\/ o AIBN o (6]
—
THF, 65°C

y=3.5.8, 12

Scheme3.4. Reaction schemfor the synthesis of poly(pyrenemethyl ether oligo(ethylene

glycol) methacrylate) (P(PyEBIA), y=3, 5, 8,and 12).

Gel permeation chromatograph#bsolute molecular weights# the P(PyEGMA) samples where

y =05, 8, and 12 were obtained by injecting 1 mg/mL polymer solutions in DMSO into a TOSOH
EcoSEC High Temperature GPC instrument equipped with a tripdettet system and two 300

3 7.8 mntf TOSOH TSKgel AlphaM 13 nm columns. This detection system includes alinie

differential refractometer, a Wyatt Dawn Heleos8 MALLS detector (wavelehgté60 nm), and
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a viscometer. A flow rate of 0.6 mL/min of DMS® & °C was used. The system was calibrated
with a 1 mg/mL solution of pullulan standard in DMSO with a weiaNgrage molecular weight
(Mw) and dispersity®) of 47.13 10° g.mot! and 1.07, respectively.

PYyPEGMA was found to be insoluble in DMSO atmig/mL. Therefore,ie absolute molecular
weight of P(PyEGMA) was obtained by injecting a 1 mg/mL polymer solution in THF into a
Malvern Viscotek GPC equipped with a differential refractometer;WiB/absorption detection,
right angle light scattering (RAR), and low angle light scattering (LALS) detectors. This GPC
system is equipped with three 39@ mn? PolyAnalytik Superes linear mixdaed columns. A
flow rate of 1 mL/min of THF at 35 °C was used. The system was calibrated with a 1 mg/mL THF
solution d a polystyrene (PS) standard wjghakmolecular weight an® of 9 10° g.mol * and

1.04, respectively. The P(PyEH@A) samples withy =5, 8, and 12 were found to interact with the
columns of the THF GPC and therefore were only characterized in DMSO.

The GPC traces for P(PyBK8A) in THF and P(PYyEGMA), P(PYyEGMA), and P(PYE&MA)

in DMSO can be found in Figure83.1 in the SI.

Chemical compositionThe chemical composition of the PyPBG\ monomers and polymers
were confirmed by the analysis of thd NMR spectra acquired on a Bruker 300 MHz high
resolution spectrometan eitherDMSO-ds or CDCb.

UV-Vis spectroscopyA Varian Cary 100 Bio spectrophotometer was used to acquire the
absorpion spectra and prepare solutions with a 0.1 absorbance at 344 nm of the polymers in
tetrahydrofuran (THF), N,N-dimethylformamide (DMF), dioxane, and dimethylsulfoxide
(DMSO). The solution of a pyreflabeled polymer with an absorbance of 0.1 at 344 nmahas
concentration in pyrenyl labels of approximately 326° M, low enough to prevent
intermolecular pyrene excimer formatiPEF)
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Steadystate fluorescence (SSF) measuremeAts fluorescence spectra were acquired on a
HORIBA QM-400 spectrofluorometer equipped wittx@non arc lamp. The SSF spectra were
acquired for polymer solutions in degassed THF, DMF, dioxane, and DMSO with 202.8

pyrene concentration to avoid thener filter effect. The solutions were excited at 344 nm and
scanned from 350 to 600 nm using 1 nm slit widths for both the excitation and emission
monochromatorsDividing the florescence intensity of the excimé) (by the fluorescence
intensity of themonomer (u), calculated by integrating the area underneath the spectrum from
500 to 530 nm and £ 4 nm from the wavelength of the first dealy the monomer emission,
respectively, yielded thie/Im ratio which was used to quantify the efficiency offPE

Time Resolved Fluorescence (TRF) Measurem@iitiuorescence decays were obtained with a
HORIBA FluoroHub equipped with a DeltaDiode at 336 nm. The solutions were excited at 336
nm and the monomer and excimer fluorescence decays were acquired ,8@® @6unts at the
decay maximum over 1,024 channels at 375 and 510 nm ushadf ¢ilters at 370 and 495 nm,
respectively. A timegerchannel of eithe®.0514 ns/ch or 0.102 ns/alas employed for the decay
acquisition. An aluminum reflective monolivas used to acquire the instrument response function
(IRF), which was obtained by setting the emission monochromator to the excitation wavelength of
336 nm.

Model Free Analysis (MFA)The MFA was used to analyze the fluorescence decays of the
P(PYEGMA) samples. The MFA makes no assumptions on the shape of the macromolecule and
on whether the type of pyrene labeling is specific or random. It simply assumes that the
fluorescence decays of the pyrenyl lab&wif*) forming excimer by diffusion can be haled

by a sum of exponentials with pexponential factors; and decay timeg. MFA of the decays

yields the numbeaverage lifetime £, whose expression is provided in Equatih. In turn,
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<t> can be used in Equati@® with the naturalifetime #v of the pyrene monomeo determine

the average rate constark><for PEF. Beside the pyrene spediasi*, the MFA also involves

three other pyrenyl species. In particular, some pyrenyl labels are unable to form excimer while
they remain excited. Thesgnenyl groups emit as if they were free in solution with the lifetime

tm and are referred to @ec*. The Pyuir* species forms an excim&0* or D*, depending on
whether it is obtained from two well or two poorly stacked pyrenyl labels, respectively. The species
EO* and D* emit with their own lifetimefeo and 7o and can also be generated from the direct
excitation of a pyrene aggregate. Equati@il$ the SI retrieves the molar fractiorigqir and

futree Of the pyrene speciddyuir* and Pyies*. Equation 8.2 inthe Sl retrieves the molar fractions
feditteo, fedifo, feeo, @andfep for the pyrene specieByqir* that form an excimeEO* or D* by
diffusive encounter®r the pyrene species that form an exci@randD* instantaneously upon

direct excitation of a pyrene aggregate. The molar fracti@ns furee, feditieo, fedifo, feeo, andfep

can be combined to yield the molar fractidag (= faitreotfait), free, feo, andfp of the pyrenyl
speciePyuit*, Pyree®, EO*, andD*, respectively. The molar fractidiaygof the aggregated pyrenes

is taken as the sufio + fo. The TRF decays of the pyrene monomer and excimer were fit iglobal
according to Equations3s. and 8.2 inthe S, respectively. A fit was deemed acceptable when
the residuals and the autocorrelation of the residuals were randomly distributed around zero and
thec? was less than 1.3. All the parameters were optimizedrding to the Marquardtevenberg

algorithm?2 6The MFA has been reviewed numerous times and the reader is referred to these

documents for more idepth informatior?. 73 °

3
<t >:a at, (31)

i=1
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<k >=— — (3.2)

3.4 Results and Discussion

The side chain tips of four poly(oligo(ethylene glycol) methyl ether methacrylate) samples were
endlabeled witha 1-pyrenemetbxy groupto yield four P(PyEGVA) samples, wherg= 3, 5, 8,

and 12. The P(PyE®A) samples were syntheed by the grafting through technique using
conventional radical polymerization as described in the Experimental section. The chemical
structure of the P(PyE®IA) samples is presented in TalBel together with their absolute
numberaverage molecular weny (Mn), numberaverage degree of polymerizatio®R),
dispersity D), and the numbeXs of nornthydrogen atoms in the side chaihk.is related to the
numbery of ethylene glycol unit®y the relationshifNs = 3 + 3y. Since the analysis of thekx<

values obtained from the MFA of the decays suggested that the side chains would adopt a Gaussian
conformation, the Eside chains used for the P(Py@\) samples would only spread over a
maximum of 10 structural units for the longest side chains. Constyuéhe DP of these
polymers were deemed large enough to neglect chain end effects.

Dilute solutions of these polymers were prepared in tetrahydrofuran (TRK),
dimethylformamide (DMF), dioxane, and dimethylsulfoxide (DMSO) and their stsimdy
fluorescence (SSF) spectra were acquivéd.note that the PEF experiments were conducted at a
polymer concentration that was lower than 2 mg/L, 3 orders of magnitude lower than the 1 mg/mL
solutions used for the GPC experiments, which explains why dissohkftitre P(PyEGVA)

samples was not an issue in DMSO.
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Table 3.1. Chemical structurévin, DP, B, andNs for the P(PyEGMA) samples.

Sample P
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e L3
Mhn (g/mol) 83 000 58 000y 70 000 176 000
DP 205 118 112 220
b 1.5 1.4 1.6 2.7
Ns 12 18 27 39

aGPC in THEP GPC in DMSO

The spectra obtained in THF and DMSO, which are the solvents with the lowest and highest
viscosity, are presented in Figu@$A and3.1B, respectively. The spectra obtained in DMF and
dioxane showed similar features and are provided in FigBE23n the SI. The spectra were
normalized to the first peak of the pyrene monomer emiskipmhich corresponds to the®
transition of pyrene. The spectra shown in Figutedisplay the characteristic spectral features of

a polymer labeled with the chromopk@yrene. The sharp peaks found between 375 and 410 nm
were typical of the pyrene monomer fluorescence and the broad and structureless emission of the
excimer was centered around 480 nm. The ldPghof generated by each pyrene dateled side

chain ofthe P(PYE@VIA) samples led to the formation of large amounts of excimer whose
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fluorescence dwarfed that of the monon@er shown in Figur8.1A and B from the almost nen
existent monomer emission peaks. Since DMSO is ~4 times more viscous thaextiifer
formation, which occurs through diffusive encounters between pyrenyl labels, was reduced in
DMSO resulting in more pronounced monomer fluorescence peaks in DAd3Bown in Figure

3.1B, compared to Figur8.1A for the spectra acquired in less wigs THF. A clear trend was
observed in all solvents, whereby PEF increased with decreasing side chain length of the
P(PYyEGMA) samples. This trend is reasonglds a shorter oligo(ethylene glycol) linker holds

the pyrenyl groups closer to the polymethéatey backbone in a process that increaBghof and

promotes PEF.
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Figure 3.1. Normalized SSF spectra of the P(PylA3) samples in A) THF and B) DMSQ éx
= 344 nm; from top to bottom, P(PyH®@A) samples withy = 3, 5, 8, and 12). C) Plot of the

le/lv ratios obtained for the P(PyE)X8A) samples in @) THF, (A) DMF, (O) dioxane, and (

<) bmso.
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The efficiency of PEF could be better quantified by plottingltiien ratio, obtained by
taking the ratio of the fluorescence intensity of the excitagoger that of the monomehy), as
a function of the inverse of the numbéis) of nonhydrogen atoms in the side chains of the
P(PYEGMA) samples in Figur8.1C. With some scattethe trends indicated thi/Im increased
linearly withNs *. The scatter in the data is mostly due to residual unattached pyrene that emits as
free monomerand has been shown to strongly affectlil, ratio of macromolecules having a
large pyrene content such as the P(PYWE& samplest * 1An expressiorfor the Ig/lm ratio,
derived with the reasonable assumption that PEF is irreversible at room temperature, is given in
Equation3.3, whereK, fg, v, tm, andkyir are an experimental constant characteristic of the
steadystate fluorometer used for the fluorescence experiments, the quantum yield of the excimer
and monomer, the monomer natural lifetime, and the rate constant for PEF by diffusive encounters,
respectiely.* 2The expression fdiit is given in Equatio3.4, whereNai s Avogadr o6s n
R is themolecular diameter of pyrenB is the diffusion coefficient experienced by the pyrenyl
labels, andp is the probability of forming an excimer upon encoufetween an excited and a

groundstate pyrené.?

[ f
—- = K 3_EI‘M lédiff [ Pﬂloc (33)
IM fM
Ky =40 N, RDp (34)

According to Equatior8.3, the linear relationship betweésilm andNs * in Figure3.1C
indicatesthat [Py]ioc is inversely proportional tdls, thus suggesting a fairly simple relationship

for the location of the side chain erafshe P(PyEG@MA) samples in solution. Based on Equations
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3.3 and34, thelg/lm ratio should also be inversely proportional to solveastasity as is the
diffusion coefficientD used in the expression &fiz. This trend is somewhat obeyed in Figure
3.1C, where THF and DMSO with the lowest and highest solvent viscosity showed the most and
least steep trends, respectively. However, diexaith a viscosity of 1.18 mPa.s yielded larger
le/lm ratios than DMF with a viscosity of 0.79 mPa.s. These conflicting results were most likely a
consequence of the different effects that solvents have on the quantum Agedasl (v), the
monomer lifetme (tm), and the probabilityp) of PEF* 3Complications resulting from solvent
induced differences in quantum yields and lifetimes can be eliminated by determining the average
rate constantk> for PEF from the model free analysis (MFA) of the fluorescence decays of the
P(PYEGMA) samples acquiin the four solvents, since&x s directly equal to the product of

kdgitt and PYlioc, as shown in Equatiod.5.3 73 °

< k > I%if‘f [Pﬁloc (35)

The fits of the fluorescence decays according to the MFA geod,as shown in Figure
S3.15 inthe SI. All parameters retrieved from the MFAthie decays are listed in Table3.3i
3.5. In particular, the global MFA of the fluorescence decays yielded the molar fraction of
aggregated pyrenyl&gg, which was always smaller than 0.2, indicating that PEF occurred mainly
through diffusive encounts (see Table &5). To account for the residual level of pyrene
aggregation, the quantityks/fsix was plotted as a function dfs* in Figure 3.2A, wherefqix
represents the molar fraction of pyrenyl labels forming excimer by diffusive encounters. The

<k>/fyir values obtained in THF and DMSO were the largest and smallest, respectively, with DMF
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and dioxane yielding intermediaté&¢fqi values, as had been observed forl gig ratios plotted
in Figure3.1C.

Most interestingly, the k>/fqir-vs-Ns ! plots were linear in all solvents. The rate constant
kairt for PEF by diffusive encounters was expected to remain constant, since all RNAEG
samples were labeled with the same pyrene derivative. The factkthétr<increased linearly
with Ns ! suggested thatHyjioc was proportional tdNs*. Since Pylioc equals the number of
groundstate pyrenengy) molecules located in the volum&spn) probed by an excited pyrene,
typically referred to asllob,* # the linear relationship betweeRy]io.c andNs ! imposed that the
ratio npy/Viiob Should scale abls . This condition could be accommodated by assuming that the
radius R) of a sphericablob could be represented by half the gngend distanceee sc of the
EG side chainR =reg,sd2) connecting the pyrenyl label to the polymethacrylate backbone of the
P(PYEGMA) sample as shown in FiguB3, whereree scis given by EquatioB.4. Equatior8.4
assumes as a first approximation that thg Ei@e chain is a Gaussian chain with an unknown

bond lengtH. Consequently, the produdyjioc® I* was considered throughout this report.

eesc=Ns 3 (34)

According to Equatior8.4, Vbiob should scale aNs¥?. Taking into account that a pyrenyl
label located 2R awayin one directionfrom the excited pyrene could still result in a pyrene
pyrene encountenpy should equal ¥R/h, whereh is the length of one methacrylate unit {2
As suchnpy would scale adls®® so that Py]ioc = ney/Vbiob Would scale abls t as suggested by the

<k>/fqii-vs-Ns ! found experimentally in Figur@.2A.
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Figure 3.2. Plot of <>/firt as a function of ANs * and B) Pylioc I determined by Equatiod.s

for the P(PYEGVIA) samples. C) Plot of k> as a function of concentration for the PyME

model compound. Solventda} THF, (A) DMF, (O) dioxane, and®) DMSO.

The good agreement obtained in FigB2A between the ratioks/fqir andNs™ assuming
a Gaussian conformation for the side chains might appear surprising at first, gisurlaeger
scaling exponents ranging between 0.57 and 0.75 have been propokeddtationship between
Ra,scor reg,scandNsc.? 2 However, it must also be stated that some reports in the literature have
found good agreement between experimental scattering data and theory, while assuming Gaussian
side chaing.®? SFurthermore, the PBBs typically studied in the literature have much longer side
chains than those involved in the P(PyE3) samples. The short PyEGide chains might

explain why the assumption that they would adopt a Gaussian conformation, yields reasonable

trends in Figur&.2A.
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Figure 3.3. Schematic representation of the model usezhtculate Py]ioc.

Based on these considerations, EquaBi@nwas derived to estimat@y]ioc. In Equation
3.5, ree,scwas scaled by the factaf< 1.0) to account for the fact that the side chains, which allow
pyrenepyrene encounters along the main chain, are oriented perpendicular to the main chain at
the branching point, so that their effective lengifiscfor PEF is reduced by an amouniThe
parameterz was determined by conducting MMOs with HyperChem on a poly(methyl
methacrylate) (PMMA) backbone, in a manner similar to what was done earlier with unstructured
poly(D,L-glutamic acid)s.# 7 The PMMA constructs were generated to ensure ralom
configuration of the MMA units by using the M=xcel random number generatao decide the
configuration of a given methyl carboxylate side grodepending on whether the generated
random number was greater or smaller than The PMMA construct wafully stretched before
being allowed to relax and adopt an extended conformation. First, one methyl substituent located

along the PMMA backbone was replaced by one Rydid& chain, which was used as a reference.
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A second methyl substituent located a #5 position to the right of the reference was replaced
with a second PyEg&ide chain, referred to as the secondary side chain, and the two pyrenyl labels
were induced to come within 0.34 nm from each other. The extent of overlap between the pyrene
planes was determined from the number of carbogyi( one pyrenyl label overlapping the frame

of the other pyrenyl label. The secondary PyB{d@e chain was then moved furttierthe next
methacrylatealong the PMMA backbone and the same procedure was edpeatieterminec.

nc was found to decrease from an average value of 9 carbon atoms, a number that suggested good
overlap between the two pyrenyl labels, for short separations between the primary and secondary
PYEG side chains, before dropping below dueaof 7 carbon atoms. Am value of 7 marks the
boundary between a good and poor overlap between two pyrenyli&bé&nsequently, anc

value of less than 7 indicates that the pyrenyl labels weabl@o generate a good overlap and
thus could not form excimer, as shown in FiguBl8. Figure 3.16 also nicely illustrates the
purpose of the value in Figure3.3, as the PyE{side chain is oriented perpendicularly to the
main polymethacrylate backhe at the branching point, before making a sharp turn and
proceeding parallel to the main chain. Since the PMMA backbone was atactic, this exercise was
repeated three more times by moving the reference P& chain to another monomer unit to
assess theffect that the configuration of the primary methacrylate unit onto which a Py

chain had been attached, had on the trends shown in Figja& Fhe distance separating the two
branching points bearing the PyE§de chains, that correspondedatinc value of 7, was taken

as the maximum distancdif:2") that would allow PEF to occur intramolecularly between two
PYEG side chains attached on a same PMMA backbonedifigvalues obtained for each PyEG

side chain have been listed in Table S1 in SI.
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To determine the maximum distance separating two methacrylagssbeaiing a PyE(
side chain and still allowing good overlap between the two pyrenyl labels, the PMMA chain
bearing one PyE{ide chain waduplicated and the second construct was flipped by &488und
the main chain, so that the two PMMA backbones be parallel to each other with their pyrenyl labels
facing each other. The two extended PMMA chains were held at a diskagdetween the to
branching points bearing the PykES§ide chains and the pyrenyl labels were induced to overlap
within 0.34 nm from each other. Here againwas determined as a function of the distathge
separating the structural units bearing the Ry&i@e chainsThe distanceliner between the two
constructs was increased in 0.1 nm incrementsiamehs determined for eadhher. As shown in
Figure 8.17, good overlapnc > 7) was observed between the two pyrenyl labels for she¥t
But asdinter increasednc was found to decrease below 7, indicating poor overlap between the
pyrene labelsfor a dinter value which was referred to dste®, and was listed in Table S1 in SI.
The ratiodine2"/dinter® Was taken as the paramerassed in Figure8.3 and Equatior3.5 and was
found to equab.84, 0.89, 0.89, and 0.92 for tRyEG side chains withy = 3, 5, 8, and 12,
respectivelyMore details about the procedure used to determinem the MMOs along with

snapshots of the MMOs apeovided in the SI.

4z N 1/2)

[Pl = = =2

toc Voiob 4 éz\/E| 3(? ,022 Ns|3
SE 2 8

(3.5)

With z having been determined by MMOscould be introduced into Equatidh5 to
calculate Pyioc® I3, thus allowing a plot of k>/fair as a function of Byjioc® I® in Figure 3.2B.
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Interestingly, ¥>/fqix was found to increase linearly witRyjioc® 12 in Figure3.2B, in the same
manner as would be expected when plottiky &s a function offfy] for a free pyrene derivative
in solution? The trends shown in FiguB2B showed the same solvent dependency koifsi
plotted as a function oPyjioc3 I3, with THF and DMSO yielding the largest and smallest values,
respectively, and with intermediate values being obtained in DMF and dioxane. Based on Equation
3.3, the slope of theke/fait-vs[Pylioc® I° trends was taken agirr for the P(PYyEGMA) samples
and plotted as a function of the inverse of viscosity in FigutA.

As inferred from Equation8.2 and3.3, the difference between thd>dfqitr-vs[PY]ioc
trends in Figur&.2B were most likely due to differences between the solvent viscdgjtwkich
is inversely proportional tB, andp. In an attempt to correct fdrandp, the model compount+
pyrenemethyl diethylene glycol methyl etfeyEGME) was synthesized. Concentrated solutions
of PyEGME were prepared in the four different solventéie pyrene monomer and excimer
fluorescence decays were acquired and fitted according to the MFA to kiel@ke parameters
obtained from the fit of the monomer and excimer decays can be found in Bahl&Sshown
in Figure3.2C, a plot of ¥> as dunction of PYEGME concentration yielded a straight line in the
four solvents, whose slope represenkedinter] for PyEGME in THF, DMF, dioxane, and
DMSO, found to equal 2.8, 1.9, 1.8, and 1.0m4 1, respectively. A similar plot had been obtained
earlierin Chapter Zor another pyrene derivative, namely ethy(14pyrene)butyrate in toluene,
THF, DMF, and DMSG. 28 kgit[inter] representing intermolecular PEF for PyME was
compared tdyir for P(PYyEGMA) in Figure3.4A. Beside the difference in magnitude between the
two quantities due to the unknowalue of the bond length, the two trends showed strikingly
similar features, as would be expected since the solvents should affect PEF in the same manner for

the PyEGME and P(PYyEGMA) samples prepared with a same pyrene derivative.

94



8 5 1.0 0.8 c
2 A) &= 0.9 - B) 0.7 - )
& ' o
L 4 0.8 - /
Ta6_‘—— E; ~ 0.7 - 7 —~ 06 1 3
S g = T 0°
= 3 % £ 06; £ 097 /e
4 - 3 = | = ]
§= 5 £ 0.5 4 = 0.4 8
2 Q204 < 03 .
3] 'é X X 0.3 8
LY |2 £03- $ 5 O
D2 - s O Vs 021 4
) 1S T 02 ¢ x o3
3‘_&.\ — N A Q 0.1 /
a 5 014/ v oo 8
0 ’ . 0. L 0.0 £ , ' 0.0 l :
0 ;1 2 13 0 01 02 03 0 01 02 03
17! (mPaxs) [PY,oc3 1° [PY]ioé I°

Figure 3.4. Plot of A) kqit for the @) P(PYyEGMA) andkgi[inter] for the(®) PyEGME samples,
B) <k>/(fairr® kairt[inter]) as a function offfyjiec® I3 for P(PyEGMA) in (8) THF, (A) DMF, (O)
dioxane, and <\>) DMSO and C) k>/(fairr® kairi[inter]) as a function of Byjioc® I° for (@) the

P(PYyEGMA) samples in THF, DMF, and dioxane arQ)(the pyrendabeled dendrons studied

earlier in toluene, THF, DMF, and DMSO.

The ratio «>/(fair® kait[inter]), where 4> and kqi[inter] were obtained for the
P(PYyEGMA) and PYyEGME samples, respectively, was plotted as a functionPgfiof3 I® in
Figure3.4B. The %«>/(fqir® kait[inter]) ratios obtained in THF, DMF, and dioxane merged into a
master line indicating that treatment of the data accounted satisfyingly for diffenetioe/? and
p values obtained in these three solvents. Yet, Kxé(fir2 kqirr[inter]) values obtained in DMSO
did not align with this straight line. This exceptiaas attributed to the high polarity of DMSO,
which might have induced the pyrenyl labels to remain closer to the polymethacrylate backbone

to reduce exposure to the solvent, thus incread?ylod and resulting in k>/(fairr® Kairt[inter])
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values that wer higher than expected. As a matter of fRgPEGMA, which showed the largest
deviation from the straight line was found to be insoluble at 1 mg/mL in DN¥SCthis reason,
the 4>/(fairr® kaire[inter]) values obtained for the P(PyR@®A) samples in THF, DMF, and dioxane
were compared in FiguRe4C to those obtained earlier for a serieBwfG(N) dendrons prepared
with a 2,2bis(hydroxymethyl) propionic acid backboh&The generation numbeN) of the
dendrons ranged from 1 through 6, and= 2") represented the number of pyrenyl labels
covalently attached to the terminal ends of a dendron of geneftiBngood agreement was
found in Figure3.4C between thek>/(fqif® kairt[inter]) values obtained for the P(PyR@A)
samples and the R(N) dendrons.

The linear trends obtained betweek>Kfqir? kaire[inter]) and Pyioc for the Py-G(N)
dendrimers and the P(PyE@A) PBBs in Figure3.4C are the result of a procedure, whereby the
features of a pyreAabeled macromolecule were taken into account to predict a mathematical
expression forPy]ioc, Whose value was then compared k> ©btainedexperimentally from the
MFA of fluorescence decays. Because PEF can only occur between to pyrenyl labels covalently
attached onto a same macromolecule that are within a few nanometers from each other (see Table
S1), PEF only involves short oligomeric segrtsewhose dimensions are minimally affected by
excluded volume. This is probably the reason why the assumption that the oligomeric segments
connecting every two pyrenyl labels in the4B3(N) and P(PyEG@VA) samples adopt a Gaussian

conformation, seems tagld the good correlations shown in Fig@é between k> and PY]ioc.

3.5Conclusion

Polymeric bottle brushes wereeadily synthesizedvith a polymethacrylate backbone and

oligo(ethylene glycol) side chains terminated with -pytenemetbxy group (P(PYEGMA),
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wherey= 3, 5, 8, and 12)The PEF efficiency in the P(PyE8A) constructs was characterized

by the average rate constamkt<for PEF determined from the MFA of the pyrene monomer and
excimer fluorescence decays. Assuming thaetittto-end distance of the oligo(ethylene glycol)
side chain could be approximated by a Gaussian ghraining a spherical volumied to the
guantitative determination oP}j]ioc. Accounting for changes i andp associated with different
solvents enablethe normalization of thek/fsir values obtained in THF, DMF, and dioxane.
<k>/(faitr? kaite[inter]) reported on the dynamics of the ethylene glycol side chaingasnound to
increase linearly with increasing?yjioc. The remarkable agreement foundvieen thevalues
obtained for the P(PyEMIA) samples and the Ry (N) dendrons supports the notion that the
procedure developed in this series of experiments establishes a quantitative relationship between
<k> for PEF occurring irpyrenelabeled macromolecweand Pyjioc. In turn, since the pyrenyl
labels are covalently attached to the macromoleckigo{ reflects the internal density of the
macromolecule under study, thus enabling the characterization of its conformatiariionsdhe

ability to relate PEF to the conformation of macromolecules in solution should nicely complement
scattering techniques, which are currently the main analytical tool available for this piiuese.
study represents another step towdle estabshment that pyrene excimer formation/
fluorescenceREF, between pyrenyl labels covalently attached to the ends of highly branched

macromolecules is directly related to the conformation of the macromolecules under investigation.

97



Chapter 4

Persistencd.ength of PEGMA Bottle Brushes Determined by Pyrene

Excimer Fluorescence
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4.1 Abstract

Seven pyrendabeled poly(oligo(ethylene glycol) methyl ether methacrylate)s (BYyEG
PEGMAS) were prepared with=0, 3, 4, 5, 7, 9, and 19 ethylene glycol units by copolymerizing
a small amount of penta(ethylene glycolpyirenemethyl ether methacrylate with an &3
monomer. The conformation of the PyERBEGMA polymers evolved from a random coil for
PYEG-PEGMA or poly(methyl methacrylate) to a polymeric bottle brush (PBB) architecture with
increasing side chain length. These experiments took advantage of the dependency that exists
between the efficiency of excimer formation between an excited and a egtaiaplyrenyl label
covalently attached to a macromolecule and the local pyrene concenti@yiea)(jwhich in turn
depends on polymer conformation. The fluorescence decays of the-P¥HEZEMA samples were
fitted according to the fluorescence blob model (FBMhose parameters were used in
combination with the KratkyPorod worm like chain model, to calculate for the first time from
fluorescence measurements the persistence I&fjtio) of these macromolecules. Theerage
number of structural units pBlob (<Nwior>) andly(fluo) werefound to report on both the dynamics
and conformation of the PyE(PEGIMA PBBs. Extrapolation of theNbo»> values obtained for
different solvent viscosities to an infinitely high viscositg eliminate the contribution of
dynamics yieldedNbior® andlp?, which was compared to the persistence lergttiétermined by

gel permeation chromatography (GPC) from conformation platetermined by GPC was almost
twice larger thar,’. This difference ifp was attributed to the different length scales probed by
the two experiments. The FBM probes a polymer segment inbidd,avhich is a sutvolume of

the polymer coil, whereas the conformation plots generated from GPC analysis considered the
entire polyme coil, which encompasses mahiobs These experiments open the path toward

applying PEF to the determination of thef polymers in solution.
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4.2 Introduction

In 1974, Wilemski and Fixman published a seminal paper where they demonstrated
mathematically thiethe process of en-end cyclization (EEC) of a monodisperse polymer chain
terminated at one end with a luminophore and at the other end with a quencher could be well
described by a single cyclization rate constag).t?> The simplicity of this result ushered in a
flurry of studies aiming at characterizing the EEC of fluorescentlyl@meled short chain
alkanes’* rapidly followed by monodisperse synthetic oligomets and more recently
oligopeptides 2! 6to probe the kinetics of loop formation during protein folding. These early
experiments were later complemented by new analytical developments based on the fluorescence
blob model (FBM) ‘and the model free analysis (MFA§that provided the means to obtain rate
constants similar t&ky but for any type of polymeric architecture or fluorescence labeling
protocol! ® %As clearly stated by Wilemski and Fixman, the overarching goal of these experiments
was toprovide useful iformation about the dynamical behavior of polymer chafa/ith this in
mind, EEC experiments based on pyrene excimer fluorescence XPERET} 2! “or triplet
triplet annihilation @ * 3 $have been applied over the past 45 yeacemwey detailed information
about the shape and mobility of flexible polynfefs an example, for a similar polymer length
key for a series of monodisperse pyrene-tatgeled polystyrenes was ~10 times smaller than that
for highly flexible polydimethylsiloxané’?

Yet, the focus placed on the study of polymer chain dynamics based on the determination
of the rate constark, for the quenching of an excited dye by a quencher covalently attached to a
macromoleculemight have led the scientific community involved indtescence quenching
studies to inadvertently overlook the more important relationshipwn in Equatiort.1 and

Schemet.1, betweerkg and the local quencher concentratioQ](]c) experienced by an excited
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dye (O*) covalently attached to a macromolect#e® As suggested by Equatioh.l, the
determination ofQ]ioc from the experimentally determiné&g should yield information about the

local density of the macromolecule to which the quench@wvialently bound. In turn, information
about the local macromolecular density can reveal the conformation of the macromolecule in
solution. Unfortunately, the quantitative determination@icf has been challenging, so that all
fluorescence quenching expaents conducted so far on fluorescently modified macromolecules
have focused instead on the interpretatiorkgvith respect to the internal dynamics of the

macromolecule.

\i—?\/ \Q far \/gg'
hn+ — . —_—
Q

Scheme4.1. Kinetic scheme for the quenching of an excited dy® @nd a quencherq) both

covalently attached onto a macromolecule.

kQ = Kqit® [Q] loc (4-1)

Yet recent publications from this laboratory hgwveposed different methodologies based
on the model free analysis (MFA) and fluorescence blob model (FBM) capable of extr@bting [
from ko values in a process that yields quantitative information about the conformation of
macromolecules in solution. &ke experimentswere conducted with pyrenkabeled
macromolecules, where the dye pyrene plays the part of both dye and quencher during pyrene
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excimer formation, have relatedPyioc to the conformation of polypeptige? 4 and
polysaccharide helicés® or the interhelical distance between oliggutamic acid) and
oligosaccharide helical segments inside arborescent pol/fagics amylopectiid, ‘respectively.

The application of the methodology based on the MFA to quartiéyimternal density of
dendrimers or the conformation of the side chains of poly(oligo(ethylene glycol) methyl ether
methacrylate)s (PEMA, where n represents the number of ethylene glycol units in the side
chains) has been described in Chapters 2 arfdt@sothesis. In contrast, this report applies the
FBM to characterize the conformation of the main chain of a series ofMPES>as the length of

the oligo(ethylene glycol) side chain is increased from 0 (for poly(methyl methacrylate)) to 19
ethylene glgol units.

More precisely, the present study aims to extigclrom a careful analysis of the
fluorescence data obtained with a seriepyktne labele®®EGMAS, which can be viewed as
examples of polymeric bottle brushes (PBBs). PBBs have found apgtigations over the years.
PBBs can serve as lubricadtg, ®anti-fouling agents,® lelastomers,? 3semiconductor,*and
carriers for drug delivery.® eThe remarkable variety in the applications afforded by PBBs arises
from the exquisite level of control that is now available for different architectural parameters such
as the degree of polymerization (DP) of the side and main chain and the branchityy \abith
define the final conformation of a PBB“ 6An increase in the side chain DP and degree of
branching results in more steric hindrance between the side chains, which causes the polymer
backbone to stiffen anektend locally. This stiffening is captured by the KraBgrod wormlike
chain model (KPWLCM), which describes the local stiffness of polymers according to their
persistencel{) and contourl() length? "The vast knowledge which is now available aboet th

conformation and stiffness of PBBs, which have been investigated through simuldfiéns,
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experimentd,® 8or combinations of both® °thus provides an excellent background against
which thelp values determined from fluorescence experiments can be compared.

The proposed procedure uses pyrene excimer fluorescence/formatiofs ¥feSEing
from the encounter between an excited and a grstatd pyrene to determihefor a series of
PBBs by polymerizing different oligo(ethylene glycol) methyl ether methacrylate
macromonomers to yield a series of REIB& samples, whera ranges fom 0 to 19. All PEGMA
samples were randomly labeled by copolymerization of theMAGmacromonomers with
different amounts of -pyrenemethyl ether penta(ethylene glycol) methacrylate to yield RyEG
PEGMA samples, that were all fluorescently labeled wite same pyrene derivative. Despite
their widespread use?no reference could be found where theof PEGMAs had been
determined. This absence of information on lthef PEGMAs might be due to the challenges
associated with the preparation of high ncolar weight PEGMA samples witha narrow
molecular weight distribution (MWD} hat is required for studies by scattering technig§uérs.
comparison, PEF between pyrenyl labels attached onto a macromolecule occurs over a length scale
that is much shortehan the overall macromolecular dimensiso that the breadth of the MWD
becomes irrelevant, an appealing feature when dealing with polydisperse samples. The PEF
experiments take advantage of the fact that an excited pyrene covalently attached onto a
macromolecule probes a finite and monodisperse volume referred tiads Bheblobis used to
compartmentalize the PyE®EGMA samples into strings dflobscomposed of a numbeXon)
of structural unitsNbion could be determined quantitatively through the analysis of the fluorescence
decays according to the fluorescence blob model (FBRMn turn, application of the KPWLCM
to the Npiop Values retrieved from the FBM analysis yielde@dluo) for the different PEGVIA
constructslp(fluo) obtained p PEF measurements was found to be inversely proportional to the
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solvent viscosity and to scale as the square of the nurigeof{ non hydrogeratoms in the
flexible side chains of the PBBas would be expected theoreticaly.

The dependency df(fluo) with solvent viscosity reflected the dynamic nature of the PEF
measurements anduld be eliminated by extrapolating thBbion> values td\wion’ for an infinitely
large viscosityrepresentative of a solvent where polymer dynamics were elimifdteshallowed
for the calculation ofy°, which would reflect the conformation of the macromolecule. Tfe
values of the PyE&SPEGMA samples were found to be smaller thanlthealues determined by
building conformation plots based on the intrinsic viscosit§])(fand molar massM) of the
polymers obtained b@PC analysi§ 5The lowerl,° values were attributed to the different length
scales probed in PEF and GPC experiments. While GPC describes an entire polymer coil, whose
dimension can be subject to excluded volumes which istiffe main chain and incredgePEF
probes a much smaller sub volume of the polymer coll, that should be exempt of excluded volume,
as required by the KPWLCM. Despite these discrepancies, the results obtained in this chapter
suggest that the PEF methoalgy offers a new experimental means to determinelthod

macromolecules in solution.

4.3 Experimental

Materials Copper(ll) bromide (Sigma, 99%), Celite (Sigma), dichloromethane (DCM, Sigma,
99.8%9, diethylether (Sigma® 99%) N,N-dimethylformamide (DMF, Sigma® 99 . 8 %) ,
dimethylsulfoxide (DMSO, Sigma 99.999, 4-(dimethylamino)pyridine (DMAP, Sigma)

99%), ethyl acetate (Sigm& 99.7%), ethyla-bromoisobutyrate (Sigma, 98%ktra(ethylene

glycol) methyl ether (EG Pur e PR, pent@lethylene glycol) (FisheQ) 95%),

penta(ethylene glycol) methyl ether (§G P u r e P E Bepta(éthylere #ycol) methyl ether
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(EG;, TCI, 097%), 1,1,4,7,10,Haexamethydriethylenetetramine (HMTETA, Sigma) 97%),
methacrylic anhydride (Sigm84%), 1-pyrenemethanol (Sigma, 98%pdium chloride (Sigma),
sodium hydride (NaH, Sigma, 60% dispersion in mineral oil), sodium hydroxide (NaOHaSig
pel | ®19% , ©®odium sulfate (Sigma, anhy@®pus, O
tetrahydrof ur a9.9%, pnd triettylan(inETEA, B & g m29(5% ®ere used as
received.

Tri(ethylene glycol) methyl ether methacrylate @A, Sigma, 93%) and two
oligo(ethylene glycol) methyl ether methacrylates & with number average molecular
weight Mn) = 500 g/mol and EGMA with M= 950 g/mol, Sigma) were dissolved in DCM,
washed with 2 M NaOH, and dried with sodium sulfate before use.

The r adi c al-azobisisobutyraritrder (AIBN, igma, 98%) was recrystalized in
ethanol three times.

pTol uenesul f ony | 98%) wasdaissohkein diegyl gtiraand washed with 2 M
NaOH. The organic phase was extracted and dri#dsedium sulfate. Unless otherwise specified,

all other chemicals were purchased from commercially available sources and used as received.
Preparation ofpenta(ethylene glycol) monetpluenesulfonatéTos-EGsOH): The synthesis of
penta(ethylene glycol) mormtoluenesulfonatéTosi-EGsOH) follows the reaction scheme

outlined in Scheme 2.and is described in more detail hereafter.

Penta(ethylene glycol) (E§(2.00 g, 8.39 mmol) was added to a round bottom flask (RBF)
equipped with a magnetic stirrer with freshly distiltidhloromethane§CM). Recrystalizedp-
toluenesulfonyl chloride (1.76 g, 9.23 mmol) and triethyl anfliteA) (1.74 mL, 12.6 mmol) were
added to the RBF and left to stir overnight. The next day, the reaction mixture was washed three

times with a saturated solution of aqueous sodium chloride. The organic layer was extracted and
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dried with sodium sulfate. Silica gel chromatography was uspdrity the singly tosylated E£
(Tosi-EGsOH) from the doubly tosylated E@nd unmodified E&using ethyl acetate as the
eluent. The TasEGsOH fraction was driedh vacuoand its chemical composition was verified

using*H NMR (Figure €.1 in SI).

O 4
HO H Cl— H
5 DCM, -13°C

Schemed.2. Reaction schemior the synthesis gfenta(ethylene glycol) mormtoluenesulfonate

cn:O
m:O

(0}

o

(Tosi-EGsOH).

Preparation of ipyrenemethyl ether penta(ethylene glycol) (Py@&). The synthesis ofl-
pyrenemethyl ether penta(ethylene glycol) (Py&8) follows the reaction scheme outlined in
Scheme £ and is described in more detail hereafter.

1-Pyrenemethanol (1.18 g, 5.10 mmol) was added to a RBF with 50 mL of dried and dighiHed
dimethylformamide PMF). The solution was stirred and kept under a nitrogen atmosphere.
Sodium hydride (NaH) (0.20 g, 5.10 mmol) was added to the RBF and the solution was allowed
to stir for 1 houy during which time the colour of the solution changednfrgellow to dark
red/purple. TosEGsOH (1.00 g, 2.55 mmol) was then added. The RBF was placed in an oil bath
at 55°C and left to stir overnight. After the RBF was removed from the oil bath and allowed to
cool, 5 mL of Milli-Q water was added to the raaantsolution to quench any unreacted NaH.
Milli -Q water (50 mL) was then added to the reaction mixture, which was washed with 50 mL of

ethyl acetate. The organic phase was collected and dried with sodium sulfate. The crude product
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was purified by silica dehromatography using ethyl acetate as eluent. The chemical composition

of the purified PyEGOH product was confirmed usifgl NMR (Figure 2.2 in Sl).

o]
I
S
I

(o]

H{O/\%(}—

Scheme4.3. Reaction schem#or the synthesis ofl-pyrenemethyl ether penta(ethylene glycol)

(PyEGOH).

Methacrylation of oligo(ethylene glycol) methyl eth¢EsG,OHs) and PYyEGOH: The same
protocol was used to prepare the methacrylated oligo(ethylene glycol) methyl ethgVA&G
where n=4, 5, 7) and PyERA. Thesynthesis ofEGSMA follows the reaction scheme outlined

in Scheme 4t and is described in more detail hereafter.

EGsOH (2.00 g, 7.93 mmol) and DMAP (0.0968 g, 0.793 mmol) were added to a RBF with 25 mL
of freshly distiled DCM. The RBF was then placed in an ice water bath and the solution was
stirred as methacrylic anhydride was added dropwise (1.18 mL, 7.93 mmol). The reaction was left
to stir overnight. The reaction mixture was then washed three times with 2 M NaObrgane

phase was extracted and dried with sodium sulfate. The crude product was purified by silica gel
chromatography using ethyl acetate as the eluent. The chemical composition of the purified

EGsMA macromonomer was characterized'syNMR (FigureS4.3in Sl).

107



6} 6}
DMAP
O 0}
\O%\/ }H " o — \0/%\/ ﬁ\’rg
5 DCM, 0°C 3 5
Schemed.4. Reaction schemfor the synthesis dEGMA.

Random copolymerization using conventional radical polymerizatitime pyrendabeled
poly(oligo(ethylene glycol) methyl ether methacrylate)s (Py¥P&GMAS) were prepared by
conventional radical polymerization of methyl methacryl&@MA), tri(ethylene glycol) methyl
ether methacrylate EGsMA), tetra(ethylene glycol) methyl ether methdate EGiMA),
penta(ethylene glycol) methyl ether methacryl&&s{VIA), hepta(ethylene glycol) methyl ether
methacrylate EG;MA), and twooligo(ethylene glycol) methyl ether methacrylate ¢&@ and
EGi19MA) with PYEGMA. The chemical structure of tHeyEG-PEGMA samples are shown in
Table 1. The moles of PyEMA used in the polymerization were varied to obtain different molar
percentages of pyredabeling, ranging from 1 to 10 mol% of PyEM®A, incorporated into the
PYEG-PEGMA samples. The polymerion of PyEG-PEGMA labeled with 2 mol% of
PYEGMA is described in more detail hereafter.

PYEGMA (0.02 g, 0.04 mmol) and methyl methacrylate (&@, 0.20 g, 2.00 mmol)
were dissolved in 6.8 mL of THF such that the overall methacrylate concentration was
approximately 0.3 M. The AIBN initiator (2.0, 0.01nmol) was added to the monomer solution
from a stock solution and the mixture was placed in the polymerization tube. The tube was kept
on ice before being degassed with nitrofferaxair, N4.0¥or 30 minutes. After sealing the tube,
it was left in an oil bth at 65 °C. The polymerization was terminated after a conversion of 20% or
less was reached, as determinedhNMR analysis, to minimize an eventual composition drift.

The polymer was recovered by precipitating Smes the polymer solution in THF atiethyl
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ether to remove any unreacted monomer. The precipitated product was then dried in a vacuum

oven overnight.

Table 4.1. Chemical structure of the PyE®EGMA samples with thesumber of atomsNs) in

each side chain.

Sample PYEG- | PYEG- | PYyEG- | PYEG- | PYEG- | PYEG- PYEG-
PEGMA | PEGMA PEG;MA PEGMA PEG{MA PEGMA PE,Gl,gMA
N D5 S P S S S P 5 B P S IS
! SO RSO IRt AR I R Y
S I I N I A U SO A O IO
| ? S I A O I S O I 3 ¢
Structure é § g (}03 (} é d d % (}”}
: ! i S 1~ -
A A ] Ao e | Gl
S &8 6 & 18 |85 | &
29 g«:f So x| o |
¢ 3
g <} <:)
&
Ns 3 12 15 18 24 30 60

Random copolymerization using Initiators for Continuous ActivR&generation Atom Transfer
Radical Polymerization (ICARTRP) Three of thePyEG-PEGJMA samples were prepared
using ICARATRP S ¢6The protocol described for free radical copolymerization was applied to
preparePyEG-PEGMA using ethyl a-bromoisobutyrateCu(1)Br/HMTETA, and AIBN as
initiator, catalyst/ligand system, and radical source, respecti&elgxample of the ICARATRP
of PYEG-PEG9MA is provided in more detail hereafter.

A solution of PYyEGMA (0.02 g, 0.04 mmol) anBG19MA (1.00 g, 1.05 mmol) in 3.6 mL
of THF, where the overall methacrylate concentration equaled 0.3 M, was transtetirex

polymerization tube. A stock solution of Cu(ll)Br (1.18 mg, 5:@8ol) and HMTETA (4.3,
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15.8mmol) was prepared in 10 mL of TH&Ad then sonicated for 1 minytieom which 10nL

was added to the polymerization tuk#¢hyl a-bromoisobutyrate (10.8L, 68.1nmol) was added

to 1 mL of THF from which 7.81 was added to the polymerization tube. AIBN (5.00 mg, 0.03
mmol) was added to 10 mL of THF to make a 3.05 mM stock solution. The solution was further
diluted to 0.3 mM from which 0.2 mL was added to the polymerization tube, which was placed on
ice and degssed for 30 min with nitrogen (Praxair, N4.0). The tube was then sealed and it was
heated to 60C in an oil bathfor 20 hours.Before the polymer was precipitated, the polymer
solution in THF was filtered through a silica gel and Celite plug three tmrestove copper. The
polymer was further purified by-6 precipitations into diethyl ether.

Chemical composition and molecular weight distributidie chemical composition of the
PYEG-PEGMA polymers was confirmed by the analysis of tleNMR spectra aguired on a
Bruker 300 MHz high resolution spectrometer. A sampl&NMR spectrum of PYEGPEGMA

is provided as Figure43t in the SI. The molecular weight distribution (MWD) of each Py¥EG
PEGMA sample was determined by GPC analysis using either THF or DMSO. The pyrene
content (in mol%)Ms, and dispersityt)) of each sample are listed in Talla.

Pyrene Content of PyEPEG\MA samplesThe pyrene content expressed as the molar fraction

(x) of PYEGMA monomer incorporated in the copolymers was calculated with Equafion

M

X= 4.2
[yt M M, (42)

In Equatiord.2, / py, M, andMpy are the pyrene content of the polymer expressed in mol of pyrene

per gram of polymer and the molar mass of theNE&and PYEGMA monomers, respectively.
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Table 4.2. Pyrene content, absoluté, and dispersity of the PyE®EGMA samples.

PyEG-PEGMA PyEG-PEGMA PYyEG-PEGMA
Pyrene M Pyrene M Pyrene M
Content ( /mgl)a 1) Content ( /mnol)a P Content ( /mnol)a 1)
(mol %) | 9 (mol %) | 9 (mol %) | 9
0.9 40,000 1.6 0 293,000 2.9 1.2 105,000| 1.5
2.0 45,000 1.3 0.5 153,000| 2.7 1.9 84,000 | 1.6
2.6 24,000 1.3 1.6 118,000 1.9 2.2 88,000 | 1.5
3.3 43,000 1.8 2.0 128,000 2.8 2.4 83,000 | 1.4
3.3 46,000 1.5 2.0 149,000 3.0 3.1 89,000 | 1.3
- - - 3.0 200,000 1.7 - - -
- - - 3.4 91,000 2.1 - - -
- - - 3.8 150,000 | 1.6 - - -
PyEG-PEGMA PyEG-PEGMA PYyEG-PEGMA

Pyrene M Pyrene M Pyrene M

Content ( /mr(l)l)b b Content ( /mrtl)l)b D) Content ( /mgl)b b

(mol %) | ‘9 (mol %) | ‘9 (mol %) | 9

0.4 121,000 | 2.1 2.2 232,200| 3.8 0 152,000| 1.5
2.2 55,000 1.6 3.0 222,000 3.7 0.8 420, 000| 3.4
3.6 95,000 2.0 3.6 304,000| 3.5 2.9 257,000| 1.5
3.8 86,000 1.7 4.2 109,000| 1.8 5.2 166,000 | 1.6
4.8 106,000 | 2.3 - - - 5.8 154,000| 1.3
6.5 64,000 1.5 - - - 7.4 173,000| 1.4
- - - - - - 10.2 186,000 | 1.6

PyEG-PEGMA

Pyrene M

Content (g/mnol)b 1)

(mol %)
0 134,000 | 1.4

0.9 187,000| 1.2

2.1 194,000 | 1.3

3.2 683,000 | 2.8

4.1 132,000 | 2.1

5.2 85,300 1.3

6.2 274,000 | 1.5

6.6 92,000 1.3

aGPC in THF.
b GPC in DMSO.

| py was determined as follows. A polymer solution was prepared in THF with a known mass

concentrationrf) of a PYyEG-PEGMA sample. The pyrene content of the polymlesy was
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calculated from the ratidbd(n? 8, whereAbsis the absorption at 344 nm of the PyEREGMA
solution in THF ande is the molar absorption coefficient of-pyrenemethanol in THF
(e(344 nm) = 42,700 Mi.cntt).8 7

Gel Permeation Chromatography (GP@bsolute molecular weights were obtained RyEGs-
PEGMA, PYEG-PEGMA, and PyEG-PEGMA by injecting 1 mg/mL solutions of the samples
dissolved in THF into a Viscotek GPC equipped wittlifierential refractive index, static light
scattering (low and right angle), and WXis absorption detector and three 3@ mn?
PolyAnalytik Superes linear mixdaed columns. A flow rate of 1 mL/min of THF at 35 °C was
used. The system was calibrateittva 1 mg/mL THF solution of a polystyrene (PS) standard with
M =9 10° g.mot! andb = 1.04.

However, PYEGPEGMA, PYEG-PEGMA, and PyEG-PEGJMA were found to
interact with the column set of the GPC instrument in THF resulting in distorted GPC &aees
result, the absolute molecular weights of these samples were obtained by injecting 2 mg/mL
polymer solutions in DMSO into a TOSOH EcoSEC High Temperature GPC instrument equipped
with a triple detection system and two 308.8 mnf TOSOH TSKgel Alphavl 13 nm columns.
This detection system includes arlime differential refractometer, a Wyatt Dawn Heleos8
MALLS detector (wavelength= 660 nm), and a viscometer. A flow rate of 0.6 mL/min of DMSO
at 70°C was used. The system wasilwmalted with a 1 mg/mL solution of pullulan standard in
DMSO withMy = 47.13 10° g.molt andb = 1.07.

The specific refractive index incrememin(dc) of each polymer in THF and DMSO was
calculated using the differential refractometers of the GPC institsnSample GPC traces can

be found in Figure &5 and$S4.6in the SI.

112



Persistence length s) wer e esti mated from confor mat

viscosity (J4]) and molar massM) of the polymers obtained with the GPC in DMS&Xhe
resulting M4/ A])Y3-vs-M¥? plots were linearized using the Bohdanecky approximation, jhere
was calculated from the slope of the coniation plots obtained with each polymer series. Some
precautions were taken with the PY=REGMA and PYyEG-PEGJMA samples, which had
rather smalldn/dc values and scattered less. To minimize the error in the calcijated to the

error associated with the smdil/dc values determined from the GPC analydingdic was plotted

as a function of pyrene content in Figuke7Sand the line of best fit wassed to predict thén/dc

value of the PYEGPEGMA and PyEG-PEGJMA samples for a given pyrene content
Theoretically,l, could also have been determined from conformation plots based on the scaling
relationship betwee and the radius of gyratiorR{) obtained from the MALLS detector.
Unfortunately, this procedure turned out to be problematic in practice due to tbe/tmwalues
obtained for the polymerSince the intrinsic viscosity covered a broader rangd salues and
yielded a stronger signal, this study focused solely o(\MF&/[4])Y*-vs-MY? plots.

Intrinsic Viscosity:Intrinsic viscosity measurements were conducted at 25 °C using an ubbelohde
viscometer in acetonitrile, THF, DMF, and DMSO. A circuigtibath was used to maintain a
steady temperature at 25 °C. Three poly(oligo(ethylene glycol) methyl ether methacrylate)s
(PEGIMA, where n =3, 9, and 19) were studied with values equal to 845, 221, and 193 kg/mol

for PEGMA, PEGMA, and PEGYMA, respetively (Table 2). Both solvent and polymer
solutions were filtered using 0.48m polytetrafluoroethylene prior to use to remove any dust.
Stock solutions of 160 12 mg/mL were prepared and then diluted by 2 mL throughout the

experiment.
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Atomic Force Meroscopy (AFM): AFM images were obtained with a Digital Instruments
Dimension 3100 AFM at room temperature using a silicon cantilever in the tapping mode. The
samples were prepared by spin coating a few drops of a dilute solution of polymer dissolved in
tetrahydrofuran (THF) (10 mg/L) onto freshly cleaved mica surface at 2000 rpm.

UV-Vis SpectroscopyA Varian Cary 100 Bio spectrophotometer was used to acquire the
absorption spectra of the polymer solutions.

SteadyState Fluorescence (SSMeasurementsAll fluorescence spectra were acquired on a
HORIBA QM-400 spectrofluorometer equipped wittk@non arc lamp. The SSF spectra were
acquired for polymer solutions in aerated DMSO with & P08° M pyrene concentration
equivalent to an absorbamof ~0.1 at 344 nm. The solutions were excited at 344 nm and scanned
from 350 to 600 nm using 1 nm slit widths for both the excitation and emission monochromator.
Dividing the florescence intensity of the excimie) py the fluorescence intensity of tonomer

(Im), calculated by integrating the area underneath the spectrum from 500 to 510 nm and from 375
to 381 nm, respectively, yielded thélm ratio, which was used to quantify the efficiency of pyrene
excimer fluorescence/formation (PEF).

TimeResolved Fluorescence (TRF) Measuremehlisfluorescence decays were obtained with

an IBH timeresolved fluorometer. The solutions were excited at 344 nm and the monomer and
excimer fluorescence decays were acquired with 20,000 counts at the decaymmaxend,024
channels at 375 and 510 nm using-afitfilters at 370 and 495 nm, respectively. A thper-
channel of either 1.02 ns/ch or 2.04 ns/ch was employed for the decay acquisition. A Ludox
solution was used for the instrument response function) (NRich was obtained by setting the
emission monochromator at 344 nm. The IRF was convoluted with the FBM equations shown as

Equations 8.1 and 4.2 in Sl and the convolution result was compared to the experimental decay.
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Fluorescence Blob Model (FBM) Agais Each pair of monomer and excimer fluorescence
decays acquired for a given PyERBEGMA sample was fit globally with Equation#A3 and
$4.2 according to the FBM.2 The FBM compartmentalizes a polymer into equally sldebls
where the volume of blobis the volume probed by a pyrenyl label while it remains excited. The
four pyrene specidyuitt*, Pyk2*, Pyagd', andPyiee® are considered to represent PEF which occurs
via dynamic and static pathwayDynamic PEF takes place sequentialyi* represents an
excited pyrenyl group, whose diffusion in solution is controlled by the polymer backbone and side
chain dynamicsPyuir* diffuses inside dlob populated by other grourstate pyrenes untiyqis*
becomes close enough to a growstake pyene molecule to turn in®yk>*. The diffusive motions

of two pyrenyl groups insidel@dob are described by the rate constaih. Rapid rearrangement

of Pyko* and the nearby grourstate pyrene with the large rate constar(k> ~ 13 koion) results

in the formation of an excimer made of two pyrenyl labels, that are B@) or poorly O%*)
stacked and emit with their natural lifetimas and ¢p, respectively. Static PEF occurs through
direct excitation of a pyrene aggregatsulting in the instaaheous formation of the0* or D*
species. The speciPyaggt combines the two pyrenyl specie®* andD* formed instantaneously
from the direct excitation of a pyrene aggregate. Finally, those excited pyrenes that are isolated
along the polymer backborge do not form excimewill emit with their natural lifetimeéw and

are referred to @yree*. During the decay analysis the decays are fit twice, initially with a floating
ko for all samples of a same PYyEBEGMA series prepared with different pyrene contents. All
k> values obtained for a same polymer series are then averaged and the dgeralgeds fixed

in a second analysis. The parameters retrieved from the FBM analysis with kfireast much
lower eror bars. The molar fractiorigidir, fvkz, fuiree, Where the inde¥ indicates that they were

derived from the monomer decays, &, feditreo, feeo, fediio, andfen, where the indek indicates
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that they were derived from the excimer decays, werebgwd to yield the molar fractiorfgs
(=faitreo + faittp ), k2, fagg (=fe0 + fp), andfree for the pyrene speciddyuit*, Pyko*, Pyagd', andPykres®,
respectively. The average numben¥x of ground state pyrene molecules insidgab and the

rate castant Koion) describing the diffusive encounters of two structural units bearing a pyrenyl
label inside alob were also obtained from the FBM analysis. The numNgsyf of structural

units encompassed withirbéob was calculated usingiree, <n>, andx according to Equatios.3.

@ 1,) 40
Nyiop = ﬂ;(e 3< > (43)

The fluorescence decays of the pyrene monomer and excimer acquired for thePFB&GRA
sampleawvere fitted globally according to Equationd.5and 4.2 in Sl. The functions described
by Equations &1 and 3.2 were convoluted with the IRF and the convolution product was
compared to the experimental decays for optimization of the parameters withatheardt
Levenberg algorithrfi.8A fit was deemed acceptable when ttewvas lower than 1.3 and when

both the residuals and autocorrelation of the residuals were randomly distributed around zero.

4 .4 Results and Discussion

A series ofpyrenelabeled poly(oligo(ethylene glycol) methyl ether methacrylate)s (ByEG
PEGMA with n=0, 3, 4, 5, 7, 9, and 19) were synthesized using a grafting through technique by
mainly free radical copolymerization of a same penta(ethylene glyepyyrehemdtyl ether
methacrylate (PyEMA) and different oligo(ethylene glycol) methyl ether methacrylate
(EGi\MA) macromonomers. Their chemical structure and the nuniNzgiof non hydrogeratoms

in each side chain were presented in TdldeThe design of the PyE3PEGMA constructs was
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carefully considered. An earlier study with pyrdabeled polyg-butyl methacrylate)s showed
that the motion of the pyrenyl group became uncorrelated from the motion of the main chain when
a l-pyrenemethoxy derivative was connectedhe main polymethacrylate backbone by a linker
made of 2 or more ethylene glycol urfitd.he use of a penta(ethylene glycol) linker for the Py¥EG
PEGMA samples thus ensured that an excited pyrenyl label would probe -@efiekd sub
volume (Voiob) Of the PBBs, referred to askdob within the FBM framework, that would be
unaffected by any main chain motion. In turn, this condition implied that each PBB was being
probed over a same length scale defined by a s&mefor all PYEG-PEGMA constucts
considered in this study.

The SSF spectra for all pyrene contents of each BYE&MA series were acquired in
acetonitrile, tetrahydrofuran (THFN,N-dimethylformamide (DMF), and dimethylsulfoxide
(DMSO) and are presented in Figures83 S4.11 in the Sl. The spectra for all pyrene contents

of thePyEG-PEGMA series in each solvent are shown in Figlide

_12 12 12 12
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2 2 2 2
o o o o
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Wawelength (nm) Wawelength (nm) Wawvelength (nm) Wawelength (nm)

Figure 4.1. SSF spectra d??yEG-PEGMA in A) acetonitrile, B) THF, C) DMF, and D) DMSO
with pyrene contents ranging from 1.2 to 3.1 mol% shown from bottom tfRygje= 2.5 10 ° M;
| ex=344 nm.
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The spectra were normalized at the first peak of the monomer emissishich is the ©
0 transition of pyrene. They showed the characteristic fluorescence peaks between 375 and 410
nm for the pyrene monomandthe broad and structureless excimer eraissentered at 480 nm.
It is apparent from Figuré.1l thatmore excimer is produced in acetonitrile than in THF, DMF,
and DMSO, with DMSO producing the least amount of excifieelg/Im ratio was calculated to
guantify the efficiency of pyrene excimer fioation (PEF) for the different constructs in different
solvents. Theg/lwv ratio is proportional to the local concentration of pyreRg]ic, and the rate

constant for PEF through diffusive encounté&ss, as indicated by Equatichd4.

I
=~ kdiff 3 [ Pﬂloc (4'4)

3y

Thelg/lmv ratios were plotted as a function of pyrene content for Bg&G-PEGMA sample in
Figure $4.12. They yielded straight lines over a wide range of pyrene cordedtshe slope of
these linesri(Ie/lm)) was plotted as a function Nsin Figure4.2. Based on the chemical structures
shown in Table4.1, Ns equals 3n+3, wheren is the number of EG units ithe side chain of a
PEGMA sample. In each solvent, the slopée/Im) decreased dSs increased from 3 to 18 for
the PYEG-PEGMA samples withn equal to 0, 3, 4, and 5, respectivelhis decrease was
attributed to an extension of the polymer backbone that resulted from edtreasvding of the
volume surrounding the main chain with increagiggMain chain extension reduced the number
of encounters between the pyrenyl terminals of the By#& chains, which was associated with

a decrease inPyioc in Equation4.4. The deaase inm(le/lm) continued until arNs of 24 for
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PYEG-PEGMA was reached, after which(le/lm) seemed to plateau fbls values of 30 and 60

for PYEG-PEGMA and PYyEG-PEGJMA, respectively The plateau region observed fidg

values larger than 25 indicated that a further increase in side chain length would not result in an
increase in main chain extension, probably because the main chain was, or was close to being,
fully extended on the lgth scale probed by an excited pyrene. ile/Im) vs. Nstrends shown

in Figure4.2 suggest that the steric hindrance generated by the side chains influences a region
inside the PBB volume that is close to the main chain and where the shor®d&@Ehains have

the strongest effect. As the side chains become long enough to expati pastl region close

to the main chain and into the mostly empty space away from the main chain, their effect on the
main chain becomes less important resulting in the plateau observed for high side chain lengths in
them(le/lm) vs. Ns plot in Figure4.2. Similar saturation effects with increasing side chain length
have already been reported for PBEShe m(Ie/lw) ratios in Figure4.2 were also found to be

larger in acetonitrile, followed by THF, DMF, and DMSO. These observations are captured by

Equationst.5 and4.6, which relatekgir to the solvent viscosity.” !

ki =40N, RDp (45)
D=_KeT (4.56)
6p R,

In Equatiord.5, Na, R, D, andp, are the Avogadro constant, the encounter radius between
two pyrenyl derivatives, the diffusion coefficient of a pyrenyl dye, and the probability of forming
an excimer upon encountertiyeen an excited and a groustite pyrene, respectively. In tub,

is related to/ according to Equatiod.6, wherekg, T, andR, are the Boltzmann constant, the
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absolute temperature, and the hydrodynamic radius of a pyrenyl dye, respectively. The viscosity
of acetonitrile, THF, DMF, and DMSO at Z& equals0.37, 0.46, 0.79, and 1.99 mBa
respectively. 2Acetonitrile, with the lowestA, yielded the largeskqir values and the largest
m(le/lm) slopes in Figurd.2A. Similarly, DMSO being the most viscous solvent yielded the lowest
m(le/lm) slopes in Figuret.2D. THF and DMFE with their intermediate? values resulted in
intermediatem(le/lm) slopes. As wagointed out in earlier reporfs? 3solvent viscosity, while
important, is not the only parameter affectikag. The probabilityp, in Equatiord.5, depends also
on the solvent and its value can offset the relationship expected from EqubSoasd4.6
betweerkqir and/r L. Consequenyl, the interpretation of the parameta(ie/Im) obtained from the
analysis of the steaebtate fluorescence spectra offers only a qualitative description of the
fluorescence results.

A more quantitative measure of polymer stiffness, such geetisestence lengthyf, could
not be obtained from the(le/lm) ratios. As a matter of fact, we are unaware of any procedure
based on fluorescence quenching measurements capable of melaggaripglymers in solution.
To address this apparent deficienttye following discussion describes how a combination of PEF
and FBM analysis could yield for the PyEG-PEGMA samples. As mentioned earlier, the FBM
compartmentalizes the PBBs into a string of identibalbscharacterized by their numbeNuon)
of gructural units. The PBB segment insidelab can be viewed as a wotlike chain (WLC),
whose endo-end distance [€e>biob) Should obey the KratkiPorod (KP) relationship given in
Equation4.7. In Equation4.7, L would represent the contour length of the chain segment
encompassed insidebdob, which would equalNbior® b, whereb is the length of a monomer unit

which was takemo equal 0.25 nm (2 (0.1543 cos[(180109)/2)) nm), as is often assumed for an

alkyl backbone in the all trans conformatioh.
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Figure 4.2. Plot of m(Ig/lm) versusNs for the PYEG-PEGMA PBBsin A) acetonitrile, B) THF,

C) DMF, and D) DMSO.

SincelL is defined by the value ®ion Obtained experimentally from the FBM analysis of
the fluorescence decays of the P¢EREGMA samples, fee2>kp in Equation4.7 would be
replaced by Kee?>pion, Which would have to be determined independently to extsasteg?>pion

can be estimated from the rigid rod limit, which occurs when the polymer has reached a locally
121



extended conformation and equalidp(= )3 b)?, whereNoion(2) representNoion for a polymer
with infinitely long side chains. A plot dfibiob VS. Ns 2 happengo result in a straight line whose
y-intercept which would correspond to an infinitely long side chain, yi&sls,(P). Furthermore,
since all PyEGPEGMA samples used the same pyrene derivative that described avsaime
independent of the nature of the polymer studied, the conditi@f>siob = [Nbion(D)3 b]? should
be obeyed by all PyEPEGMA samples. From the knowledge afeg2>piob, Which is the ame
for all PYEG-PEGMA polymers, and. = Noiob® b, which varies with polymer side chain length,
the persistence lengthcould be extracted from EquatidtyY. The implementation of this strategy
with the PYyEG-PEGMA samples is describdukereatfter.

The monomer and excimer fluorescence decays of the PREGMA samples were
acquired in degassed solutions of acetonitrile, THF, DMF, and aerated DMSO and then globally
analyzed using the fluorescence blob model (FBM) with Equatiériss®d 4.2, respectively. A
sample fit of the monomer and excimer fluorescence decays fromsHBEGMA is provided in
Figure $4.13 to illustrate the quality of the fits. The fits of the fluorescence decays yielted <
and furree, Which were combined in Equatiegh3 with the molar fraction of structural units) (
bearing a pyrenyl label to yielo, for each polymer. Each polymer series was prepared with a
minimum of four different pyrene contents ranging from 1 to 10 mdlf&» remained constant
within error for each PyE&PEGMA series as displayed in Figuré.3A, C, E, and G,
demonstrating that the incorporation of pyrene pendants did not affect the conformation of the
polymers in solution. ThBlyon values were averaged fargiven PYyEGPEGMA series to yield
<Nbiob>, Which was plotted as a function N§ in Figure4.3. Since PYEGPEGMA had the
smallest number of atoms in the side chain, it was expected to adopt the most flexible and coiled
conformation and therefore, lathe largest Moiop>, as was observed in Figute.
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Figure 4.3. Plot of Npiob Versus pyrene content andNsenr> versusNs for the PYEG-PEGMA
PBBs in A) + B) acetonitrile, C) + D) THF, E) + F) DMF, and G) + H) DMS®.) (PyEG-
PEGMA, (+) PYEG-PEGMA, (x) PYEG-PEGMA, (=) PYEG-PEGMA, (A) PYyEG-

PEGMA, (0) PYyEG-PEGMA, and @) PyEG-PEGMA.
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Figure 4.3 alsoillustrated that a plot of Mwor> as a function oNs showed a behavior
similar to that oim(Ig/Im) in Figure4.2, decreasing with increasimds before reaching a plateau
for Ns values of 30 and higher. This similarity is reasonable Siaegis directl related to Py]ioc
through <> in Equationd4.3, which is the main parameter controlling teéw behavior for the
PYEG-PEGMA samples in a same solvent.

The results from both SSF and TRF measurements shown in, respectively, #2 ares$
4.3 suggested that tHeyEG-PEGJMA backbonéehad reached an extended conformation on the
length scale of blobfor Nsvalues greater than 30. To determine theterehd distance rEe?>biob
of ablob, Nyiob for an infinitely long side chain lengthNgon(P)) was determined throughpdot of
<Nbiob> VvS. Ns 2, as shown in Figuré4A. PMMA was not considered in FigutetA as the o>
values in each of the solvents did not scale as the BitteE-PEGMA PBBs. A straight line was
obtained for th®€yEG-PEGMA PBBs withn=3, 4, 5, 7, 9, and 11 each solvent. Extrapolation
of the line to the yintercept yieldedbion(P), which was found to equal 2%31.5in acetonitrile,
25.9° 0.7in THF, 21.7 1.9in DMF, and 15.3 0.9in DMSO.

The sequence dflhion(®) values obtained in different solvents led to the conclusion that
Nbion(2) decreased with increasing solvent viscosity. SMgg(2) is theNbion Value assigned to
a fully extended segment of the PY&=REGMA samples, its value was not expected to ddpen
on viscosity.This observation suggestétat increasing solvent viscosity reduced the number of
main chain structural units probed by an excited pyrene insidebedue to a decrease of the
mobility experienced by the pyrene label and the polymer lmaekband perhaps more
importantly, thatNpon(2) represented the extended PyEHREGMA backbone over the length

scale probed by an excited pyrene in a given solvent.
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Figure 4.4. Plot of A) Noiob> versusNs 2, B) <Npios>*kpiobx /1, versusNs 2 C) Ip(fluo) versusNg?,
and D) m(y(fluo)) versus/r ! for the PyEG-PEGMA PBBs in (O) acetonitrile, 8) THF, Q)

DMF, and €) DMSO.

The dependency dflhion(®) on solvent viscosity alsmdicatal that the backbone, while
extendedwas still mobile over this length scale, and that the polymer mobilgdydampened by
the solvent. In essence, the polymer segment encompassed inlsidean be viewed as a spring,
similar to the springs used in the Ro@mm model illustrated by Figu5,” # Swhoseeffective
spring constant woulthcreasewith increasing solvent viscosity. Within this framework, a low
viscosity solvent would result in a smaffective spring constant, which would yield large
displacements reflected by a lafggon(a) value. The pressure exerted by the polymer main chain
in each of the four solvents could be investigdteth the quantity<Nbiob>XkpiobX /7 €Xpressed in
MPa in Figure4 4B, to identify the differences in the polymer main chain dynamics with changing
solvent viscosities. It is evident from the trends shown in Figdi# that the polymer main chain
must exert a greater pressure to displace itself when in DMSO comparedsantiegpolymer in
DMF, THF, or acetonitrile. A visual depiction of the pressure exerted by the main chain of a

polymer coil during compression and extension is shown in Fgbre
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Figure 4.5. Figure of (top) bead and spring model based on the Rouse and Zimm theory with a
blob and (bottom) compression and extension of the backbone located irdateta visualize
the pressure exerted on the cresstion of the PBB with a diameteYsl. The beads represent

the monomers encompassed inlab.

The dependency dfhion(2) on lvent viscosity also suggedhatl, determined through
the use oNbion(2) in Equationd.7 would also depend on solvent viscosity. Consequentlyt, the
values determined from these fluorescence measurements will be referrég(fta@s Noion(D)
was applied to determinaee?>piop in each solvent and withrgg?>pion known, Ip(fluo) could be
extracted from Equatiof.7. I,(fluo) could not be determinddr PYEG-PEGMA in all solvents,
since the polymer backbone had reached a locally extended conformation and the contour length
of ablobgiven byNyion® b was approaching:e given byNbion(2 )3 b, resulting in annfinite I(fluo).

Similarly, <Nvior> for PYEG-PEGMA with n equal to 7 and 9 were too close Naon(D) in
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acetonitrile, THF, and DMF arg(fluo) could not be determined for these constructs. For reasons
that will be discussed lateliy(fluo) was plotted as a function &fs? in Figure4.4C, where the
solvent was shown to have a strong effect og{flao) vs. Ns? trends. The interpretation of these

trends is discussed hereafter.

In the case of PBBs, the effect§ onl; is often discussed by considering that the main
chain stiffness parametet-{), which can be the persistence lendgh ¢r the Kuhn lengthlg =
231p), is the sum of two contributions as shown in Equati@Y 5The first contribution {0 %)
represents the intrinsic stiffness parameter reflecting local interactions near the main chain, while
the second contribution/ { 1) is a result of the resistant® bending induced by steric hindrance
created by the flexible side chaifeoretical studies predict that for flexible side chaims!

scales adls? wherea takes a value of 15/8lose to 2.03 2 & 6

/t= 4t + (4.8)

Plottinglp(fluo) as a function olNs? in Figure4.4C yielded four different straight lines with
nonzero intercepts. The linear relationship betwégfiuo) and Ns? indicated that in a given
solvent, Ip(fluo) behaved as predicted theoretically for PBBs prepared with flexible side
chains® 2 & 6In a manner similar to the trends obtained fpru(2), Ip(fluo) decreased with
increasing solvent viscosity in FigusedC. The dependency &f(fluo) on solvent viscosity in
Figure4.4C could be either an intrinsic property of the RE& samples or a mere consequence
of the dynamic nature of the PEased methodology applied to determig(@uo). To assess

whether the changes observedlfgiluo) with different solvents truly reflected the dimension of
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the PEGMA samples, the intrinsic viscosit{{#]) of PEGMA, PEGMA, and PEGoMA
homopolymers, that were not pyreladeled, were determined in acetonitrile, THF, DMF, and
DMSO. Sincdp(fluo) increases from 0.7 in DMSO to 2.0 nm in acetonitrile for PyEEGMA

with a weightaverage DP of 840, its ree calculated from Equatiod.7 should increase from 36

nm in acetonitrile to 60 nm in DMSO. Assuming that the hydrodynamic volume of the polymer
coil scales aeze?, [ /] for PEGMA would be predicted to increase (60/36)4.6fold from DMSO

to acetonitrile. Similarly large increaseq /7] would be expected for the PE@A and PEGIMA
samples. To assess whether this was the case, Heggieger plots were constructed by plotting
the reduced and inherent viscosity versus polymer concentration in$#utd i S.4.17in SlI

for the PEGMA samples withn = 3, 9, and 19 using polymer concentrations between 4 and 12
mg/mL, from which [/#] was determined. Thei] values determined in acetonitrile, THF, DMF,

and DMSO are summarized in Taldl8.

Table 4.3. [ A] of PEGIMA homopolymers in acetonitrile, THF, DMF, and DMSO.

[A] in . . . <[A]>
Samol ~ | [AinTHE | [A]in DMF | [A] in DMSO
ample acetonitrile (mL/g)
(mL/g) (mL/g) (mL/g)
(mL/g)
PEGMA 53.4° 0.9 75.8° 15 785° 1.7 62.7° 1.3 67° 11
PEGMA 20.4° 0.1 24.2° 0.2 256° 0.2 253° 04 24° 2
PEGJMA 6.4° 0.1 71° 0.1 85°0.1 8.7° 0.0 77° 11

The[A] values reported in Tablk.3 were found to remain relatively constant in each of

the four solvents, showing changedess than 20% with respect to the averageoptained in
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the four solvents for the PEBMA, PEGMA, and PEGsMA samples. These modest changes in
[#] were incompatible with the much larger changes/ihdredicted from thdp(fluo) values
presented in Figurd.4C. Consequently, thi(fluo) values reported in Figuré4C not only
reflected polymer conformation based on their dependenciisdnthat matched theoretical
predictions for PBBs with flexible side chains? & 6but also responded to the dynamics
experienced by the polymers which were affected by the solvent viscosity. To confirm this
relationship, the slope of thgfluo) vs. Ns? trends ((Ip(fluo))) were plotted againgt X in Figure
4.4D. The linear relationship obtained betwes(in(fluo)) and/r ! clearly illustrated thaly(fluo)
depended not only on the conformation of the macromolecules but also on their internal dynamics.
This discussion suggested that the retrievy] Ivbm thelp(fluo) values obtained for the PEBA
samples required the elimination of the dynamic comemt inherently built into thé(fluo)
values. To do this, theNgiop> values obtained for all the PyYEGEGMA samples in the four
solvents were plotted as a function of the inverse of the solvent viscosity in Bi§AteThe
straight lines obtained foeach PYyEGPEGMA series were extrapolated to a zeéfd value
yielding interceptswith they-axis corresponding thhion’ for a hypothetical solvent of infinitely
large viscosity, for which polymer dynamics would be eliminated and that would only cepor
polymer conformationNyion’ Was plotted as a function bl in Figure4.6B. TheNpion® VS. Ns plot

in Figure4.6B showed the same features as those observed in Bigufer different solvents.
After a rapid decrease with increasiNg Nbion® approached a plateau fis values greater than
30. PlottingNbior® as a function oNs 2 in Figure4.6C resulted in a straight line, which could be
extrapolated to thg-interceptto yield Noior’(2 ) found to equal 12.6 1.1 In turn,Npiop’(2) could

be used to calculaterse>hion in Equationd.7. Equatiord.7 was then applied to determihe for
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the PEGMA samples in a solvent of infinite viscosity, which was plotted as a functidk?ah
Figure4.6D.1,° was found to increase linearly with increashig as predicted theoreticalfy? 6

Thelp° values obtained by fluorescence were then comparkdvadues obtained by gel
permeation chromatography (GP[Z)]-conformation plots generated according tpracedure
that was developed thanks to a simplification by Bohdanecky of the Yamdkgivgy -F)
equation’ ‘“These experiments are describedtie S| and yielded the, values of PEGMA,
PEGMA, PEGMA, and PEGMA in DMSO as shown in Figur&6D. Thel,° values obtained by
fluorescence were lower than theralues obtained from the GPC analysis, but both scallgfas
as predicted theoretically.

One of the factors which could contribute to the discrepancy betiwaed|,° shown in
Figure4.6D is the difference in length scale probed by both procedures. In the case of the PYyEG
PEGMA samples, a fluorescenddob can be viewed as a spherical vokj where the short
polymer segments involved in sulslobsare not affected by excluded volume effects, as required
for the application of the KPWLCM. In contrast, excldd®lumes should be accounted for when
considering the entire polymer coil, but are not for the analysis of the conformation plots. This
conceptual difference might have led to the differences observed betwégaridg’ values in

Figure4.6D.
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Figure 4.6. A) Plots of Nuor> as a function ofr ! for (O) PYEG-PEGMA, (0) PYEGs-
PEGMA, (=) PYEG-PEGMA, (A) PYEG-PEGMA, (3) PYEG-PEGMA, (O) PYEG-
PEGMA, and(+) PYEG-PEGMA. Plot of Nuior? as a function of BNs and C)Ns 2. D) Plot of

@) I,° obtained by PEF an@) I, obtained from GPC conformation plots as a functioNgf

The backbone conformation of PEMIA was further investigated by Lei Zhang frdétnof.
Tong Leun@ s$aboratory, whousedatomic force microscopy (AFM) to visualize individual
PEGoMA macromolecules which were prepared without pyrene. This sample had r{Mker

and weight (Mw) average molecular weighof 134,000 and 193,000.rgol !, respectively.
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Individual polymer molecules were observed in Figuiferanging in length from 20 to 90 nm, in
diameter from 10 to 20 nm, and in height from 0.5 to 1 nm. These results are consistent with the
expected dimensions of these macromolecutessidering that a fully extended PEMA
macromolecule would have a number average contour length of ~35 nm and an average width of
~16 nm. Furthermore, the AFM image shown in Figuifeclearly demonstrates the presence of
isolated macromolecules with no indication of aggregation. This observation eliminates the
possibility that PE@MA could aggregate, as has been found for PBBs prepared with longer
poly(ethylene oxide) side chains which have been shown to crystaizsdting in he formation

of crystalsomes.8Figure 4.7 demonstrates that this is not the case for g&. Although the

chains observed in Figurke7 show some curvature, the steric hindrance generated by their side
chains prevents them from adopting a fully coiledfoomation as would be expected from their

Ip value of ~4.5 nm obtained through GPC analysis in DMSO (see Table S1).

The image shown in Figuré.7 complements the conclusions drawn from the plateau
reached fom(lg/lm) in Figure4.2 and forNpion’ in Figure 4.6B, obtained by SSF and TRF,
respectively. These plateaus were defined mostly bynthelv) andNpion’ values obtained with
samples from the PyE&PEGIMA series,and they were rationalized by evoking the stiffening
and extension of the patyer backbone. Such a stiffening is clearly visible in the AFM picture

where the PEGMA macromolecules appear as WLCs.
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Figure 4.7. AFM topography image dPEG9MA spin-coated on dreshly cleavednica surface

from a 10 mg/L solution in THF.

4.5 Conclusion

A series of poly(oligo(ethylene glycol) methyl ether methacrylate)s (FBGwhere n = 0, 3, 4,

5, 7, 9, and 19 ethylene glycol unitsre synthesized and changes in their conformation were
monitoredas the length of their side chaMs, was increased from 3 to 60 atoms. The polymers
were prepared with minimal amounts of a penta(ethylene glytgiyrenemethyl ether
methacrylate monomgewhich was copolymerized using a graftithgough approach along with
the oligo(ethylene glycol) methyl ether methacrylate {#&) macromonomer. The seven
pyrenelabeled PEGVA polymers PYEG-PEGMA) were characterized in acetonitrile, THF,

DMF, and DMSO Analysis of the TRF decays using the FBM demonstrated\liatdecreased
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with increasing\s and then approached a plateauNewalues of 30 and 60. These results were
consistent in each of the solvents studied and indicated that the FBM was responding to the
stiffening of the polymer main chaimhe FBM waghencombined with the Kratky?orod worm

like chain mode(KPWLCM) to deermine a persistence lengg(fluo) for the PyEG-PEGMA

PBBs using &lob-based approacht was evident from the FBM analysis that the average number
of structural units Myop> encompassed withintzob was influenced by both the dynamics and
conformation of the polymer main chaifhe influence of main chain dynamiesas removed

from the FBM analysithrough the extrapolation éNbon> for eachPyEG-PEGMA PBB to an
infinitely high viscosity,Nbion’. After re-calculating bhe persistence lengthf obtained using the
FBM in the absence of main chain dynamigswas found to increase linearly with the square of
the number of atoms in the side chhigt, as expected theoretically for flexible side chains. Gel
permeation chromatography (GPC) was also applied to constatdrmation plotdased ontf],

which were used to determine theof the PyEG-PEGMA PBBs withn =0, 3, 7, 9, and 19.
While bothl,° andl, determined using GPC increased linearly Wi, the slope obtained fd°

was almost half that fdp. The difference in slope was attribdtto the different length scales of
the two experiments. Blobreflectinga localized volume unaffected by solvent quality represents
a perfect application for the KPWLCM, which does not account for excluded volume effects. In
contrast, all other measunents dealing with PBBs characterize the entire PBB volume and should
thus use a modified version of the KPWLCM, that would account for excluded volume effects.
The fact that the FBMbased results on macromolecules are little affected by excluded volume
effects mightturn out tobe an important advantage of the FBM to study the conformation of

macromolecules in solution.
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Chapter 5

Location of a Hydrophobic Load in Poly(oligo(ethylene glycol) methyl
ether methacrylate)s (PEGMAB)ssolved in Water and Probed by

Fluorescence

13¢



5.1 Abstract

The fluorescence of the dye pyrene was applied to probe the core of a series ofghgienke
poly(oligo(ethylene glycol) methyl ether methacrylate) (PHE&EGMA, wheren equaled 3, 5,

9, and 19) prepared by copolymerizing different molar ratios pgnta(ethylene glycol) -1
pyrenemethyl ether methacrylgfeyEGMA) with EGaMA. These experiments took advantage

of the ability of the Ipyrenemethoxy derivative to report on the polarity of its surrowsdand

form an excimer upon encounter between an excited and a gstatedpyrene moiety. These
fluorescence studies showed that, contrary to many other phateeled watesoluble polymers
(Py-WSPs), the pyrene labels of the PyHPEGMA samples were rtonuch aggregated in water.

The origin of this effect could be traced back to the nature of the oflijemidomain (OLD)
generated around the polymethacrylate backbone by the high grafting density of,te@Eld&G
chains radiating outward into the wateludrescence lifetime measurements suggested that this
OLD was free of water and similar in nature to ethylene glyaadl that the OLD shielded the
hydrophobic pyrenyl labels from exposure to the water phase. The OLD could be viewed as a
cylinder centeredairound the polymethacrylate backbone, whose radius could be estimated by
noting that the reach of the Pyk@erivative for the PyE6&SPEGMA samples dissolved in water
matched closely that obtained for a series of poly(alkyl methacrylate)s labeledlwith
pyrenebutanol studied in tetrahydrofuran. Using molecular mechanics optimization, the radius of
the cylindrical OLD was estimated to equal 1.8 nm. The existence of the OLD was further
demonstrated by showing that the REB samples dissolved in water ddube loaded with
waterinsoluble pyreneThis study suggests that PEMEAS generate a watdree OLD in water

which can be used to solubilize and protect a hydrophobic cargo like pyrene. This insight is

expected to improve the design of future RE&-basel drug delivery systems.
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5.2 Introduction

Poly(ethylene glycol) (PEG) is a watsoluble and noimmmunogenic polymer, which is
commercially available in an assortment of molecular weigfitse covalent modification of a
protein, peptide, or therapeutic drugth PEG, a process also known as PEGylation, was first
introduced in 1977 and is commonly usednndify their pharmacokinetic propertiés. The first
medical treatment with a PEGylated protapproveddy the food and drug administratidR¥A)
was for the enzyme adenosine deaminase in*l@80since then, PEGylated enzymes, cytokines,
antibiotics, and growth factors have been approved for commercidf ibe. addition of a PEG
chainto a biomacromolecule or drug increases the molecular weight of the macromolecule
polymer conjugate, which leads to reduced renal clearance and longer circulation liféti&es.
is also known to offer O0stealthé to its conju
system recognitin, which reduces blood cleararféeThe improvedpharmacokinetic properties
associated with PEGylation allow for a decrease in dose frequendliesaactumulatiorin more
permeable tumor tissué8As a result, PEG is the most commonly used polymer for drug delivery.
Unfortunately, the increased use of PEGylation in the pharmaceutical industry has led to the
realization that some patients become allergic to REE@Gemonstrated by the detection wfi-a
PEG antibodies, which lead to the interruption of the drug treatment in pafients.

It has been found that changing the P&®eGhitecture, from a linear chain to a branched
polymer with oligomeric PEG side chains, eliminated PEG antigefiiBitgnched structures have
also been shown to increase blood circulation-hads with respect to their linear analog@és.
Branched architectures such as dendrimers and polymeric bottle brushes (PBBs) are desirable
because they offer a large hydrodyma volume with a precise molecular weightd can be

synthesized with a protected core which can be used to shuttle hydrophobic drugs. This study will
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focus on PBBssince they can be readily synthesized using either a living or radical polymerization
technique and can reach large sizes hundreds of nanometefs Rind he PBB architecture has
been adopted in drug/peptide conjugates’ épolymeric micelle$;! 2 %and in unimolecular
micelles 2 3 ¥or drug delivery systems (DDSs).

PEG is typically introduced into PBB DDSs because it confers water solubility, is
electrostatically neutral, ancteates a hydration shélPwhich shields the peptide or drug cargo
from opsonizatiort.3The polymer brush architecture, which has been applied for antimicrobial
materials, has also been found to prevent the-spacific binding of proteins through a
combination of surface hydration and steric shieldifthese features come handy for the design
of drugamers 3prepared by copolymerizing a prodrug such as a methacrylate monomer, onto
which a drug is covalently attached via a cleavable linker, with an oligo(ethylene glycol)
methacrylate (EE@MA with n beingthe number of ethylene glycol units in the side chains) to
generate PEBA PBBs2 43 While the protection afforded through steric shielding by MESs
to DDSs is weHaccepted in the literature®* # the exact origin of the protection induced by the
PEGMA PBBs is not as well described. In particular, the nature of the megkunerated by EG
side chains close to the polymethacrylate backbone has never been carefully investigated in water.

To address this issue, different aspects of pyrene fluoresaeragpliedin this reporto
probe the local internal environment of asgiof PEGMAS prepared with oligo(ethylene glycol)
methyl ether side chains (E)Gof increasing side chain length)( Pyrene was chosen as the
chromophore because of its sensitivity to the polarity of its local envirorfndehydrophobicity,
and itslong lifetime. These properties were employed to probe the local polarity experienced by a
pyrenyl label covalently attached onto REAA via a penta(ethylene glycol) linker, investigate

the effect of side chain length, and determine the solubility of pyrende the PEIA samples.
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The results suggest that PEBGAs generate a cylindrical core 3.6 nm in diameter and centered
around the polymethacrylate backbone which is wiaesr and organitike in nature, thus
providing an ideal medium to host hydropholgiargoes (like pyrene) and protect them from
degradation by watesoluble agents. This insight into the different environments generated by
PEGMA in aqueous solution, namely an orgahie core stabilized by a corona made of solvated

EGn side chains, should prove valuable when designing noveil@E@ased DDSs.

5.3 Experimental

Materials The preparation of the PyE®EGMA samples used in this study has been described

in detail in Chapter4 of this thesis and their chemical structure isvamon Table 5.1.
Dichloromethane (DCMQ 99.8%), diethylether © 99%), N,N-dimethylformamide (DMF,0O
99.8%),dimethylsulfoxide (DMS0©99.9%), 4-(dimethylamino)pyridine (DMAPQ99%), ethyl
acetate©99.7%),ethylene glycol¥ 99%), methacrylic anhydrided4%), 1-pyrenebutanol (99%),

sodium chloride, sodium hydride (60% dispersion in mineral oil), sodium hydroxide (NaOH,

pel | @%s, LDodi um sul fate ( an h 9usPhpandstetrangdrofur@dro) , t r
( O9% usedforgnt hesi s were purchased fr ®Om9%useg ma. Te
for the fluorescence measurements and penta(ethylene glycol) methyE@k@H O 95 %) wer
obtained from Fisher and PurePEG, respectively. All these chemicals were used ad.receive

The oligo(ethylene glycol) methyl ether methacrylate monomers, nameMA®3%), EGMA

with My= 500 g/mol, and EGMA with M= 950 g/mol were supplied by Sigma. They were
dissolved indichloromethave[CM) before being washed with 2 M NaQHq) and dried with

sodium sulfate before use.
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The r adi c al-azobis(ZmethylaropoonitrileR (ABN, Sigma, 98%) and molecular
pyrene (Sigma, 98 %) were recrystalized in ethanol three times.

Unless otherwise pecified all other chemicals were purchased from commercially available
sources and used as received.

Methacrylation of ipyrenebutanol1-Pyrenebutanol (0.20 g, 0.73 mmol) abAP (8.91 mg,

0.07 mmol)were dissolved in 25 mL of freshly distiled DCM @nround bottom flask (RBF)
equipped with a stir bar. The RBF was placed in an ice water bath and methacrylic anhydride (0.17
g, 1.09 mmol) was added dropwise. The solution was left to stir overnight. The next day, the
reaction mixture was washed with aruaqus solution of 2 M NaOH three times. The organic
phase was extracted and dried with sodium sulfate. The organic phase was then concentrated to 1
mL using a rotary evaporator. The product was purified by silica gel chromatography using DCM
as the eluenfThe chemical composition of the purified P%A product was verified usindH

NMR (Figure $.1in Sl).

Preparation of the Py&SPEG9MA seriesby conventional radical copolymerizatiohhe random
co-polymerization of Py@MA with oligo(ethylene glycol) methyl ether methacrylate (BNEA)

was carried out to synthesize firgCG-PEGIMA samplesusing the protocol described hereafter.
PyCGiMA (4.70 mg, 13.73mol) andEGisMA (0.25 g, 0.26 mmol) were dissolved in 1 mL THF
such that the overall methacrylate concentration was approximately 0.3 M. The AIBN initiator
(0.04mg, 0.26 nmol) was added to the monomer solution fromravBstock solution in 10 mL

THF and the mixture wgdaced in the polymerization tube. The tube was kept on ice and degassed
with nitrogen(Praxair, N4.0¥or 30 minutes. After sealing the tube, it was left in an oil bath at
65°C. The polymerization was terminated a conversion of 20% or less was reachasl

determined byH NMR analysis, to minimize composition drift. The polymer was recovered by
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precipitating the polymer solution in THF6times into diethyl ether to remove any unreacted
monomer. The precipitated product was then dried in a vacuumawenight. The chemical
structure ofPyC-PEGJMA is shown in Tablés.1 and a sampl&H NMR spectrumis shown in
Figure $.2 of the SI.The number average molecular weight,, and dispersityp, were

characterized using gel permeatwmwomatography (GPC) and is shown in Table 5.2.

Table 5.1 Chemical structure and numbals, of atoms in each side chain for the pyréadmeled

PEGMA samples.
Sample PYEGs- PYEG- PYEGs- PyG-
PEGMA PEGMA PEGIMA PEGIMA
Structure L A M M AP
0= 0= 0—=0= 0= 0= 0= 0=
o o o o o o o o
g 4
g pe
Ns 12 18 30 60

Homopolymerization of EMA using conventional radical polymerization The
homopolymerization ofri(ethylene glycol) methyl ether methacrylate @42), penta(ethylene
glycol) methyl ether methacrylatéEGsMA), and the two oligo(ethylene glycol) methyl ether

methacrylates (E€MMA and EG9MA) were conducted in a similar fashion. All B@A monomers
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were purchased from Sigma, except forsE@, which was prepared from the methacrylation of
penta(ethylene glycol) methyl ether conducted in the same manner as the methacrylation of 1
pyrenebutanol described earlier. The synthesis ofs®EAGs described in more detail.

EGsMA (0.8 g, 2.5 mmolas dissolved in 8 mL of THF and the 0.3 M4\ solution was then
added to the polymerization tube followed by AIBN (0.4 mg, @rbol) obtained from a
concentrated 3 mM AIBN stock solution in THF. The polymerization tube was set on ice before
being degased with nitrogen (Praxair, 4.0) for 30 min. The polymerization tube was placed in an
oil bath at 65 °C and the reaction mixture was left to polymerize overnight for 20 hours. The next
day, the polymer was precipitated in diethyl ethér #imes to removany unreacted monomer.

The chemical composition and molecular weight distribution of thesMBG&Gomopolymers were
characterized usintH NMR (Figure $.3 in the SI) and gel permeation chromatography (Table
5.3), respectively.

Pyrene contentEquation5.1 was applied to calculate the molar fractiah ¢f pyrene monomer
incorporated into the copolymePRyEG-PEGMA and PyG-PEG¢MA. Equation5.1 used the

molar mass of the unlabeled mononiythe molar mass of the pyrene labeled monoMey (=

520.62 g/mofor PyEGMA and 342 g/mol for PyC4AMA and the pyrene conteriyy, which is

expressed in moles of pyrene per gram of polymer.

M

x=—__ W 5.1
loytM -M_ GD)

/py was calculated for each pyrelabeled polymer in tetrahydrofuran as follows. A polymer

solution was prepared in THF with a known mass concentratiam @/L). The absorbance of the
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solution was determined with a 1.0 cm path lendptk= (1.0 cm) quartz orette and the peak
maximum at 344 nm was used in conjunction with the Beenbert Law Abs=eyxcxb) to
determine the concentration of pyren®@y{[in mol/L) in the solution. The molar extinction
coefficient, ery, used for polymers labeled withpgyrenemethyl ether penta(ethylene glycol) and
1-pyrenebutyl derivatives in THF equaled 42,700 &h1! and 42,250 M.cnt? at 344 nm,
respectively® # “The ratio Pyl/myielded the pyrene contents) to be used in Equatidnl.

Gel permeation chromatography (GRThe absoluteumberaveragenolecular weigh{M») and
dispersiy (D) were obtained by injecting 2 mg/mL polymer solutions in DMSO into a TOSOH
EcoSEC High Temperature GPC instrument equipped with a triple detection system and two 300
3 7.8 mntf TOSOH TSKgel AlphaM 13 mm columns. The detection system included afinie
differential refractometer, a Wyatt Dawn Heleos8 MALLS detector (wavelelrgt60 nm), and

a viscometer. A flow rate of 0.5 mL/min of DMSO at 70 °C was used. The system was calibrated
with a 1 mg/mL solution of pullulan standard in DMSO wathveight averagy molecular weight

(Mw) andb of 47.13 10% g.mol*and1.07, respectivelyGPC traces for theyCi-PEG9MA series

along with thePEGMA homopolymers are shown in Figur&.&in the SI.

Table 5.2. Pyrene content, absoluté, andb for thePyC-PEGIMA series.

Pyrene Conter(imol %) Mn (g/mol) b
7.4 65,200 1.1
7.6 91,700 1.2
10.2 92,800 1.2
12.4 132,800 1.2
14.7 66,800 1.1
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Table 5.3. AbsoluteM, andb for each PE@VIA homopolymers.

PEGMA PEGMA PEGMA PEGIMA

Mhn (g/mol) b Mhn (g/mol) b Mhn (g/mol) b Mhn (g/mol) b

293000 2.9 275,000 3.8 152,000 15 134000 1.4

UV-Vis spectroscopyA Varian Cary 100Bio spectrophotometer was used to acquire the
absorption spectra of the polymer solutions. Quartz cuvettes with a 1.0 mm and 10 mm pathlength
were useddepending on the pyrene concentration. For the pyrene loading studies, the absorbance
spectra were acquired in triplicate with a scan rate of 150 nm/min. The maximum absorbance
observed at a wavelength of 338.5 nm was used to determine the absorbaheeldading
studies.

Pyrene loading experimentByrene (2 mg) was placed in a vial with 5 mL of RE& aqueous
solution. The mixture was stirred and the absorbance at 338.5 nm of the supernatant was monitored
over 714 days until a clear plateau was olbeer This experiment was repeated using B
different polymer concentrations ranging from 0.7 to 7.3 g/L for each REEGsample. The
absorbance at the peak mAksota, was then plotted versus the polymer concentration.

Steadystate fluorescence (SSkeasurement®s HORIBA QM-400 spectrofluorometer equipped

with axenon arc lamp was used to acquire the fluorescence spectra of the polymer solutions in
degassedHF and in aerated water. To avoid the inner filter effect, the solutions were prepared
with a 2.510° M pyrene concentration equivalent to an absorbance of ~0.1. All fluorescence
spectra were acquired from 350 to 600 nm and with a 344 nm excitation wavelength. Slit widths
of 1 nm were applied to both the excitation and emission monochromierks/Im ratio was

calculated by dividing the area under the excimer emission from 500 to 530 nm by the area under
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the first peak of the monomer emission integrated over 4 nm before and 4 nm after the peak
maximum located at a wavelength ranging from 36380 nm depending on the polymer
concentration and composition.

A study on the effect of polymer concentration onltik ratio was conducted in water to ensure
that the polymers were not aggresghtand that excimer formation occurred only intramalady

for the range of pyrene contents of the PylBEEGMA samples studied. Three polymers were
selected from the most (PyEBEGMA) and least (PYE&PEGMA) hydrophobic polymer
series with different pyrene contents. Thefiv ratio was determined witincreasing polymer
concentration for three different pyrene contents. T ratio remained constant for each
sample in Figure %6, indicating that no intermolecular excimer formation took place in these
fluorescence experiments conducted with aqueous solutions of the-P¥HEZMA samples.

Dividing the florescence intensity of the first peblj by that of the third peaks] of themonomer
emission foundn the front part of the fluorescence spectra shown in Fsgbie and 3.5,
corresponding to the pyrene monomer emissi@ided thel1/I3 ratio, which was used to assess
the polarity of the medium probed by the pyrenyl label.

Timeresolved fluorescence (TRF) measuremehitsIBH time-resolved fluorometer with a 340
nm nanoLED was used to acquire all fluorescence dethgexcitation wavelength was selected

at 344 nm with the excitation monochromatahile the monomer and excimer fluorescence
decays were obtained by monitoring their fluorescence at 375 and 5dtimrthe emission
monochromatqgrandusing cutoff filters at 370 and 495 nm, respectively, to prevent stray light
from reaching the deteatdl' he decayhad 20,000 counts at the maximum and were acquired over
1,024 channels with a timgger-channel of either 1.02 ns/ch or 2.04 ns/ch. The instrument response

function (IRF) was obtained from the emission of a Ludox solutignsetting the emigsn
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monochromator at the excitation wavelength of 344 nm. The IRF was convoluted to the
mathematical decay function according to the fluorescielotenodel (FBM) and the convolution
product was compared to the experimental fluorescence decays.

Fluorescene decay analysiwith the fluorescence blob model (FBNThe FBM is used to analyze

the fluorescence decays of polymers, which have been randomly labeled with a chromophore,
pyrene in this case. The FBM compartmentalizes the polymer backbone into individua
monodispersdlobs The volume Vuion, Of ablob is defined by the volume probed by a pyrene
molecule while it remains excited. Pyrene excimer format{®EF) occurs when an excited
pyrene encounters a grousthte pyrene. The FBM separates the pyrt&ahgls attached onto a
macromolecule into four different species. These include the pyrene spggigsand Pyi.*,

which are involved in a sequential process for excimer formd@a* diffuses in solution with

a rate constaribiop according to the dynamics experienced by the structural unit it is attached to
until it comes within reach of a growstiate pyrene when it turns into the speélgs*, that re
arranges with a large raterestantk; (k2 ~ 1C koiob) to form one of two excimeiS0* or D*. The
pyrene speciel0* or D* represent an excimer where the two pyrene labels are properly or poorly
stacked and emit with their natural lifetim&s or 7p, respectively. The excim&0* and D* can

also be formed instantaneously through direct excitation of pyrene aggre@atgy.(Finally,

the pyrene specid®yes* describes those pyrenyl labetbat are located in a pyreqp@or region

of the macromolecule, cannot form excimer, andteniih their natural lifetimetu. Global
analysis of the monomer and excimer fluorescence decays yields the molar fractions of the pyrene
species contributing to the monomer and excimer decays. The molar fréatiohgir, andfuviree

and the molar fractionfex, feditteo, fediio, feeo, andfep derived from, respectively, the monomer

and excimer decays, can be combined to yield the molar fradéi@(sfaireo+ faitp), fko (=fkoect
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fkop), fagg (=feot fo), andfree Which correspod to the pyrene speci®suin*, Pyko*, Pyagd', and

Pyires®, respectively. Fitting the fluorescence decays of the pyrene monomer and excimer
according to the FBM yields the average numbes, ©f groundstate pyrene molecules within a
blob, and the rateonstankion, representing the diffusive motieof two structural units bearing

an excited and a grousgiate pyrene insideld@ob. The number of monomer units encompassed
within ablob, Nbio, can then be calculated using Equatia?, wherex is the molar fraction of

structural units bearing a pyrenyl label as defined by Equétion

1- f 3
Nyip = ( Mfreex) i (5.2)

Fluorescence decay acquisition and analy3ise fluorescence decays for the PyE=REGMA
(withn=3, 5,9, and 19) and PYEG:9MA samples were acquired aerated MilltQ water and
bothdegassed tetrahydrofuran (THF) Optima and aerated ®liliater respectivelybefore being

fit globally accordinga the FBM with Equations51 and $.2 in the SI. The instrument response
function (IRF) was convoluted with EquationS.Band $.2 to generate a line of best fit, which

was compared to the experimental decays. The parameters involved in the calctil#tion o
convolution product were optimized with the Marquartlevenberg algorithfh®>and a fit was
deemed acceptable when three criteria were satisfied. Those included that both the autocorrelation
of the residuals and the residuals be randomly distributeshd zero and that thoé be lower than

1.3. A sample fit of the fluorescence decays is shown in Figuéeiis SI.
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5.4 Results and Discussion

Penta(ethylene glycol) -fyrenemethyl ether methacrylate (Pyi&) was randomly
copolymerized with a series afligo(ethylene glycol) methyl ether methacrylate monomers
(EGWMA, wheren= 3, 5, 9, and 19) to prepare four series of pyabeled poly(oligo(ethylene
glycol) methyl ether methacrylate)s (Py&EBEGMAS), whose synthesis and characterization was
describd in Chapted. While the PEGVIA portion of the PYEGPEGMA samples is fully water
soluble, the hydrophobic pyrenyl label has a reported solubility ofvh@l/L for pyrene in
water? # “Consequently, the PyE@®EGMA samples are expected to bdly soluble in an
organic solvent like tetrahydrofuran (TH®hereas only the polymer substrate but not the pyrenyl
labels should be soluble in water. Major differences are thus expected for the fluorescence response
exhibited by the PyEE&SPEGIMA samples, depending on whether they were studied in an organic
solvent or in water.

To this end, the steaestate fluorescence (SSF) spectra of each ByHE&EZMA sample
was acquired in THRn Chapter 4 of this thesiand water. A sample SSF spectrum of the RyEG
PEGMA series in THF and water is shown in Fightgé. The SSF spectra for the other polymers
can be found in FigureS5.6 and 3.7 in the Sl All the spectra were normalized to unity at 377
nm, which is the €0 transition of pyrene. They displayed the characteristic pyrene monomer peaks
between 370 and 410 nm@nd the broad structureless emission of the pyrene excimer centered at

480 nm in THF and water.
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Figure 5.1. Steady state fluorescence spectra for the ByEE>MA series in A) THF and B)

water, ranging in pyrene content from 2.9 to 10.2 mol Py] E 2.5 10 ® M and| ex= 344 nm.

Since the excimer fluorescence intensity in Figbile was much larger, relative to the
fluorescence intensity of the pyrene monomer in THF than in water, it could be concluded that
PYEG-PEGMA generated excimer much more efficiently in THF. This resas wurprising
because pyrene excimer formation (PEF) depends on the local concentRjeg) (f ground
state pyrene experienced by an excited pyrene. Stybe:jwould be expected to be much larger
in water, due to aggregation of the hydrophobicepyl labels compared to an organic solvent
where the pyrenyl labels are solvated, PEF for a pylareded watesoluble polymer (PYWSP)
is typically much more efficient in water than in an organic solvent, as has been reported numerous
times in the literaturé 2 2

The PEF efficiency can be quantified from the monetaarxcimer fluorescence intensity
ratio, namely thég/Im ratio, which was plotted in Figu&2 in THF and water as a function of the
pyrene content of the different PyEBEGMA samples. Thdg/lv ratio is proportional to the
product of the bimolecular rate constant for PEF by diffusive encoutgrsand Pylioc as

described in Equatioh.3.
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|_E, kdiﬁ 3[ F)y]loc (53)

When a PYWSP is dissolved in wateaggregation of the insoluble pyrenyl labels leads to an
increase inPylioc, Which results in aie/lm ratio, that is typically much larger than thé#w ratio

of the same polymer in an organic solveauen if the viscosity of the organic solvent is much

lower than that of water8s 2
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Figure 5.2. Plot of Ig/Im ratio as a function of pyrene content for PBYEG-PEGMA, (B)

PYEG-PEGMA, (C) PYEG-PEGMA, and (D) PyEG-PEGMA in (O) THF and @) water.

In fact, the hydrophobicity of pyrene is so strong that the formation of pyrene aggregates in water

typically trumps variations in solvent viscosity, which affdcig. Despite these considerations,

all the PyEG-PEGIMA samples yielded a small&f/Iv ratio in water than in THFas can be seen

in Figure5.2. Each polymer was found to have a lowghv ratio in water compared to THF

regardless of the number of atonMs, constituting the Egside chain.This is surprising
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considering that the PyE@?EGMA samples werePy-WSPs The implication of theg/lm trends
shown in Figuré .2 is straightforwardand indicats, namely that the pyrenyl labels of the PyEG
PEGMA samples were not aggregated in watlespite their welknown hydrophobicity.

To support this statement, the excimer decays of fotMVBYs acquired in water and in
an organic solvent are shown in Tablé. The PYyWSPs were a pyredabeled hydrophobically
modified alkali swellable emulsiopolymer Py(2.1}HASE). °poly(N,N-dimethylacrylamide)
(Py(5.2)PDMA),* ? poly(L-glutamic acid) (Py(7.0PGA)°>! and a nanosized amylopectin
fragment (Py(2.3NAF).°> °Their chemical structures are shown in Tabke and the number in
parenthesisrepresents the molar percentage of structural units labeled with pyrene. The

fluorescence decays of the-lP¥SPs were compared to those of PyEREGMA in Table5.5.

Table 5.4. Chemical structures of pyrenékled polymers.

Py(2.1yHASE Py(5.2)PDMA |  Py(7.0}PGA Py(2.3)NAF(57)

HO__O
0
H
i on | HO
H 0.0\ 0.93

O

O NH
0}
O
53 O

Upon visual inspection, the excimiworescence decays of all the-R¥SPs dissolved in
an organic solvent exhibited a rise time before decaying. In aqueous solution, hardly any rise time
could be detected for all RSPs with the exception of PyE43.7)-PEGMA, which had a wek

defined rig time. The rise time was quantified by calculatingAbéAe- ratio for each polymer.
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TheAe-/Ae-+ratio is obtained by fitting the excimer fluorescence decay with a sum of exponentials
and dividing the sum of the negative fgonential factors by theum of the positive pre
exponential factors. Ae-/Ae- ratio of zero indicates no rise time in the excimer fluorescence
decay with excimer being formed exclusively through direct excitation ofgggregated pyrenyl
labels. In contrast, afe-/Ae+ratio equal to- 1 indicates that PEF occurs solely through diffusive
encounters between an excited and a gretatk pyrene. The-/Ae+ratios ranged from0.55 to
-0.96 for all PyWSPs in organic solvents. The less negafivgdAe- ratios of - 0.55 to- 0.58
obtained for Py(7.0PGA and Py(2.3NAF in organic solvents are a consequence of the helical
conformation adopted by the polypeptide and polysaccharide. The helical conformation resulted
in a denser polymeric conformation, that brought the pyrebgldecloser to each otheesulting
in more pyrene aggregation and less negaivéAe+ ratios.

The Ae-/Ae+ratios obtained for the PWSPs in aqueous solution ranged between 0.00 and
-0.17, values that were much closer to 0 thanfhéAe- ratios that were obtained for the same
polymers in organic solvents, a clear result of pyrene aggregation induced by dissolution of the
Py-WSP in water. The only exception was #e/Ae-ratio of- 0.63 for PyEG(3.7)PEGMA in
water. ThisAe-/Ae+ratio was significantly more negative than the./Ae- ratio of the other Py
WSPs in agueous solution listed in Tablg. In fact, it was even more negative than that of the

Py(7.0YPGA and Py(2.3NAF samples in organic solvents.
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Table 5.5. TRF excimer decay amk-/Ae+ values for pyrene labeled polymers in an organic solvent and aqueous solution.

Py(2.1YHASE Py(5.2YPDMA Py(7.0yPGA Py(2.3YNAF(57) PYEG(3.7r PEGMA
Organic | 100000 100000 100000 100000 100000
solvent 10000 1 10000 1 10000 10000 1 10000 1
51000 1 51000 51000 1 51000 51000 1
o o o o o
(&) (&) (&) (&) ()
5100 5100 5100 5100 5100
IS £ IS £ ‘ IS
s 10 S 10 s 10 S 10 ¥ S 10 ¥
3 3 3 3 ' 3 _-
e oy e oy ‘ | e , |
0 _.500 1000 0 _.500 1000 0 _.500 1000 0 250 500 750 0 250 500 750
Time, ns Time, ns Time, ns Time, ns Time, ns
THF DMF DMF DMSO THF
[Poly] = 40 mg/L [Poly] = 6.3 mg/L [Poly] = 6.3 mg/L [Poly] = 13.5 mg/L [Poly] = 15.4 mg/L
Ae-/Ae+ |-0.95 -0.80 -0.55 -0.58 -0.96
Aqueous | 100000 100000 100000 100000 100000
solution | &0000 20000 | 10000 | 20000 | 10000 |
c IS c c 1<
31000 - 31000 31000 | 31000 31000 1
o o o o o
5100 - 5100 5100 5100 5100
= = & N = L E 0
g 10 5 10 5 10 5 10 . 5 10 i .
i 1 oy ey oy ‘ | T Bl Tl |
1 1 2 7 2 7
O 13 1 100 iR st e B B
Water pH 9 Water Water pH 9, 0.01 M Water Water
[Poly] = 30 mg/L [Poly] = 6.3 mg/L NaCO;s, 0.05 M NaCl | [Poly] = 13.5 mg/L [Poly] = 15.4 mg/L
[Poly] = 6.3 mg/L
Ae A+ |-0.17 -0.12 0.00 0.00 -0.63
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While the extensive level of pyrene aggregation in théiR$E, PyPDMA, Py-PGA,
and PyNAF samples dissolved in aqueous solution resulted in a large increaselgfixihe
ratio compared to its value for the same samples dissolved in an organic sok/emticth
reduced pyrene aggregation for the PylEEGMA samples in watedemonstrated from the
analysis of the excimer fluorescence decgjyslded much lowelg/Iu ratios in water (see
Figure5.2)# % 2These results suggest that the pyrenyl labels were not exposed to water when
the PYEG-PEGMA samples weralissolved in water. Considering the architecture of the
PEGMA samples, the pyrenyl labels must have located themselves close to the
polymethacrylate backbonevhere they experienced the crowded environment of the
oligo(ethylene glycol) side chains.

Instead of being exposed to water, the pyrene labels of the RREGMA samples
must have experienced a medium similar to thathefethylene glycolmonomer used to
prepargheEG, side chains. To assess the validity of this hypothegiEG-PEGMA samples
were prepared with less than 1 mol % of pyrene (see exact pyrene content ib.Zpbde
generate isolated pyrenyl labels along the polymethacrylate backboRgrtiespecies), that
would not generate much excimer (smdyjoc in Equation5.3). The 1pyrenemethoxy
derivative was chosen to prepare the P PEGMA samples because of its sensitivity to the
polarity of its local environmeritAwhich is reflected in a change in the fluorescence intensity
ratio (1/13) between the firstl{) and the third Ig) peak in the SSF spectrum of the pyrene
monomer. Thei/lz ratio of the ipyrenemethoxy derivative varies from 1.77 in water to 0.65
in hexane, taking a value of 1.47 in TRFThel4/I5 ratios were calculated for each polymer
in water and THF (Tabl&.6) and were found to match those expected from the literZture

Thel/13 ratios of the PYEGPEGMA samples did not change much wilein both THF and
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water, and they were similar to th¢ls ratio of PyEG-OH in the respective solvents (see Table
5.6). The similarity between tHe/l3 ratios of the PYEGPEGMA and PyEG-OH samples in
water demonstrasghat the pyrenyl derivatives experienced an environment whose polarity
was similar to that of water. It was also similar to L& ratio of PyEG-OH in ethylene
glycol, found to equil.9. Since théi/Is ratio of PyEG-OH took a same value in water and
ethylene glycaol, it provided no information about g¢mironmenexperienced by the pyrenyl
labels in the PYyEESPEGIMA samples dissolved in water, beside the fact that this medium was
polar.

Instead, timeesolved fluorescencéTRF) measurements were conducted for the
PYEG-PEGMA samples prepared with a low pyrene content. The fluorescence decays of the
pyrene monomer in these samples were dominated by a single exponithtialcontribution
representing more than 60 % of the total@xponential weightand whose decay time was
attributed to the natural lifetimey{) of the pyrenyl label. Théu values retrieved from the fit
of the fluorescence decays with a sum of exqoials are listed in Tabe6. With an average
value of 212 = 3 ns, the lifetime of thep¥renemethoxy derivative bound to PG
dissolved in water was significantly larger than the lifetime of 137 ns for the JOHEE@odel
compound in water. Since thietime of pyrene in polar solvents is typically controlled by the
solubility of oxygen in the solvent, where oxygen is an efficient pyrene quencher, and the
solvent viscosity, dramatic increases in the lifetime of pyrene have been observed when pyrene

binds to a WSPwhich hinders the accessibility of pyrene to oxygen dissolved in wber

The increase ifiv from 137 ns for PyE&OH free in water to 212 ns for PyE@H bound to
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PEGMA dissolved in water is another example of this effect, where thenyplyderivative
probes the ethylene glyedkh environment generated by the side chains of the ByEG

PEGMA samples in water.

Table 5.6. l1/13value in water and THF and the natural lifetirhe, in water for each PyES

PEGMA sample and the PyES8OH model compound.

Sample [1/I3in Water [/Izin THF | fm (nS) in Water
PYEG-PEGMA 1.8 £0.017 1.5+0.014 210
PYEG-PEGMA 1.8 +£0.017 1.6 £0.024 215
PYEG-PEGMA 1.9+ 0.0077 1.5+0.042 213
PYyEG-PEGMA 1.9 +0.015 1.6 £ 0.090 209

PyEG-OH 19 15 137

In an effort to assess the water content of the environment close to the polymethacrylate
backbone probed by the pyrenyl labels, lifetéime of PyEG-OH was measured in mixtures
of water and ethylene glycol. Plotting the lifetime of P¢E®H as a function of the water
content in the mixtures in FiguBe3 showed that the lifetime increased with decreasing water
content, reaching a vawf 209 ns for PyE&OH in pure ethylene glycol. Since the lifetime
of PYyEG-OH free in ethylene glycol (see Figls8) or bound to PEB/A in water (see Table
5.6) were similar, it suggested that the environment probed by the pyrenyl derivatives in the

PyEGs-PEGMA samples seemed to be devoid of water and similar to that of ethylene glycol.
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Figure 5.3. Lifetime of PyEG-OH model compound in mixtures of water and ethylene

glycol solutions.

The conclusion reached at this point about the conformation adopted by the-PyEG
PEGMA samples in water and THF was that the pyreEreninated penta(ethylene glycol)
side chain would stretch into THF to maximize its interactions with the solwatnfold ba&
in water to allow the hydrophobic pyrenyl label to probe the orgdmcenvironment
concentrated around the polymethacrylate backbone. These concepts were illustrated in Figure
5.4, whichdemonstratethe expected conformation of the PyESide chainof the PyEG-
PEGMA samples in water and THF. In turn, the substantial differences in the conformation

adopted by the PyE&ide chains should result in an excited pyrene probing a much smaller
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volume in water than in THF. To assess the validity of tlgglthe FBM was applied to the
global analysis of the pyrene monomer and excimer fluorescence decays of the PYyEG
PEGMA samples. The FBM compartmentalizes the py#aheled macromolecules into sub
volumes calledblobswhose size is characterized lyon, the number of structural units of the

macromolecule found insidebdob.

) Noob < 5? Noiob. >
é |

Figure 5.4. Schematic representation of the volume probed by a pyrenyl label bound to a

PEGMA sample in A)water and B) THF.

The pyrene monomer and excimer TRF decays of the RAEGMA samples were
acquired in water and THF and analyzed with the FBM to Wgigh (see Equatio.2). The

Nbiob Values retrieved from this analysis were plotted in Figiusé as a function of pyrene
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content for the PYyEEPEGoMA series in THF and water. The trend shown in Figaif\
indicates that Noiob did not change much with pyrene content, thus demonstratatgthe
presence of the pyrenyl labels did not affect the conformation and dynamics of the PYEG
PEGMA samplesNoiob took an average value of 28 + 2 and 15 + 1 structural units in THF
and water, respectively. Sindkiob is @ measure of the volume prdbley an excited pyrenyl
label, the decrease Mbiob from 28 in THF to 15 in water could be a result of either the increase

in solvent viscosity from that of THF#s.c = 0.46 mPa.$§ to that of water (f2s.c = 0.89

mPa.sf® or the localization of pyreni@ an environment close to the polymer backbone (see

Figure5.4).
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Figure 5.5. Plot of A) Npiob Versus pyrene content for PyEBEGMA in (B) water and)
THF and B)<Npios> versus/r ! for PYEG-PEGMA in (€) DMSO, Q) water, ¥) DMF, (
0) THF, and &) ACN, where the lines connecting data correspond top to bottom tosPyEG

PEGMA, PYEG-PEGMA, PYEG-PEGMA, and PYEG-PEGMA, respectively.
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To assess whether an increase in solvent viscosity would lead to a decrase in
similar to that observed from THF to water, theerageNoiobp values <Npiob>, of PYEG-
PEGMA in water were compared to those acquire@hapter 4n different organic solvents
(acetonitrile (ACN,/125.c = 0.37 mPa.s), THF/&s-c = 0.46 mPa.s)N,N-dimethylformamide
(h25°c = 0.79 mPa.s), and dimethyl sulfoxide (DMS®s-c = 1.99 mPa.s)¥ <Npiop> Was
found to increase gently with the inverse of solivviscosity in Figur®.5B, indicating that a
pyrene label would probeore monomer unitaith decreasing solvent viscosity. This trend
was interrupted by a marked breakpoint corresponding to<Mhey,> obtained in water.
Consequently, the anomalous decrease\bbpr> in water shown in Figur.5B could not be
due to an increase in solvent viscosity. Rather, the excited pyrenyl label is confined to a region
close to the polymethacrylate backbone in watdich reduces its mobility and results in the
smaller<Npiop> value, as depicted in FigubAA.

Nboiob is known to depend critically on the reach, and thus the linker length, of the
excited pyrenyl label bound to a polymer. An increase in linker tealytays results in an
increase iMpiob.>” % Consequently, the significant decreaseNiss> observed in Figurg.5B
for the PYyEG-PEGMA samples in water suggests that the excited pyrenyl labels probe a
volume equivalent to that described lyyyaenyl label bound to the polymethacrylate backbone
via a shorter linker. To investigate the validity of this statement further, Nbex>< values
obtained for the PyE&SPEGIMA samples in water and THF were compared in FiL8A to
those obtained eagli for a series of poly(alkyl methacrylate)s labeled wibydenebutanol

(PyC4PGMA with n=1, 4, 6, 8, 12, and 18) in TkfFalong with a PyCLEGIMA sample,
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which was synthesized by copolymerizingpyirenebutyl methacrylate with E@A (see
chemicalstructure in Figur®.1). The PyC4PGMA samples prepared with a shorter linker
connecting the pyrenyl label to the polymethacrylate backbheere insoluble in water. They
yielded dNpiop> values in THF that were consistently and substantially smallethieadNoion>

values obtained with the PyE®EGMA samples in THF, where the pyrenyl label was
connected to the polymethacrylate backbone with raapethylene glycoljong linker. In
contrast, the Muiob> vS. Nstrend in Figures.6A obtained for th®yEG-PEGMA samples in

water lined up perfectly with that of the Py®&MA samples in THF. This result suggested
that in water, the pyrenyl label tethered to the pwtracrylate backbone via a penta(ethylene
glycol) linker containing 18 atoms probed alume similar to that of a-fiyrenebutyl
methacrylatdinker in THF, containing6 atons. Molecular mechanics optimizations (MMOS)
were conducted with HyperChem to measure the length betweea-ttebon on the
polymethacrylate backbone and the tip of tiieepe label. This distance, equal to 1.8 nm, can

be viewed as the radius of the cylinder having the polymethacrylate backbone at its center
whose ethylene glycdike environment enables the solubilization of hydrophobic pendants
like pyrene. The consequee of this effect is that the pyrenyl label of the PHEEGMA
samples is held much closer to the polymethacrylate backbone than would be expected from

the fairly long penta(ethylene glycol) linker.
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Figure 5.6. Plot of A) Nbiob> and B) <kbiob> vVersusNsin (blue) water and (white) THF and
C) faggversus pyrene content in (blue) water and (white) TIO§.RyEG-PEGMA, ( O)

PyC-PGMA, and A) PyC-PEGMA.

The rate constant of excimer formation withiblab averaged over all pyrene contents
for a same polymer serieskyer>, was plotted as a function Nf in Figure5.6B for both the
PYEG-PEGMA and PyC4PGMA series in water and THF. Interestingly, akosp> values
obtained in a given solvent clustered around two distinct master curves, which yielded much
smaller «sop> values in THF than in water. For the PY¥HEREGMA samples studied in water
and THF koo was found to be 1.7%(0.2) times larger invater than in THF. Unfortunately,
these differences ikviob resulting from a change in solvent are difficult to interpret due to the
probability of forming an excimer upon encounter between an excited and a -gtatsnd

pyrene, which depends strongly ariv@nt. The similar Kwob> vS. Ns trends obtained for the
162



PyC4PGMA and PYyEG-PEGMA samples in THF was consistent with the observation made
earlier, that ®0p> does not appear to depend much on the spacer length as long as the linker
is constituted of at least 6 atonas is the case for the Py®L,MA series.

Finally, the molar fractionf{ygg of aggregated pyrenyl labels could be determined from
the FBM analysis of the fluorescence decays. In Tigwas always lower than 0.0fhus
reflecting the good solubility of pyrene in this solvent. Out of the 26 ByFEZ:MA samples
studied in water, 23 (i.e. 88%) hadfagyvalue of less than 0.40 and &lgvalues were lower
than 0.46. This range &fygvalues indicatethat some pyrenaggregation took place, but that
a majority of pyrenyl labels were solubilized in the agueous ByEE&Z:MA solutions. This
represents a rather low level of pyrene aggregation for aqueous solutionrSuSH%s; which
agrees with the conclusions drawn eartiem theAe-/Ae-+ values reported in Tab&5, which
were much more negative than anticipated.

All the results thus far suggest that the polymethacrylate backbone is surrounded by an
organiclike domain (OLD) which is able to solubilize the hydrophobic pyrenyl pendants. The
pyrenyl terminal of the 18 atoiong penta(ethylene glycol) linker was falito be partly
soluble in the medium close to the RIMA backbone, where it probed a volume similar in
size to that probed by a pyrenyl bound to the end of a much smaller 8catgrbutylester
linker. The fact that a pyrenyl group covalently bound to fE&would interact strongly
with its core when dissolved in water led to the suggestion that free pyrene in water might
actually bind to PEEGMA. To this end, pyrene loading experiments were conducted with a

series oPEGIMA homopolymers, where n = 3, 5, 9. As described in the Experimental
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section, pyrene crystals were added to a vial containing an aqueous solution,bfAP&G
known concentration. The supernatant waléected,and its absorbance measured at different
time intervals until the absorbance reached a platsashown in Figur&.7A, before being
returned to the vial. Similar experiments were conducted at differeriNP&AGoncentrations
and the pyrene absorbancedte plateau was plotted as a function of RE& concentration

in Figure5.7B. The linear increase in absorbance with increasingnMBGoncentration
observed in FigurB.7B, could be rationalized by considering the equilibrium in Equdiidn
leading to he relationship in Equatio®.5 between the polymer concentration and the
concentration ratio By]w/[Py]r) of pyrene bound to the polymer and free in water. Considering
the law of mass conservation in Equat®f, and the fact that the solution absorbart
Equation5.7 is equal to theum of theabsorbance of the different species in solution, Equation
5.8 could be derived that predicts a linear relationship between pyrene absorbance and

PEGMA concentration.

nyree+ POlyg) P%OUHC (54)
[Py, _

Py K., POl (5.5)
[Py PY: B PV, (56)
Abs=(g[ PY, +£ P,) ° (5.7)
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Abs=(g, Ik PY,) | Poly 4l Ry, (5.8)

In Equations55 i 5.8, [Py]l, [PYl, [PYlo, [Poly], Keq, @, &, and| are the total pyrene
concentration, the concentrations of free pyrene in water and pyrene bound to the polymer, the
polymer concentration, the constant for the equilibrium shown in Equatigrthe molar
extinction coefficient of free and bound pyrenedahe path length of the absorbance cell,
respectively. Py]s represents the solubility limit of pyrene in watenown to equal 0.77M,

and a has been determined to equal 32,600dwr ! at 335 nnt. ® ‘Based on Equatioh.8,

the absorbance is expected to increase linearly with siag@olymer concentration with a

slope (n) and interceptf) equal toalKedPy]r and al[Py]s (= 0.023, assuming a standard

pathlength of 1.0 cm), respectively. This prediction is \ebkyed in Figur®.7B.
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Figure 5.7. A) Plot of absorbance at 338.5 nm as a function of tim@ k& MA at 6.7 g/L.

Insert: Absorbance spectra for a 6.7 g/L R&MA aqueous solution taken at 1, 2, 3, 4, 7, 8,
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and 10 days. B) Plot of pyrene absorption as a functidd0PEGMA, (O) PEGMA, (A)

PEGMA, and () PEGMA concentration after reaching dbijorium.

The yintercepts of Figur®.7B were expected to yieldPyjs based on Equatioh.8,
which could then be used to determitg from the slope of the straight lines. Unfortunately,
the intercepts of the straight lines in Figs&B yielded greater thar20% error, which
prevented the determination &hfs. Consequently, the known value of @M was substituted
for [Py]s to detemine Keqfor each PE@VIA sample? # ‘g, was calculated and found to equal
33,500 + 400 Mcnr ! at 338.5 nmas shown in FigureS6. Keqwas then calculated using the
slopes obtained from Figuke7B and was found to equal 13.8 + 0.1, 10.2 + 0.1, 5.7 £ 0.0, and
2.5 + 0.0 L/g for PEGMA, PEGMA, PEGMA, and PEGJMA, respectively.All of the
research conducted thus far has been indicativearof OLD, which surrounds the
polymethacrylate main chain and is independent of the length of theidschain. Therefor,
the binding of molecular pyrerghould be less efficient at a given REAA concentration for
a largemn value, as was indeed obsenadgerimentally Since pyrene is believed to bind to
only a fraction of the polymer, close to tip®lymethacrylatemain chain,the binding
equilibrium described b¥quation5.4 could be refined with Equation 5.9, that reflected the
binding of pyrene to the OLD.HE concentration of polymer constituting the QILBoly]ovp,
could be expressed by Equation 5uding the molar mass of the structural unit constituting

the OLD MoLp) and the molar mass of the RMEA structural unit Mo). The ratio Pylu/[Py]
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could then be rewritten in Equation 5.11, which predicts #atshould be inversely

proportional tdVlp of the PEGMA samples.

K'
nyree+ POl)éLD <:> I:’S{Jounc (5-9)
M
[Poly]op =[ POlY 3% (5.10)
[Pﬂb — K" 3MOLD -
Py, K M, [Poly ke, [PBlY (5.11)

PlottingKeq as a function oMo ! yielded a straight line in Figuf8A, indicating that
Keq is proportional toMo 2, and that the binding of a hydrophobethe PEGMA sample
decreases with increasiip. This result is opposite to what would be expechsdn increase
in the part of the polymer to which pyrene binds should lead to an increase in binding, and thus
Keq This result further suppatthe notion of the existence of an OLD surrounding the
polymethacrylate backbone of the RE& samples.

The loading capacities, taken &s//[Poly], were then calculated for each PBA
sample. They were found tocrease hearly with increasing/lo ! andNs ! in Figures 5.8B
and C, respectively. These trends indicated that the binditigedfydrophobic pyrene to
PEGMA became less efficient witincreasingn. This result is reasonablas pyrene is

believed to bind téthe OLD generated around the polymethacrylate backbone of thdVP2EG
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samples. Past a certain critical side chain length, increasing the length ofntegl&Ghain

does not contribute to the OLD
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Figure 5.8. Plot of A)Kegas a function oMg 2, B) loading capacity as a function el t, and

C) loading capacity as a function g L.

5.5 Conclusion

The interior of a series opoly(oligo(ethylene glycol) methyl ether methacrylate) (RES)

sampleswas investigated using the chromophore pyrene and pyrene excimer fluorescence

(PEF). The pyrentabeled PYEGPEGMA (with n = 3, 5, 9, 19) and PyEPEGJMA

samples where the pyreneabel was linked to the polymethacrylate backbone via a

penta(ethylene glycol) and a butyl linker, respectively, were investigated in a good (THF) and

poor (water) solvent for pyrene. Both solvents could properly solvate theM?E@lymers.
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All the resultsobtained from this pyrene fluorescence study demonstrate that the dense grafting
density of the E@side chains stemming outward from the central polymethacrylate backbone
of the PEGMA samples generates a wafsze ethylene glycelike environment in wier, and

that this environment can solvate organic molecules like pyrene. This ehgandomain

(OLD) can be viewed as a cylinder with a 1.8 nm radiased on the PEF measurements
conducted with the PyCRGMA series in THE As the EG side chains ernd outward into

the water phase and past the OLD, they become solvated with water molecules and no longer
participate in the OLD close to the polymethacrylate backbone. Consequently, increasing the
EG, side chain length does not increase the volume of @h® surrounding the
polymethacrylate backbone resulting in the apparent reducti#agiand loading capacity
reported in Figuré.8 of pyrene to the PEMMA samples. Together, these dataggest that
PEGMAs are a unique class ofatersoluble polymers capable of solvating a hydrophobic
pendant in water. The dense grafting density afforded by the PBB architecture allows the EG
side chains to solvate hydrophobic organic molecules like pyrene, even when dissolved in
agueous solutiarConsequently his study demonstrates for the first time the existence of this
OLD and should provide insight into the design of dpadymer delivery systems and the

establishment of drug release mechanisms.
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Chapter 6

ConcludingRemarks and Future Work
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6.1 Summary of Accomplished work

Pyrene excimer fluorescence/formation (PER)s used teharacterize the conformation and
internal dynamics of macromolecules with a complex architectine characterization aiix
generations oR,2-bis(hydroxymethyl)propionic acid backbone dendrons and a series of
poly(oligo(ethylene glycol) methyl etherathacrylate) (PERMA with n=0, 3, 4, 5, 78,9,
12, and 19) polymeric bottle brushes (PBB&s conductedThe dendrons and PBBs were
covalently labeled with a pyrenyl moietgither homogenously or randomlgnd then
characterized by PEBased techniggs. Steadystate fluorescence (SSF) was applied to obtain
qualitative information about the dynamics and conformations of the macromolecules in
solution. These dynamics and conformations were then characterized in a quantitative manner
through the analysisf the timeresolved fluorescence (TRF) decays using either the model
free analysis (MFA) or the fluorescence blob model (FBM).

Chapter 2 focused on six generations 2#-bis(hydroxymethyl) propionic acid
backbone dendrons, which were labeled at teeminal ends with -pyrenebutyric acidRyx-
G(N)). The generation numbel ranged from 1 to 6 and each dendron containésd 2V)
pyrene molecules. Dendrgniseing monodisperse trdéi&e macromoleculeswere used as
spectroscopic standards to investigdie relationship between the concentration of the
terminal ends versus their internal dynamics. Since the terminal ends were labeled with a
pyrenyl moiety, the local concentration of pyrerylkc, experienced by an excited pyrene
reflected theconcentration of terminal end$®ioc was previously determined by calculating

the average squared eftwlend distance between two pyrenyl group&py&>,! and the
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dynamics of the terminal ends were studied in a variety of solvents including taNjisire,
dimethylformamide (DMF), and dimethylsulfoxide (DMSO). The dynamics of the terminal
ends were quantified by calculating the average rate constantfor PEF using the MFA.

<k> describes the formation of excimer between an excited and a gstatedpyenyl
molecule by diffusive encounters. Howev&EF also occured between preaggregated
pyrenyl species. Adendrons reached the sixth generattbe fraction of aggregated pyrene,

fagg INCreased to 20 35% in the different solvents. To account fag thcrease in aggregation
with G(N), <k> was divided by the fractidiaitr of pyrenyl molecules forming excimer through
diffusive encounters. Plots ofks/fair T vs1 [Py]ioc Yielded straight lines in each solvent,
however, each with a different slope.€eltifference in slope was attributed to the influenrce

<k> of solvent viscosity/s, and the probability dPEF, p. To account for? andp, the model
compound ethyl 41-pyrene)butyrate (PyBE) was synthesized, and the average rate constant
of excimer formed through diffusive intermolecular encountergjnter], was determined in
toluene, DMF, and DMSO and used to normalize the resuttnadl by the dendrons. A
master plot of the RYG(N) dendrons was constructed by plottingKfairx kaire[inter]) vs.

[PYlioc, Where all of the data in the three solvents, including the previously reported data in
tetrahydrofuran (THF), collapsed ontsiagle straight line. The master straight line obtained
experimentally for all six ByG(N) dendrons in each of the four solvents demonstrated the
linear relationship expected betweek><and Pylic and created a calibration curve
independent of/7 and p, which could be used to compare the internal dynamics and

conformation of other dendrons or branched macromolecules.
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Following the successful establishment of a direct 1:1 correspondence between <
and Pyjioc for the pyrendabeled dendrons in Chapter 2, Chapter 3 focused on using a similar
approach to probe the conformation of the side chain ends of a series diRpGymeric
bottle brushes (PBBs). The conformation of the PBBs was probed in two studid#siThe
study, described in Chapter 3, involved the attachment of pyrenyl groups to each of the side
chain ends of four PEMA PBBs with n = 3, 5, 8, and 12 ethylene glycol units
(P(PYEGMA)). Labeling of the terminal ends of tbégo(ethylene glycdlsidechains enabled
the specific study of the conformation and dynamics of the PBB side chains. The polymers
were synthesized using a graftittgough technique and conventional radical polymerization.
The macromonomers were monodisperse and prepared byntpbefie end of the
oligo(ethylene glycol) side chain with -gdyrenemethanol. The singly eiabeled
oligo(ethylene glycol) Jpyrenemethyl ether derivative was then reacted with methacrylic
anhydride to prepare the macromonomer with a methacrylate polymereah Py]ioc was
first calculated by determining the volume probed by the pylamsed side chains. As a first
approximation, pyrene was assumed to probe a spherical volume, whose diameter was defined
by the linker length for a freely jointed chan®;>xl, which was assumed to adopt a Gaussian
conformation. The MFA was used to calculake €or the PBBs in THF, dioxane, DMF, and
DMSO. To account for the differences fnand p, the model compound-gdyrenemethoxy
diethylene glycol methyl ether (PyEKBE) was synthesized ardir#[inter] was calculated. A
master plot okk>/(faifrx Kai[inter]) T vsi [Pylioc was then constructed for all P(PyR@A)

samples iMHF, dioxane, and DMBEnNd it was compared to the master plot obtained in Chapter
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2 for the pyrendabeled dendrons. The trend for the PBBs was similar to that obtained for the
dendrons with the data showing good overlap. This study further demonstrated that the
kinetics of P reflect Py]ioc andthus,the local density of the terminal ends of dendrons and
PBBs, which can then be related to the conformation of the side chains of these
macromolecules. For the P(PyRMA) samples, the results suggested that the side chains
adoptel a Gaussian conformation in solution.

Whereas the conformation of the side chain end groups of PBBs were investigated in
Chapter 3, Chapter 4 focused on the conformation and dynamics experienced by the main chain
of PBBs. To this end, penta(ethylene giljc1-pyrenemethyl ether methacrylate was
copolymerized with seven oligo(ethylene glycol) methyl ether methacrylate macromonomers
to prepare seven Py s®REGMAs withn=0, 3, 4, 5, 7, 9, and 19 ethylene glycol units. PEF
was applied to probe the PBB malmin conformation and stiffness as a function of increasing
oligo(ethylene glycol) side chain length. The FBM was used to determine the average number
of structuralunits encompassed withinkdob, <Nyiop>, for PYEG-PEGMA in acetonitrile,

THF, DMF, andDMSO. A polymer which adopts a random coil conformation is expected to
have a larger Mwior> compared to a polymer with a locally extended polymer backbone.
<Nbiob> Was monitored as a function of the numKeof nonhydrogen atoms in the side chain
of thePyEG-PEGMA (Ns = nx3+3).<Npiop> Was found to decrease with increashigor n

=0, 3, 4, 5, and 7 before plateauingiicr 9 and 19 in each of the four solvents. An increase
in the side chain length caused increased steric repulsion between thbasigg which in

turn caused the polymer main chain to locally extend. The extension of the polymer main chain
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was reflected by the decrease dfspr>. The appearance of the plateau regionNevalues
greater than 3ihdicatedthat an increase in side chain lengithmbt cause a further extension
of the polymer main chaimgading to the conclusiahat the main chain had reacheldeally
extended conformation. A plot ofNgiov> versusNs 2 produced straight lines withyaintercept
corresponding to anNgiop> equivalent to a PEMA sample with an infinitely long side chain,
Nbiob(2 ). However, théNbion(2 ) value calculated for the PyB@®EGMA PBBs in each of the
four solvents varied significantly and was found to be invergpebportional to solvent
viscosity. This result was unexpected, siiNggp(2) was expected to be independent of the
solvent. AnNpiob(2) value that changes with solvent viscosity indis#hat the FBM reported
on both the conformation and the dynamicthefPBBs. If the polymer main chain was viewed
as an ensemble of beads and springs similar to those used RodkeZimm model,the
polymer in a more viscous solvent would have a larger effective spring comssautting in
fewer monomeric units pemit time inside alob. In contrast, a polymer in a less viscous
solvent would have a smaller effective spring constastilting in more monomeric units per
unit time being present insidebkob.

The Nuiov> values obtained from the FBM analysis were then used in combination
with the KratkyPorod worm like chain (KPWLC) model to determine the persistence lengths,
lp, of each PYE&GPEGMA PBB. Thelp values calculated from the FBM analysis for each
PyEG-PEGMA polymer were referred to &gfluo) and were plotted against?. Iy(fluo) was
found to increase linearly with increasiNg?, yielding a norzero intercept as expected for a
PBB with flexible side chains. Interestingly(fluo) was found to vary grélg with solvent
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viscosity, with thel, values in acetonitrile being 3 times larger than those calculated in DMSO.
To confirm the validity of these results, intrinsic viscosityjj[measurements were conducted
to monitor the changes in the hydrodynamituwee Vi, of the PBBs with changing solvent. It
was found that/4] remained relatively constamtithin £ 20% indicating that the changes in
Ip(fluo) with solvent viscosity were due to the coupled response of polymer dynamics and
conformation, when applyinthe FBM analysis to the fluorescence decays. In an attempt to
separate the contribution of polymer conformation from that of polymer dynamics, all the
<Nbiob> values were plotted as a function/nt, which produced straight lines for each PyEG
PEGMA polymer. The lines were extrapolated to yhietercept to yieldNoion’, which was the
<Nbiob> value obtained in a hypothetical solvent of infinitely high viscosity and devoid of
backbone dynamicd,® values were calculated fromion’, Which corresponded to the
persistence length of a polymer in an infinitely high viscosity solvent. Gel peameati
chromatography (GPC) was also used to determink tifehe PyEG-PEGMA PBBs. The
GPC was equipped with a mu#thgle laser light scattering detector and a viscometer to
generate conformation plots. The data were linearized usingdhdanecky linedzation
method andl, was extracted from the slopes of the plhtdetermined from the GPC analysis
was found to be twice as largelgts a result which was attributed to the different length scales
probed in the two experiments with PEF probing alssub volume of the macromolecular
volume andSPCprobing the entire macromolecular volume generated by the PBBs.

In the final chapter, the PyE®EGMAS with n = 3, 5, 9, and 19 were characterized

in an aqueous environment. Poly(ethylene glycol) is comynused in drug delivery
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applications to confer water solubility and stealth. While the IREGPBBs are fully water
soluble, the hydrophobic pyrenyl pendant is not. The ability of the oligo(ethylene glycol) side
chains to shield the hydrophobe was inigeged using the FBM. While high&ggvalues were
obtained for the PYyE&SPEGMAS in water compared to an organic solvefadg remained

lower than 50% for a polymer with 15 mol% pyrene labeling. These results led to the
conclusion that the PBB architectusuccessfully shielded the hydrophobic load and kept the
pyrene moieties isolated from one another. The volume probed by the pyrenyl moiety was also
investigated by determiningNsiop> for the PYEG-PEGMA PBBs in water. When compared

to the results obtaed in THF from Chapter 4, smalleNsior> values were obtained in water.

The results were then compared to an earlier study of a series of poly(alkyl methacrylates)
(PAMASs), which had been labeled with gp§renebutyl derivative. The datédtained for the
PYEG-PEGMA samples in water with the pyrenyl moiety attached to a 16 atom
penta(ethylene glycol) linker were found to nicely overlap the data of the PAMASs studied in
THF and labeled with a pyrenyl group separated from the main chaid-atoan linker. These
results suggested that the hydrophobic pyrene pendant was probing a much smaller volume in
water than in an organic solvent like THF and that the volume probed in water by pyrene
attached to a X&tomlong linker was similar to the Wwome described by a pyrene group
attached to a-atom linker in THF. This local volume probed by pyrene was generated by the
EG, side chains, which were densely packed around the main chain and afforded an organic
like domain (OLD), which solubilized theyenyl pendants. The length of the E&le chains

did not seem to increase the volume of the OLD surrounding the polymethacrylate backbone.
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The loading capacity of molecular pyrene in aqueous solutions of four unlabeled
poly(ethylene glycol methyl etherethacrylate) (PEMA, with n= 3, 5, 9, and 19) was then
determined. Loading of molecular pyrene into the M&& homopolymers was monitored
using U\Vis spectroscopy, which allowed for the determination of the equilibrium constant,
Keg for the binding opyrene to the PBBs in watdfeqwas found to increase with the inverse
of the molecular weight of the macromonome, indicating that the binding of the
hydrophobe pyrene decreased with increabagas was expected if binding occurred solely
to the OLDgenerated around the main chain. The loading capacities were determined and
found to follow a similar trend of decreasing loading capacity with incred&ng

In summary, these studies conducted on pytebeled dendrons and PBBs supported
the notion, tht PEF responds t&Y]ioc, which is itself proportional to the local macromolecular
density and dynamics. This information was then applied to assess the conformation of the side
chains of dendrons and PBBs, which were found to be well described by mg<Baussian
statistics, and how thiy of PBBs varied with increasing side chain length. This body of
experiments suggests that PEF represents an alternative experimental means to probe the
internal conformation and dynamics of macromolecules in solutidnshould complement
already welestablished techniques based on scattering (static light, small angle ¥r

small angle neutron scattering) or viscosity measurements.
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6.2 Future Work

The studies conducted in Chapters 2 and 3 of this thesis ap®m area of research relating

the dynamics of the terminal ends of branched macromolecules to their local concentration.
Using pyrene excimer fluorescence (PEF), the terminal ends of a macromolecule were
chemically modified with a pyrene derivative andds¢al using the model free analysis (MFA).

So far, a series of dendrons and polymeric bottle brushes have shown that the average rate
constant €> of pyrene excimer fluorescence is proportional to the local concentration of
pyrene, Pylioc. This relationstp was used to generate a calibration curve, that can now be used

to study a variety of branched macromolecules including star, comb, or
hyperbranched/arborescent macromolecules to investigate their internal dynamics and
conformation®#

Chapter 4 of this thesis focused on the conformation and dynamics of the main chain
of PBBs. To further characterize the PBB architecture over a longer length scale, a follow up
study with a pyrene derivative attached onto a longer oligo(ethylene glyday ivould be
of interest. As the linker length increases, the volume probed by the pyrene derivative will also
increase. The decays can be acquired in a variety of solvents and analyzed with the FBM to
determine the average number of monomer units enassepd within @lob, <Npop>. The
study of interest would be to monitor how the volume probed by an excited pyrene changes
with increasing linker length. Using a longer linker for the pyrene labeled linker would give a
third set of data for the PERMA series. This thesis has utilized pyrene bound to a

penta(ethylene glycol) linker andnaa s t studeitsin the Duhamel lakatoryis currently
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using a 1pyrenebutyl linker. Combining molecular mechanics optimization simulations,
which are used to determine ttheeoreticalNpion"®° value, with the results from the FBM,
which determines the experimenddion”® value, the volume probed by the pyrene pendant
can be investigated with respect to linker length. The densely grafted side chains are believed
to have a influence on the volume probed by pyrdanehindering its diffusionThis study
would further our understanding of the environment afforded by densely grafted PBBs.
Another interesting experiment would involve the-pmymerization of a lower
molecularweight macromonomer, such as di(ethylene glycol) methyl ether methacrylate
(EG:MA), with a higher molecular weight side chain, such as&@, to quantify the changes
in polymer main chain flexibility with changes in copolymer composition. Applicatioheof t
blob-based approach to determip@would relate the change in main chain stiffness to the
copolymer composition and it would be interesting to check if it follows theoretically expected
trends®
Chapter 5 demonstrated that RIEA PBBs generate an ganiclike domain centered
around the polymer main chain. It was found that in water, a pyrenyl label attached to a 16
atom long penta(ethylene glycol) linker probed a volume that was smaller than expected, and
which was similar to that probed by a pyregybup attached to adtom linker. It would be
interesting to study the changes ihNbsp> for a series of PES(MA PBBs with a pyrene
derivative attached onto a longer oligo(ethylene glycol) linteesee if a similar conclusion
could be reached. Suchtady would solidify the conclusion that contrary to organic sol/ent

where a longer linker connecting pyrene to the polymethacrylate backbone results in a larger
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Nbiob,® the same longer linker would not be expected to yield a ldigbrin water since the
hydrophobic pyrene would be probing the same orgig@cenvironment surrounding the
polymethacrylate backbone.

The overarching goal was to formulate the idea thaF R pyrenelabeled
macromolecules andP{]ioc provide information about the local internal density and dynamics
of a polymer in solution. Scattering techniques have by far dominated the field of polymer
characterization in solution, however, they requamge concentrations qfolymer sample
prepared with a low dispersity. Thejoradvantage of PEF is the ability to study polydisperse
macromolecules at concentrations thatter@to-three orders of magnitude lower than those
typically needed for any othaype of techniques. The ability to apply PEF to study the
conformation of polydisperse polymers, such as polynorbornene, or synthetic foldamers in

solution at low concentrations represents an attractive alternative to scattering techniques.
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AppendixA: Supporting Information (SI)

S2- Supporting Information for Chapter 2

Global Model Free Analysis (MFA) of the monomer and excimer fluorescence decays

Equations 3.1 and 2.2 were used to fit the monomer aextimer fluorescence decays globally
according to the model free analysis (MFA). As explained in the main text, pyrene excimer
formation (PEF) is assumed to occur with a distribution of rate constants that results in a
distribution of decay timeg thatis handled by a sum of exponentials with decay tirmesd
pre-exponential factorsa(). Three species are expected to be present in a solution of a pyrene
derivative leading to PEF. These are the pyrenes that are isolated, cannot form excimer, and behav
as if they free in solutionPisee), form excimer by diffusive encounter®yuir*), and are
aggregated aB0* and EL*, whereEQ* and EL* correspond to pyrene aggregates that are-well

and poorly stacked and emit with their lifetimi@ and 7eL, respetively. The pyrene species that

generate an excim&0* or EL* by diffusion are referred to &yuireo* and PyairreL *, respectively.

* * * n *
[Py ](t) :([PydiffEO](t=O) +[PydiffD](t=O))3 a aexptt/t;)+[Pyel (t=0) > exp-t/t,) (S2.1)
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& 4 2

The MFA program retrieves parameters that yields the molar fradsi@nsfareL , frree, feo,
andfeL of the specie®Pyuireo*, PyaiteL*, Pyiee®, EO*, and EL*, respectively. The state of the
different pyrene molecules, that are forming by diffusive encounters, isolated, and aggregated, is

then represented by the molar fractis(= fairieo + faifieL), firee, andfagg (= feo + fEL), respectively.
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Global Birks Scheme Analysis of the monomer and excimer fluorescence decays

The kinetic scheme representing pyrene excimer formation according to the Birks scheme is
described in Scheme?3.

Kaif
Py+Py+n —> Py*+Py —> FE*

K1
1/1’M 1/[E0

Scheme 2.1. Pyrene excimer formation according to the Birks scheme

Absorption of a photon by a growsthte pyrene in Scheme.$ results in an excited
pyrene that can either fluoresce with its natural lifettmer diffusively encourdr a grounestate
pyrene to form an excimeEQ*) with a rate constarkir. The excimer can either fluoresce with
its lifetime feo or dissociate with a rate const&ni. According to Scheme23l, the equations for
the timedependentoncentrations of the pyrene monomer and excimer are presented in Equations

S2.371 S2.6, whereX = kgir+ W' landY =k 1+ o !

_ [PY]O -
Pyl - J(X-Y)? Ak klg

X 1;') exp( §-) (% Y-exp(3y ,). (S23)

(B =y i L &P ) e £] (s24)

Ll XEY (X0 A K

: S (S2.5)

Ll XEY (X9 Ak K

; S (S2.6)
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Figure S2.1. *H-NMR spectrum of ethyl41-pyrene)butyrate (PyBE]300 MHz, CDC}): i 1.30
(t, 3H), 2.23 (p, 2H), 2.48 (t, 2H), 3.42 (t, 2H), 4.18 (g, 2H), B8A (M, 9H).
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Sample fit of the MFA
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Figure S2.2. MFA of the (A) monomerl(em= 375 nm) and (B) excimel n= 510 nm) decay of
Pys2-G(5) in degassed DMS®@? = 1.13,| ex= 344 nm.



SSF spectra of ethyl 41-pyrene)butyrate (PyBE)

The SSF spectra for PyBE where acquired using the front face geometry to minimize reabsorption

and the inner filter effect.
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Figure S2.3. SSF spectrum of ethyldyrenylbutanoate in (A) THF, (B) toluene, (C) DMF, and

(D) DMSO.
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Parameters retrieved fromthe Birks Scheme Analysis

Table S2.1. Parameters retrieved from the Birks scheme analysis of both the monomer and
excimer decays of ethytd-pyrene)butyrate in degassed toluene (T8JN-dimethylformamide

(DMF), dimethylsulfoxide (DMSO), and tetrahydrofuran (THF).

Conc. h t kaifrx[PYyBE] K-1 te
mM) | 2 | ms)| 2 | ns)| % | %2 | sy | () | (ns)| ©
6.7 |0.67| 31 |[0.33| 61 | 2.27| 2.29 22.0 2.7 53 | 1.07
Tol 76 |0.73| 29 [0.27| 59 | 1.88| 1.90 24.8 2.6 52 | 1.19
tm= 91 |0.80| 25 |0.20| 58 | 1.65| 1.66 30.3 2.7 52 | 1.16
194 ns| 10.6 | 0.85| 22 | 0.15| 56 | 1.54| 1.56 36.0 2.7 52 | 1.22
11.4 1 0.85| 21 | 0.15| 55 | 1.49| 1.50 38.1 3.0 51 | 1.21
6.5 [0.28| 42 |0.72| 81 | 1.95| 1.96 10.0 2.7 56 | 1.21
DMF 80 |040| 40 |[0.60| 73 | 2.30| 2.32 12.8 25 55 |1 1.22
tm= 9.1 |045| 38 |0.55| 68 | 2.43| 2.45 14.5 2.3 53 | 1.19
181 ns| 10.3 | 0.54| 36 | 0.46| 65 | 2.40| 2.42 16.7 2.4 53 | 1.19
11.4 | 0.59| 34 |0.41| 63 | 2.30| 2.31 18.2 2.4 52 | 1.14
6.8 | 0.18| 43 [ 0.82| 82 | 2.22| 2.25 7.2 2.4 54 | 1.34
DMSO| 7.8 | 0.20| 43 |0.80| 75 | 2.54| 2.58 8.3 1.9 52 | 1.33
tm= 89 |0.26| 42 [0.74| 70 | 2.81| 2.84 9.8 1.8 51 | 1.36
145 ns| 10.6 | 0.36| 42 | 0.64| 64 | 3.35| 3.39 11.7 1.3 51 | 1.36
12.0 | 0.39| 41 |0.61| 62 | 3.49| 3.52 12.4 1.3 51 | 1.37
75 |050| 31 |050| 76 | 1.61| 1.62 18.0 51 57 | 1.11
THF 89 |057| 29 (043 72 | 1.59| 1.60 21.3 51 56 | 1.14
tm= 93 |060| 29 [040| 70 | 1.81|1.82 22.1 4.5 56 | 1.11
217ns| 11.3 |1 0.68| 26 |0.32| 66 | 1.62| 1.63 26.5 4.5 55 1 1.12
13.7 | 0.75]| 23 |0.25| 63 | 1.40]| 1.41 32.6 4.8 55 | 1.12
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Parameters retrieved from the MFA

Table 2.2. Parameters retrieved from the MFA (using program sumegsl0bg) of both the
monomer and excimer decays of ethy(1l4pyrene)butyrate in degassed tetrahydrofuran (THF),

degassed toluene (Tol), degassed dimethylformamide (DMF), and degassed dimethylsulfoxide

(DMSO).
conc. a th(ns)| @ t2(ns) | fE feeo | teo(ns)| 2
(mM) |
THF 7.5 0.46 29 0.54 75 1.00 0.00 57 1.03
tm= 8.9 0.54 28 0.46 70 0.99 0.01 56 1.08

217ns| 93 0.58 28 0.42 68 0.99 0.01 56 1.05
11.3 0.65 25 0.35 64 0.99 0.01 55 1.07
13.7 0.72 22 0.28 61 0.99 0.01 55 1.02
Tol 6.7 0.64 30 0.36 60 0.99 0.01 53 1.02
tm= 7.6 0.67 27 0.33 57 0.99 0.01 52 1.10
194ns| 9.1 0.74 24 0.26 53 0.99 0.01 52 1.11
10.6 0.82 21 0.18 53 0.99 0.01 52 1.16
114 0.81 20 0.19 50 0.99 0.01 51 1.14
DMF 6.5 0.21 37 0.79 79 1.00 0.00 56 1.10
tm= 8.0 0.32 36 0.68 71 0.99 0.01 55 1.14
181ns| 9.1 0.31 32 0.69 64 0.99 0.01 53 1.07
10.3 0.45 33 0.55 62 0.99 0.01 53 1.06
114 0.45 31 0.55 58 0.99 0.01 52 1.05
DMSO | 6.8 0.09 32 0.91 80 0.99 0.01 53 1.07
tm= 7.8 0.10 31 0.90 73 0.99 0.01 51 1.18
145ns| 8.9 0.11 29 0.89 67 0.99 0.01 51 1.16
10.6 0.13 29 0.87 60 0.99 0.01 51 1.01
12.0 0.13 28 0.87 58 0.99 0.01 50 1.13
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Table S2.3. Parameters retrieved from the MFA of the monomer decays of th@([RYy dendrons

in degassed toluene (Tol), degassed dimethylformamide (DMF), and degassed dimethylsulfoxide

(DMSO).
Generation a1 t1(ns) | & t2(ns) | as t3 (ns) | fMfree | &2

(N)
Tol 1 0.16 1.6 0.79 5.7 004 | 17.2 | 0.010 | 1.05
tm= 2 0.20 1.0 0.79 2.8 0.01 | 18.1 | 0.003 | 1.12
200 ns 3 0.25 0.4 0.73 1.7 0.01 7.5 1 0.004 | 1.02
4 0.42 0.4 0.57 1.2 001 | 104 | 0.003 | 1.14
5 0.57 0.3 0.42 1.0 0.01 6.9 | 0.003 | 1.17
6 0.59 0.3 0.39 0.8 0.02 46 | 0.007| 1.17
DMF 1 0.11 2.0 0.61 7.9 0.27 | 13.0 | 0.013 | 0.98
tm= 2 0.24 2.0 0.74 4.3 001 | 329 | 0.004 | 1.01
180 ns 3 0.20 1.0 0.79 2.6 001 | 24.0 | 0.003 | 1.03
4 0.50 1.2 0.50 2.1 0.01 | 30.1 | 0.002 | 1.04
5 0.47 0.8 0.52 1.5 0.00 | 19.3 | 0.002 | 1.10
6 087 | 08 | 042 | 1.8 | 0.01 | 159 | 0.003| 1.09
DMSO 1 0.14 3.6 084 | 142 | 0.02 | 50.9 | 0.005| 1.02
twm= 2 019 | 20 | 079 | 6.3 | 0.01 | 26.8 | 0.003 | 1.01
145 ns 3 0.25 11 0.74 3.9 001 | 174 | 0.002 | 1.09
4 0.40 13 0.59 3.1 001 | 22.0 | 0.002 | 1.07
5 0.44 0.7 0.55 2.1 0.01 | 146 | 0.002 | 1.13
6 0.61 0.6 0.38 1.6 001 | 148 | 0.002 | 1.13
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Table S2.4. Parameters retrieved from the MFA of the excimer decays of th&) dendrons

in degassed toluene (Tol), degassed dimethylformamide (DMF), and dedass#uyIsulfoxide

(DMSO).

. 5 >
Gerzﬁlr)atlon fEIfj(i)ff fE?iiff l‘ EO [ D (nz) fEEO fED fES c
(ns) | (ns)

Tol 1 0.95 - 49.4 - 4 0.00 - 0.05|1.05
tm= 2 0.92 - 49.7 - 4 0.04 - 0.04|1.12
200 ns 3 0.88 - 49.0 - 4 0.04 - 0.08 | 1.02
4 0.89 - 49.1 - 4 0.02 - 0.09|1.14
5 0.89 - 49.6 - 4 0.01 - 0.09]1.17
6 043 | 0.189| 449 | 621 | 4 0.17 | 0.05 | 0.16|1.17
DMF 1 0.97 - 49.4 - 4 0.01 - 0.02| 0.98
tm= 2 0.95 - 49.4 - 4 0.01 - 0.05| 1.01
180 ns 3 0.84 - 49.5 - 4 0.00 - 0.16| 1.03
4 0.79 - 49.4 - 4 0.00 - 0.21| 1.04
5 0.40 | 0.30 | 40.7 | 629 | 4 0.02 | 0.00 | 0.28] 1.10
6 0.44 | 0.08 | 425 | 116.0] 4 0.16 | 0.00 | 0.32| 1.09
DMSO 1 0.94 - 46.0 - 4 0.00 - 0.06| 1.02
tm= 2 0.93 - 45.9 - 4 0.02 - 0.05| 1.01
145 ns 3 0.83 - 46.4 - 4 0.01 - 0.16| 1.09
4 0.77 - 46.4 - 4 0.00 - 0.23| 1.07
5 045 | 027 | 37.3 | 638 | 4 0.01 | 0.00 | 0.27| 1.13
6 035 | 025 | 332 | 603 | 4 0.00 | 0.13 | 0.28| 1.13
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Table 2.5 Molar fractions obtained from the MFA of the,Fg(N) dendrons in degassed toluene

(Tol), degassed dimethylformamide (DMF), and degassed dimethylsulfoxide (DMSO).

Generation f o0 fD Fain f f fagg firee
(N) iff diff EO D
Tol 1 0.99 - 0.99 | 0.00 - 0.00 | 0.01
tm =200 ns 2 0.96 - 0.96 | 0.04 - 0.04 | 0.00
3 0.95 - 0.95 | 0.05 - 0.05 | 0.00
4 0.98 - 0.98 | 0.02 - 0.02 | 0.00
5 0.98 - 098 | 0.01 - 0.01 | 0.00
6 051 | 022 | 073 | 021 | 0.06 | 0.26 | 0.00
DMF 1 0.98 - 098 | 0.01 - 0.01 | 0.01
tm=180ns 2 0.99 - 099 | 0.01 - 0.01 | 0.00
3 1.00 - 1.00 | 0.00 - 0.00 | 0.00
4 1.00 - 1.00 | 0.00 - 0.00 | 0.00
5 056 | 041 | 097 | 003 | 0.00 | 0.03 | 0.00
6 064 | 012 | 076 | 023 | 0.01 | 0.24 | 0.00
DMSO 1 1.00 - 1.00 | 0.00 - 0.00 | 0.00
tm=145ns 2 0.98 - 0.98 | 0.02 - 0.02 | 0.00
3 0.98 - 0.98 | 0.02 - 0.02 | 0.00
4 1.00 - 1.00 | 0.00 - 0.00 | 0.00
5 061 | 037 | 098 | 001 | 0.00 | 0.02 | 0.00
6 048 | 034 | 082 | 000 | 017 | 0.17 | 0.00
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S3 - Supporting Information for Chapter 3

Model free analysis (MFA) equations

* * * n *
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1H NMR spectra
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Figure S3.1.1H NMR spectrum oPyEGME. (CDCls, 300 MHz).0 3.40(s, 3H), 3.583.84 (m,

8H), 5.32 (s, 2H), 7.98.48 (m, 9H).
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Figure S3.2.'H NMR spectrum ofl-pyrenemethyl ethdri(ethylene glycolY\DMSO-ds, 300

MHz), 1i 3.36:3.71 (m, 12H), 4.54 (t, 1H), 5.20 (s, 2H), 8840 (m, 9H).
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DMSO-d,
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Figure S3.3.'H NMR spectrum ofl-pyrenemethyl ether penta(ethylene gly¢@MSO-ds, 300

MHz), 113.333.74 (m, 20H), 4.53 (t, 1H), 5.20 (s, 218)028.41 (m, 9H).
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Figure S3.4.'H NMR spectrum ofl-pyrenemethyl ether octa(ethylene glyd@MSO-ds, 300

MHz), i13.353.71 (m, 32H), 4.55 (t, 1H), 5.19 (s, 2H), 8841 (m, 9H).
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Figure S3.5H NMR spectrum ofl.-pyrenemethyl ethetodeca(ethylene glycofPMSO-ds,

300 MHz),li 3.353.72 (m, 48H), 4.55 (t, 1H), 5.20 (s, 2H), 8822 (m, 9H).
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Figure S3.6 'H NMR spectrum of-pyrenemethyl ether tri(ethylene glycol) methacry(@BCls,
300 MHz),01.91(s, 3H), 3.633.78 (m,10H), 4.27 (t, 2H), 5.23 (s, 2H), 5.52 (s, 1H), 6.09 (s,1H),
7.97-8.43 (m, 9H).
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Figure S3.7 *H NMR spectrum ofl-pyrenemethyl ether penta(ethylene glycol) methacrylate

(CDCls, 300 MHz),ii 1.92 (s, 3H), 3.563.79 (m, 18H), 4.26 (t, 2H), 5.28 (s, 2H), &.6, 1H),

6.10 (s,1H), 7.98.41 (m, 9H).
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Figure S3.8 'H NMR spectrum ofl-pyrenemethyl ether octa(ethylene glycol) methacrylate
(CDCls, 300 MHz),li 1.94 (s, 3H), 3.553.77 (m, 30H), 4.28 (t, 2H), 5.28 (s, 2H), 5.55 (s, 1H),
6.10 (s,1H),7.988.44 (m, 9H).
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Figure S3.9 'H NMR spectrum ofl-pyrenemethyl ether dodeca(ethylene glycol) methacrylate
(CDCls, 300 MHz),li 1.94 (s, 3H), 3.553.79 (m, 46H), 4.29 (t, 2H), 5.29 (s, 2H), 5.55 (s, 1H),

6.12 (s,1H), 7.98.45 (m, 9H).
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Figure S3.10 *H NMR spectrum of th€yPEGMA samples(CDCls, 300 MHz).
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Gel permeation chromatography traces
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Figure S3.11.Gel permeation chromatograms obtained with the differential refractive index
detector versusetention volume for (A) P(PyESMA) in THF and (B) P(PyEEMA), (C)

P(PYEGMA), and (D) P(PYE@MA) in DMSO.
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SSF spectra of the P(PYyE@MA) samples in DMF and dioxane
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Figure S3.12Normalized SSF spectra of P(Py@®\) PBBs in A) DMF and B) dioxane

(/ ex= 344 nm; from top to bottom, P(PyER@A) samples withy = 3, 5, 8, and 12).
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SSF spectra of the PyE@VIE model compound

All SSF spectra were acquired using fréatte geometry to minimize reabsorption.

35 2.5
~3.0 A —_
835 )| g 520, B)
=15 =710
S810 Sg
L < 0.5 L 0.5 ;
0.0 : : : : | 0.0 : : : :
350 400 450 500 550 60( 350 400 450 500 550 60(
Wawvelength (nm) Wawvelength (nm)
3.0 1.2
2.5 - C 1.0 -
832> ) 85 0 D)
5820 - %% 0.8 -
B>15] 8 206
52 5 2
S&1.0 S &G04
LEg5] L0,
0.0 0.0

350 400 450 500 550 60!
Wavelength (nm)

350 400 450 500 550 60!
Wavelength (nm)

Figure S3.13.SSF spectra of PyESIE in (A) THF, (B) DMF, (C) dioxane, and (D) DMSO.

| =344 nm.
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Figure S3.14.Plot of thelg/lm ratios versus the concentration of PyEG! in (O) THF, (O)

DMF, (A) dioxane, and® ) DMSO.
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Sample fit of the global FBM analysis of the fluorescence decays
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Figure S3.15.Global MFA of the (left) monomelt em= 375 nm) and (right) excimék em=

510 nm) fluorescence decays of P(PyEB). ¢? =109, | ex= 336 nm.
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Molecular mechanics optimization (MMO)

The MMOs were conducted with the program HyperChem using an AMBER molecular
mechanics force field and the BkIRibiere molecular mechanics optimization. An atactic
poly(methyl methacrylate) (PMMA) polymer backbone was generated by using the random
number generator in MS excel to randomly select the configuration of each MMA unit. The
PMMA chain was stretched kignposing the two ends of the chain to be held 1500 A from
each other before being allowed to relax. This PMMA backbone was then fixed when
conducting the MMOs.

The influence of the PMMA backbone on the reach of each Pgiflé chain was
determined by conducting a series of MMOs, whereby the methyl group of a MMA unit of the
PMMA chain was replaced with a PyEGide chain. This PyE®A unit was taken as
reference. A secondary methacrylate unit, five units away from themeteunit, was labeled
with a second PyEgside chain. The two pyrene labels were induced to come within 0.34 nm
from each other resulting in their p stacking (see Figure33.6). The number of carbon atoms
(nc) of the reference pyrene overlapping thenie of the secondary pyrene was recorded. The
secondary PyEgside chain was sequentially moved further from the reference side chain
along the PMMA chain andc was determined until the PyEGide chains were too far apart
and no overlap resulted betwee two pyrenyl labelsng ~ 0). Since the PMMA backbone
was atactic, this process was repeated three more times by changing the referepcsdeyEG

chain to another methacrylate unit. The numihewas then plotted in Figure337 as a

25¢€



function of the nmber of MMA units separating the reference side chain from the secondary

side chain.

Figure S3.16. Snapshot of PMMA labeled with two PyEI@A side chains.

These MMOs were repeated for each PyBi@e chain and the resulting plotsmefas
a function of the number of residues separating the primary from the secondary S&G
chains are shown in Figur&37. Annc value lower than 7 marks the boundary between poor
and good overlap between twgrpnyl labels. Consequently, the number of methacrylate
structural units o) and the distancédinra’ corresponding to anc value equal to 7 were
recorded as the maximui, and dinra Values separating two methacrylate units bearing a
PYEG side chain ad still allowing good overlap between the two pyrenyl labels. Nyand

dintra? values are listed in Table33.
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Figure S3.17.Plot of nc versus residue number for the MMO simulations &) PyEGMA,
(O) PYEGMA, (O) PYEGMA, and (?) PyEG.MA. The dashed line represents a C

overlap of 7 atoms which is considered a sufficient overlap to form excimer.

To measure the largest distance separating two methacrylate units bearing aiB§EG
chain, one PMMA chain labeled with a single PyEsBle chainwas duplicated, and the
duplicated chain was flipped by 18&ound the polymethacrylate backbone. The two chains
were then aligned parallel to one another with the Ryt chains facing each other. The
polymers were brought closer to each other and the two pyrenyl labels were then induced to
come within 0.34 nm from each other until the numberof carbons from one pyrene

overlapping the frame of the other pyrene hesica value of 7, which was expected to provide
25¢



sufficient overlap between the two molecules to form an excimer. The disiaadgetween

the two structural units bearing the PyE€de chains of the two PMMA chains was then
measured as illustrated ingkre $3.18 with the PyE®side chain. The two chains were then
brought closer to each other in 0.1 nm increments resulting in the pletasfa function of

dinter Shown in Figure S3.19. The valuedaker wherenc equaled 7, representing the boundary
between poor and good overlap between the pyrenyl labels, was recorded and listed in Table

S3.1.

v b"a

o
X

Figure S3.18.Snapshot of two PMMA polymers each labeled with a single Rgit® chain.

The parameter used to calculatePjyjioc in Equation S3.5 washén determined by

taking the ratiainta"/dinte’” for each PyEGside chain reported in Table S3.1.
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Figure S3.19.Plot of nc versusinter for the MMO simulations of A) PYyEGMA, (O)

PYEGMA, (O) PYEGMA, and () PyEG:MA. The dashed lineepresents a-G overlap
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of 7 atoms which is considered a sufficient overlap to form excimer.

Table S3.1.No, dintra®, anddinte® values obtained for the PyEkGide chains

Ns 12 18 27 39

No 14 20 30 43
dintra® (NM) 3.4 4.8 7.1 10.1
Ginter® (NM) 4.0 5.4 8.0 10.9

z 0.85 0.89 0.89 0.93
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Parameters retrieved from the MFA analysis

Table S3.2.Parameters retrieved from the MFA (using program sumegs10bg) of both the
monomer and excimer decays ofpyrenemethoxy diethylene glycol methyl ether self
guenching in degassed tetrahydrofuran (THF), degassed dimethylformamide (DMF), degassed

dioxane, andlegassed dimethylsulfoxide (DMSO).

Conc. a1 t a to FE0 feeo teo c?
(mM) (ns) (ns) (ns)
THF 8.6 0.56 27 0.44 49 0.98 0.02 49 1.0
tm= 10.0 0.76 26 0.24 50 0.97 0.03 49 1.1

280ns | 10.3 0.74 24 0.26 48 0.97 | 0.03 49 11
11.7 0.81 23 0.19 48 0.97 | 0.08 48 1.2
13.3 0.85 21 0.15 47 0.96 | 0.04 48 11
DMF 8.2 0.14 25 0.86 53 0.96 | 0.04 48 1.2
tm= 9.8 0.29 29 0.71 49 0.97 | 0.03 46 1.0
230ns | 12.0 0.44 27 0.56 44 0.96 | 0.04 46 11
13.9 0.50 25 0.50 40 0.95 | 0.05 46 1.2
16.3 0.60 23 0.40 37 0.97 | 0.03 45 1.2
dioxane| 9.0 0.16 26 0.84 53 0.97 | 0.08 49 11
tm= 10.6 0.42 31 0.58 50 0.98 | 0.02 49 1.2
218ns | 12.2 0.48 29 0.52 46 0.98 | 0.03 49 1.2
13.9 0.58 27 0.42 43 0.98 | 0.02 48 11
15.3 0.60 25 0.40 40 0.97 | 0.03 48 1.2
DMSO 8.7 0.07 26 0.93 77 0.98 | 0.02 46 11
tm= 10.1 0.08 26 0.92 70 0.97 | 0.03 45 1.2
190ns | 12.0 0.12 33 0.88 63 0.97 | 0.08 44 11
13.8 0.09 21 0.91 55 0.97 | 0.02 44 1.2
14.9 0.08 19 0.92 53 0.97 | 0.08 43 11
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Table S3.3.Parametersetrieved from the MFA analysis of the monomer decays for the
P(PYEGMA) samples in deoxygenated THF, deoxygenated DMF, deoxygenated dioxane, and

deoxygenated DMSO.

1 a 1) t3 fmfree c?
(ns) (ns) (ns)
THF tv=280 ns| PyPEGMA | 05 | 0.54 | 1.1 | 045 | 11.5| 0.01 | 0.00| 1.0
PyPEGMA | 0.8 | 053] 1.6 | 0.46 | 10.5| 0.01 | 0.00] 1.1
PyPEGMA | 1.2 | 047 | 23 | 049 ]| 93 | 0.03 |0.01] 1.0
PyPEG-MA | 1.6 | 047 | 3.1 | 051 | 16.5| 0.02 | 0.00] 1.1
DMF =230 | PyPEGMA | 15 | 0.50] 0.6 | 048 | 7.5 | 0.01 | 0.00] 1.0

ns PyPEGMA | 0.9 | 0.37] 2.1 | 060| 74 | 0.02 | 0.00] 1.0
PYyPEGMA | 1.7 | 047 35 | 050 | 151 | 0.02 | 0.01| 1.0
PyPEG-MA | 1.7 | 0.23 | 3.9 | 0.72 | 12.1| 0.04 | 0.01] 1.0
dioxanety=218| PyPEGMA | 1.6 | 0.55| 0.6 | 043 | 10.1 | 0.02 | 0.00] 1.1

ns PyPEGMA | 0.9 | 0.31] 23 | 0.65] 7.2 | 0.03 |0.01] 1.0
PYyPEGMA | 1.2 | 0.26 | 3.6 | 0.67| 11.5| 0.05]0.01| 1.0
PyPEGoMA | 1.2 | 0.17 | 4.2 | 0.77 ] 11.8| 0.06 | 0.00| 1.0
DMSO ty=190 | PYyPEGMA | 0.7 | 044 | 20 | 050| 74 | 0.04 | 0.01| 1.1

ns PyPEGMA | 1.0 | 0.28| 2.7 | 0.61| 6.0 | 0.10 |0.01| 1.1
PyPEGMA | 15 | 0.29 | 44 | 0.64 | 126 | 0.06 | 0.01] 1.1
PYyPEGoMA | 20 | 0.21 | 54 | 0.68 | 11.9| 0.10 | 0.00| 1.0

Sample

262



Table S3.4.Parameters retrieved from the MFA analysis of the excimer decays for the
P(PYEGMA) samples in deoxygenated THF, deoxygenated DMF, deoxygenated dioxane, and

deoxygenated DMSO.

Sample | fediffeo | fediftd | feo to feeo feo c?
(ns) (ns)
THF PyPEGMA | 0.36 | 0.46 24 66 0.00 0.17 1.0

tv=280ns | PYPEGMA | 0.42 | 0.48 27 64 0.00 0.09 11
PyPEGMA | 0.58 | 0.36 40 66 0.06 0.00 1.0
PyPEG:MA | 0.53 | 0.42 47 47 0.01 0.04 11
DMF tv=23 | PyPEGMA | 0.52 | 0.39 27 72 0.00 0.09 1.0
Ons PyPEGMA | 0.55 | 041 33 57 0.00 0.05 1.0
PyPEGMA | 0.59 | 0.32 38 50 0.00 0.09 1.0
PyPEG:MA | 0.57 | 0.39 37 51 0.00 0.04 1.0
dioxanety= | PYPEGMA | 0.38 | 0.45 23 69 0.00 0.18 1.1
218 ns PyPEGMA | 0.39 | 0.52 35 61 0.08 0.00 1.0
PyPEGMA | 0.53 | 0.40 42 53 0.05 0.01 1.0
PyPEG:MA | 0.54 | 041 a7 47 0.00 0.04 1.0
DMSO tv=1| PyPEGMA | 0.30 | 0.50 20 53 0.00 0.21 11
90 ns PyPEGMA | 0.49 | 0.39 34 51 0.02 0.10 11
PyPEGMA | 0.50 | 0.40 41 41 0.04 0.05 1.1
PyPEG:MA | 0.51 | 0.42 41 41 0.04 0.04 1.0
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Table S3.5.Molar fractionsretrieved from the MFA of the monomer and excimer decays for
the PPYyEGMA) samples in deoxygenated THF, deoxygenated DMF, deoxygenated dioxane,

and deoxygenated DMSO.

Sample free | faieo | faiftD faifr feo fo fagg
THF PyPEGMA | 0.00 | 0.36 | 0.46 0.82 0.00 0.17 0.17
tm=280 ns | PYPEGMA 0.00 | 0.42 | 0.48 0.91 0.00 0.09 0.09
PyPEGMA 0.01 | 0.57 | 0.36 0.93 0.06 0.00 0.06
PyPEGoMA | 0.00 | 0.53 | 0.42 0.95 0.01 0.04 0.04
DMF tw=23 | PyPEGMA | 0.00 | 0.52 | 0.39 0.91 0.00 0.09 0.09
Ons PyPEGMA 0.00 | 054 | 041 0.95 0.00 0.04 0.04
PyPEGMA 0.01 | 0.58 | 0.32 0.90 0.00 0.09 0.09
PyPEGoMA | 0.01 | 0.56 | 0.39 0.95 0.00 0.04 0.04
dioxanety= | PYyPEGMA | 0.00 | 0.37 | 0.44 0.82 0.00 0.18 0.18
218 ns PYyPEGMA 0.00 | 0.39 | 0.52 0.91 0.08 0.00 0.09
PyPEGMA 0.01 | 0.53 | 0.40 0.93 0.05 0.01 0.06
PyPEG-MA | 0.00 | 0.54 | 041 0.95 0.00 0.04 0.04
DMSO ty=1| PyPEGMA | 0.01 | 0.29 | 0.49 0.78 0.00 0.21 0.21
90 ns PyPEGMA 0.01 | 0.49 | 0.38 0.87 0.02 0.10 0.12
PyPEGMA 0.01 | 0.50 | 0.40 0.90 0.04 0.05 0.09
PyPEGoMA | 0.00 | 0.50 | 0.42 0.92 0.04 0.04 0.08
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A - Supporting Information for Chapter 4

Equations used to analyze the fluorescence decays of the PYyEHREGIMA samples

Equations 8.1 and 9.2 were employed to globally fit the monomer and excifl@rescence

decays of the PyEEPEGMA samples, respectively

1-O00O

[PY] :[Py:iff 1 +[PYZ2](t) + [Py’fcree](t) = [PYi 1o eXp% %6‘2 + gt A (1 exp( A4t))
¢ ¢ -

5 A2 A A+A 8 & 00
+EPY ol HPYgr o€ F 8 22— Gexeg 3, +— g0
% k2 diff i=0 il A2+|A4- k29 (?é%z tM gtg

A= A AHA,

a 3 e
- [PYqr 1o a-_-—eX‘%%S‘Z-F §t§
i=o ! A, +IA, - Kk, e ¢ I‘MT+

H[PY el exrég —8u (S4.1)

M ~u
* — * — éé _% ':? A‘I» A2+|A4 8
[E*]q =[E0*], +[D*] = kzég;jpykz(Eono +[PYyq (EO)] € ™ i‘ﬁmg
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In Equations S1 and S2, the paramefers\s, andAs are given in Equations S3@a
A2 = <qn>3 kblobke[blod (8433.)
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B] 'H NMR spectra
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Figure S4.1.1H NMR spectrum openta(ethylene glycol) mormtoluene sulfonat§DMSO-
ds, 300 MHz),l 2.40 (s, 3H), 3.38.59 (m, 18H), 4.08 (t, 2H), 4.54 (tH), 7,44 (d, 2H), 7.76

(d, 2H).
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Figure S4.2.'H NMR spectrum ofl.-pyrenemethyl ether penta(ethylene gly¢@IMSO-ds,

300 MHz),13.333.74 (m, 20H), 4.53 (t, 1H), 5.20 (s, 2H), 8821 (m, 9H).
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Figure S4.3 'H NMR spectrum openta(ethylene glycol) methyl ether methacry{@BCls,

300 MHz),U 1.94(s, 3H), 3.37 (s, 3H), 3.53.77 (m, 18H), 4.29 (t, 2H), 5.57 (s, 1)13

(s,1H).
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Gel permeation chromatography
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Figure S4.5.GPC traces in THF witf )DRland  ====- ) absorption detectdor

A) PYEG(2.6yPEGMA, B) PYEG(3.4yPEGMA, C) PYEG(1.2yPEGMA and D)
PYEG(2.2})PEGMA. The number in parenthesis indicates the molar percentage of pyrene

labeled structural units.

272



— 0.11
; A £) B
5 0.02; ) 3 )
= = 0.06 1
= C
2 0.01 =
2 D 0,011
@ @
a) ’ a f
-0.01 : : n -0.04 : 1
0 10 20 30 0 10 20 30
Reention Volume (mL) Reention Volume (mL)
0.06
e C)
& 0.04-
T 002
=2
[0p)
T O]
0 I
-0.02 .

0 10 20 30
Retention Volume (mL)

Figure S4.6.GPC traces in DMSO with DRI detector only foy PYEG(3.6%)}PEGMA, B)
PYEG(5.2)PEGMA, andC) PYEG(2.1})PEGJMA. The number in parenthesis indicates the

molar percentage of pyret&beled structural units.

All samples run in DMSO were first injected into a GPC instrument, that Ndéd
dimethylformamide (DMF) with 0.1 wt% LiCl as eluent. The instrument was equipped with a
DRI and UV detector. This was done to ensure that the polymers were free of anyeghreact

monomer or free pyrene derivative. Since the GPC system in DMF was not equipped with a
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light scattering detector, the polymers werenjected into the DMSO GPC for absolute
molecular weight determination.

Plots ofdn/dc versus pyrene content.
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Figure S47. Plot of dn/dc versus pyrene content fcO) PyEG-PEGMA and @) PyEG-

PEGMA.

274



Steadystate fluorescence spectra
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Figure S48. SSF spectra of APyEG-PEGMA, B) PYEG-PEGMA, C) PYEG-PEGMA,
D) PYyEG-PEGMA, E) PYEG-PEGMA, and F)PYEG-PEGMA in acetonitrile | ex=344

nm.
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Figure S49. SSF spectra of APyEG-PEGMA, B) PYEG-PEGMA, C) PYEG-PEGMA,

D) PyEG-PEGMA, E) PYEG-PEGMA, and F)PYEG-PEGMA in THF. | =344 nm.
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Figure S410. SSF spectra of APYEG-PEGMA, B) PYEG-PEGMA, C) PYEG-PEGMA,

D) PYyEG-PEGMA, E) PYEG-PEGMA, and F)PYyEG-PEGMA in DMF. | =344 nm.
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Figure S4.11. Steadystate fluorescence spectra®)fPyEG-PEGMA, B) PYEG-PEGMA,
C) PYEG-PEGMA, D) PYyEG-PEGMA, E) PyEG-PEGMA, and F)PYEG-PEGJMA in

DMSO. [Py] = 2.3 10°M; | ex= 344 nm.
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Figure S4.2. Plot ofIg/lm ratioversus pyrene conteftr PYEG-PEGMA in A) acetonitrile,
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Sample fit of the global FBM analysis of the fluorescence decays
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Figure S4.13. Global FBM analysis of the (Aponomer (em= 375 nm) and (B) excimel ém

= 510 nm) fluorescence decays RyEG-PEGMA with a pyrene content of 2.6 mol.%? =

1.15, ex= 344 nm.
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Huggins-Kraemer plots
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Figure S4.4. Plots of \O) Asp/cand @) In(/x)/c versus polymer concentratiofA) PEGMA,
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Figure S4.5. Plots of \O) Asp/cand @) In(/x)/c versus polymer concentratiohA) PEGMA,

B) PEGMA, and C)PEG9MA in THF.
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