Self-association of Oligoquinoline Foldamers Probed by

Time-Resolved Fluorescence Anisotropy

by

Kristijan Lulic

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Master of Science
in

Chemistry

Waterloo, Ontario, Canada, 2022

©KTristijan Lulic 2022



Author’s Declaration

| hereby declare that | am the sole author of this thesis. This is a true copy of the thesis, including

any required final revisions, as accepted by my examiners.

| understand that my thesis may be made electronically available to the public.



Abstract

The self-associations of oligoquinoline-based foldamers (OPV-QnA with n = 4, 8, 17, and 33)
terminated at one end with a carboxylic acid (A) and at the other end with the fluorescent dye
oligo(phenylene vinylene) (OPV) with themselves, the octadecaquinoline Q1sA terminated with
one carboxylic acid, and the AQ2PQ2A monomer made of a central pyridine flanked on each side
by a quinoline dyad terminated with a carboxylic acid have been characterized in solution by time-
resolved fluorescence anisotropy (TRFA). Complexation of the acid-terminated constructs was
induced by the addition of 0.1 g of 16 M sodium hydroxide aqueous solution to the foldamer
solutions in chloroform. Dimerization of the OPV-QnA foldamers and the complexation of OPV-
QsA with Qi6A followed a close association mechanism. Complexation of OPV-QgsA with
AQ2PQ2A occurred through an open association mechanism. Measurements were conducted on
the solutions before and after addition of NaOH. Each sample was analyzed by UV-Visible
absorption to determine the concentration of the species in solution and by TRFA to determine the
average rotational time <¢> of the unassociated and associated OPV-QnA foldamers across
concentrations spanning 5 orders of magnitudes in some cases.

Plots of <¢> as a function of acid group concentration for the dimerization of the OPV-
QnA samples and complexation of OPV-QgsA with QisA indicated that <¢> increased with
increasing foldamer concentration, exclusively after addition of 16 M NaOHq). <¢> reached a
plateau at high foldamer concentrations, indicative of a closed association mechanism. The
increase in <¢> with increasing foldamer concentration reflected the association of the foldamers
into larger objects. A plot of the <¢> values obtained in the high concentration plateaus, which

were expected to represent foldamer dimerization, as a function of the number of quinoline units
iii



(NU) for the corresponding foldamer dimer, yielded a straight line, whose slope was the same as
the slope of the straight line obtained by plotting <¢> of the unassociated foldamers as a function
of their NU. This result was taken as evidence that complexation of the OPV-QnA foldamers
resulted in their dimerization. The <¢>-vs-[foldamer] profiles could be analyzed to determine the
equilibrium constants K for these complexations. Large K values of 1.0 (+0.2)x10° M were
obtained which were similar in magnitude to those reported for other self-assembling systems,
although the shortest foldamer made of four quinoline units had an equilibrium constant of 1.1
(£0.1)x10° M, that was one order of magnitude lower than its longer counterparts.

The same methodology was then applied to investigate the complexation between
AQ2PQ-A and OPV-QsA acting as a fluorescent stopper. Mixtures of AQ2PQ2A and OPV-QsA
were analyzed by UV-Visible absorption to determine the concentration of both species in
solution. These experiments led to the conclusion, that complexation of AQ2PQ2A under basic
conditions resulted in hypochromicity due to aromatic stacking of the end-quinoline units of
AQ2PQ2A. This observation suggested that upon complexation, AQ2PQ2A would form linear
chains rather than random aggregates. TRFA was applied to determine the average rotational time
<¢> of the products obtained from mixtures of either 1 uM or 10 uM OPV-QgA with varying
concentrations of AQ2PQ2A. The trends obtained for <¢> as a function of the [AQ2PQ2A]/[OPV-
QsA] ratio displayed an exponential increase at high foldamer concentration, indicative of an open
association mechanism. Further analysis of these trends yielded the equilibrium constant, which
was half that obtained for the dimerization of the longer OPV-QnA with n =8, 17, and 33, but four
times larger than that of OPV-QsA. The complexation between AQ2PQ.A and OPV-QsA is

reminiscent of a condensation polymerization, leading to the formation of many products with a

iv



broad size distribution, taking an average size similar to that of the longest oligoquinoline foldamer
synthesized to date by conventional techniques. Consequently, the experiments described in this
thesis demonstrate that large foldamers can be generated through the self-association of smaller

specially designed molecules in solution.
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Chapter 1

Literature Review



1.1.0 Foreword

This thesis describes the application of fluorescence anisotropy to characterize the self-association
of oligoquinoline (Qn) foldamers in solution by using Qn foldamers labeled with the fluorescent
dye oligo(phenylene vinylene) (OPV). The Qn foldamers were terminated with a carboxylic acid
(A) at one end for the species OPV-QnA or QnA or both ends for AQ:PQ2A, a special
oligoquinoline, where a central pyridine is flanked by two quinoline dimers. After deprotonation
with a strong base, complexation of oligoquinolines terminated with a single sodium carboxylate
yields dimers through a closed association mechanism, whereas AQ2PQ2A with two sodium
carboxylates can polymerize into longer complexes through an open association mechanism. Since
complexation of the sodium carboxylates in chloroform is the result of an equilibrium, the
determination of the equilibrium constants, that dictate the complexation of these foldamers, is the
focus of this thesis. This introductory chapter begins with a discussion on foldamers, which
constitute a general class of synthetic compounds inspired by biological macromolecules, whose
functions foldamers attempt to mimic. This introduction on foldamers is followed by a description
of the self-assembly of macromolecules, a principle that controls many biological processes, but
also whose influence extends into other fields such as material science and nano-engineering, by
providing alternative methods to generate larger objects from smaller building blocks in a simpler
manner compared to conventional synthetic strategies. The methodology used to synthesize these
foldamers is then presented, as well as the numerous techniques applied to characterize them,
including a short discussion about their limitations. This introduction continues with a review of

fluorescence before describing fluorescence anisotropy, the technique of choice to monitor the



self-association of the OPV-QnA foldamers. The chapter concludes with an overview of the thesis

objectives and a summary of the research conducted in the following chapters.

1.1.1 Foldamers

Foldamers are synthetic oligomers designed to fold into specific molecular conformations in
solution via non-covalent and intramolecular interactions.)®* When proteins and
oligoribonucleotides fold into well-defined structures, that exhibit catalytic activity, they are
referred to as enzymes or ribozymes, respectively. This feature makes them indispensable in
numerous biological processes such as for energy conversion and DNA repair, to name but a few.*
The ability to build by self-assembly such complex architectures, that result in catalytic activity
from an unrestricted set of building blocks is the prime motivation to develop chemical systems
that are able, as a first step, to replicate well-defined secondary structures and perform tasks
commonly observed in nature.* Indeed chemists are not hampered by the limited set of building
blocks found in nature such as nucleotides, amino acids, or sugars, and foldamers have been
prepared from quinolines, phenylene ethynylene, benzene triazole, and many other chemical

building blocks.®

1.1.2 Self-Assembly

Self-assembly is another experimental process, that can be employed to generate complex
architectures. It involves the spontaneous association of molecules or macromolecules under
equilibrium conditions to form ordered structures.®’ Self-assembly rules numerous biological
processes and its principles have been applied in chemistry and material science to create large
objects from synthetic building blocks.® ® The formation of crystals, surfactant micelles, and phase-
separated polymers are all examples of molecular self-assembly®!! and these processes play

3



important roles in chemistry in just the same manner as the docking of a ligand in an enzyme or
the hybridization of two complementary oligonucleotides in biology.*? The building blocks of a
self-assembling system are usually molecules or macromolecules containing motifs capable of
specific interactions with one another. These interactions are usually weak and non-covalent in
nature and can involve aromatic stacking,!*'* hydrophobic interactions,® or hydrogen-
bonding.'®’ Other examples of interactions include metal coordination, which can be used to
generate metal-containing polymers.*®1° The associations between these molecules or segments of
larger macromolecules are reversible due to the nature of these bonds, and they allow for the
generation of ordered structures.® This allows their examination by thermodynamic methods
through the determination of their equilibrium constant.®? Self-assembly can go beyond
traditional molecular synthetic strategies to generate much larger nanometer-sized
macromolecular objects, that may be used as biological, electrical, or optical components.® In this
context, if foldamers could be made to self-assemble, they could potentially be used as building
blocks to generate a new genre of macromolecular objects. They would take advantage of the wide
variety of synthetic structural units that have already been shown to generate foldamers with
different polymeric backbones.? Furthermore, foldamer self-assembly could be used in
applications that would go beyond the mere mimicry of biological processes, by creating novel
components for molecular electronics?*-?* and the nano-engineering field.?5-%’

1.1.3 Synthesis

The study of foldamers prepared with an oligoquinoline backbone and referred to as Qn, where n
represents the number of quinolines in the foldamer, has been the object of a concerted effort since

they fold predictably into helices stabilized by intramolecular hydrogen bonding and aromatic
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stacking.? This thesis will focus on the study of foldamers synthesized from methyl 4-isobutoxy-
8-nitroquinoline-2-carboxylate, otherwise referred to as Qi (Figure 1.1A).2° This class of
foldamers (Figure 1.1B) is popular due to the stability of their secondary structure (Figure 1.1C),

their ability to crystallize, and the relative ease of their synthesis.?®
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Figure 1.1. A) Basic quinoline unit (Q1), B) an oligoquinoline (Qn) segment, and C) its
corresponding three-dimensional structure.

As depicted in the left panel of Figure 1.2, the synthesis of Qn foldamers begins with the
reduction of the nitro group of Q1 (O2N-Q1-COO-CHpa) using a palladium catalyst in the presence
of hydrogen gas to yield the corresponding amine (H2N-Q1-COO-CHa). The methyl ester portion
of another batch of Q1 is then deprotected using potassium hydroxide (KOH) to generate the acid
functionality (NO2-Q-COOH). Reaction of the carboxylic acid with oxalyl chloride yields the
corresponding acyl chloride (NO2-Q:-COCI). Coupling of H2N-Q1-COO-CH3z and NO»-Q1-COCI
in the presence of N,N-diisopropylethylamine (DIPEA) results in the dimer, Q.. Theoretically, a
Qn foldamer with n quinolines could be produced through successive amide coupling of Q1 to Qn-1.
In practice, elongation of the quinoline foldamer is done sequentially in unit additions of the Q2
dimer, as it is too short to form stable anhydrides in contrast to longer Qn oligomers for which

anhydride formation is a serious complication during the coupling step. This method is referred to
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as the chromatography-free large-scale synthesis method. While it is efficient, the number of
quinolines is increased by solely two units at a time, which makes it a tedious procedure, that
requires a lengthy sequence of reaction steps to generate the longer foldamers, whose structure
would more closely mimic biological structural motives found in nature. By contrast, longer
foldamers can be obtained more rapidly with the segment doubling strategy?® shown in the right

panel of Figure 1.2.
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Figure 1.2. Reaction schemes for the synthesis of oligoquinoline foldamers by (left panel) the

chromatography-free large-scale synthesis and (right panel) the segment doubling strategy.

With the segment doubling strategy, two foldamers with a same length are coupled together
using the synthetic protocol described in Figure 1.2, to produce a foldamer with a length that is

double the length of the original foldamer. For these longer constructs, the anhydride resulting
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from the dehydration of the carboxylic acid terminals of two foldamers can be separated from the
foldamer of interest by column chromatography, and it was found that the acid could be recovered
by keeping the anhydride in a refluxing pyridine-water mixture.?® Using the protocols described
in Figure 1.2, foldamers of up to 64 units were prepared.?®3° However elongation of foldamers
with 30 or more units becomes challenging due to their poor solubility.? Furthermore, the stepwise
synthesis of foldamers, whether it is done with either procedure described in Figure 1.2, is time-
consuming as it follows a multistep protocol. To shorten the synthetic pathway, the coordination
of a carboxylic acid at the end of QnA foldamers with a metal cation has been proposed as a means
to elongate oligoquinolines via self-assembly. Foldamer self-assembly might circumvent the
solubility issues encountered with larger foldamers? and would be expected to generate the longer
foldamers required for applications, where the length of the object being generated matters, such
as for the preparation of molecular wires.

As it turns out, Qn foldamers combine a helical conformation with an electron-rich
backbone endowing them with the conductive properties and rigidity expected for molecular wires
used in molecular electronic applications.?® In particular, molecular systems designed to undergo
photoinduced charge transfer are often composed of an electron donor and acceptor separated by
macromolecular spacers long enough to prevent through-space electron transfer. With such long
spacers, the observation of electron transfer from the donor to the acceptor requires that the
electron travels through the macromolecular construct. These elongated constructs are referred to
as organometallic wires. In the case of Qn foldamers, electron hopping along the foldamer

backbone has been observed, as long as the foldamers were more than 9 structural units long.??



Shorter Qn foldamers would allow through-space electron transfer without involving the quinoline

backbone. This example illustrates the importance of being able to prepare long foldamers.

1.2.1 Characterization

As a result of their intriguing properties, many analytical techniques have been applied to
characterize foldamers in general and Qn foldamers in particular.?® These methods include single
crystal X-ray diffraction (SCXRD),% nuclear magnetic resonance spectroscopy (NMR),*? UV-Vis
absorption spectroscopy, and more recently, time-resolved fluorescence anisotropy.?® SCXRD is
the method of choice for determining the structure, and thus the conformation, of macromolecules
in the solid state,®* but crystal packing forces can also induce macromolecular conformations, that
are not always representative of a macromolecule dissolved in solution.®®>* This is where
spectroscopy-based techniques become valuable, because they can probe the conformation of
macromolecules in solution.?’

NMR accompanied with molecular modelling can predict the conformation of
macromolecules in solution, by measuring the helical twist of a foldamer.% Increasing the length
of foldamers having an aromatic backbone results in changes in UV-Vis absorption.3>%
Unfortunately, all of these techniques only probe short distances between the residues of a
foldamer. Applying these spectroscopy-based techniques to characterize the overall size and
geometry of a macromolecule in solution is more challenging.?® In contrast, dynamic light
scattering (DLS) can determine the dimension and geometry of nanometer-sized objects in
solution.** Earlier studies have revealed that Q, foldamers form helices with a 2.0 nm diameter

and a raise of 0.136 nm per quinoline residue.?® Considering that the foldamers, that were studied



to obtain these parameters, had between 4 and 66 structural units, they would have lengths ranging
from 0.54 to 9.0 nm, respectively.?> Unfortunately, the characterization of macromolecular objects
with a size falling in this range is challenging for standard DLS instruments, particularly for sizes
smaller than 2.0 nm. Also, standard DLS instruments approximate macromolecules as spheres,
which could become an issue for longer foldamers with a large aspect ratio. Longer helical
foldamers would be better represented as rigid symmetric top macromolecules, whose motions in
solution are described by two diffusion coefficients, one for rotation around the main axis of the
helix and another for tumbling around the axis perpendicular to the main helical axis.*? Fortunately,
earlier studies have demonstrated that time-resolved fluorescence anisotropy (TRFA) is ideally
suited to probe helical macromolecules with a main axis that can be at least as long as 11 nm.*3
Furthermore, the high sensitivity of fluorescence means that TRFA experiments can be done at
concentrations that are orders of magnitude lower than the concentrations used with the vast

majority of the more traditional techniques applied to study foldamers so far.?

1.2.2 Fluorescence of Oligo(phenylene vinylene) (OPV)
Fluorescence is a process whereby a molecule is excited through the absorption of a photon, which
brings the molecule from the ground state to the excited state. After a rapid (~10-22 s) relaxation
period called internal conversion, the molecule relaxes to the lowest vibrational level of the first
electronic state from where it will emit a photon at a wavelength longer than that of the excitation
photon.** Any molecule capable of undergoing such a process is known as a fluorophore.

The absorption and emission of light by a fluorophore are illustrated by an energy-level

scheme known as the Jablonski diagram (Figure 1.3). A fluorophore in the ground-state is in the
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lowest vibrational state of the lowest electronic state denoted by Soo. When the fluorophore
absorbs a photon, it is excited to one of the vibrational levels of the upper electronic states such as
S1, So, or higher, depending on the energy of the exciting photon. Once excited, the molecule will
undergo internal conversion, relaxing to the lowest level of the S; state (S1,0) without emission of
a photon. Fluorescence corresponds to the relaxation of the excited fluorophore from S1, to one of

the vibrational levels of the lowest electronic state So.
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Figure 1.3. Jablonski Diagram.*

The absorption of a photon occurs within a few femtoseconds, while internal conversion
occurs on a picosecond timescale.** Both of these timescales are inconsequential in terms of
fluorescence lifetimes, which are usually orders of magnitude longer and expressed in
nanoseconds. Molecules that fluoresce usually contain conjugated double bonds with electrons
that can be delocalized fairly easily.** The fluorophore being used in this proposal is

oligo(phenylene vinylene) or OPV. This dye was used due to its high fluorescence quantum yield
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(@: = 0.62 (+0.04))* and large molar extinction coefficient (¢ = 32,400 (+750) M~t.cm at 430
nm),® which allow its detection at concentrations as low as 1 nM, as will be illustrated in this
thesis. Its natural lifetime in chloroform (% = 1.61 (*0.05) ns)* should enable the study of
oligoguinoline OPV-QnE foldamers terminated at one end with a methyl ester group and at the
other end with an OPV label, with a rotational time ¢, that could be as large as 5xz, = 8.0 ns for a
132-mer. Furthermore, earlier studies with OPV-QnE foldamers have shown that OPV does not
photochemically interact with the oligoquinoline backbone.?® The fluorescence and molar
extinction coefficient spectra of the OPV label are shown in Figure 1.4 together with the molar

extinction coefficient spectrum of the oligoquinoline backbone.
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Figure 1.4. Molar extinction coefficient of A) Qg and B) OPV. C) Fluorescence spectrum of

OPV.

The spectra shown in Figure 1.4 indicate that OPV has a maximum absorbance at 430 nm.

However, the oligoquinoline backbone also exhibits residual absorption at this wavelength.
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Therefore, an excitation of 479 nm was chosen instead. The fluorescence decays were collected at

510 nm.

1.2.3 Time-Resolved Fluorescence Anisotropy
TRFA experiments and the subsequent analysis of the fluorescence decays yielded the rotational
time of the foldamers. The different elements that are needed with a fluorometer to conduct a

TRFA experiment are depicted in Figure 1.5.
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Figure 1.5. Schematic representation of the experimental set up required to conduct a TRFA

experiment. The excitation is provided by a nano-LED with a narrow emission bandwidth.

The polarized fluorescence decays were obtained by using vertically polarized excitation
light and collecting the emitted photons at a polarization angle that was parallel, perpendicular,

and at the magic angle (54.7°, where polarization effects are eliminated) with respect to the
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orientation of the excitation polarization.** Analysis of the decays involved first fitting the
fluorescence decay acquired at the magic angle with a monoexponential function shown in

Equation 1.1.

Ly (t) = Ioe(;_‘:) (1.1)

In Equation 1.1, I, is the initial fluorescence intensity, t is the time in nanoseconds, and 7, is the
natural lifetime of the dye. The vertically and horizontally polarized decays were then fit globally

according to Equations 1.2 and 1.3, respectively.

Ly () = 29(1+ 2r(2)) (12)

lu(t) = 299(1 -7 (1)) (1.3)

In Equations 1.2 and 1.3, the G-factor is a scaling factor that is optimized during the analysis and
r(t) is the time-dependent anisotropy. The anisotropy r(t) is well-represented by a sum of

exponentials as shown in Equation 1.4.

() = 7 iy agelo) (1.4)

In Equation 1.4, ro is the anisotropy at time t equal to zero. The pre-exponential factors a;
correspond to the i rotational time ¢ and they are normalized to unity (Za; = 1). For the relatively
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short foldamers investigated so far, r(t) only needed one rotational time (n = 1 in Equation 1.4).%
Global analysis of the polarized decays Ivv(t) and Ivn(t) yielded the rotational time ¢ of the

macromolecule, which could be related to its hydrodynamic volume through Equation 1.5.

¢ ="1r (L5)

RT

In Equation 1.5, 7 is the solvent viscosity, Vi is the hydrodynamic volume, the size of
macromolecule and dye in solution, R is the ideal gas constant, and T is the absolute temperature
in Kelvin. The rotational time determined from these studies provides insight into the internal
dynamics, size, and geometry of a macromolecule.?®

The characterization of a fluorescently labeled macromolecule by TRFA requires that the
fluorophore be rigidly attached onto the macromolecule, so that the motions of the fluorophore
probed by TRFA accurately represent those of the macromolecule. The solution of the
fluorescently labeled macromolecule is then excited with vertically polarized light. The dyes, and
the macromolecule to which they are attached, are randomly oriented in solution, but those dyes
whose absorption dipole moment is parallel to that of the excitation light are most likely to become
excited. This process is known as photoselection, where the selection of fluorophores through the
absorption of polarized excitation light results in a polarized emission.** Once excited, the
fluorophore continues to tumble randomly in solution and if rigidly attached to a macromolecule,
its tumbling will closely reflect that of the macromolecule. The anisotropy is determined by
measuring the intensity difference between vertically and horizontally polarized emissions. As
time elapses and the population of vertically and horizontally polarized dyes equilibrates via

diffusion, the difference between horizontally and vertically polarized emissions reaches zero and
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so does the anisotropy. A measure of the time needed for the anisotropy to reach zero is given
through the analysis of the TRFA decays, which yields the rotational time (¢). As was described
in Equation 1.5, ¢ is a function of the solvent viscosity (7), absolute temperature (T) and most
importantly, the hydrodynamic volume of the macromolecule (Vh). Consequently, TRFA enables

one to assess the size of a macromolecular object in solution through the determination of ¢.

1.2.4 Applications

Fluorescence anisotropy (FA) has been used to probe various phenomena encountered in biology
such as protein-protein,*® DNA-DNA,*" and DNA-protein*® interactions since the early 1950’s as
a result of the pioneering experiments conducted by Gregorio Weber.*® FA was first used to study
macromolecules, specifically proteins, as described in details by Weber in his study of bovine
serum albumin and ovalbumin conjugated with 1-dimethylaminonaphthalene-5-sulfonyl chloride
(dansyl chloride).*® Since then, FA has been an indispensable tool for a variety of applications,
including ligand binding and immunoassays.>® An example of the application of FA to probe ligand
binding is the study by Kasprzark and Villafranca, where they characterized the binding of
fluorescent 1,NS-ethenoadenosine 5°-monophosphate, otherwise referred to as eAMP, to E.coli
carbamoyl-phosphate synthase (CPS) through FA titration experiments.>* The binding of eAMP
to CPS does not alter the fluorescence of the probe itself. By titrating small concentrations of the
probe in the presence of excess enzyme, they were able to ascertain the intrinsic anisotropy of the
fluorescent molecule as it approached a constant value of 0.176.5! This, along with experiments
using constant concentrations of the enzyme, allowed them to determine that eAMP binds to a
single site on CPS with a dissociation constant Kq = 0.033 mM.>!
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More recently, fluorescence anisotropy has been used to probe the size and dynamics of
foldamers with an oligoquinoline backbone.? Since ¢ increases linearly with increasing Vi, TRFA
was applied to determine ¢ for a series of Qn foldamers, that were terminated at one end with a
methy| ester, and fluorescently labeled at the other end with an OPV dye rigidly attached to the
foldamer via an amide bond. These constructs, referred to as OPV-Qx, resulted in ¢-values that
increased linearly with increasing number (n) of quinoline units, thus implying that increasing the
foldamer length by one quinoline unit increased the hydrodynamic volume of the OPV-Qn
foldamer by a fixed quantity equal to the volume of one quinoline unit.?® This result strongly
supported the notion that foldamers could be approximated as rigid cylinders, as expected from
their helical conformation determined from X-ray crystallography,?® and remained rigid in solution
as symmetric top macromolecules as long as they were constituted of 33 quinoline units or less.?
The linear relationship found between ¢ and the number of units (NU) constituting the OPV-Qn
foldamers could now be used as a calibration curve to assess, in terms of NU, the size of any OPV-

QnE foldamers whose ¢ had been determined by TRFA.

1.2.5 Conclusions

The concepts of foldamers and the process of self-assembly were introduced in this chapter,
exploring how they could be combined to prepare self-assembled foldamers. The synthesis and
characterization methods relevant to the foldamers of interest to this thesis were discussed and
their limitations were highlighted. The studies of some of the pioneering work of fluorescence
anisotropy were presented to outline the importance and utility of this technique to chemical and

clinical applications. This introduction also went over the fundamentals of time-resolved
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fluorescence anisotropy and its usefulness in determining the size of macromolecules in solution.
In the case of Qn foldamers, the calibration curves constructed by TRFA in earlier work provide a
simple, yet powerful, linear relationship between the size of a helical Qn foldamer and its rotational
time.?® It has become a robust experimental technique, that allows the study of internal dynamics,

geometry, and size of macromolecules in solution.

1.2.6 Thesis Outline and Objectives

The objective of this thesis was to characterize the self-assembly of helical Qn foldamers
terminated by carboxylic acids and fluorescently labeled with OPV using TRFA. A review of the
different characterization techniques for oligoquinoline foldamers was provided in Chapter 1.
Chapter 2 describes how these concepts were applied to characterize the closed association
mechanism for the dimerization between two fluorescently labeled OPV-QnA foldamers as well
as the asymmetric complexation of mixtures of OPV-QnA and unlabeled QmA foldamers of
different sizes (m = n). Their absorption spectra provided a measure of the concentration of labeled
and unlabeled species, while TRFA measurements allowed the determination of the rotational
time, a measure of the macromolecular size in solution, after global analysis of the polarized
fluorescence decays. Analysis of the association curves obtained by plotting the average rotational
time of the different foldamer species in solution as a function of foldamer concentration yielded
the equilibrium constants, that describe the formation of these self-assembled species. Chapter 3
discusses the open association mechanism with a mixture of AQ2PQ2A, a pentamer with two
carboxylic acid groups on either end of the oligomer, and OPV-QgA, which in these experiments,

acts as a fluorescent capping agent. The calculation of the concentration of the species in solution
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was complicated by the change in the absorption spectrum of AQ2PQ2A upon complexation due
to m-stacking. This effect needed to be taken into account to determine the exact concentration of
that species in solution. Keeping the OPV-QsA concentration constant, the rotational time of the
AQ2PQ-A pentamer and OPV-QgA mixture was monitored as a function of the molar ratio between
the AQ2PQ2A pentamer and OPV-QgA. Two traces were obtained and treated with a similar
mathematical procedure as was applied to the dimers and complex, in order to extract the constant
describing this equilibrium. Finally, Chapter 4 summarizes the results obtained in this thesis and

suggests possible experiments to be done in the future to increase the depth of this project.

18



Chapter 2

Closed Association Mechanism between
Oligoquinoline Foldamers Probed by Time-Resolved

Fluorescence Anisotropy
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2.1.0 ABSTRACT

The dimerization of oligoquinoline foldamers terminated at one end with an oligo(phenylene
vinylene) and at the other with a carboxylic acid (OPV-QnA, where n = 4, 8, 17, and 33) and the
complexation of OPV-QgA and QisA were characterized in chloroform with the addition of a
concentrated 16 M aqueous sodium hydroxide solution. UV-Vis absorption and time-resolved
fluorescence anisotropy (TRFA) were applied to determine, respectively, the concentration and
the average rotational time <¢> of the mixture of unassociated and associated foldamers across a
range of foldamer concentrations spanning five orders of magnitude. Plots of <¢> as a function of
acid group concentration revealed that <¢> increased with increasing foldamer concentration only
when the foldamer solution in chloroform was vigorously mixed with the 16 M sodium hydroxide
aqueous solution. Furthermore, all the plots showed that <¢> reached a plateau at high foldamer
concentration. The increase in <¢> reflected the association of foldamers into larger objects by ion
pairing of the carboxylate anions generated by deprotonation of the carboxylic acid of OPV-QnA
with NaOH, while the plateau obtained at high foldamer concentration indicated that these
interactions occurred via a closed association mechanism. Plotting <¢> in the high concentration
plateau as a function of the number of quinoline units (NU) yielded a straight line, whose slope
was double that of the unassociated OPV-QnA foldamers, thus demonstrating their dimerization.
Analysis of the <¢> trends yielded the equilibrium constants (K) describing the foldamer
dimerization, whose value equaled 1.0 (20.2)x10° M~ for the three longer OPV-QnA foldamers,
but was about 10 times smaller for the shortest one (n = 4). The association of OPV-QgA and Q1sA

yielded a complex with a <¢> matching that of OPV-Q24A, and K for this complexation was similar
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to that for dimerization. These experiments illustrate the robust nature of TRFA as an experimental

method to probe the size of self-assembled foldamers in solution.

2.1.1 INTRODUCTION

The term foldamer describes a genre of artificial molecules, that fold into a conformationally
ordered state in solution.!® These states are stabilized by intramolecular, non-covalent
interactions,* which are often involved in the process of intermacromolecular self-assembly.®
Principally, self-assembly enables the production of complex architectures by spontaneous
association under equilibrium conditions.® Many biological processes exist thanks to self-assembly
and its underlying physical principles have been applied to various areas of chemistry,”® materials
science,®1% and nano-engineering.!'? The forces involved in a typical self-assembling system
include hydrogen bonding,*** hydrophobic interactions,'® and n—r stacking between aromatic
groups,*®17 all of which are weak and reversible.*® If these forces could be harnessed to drive the
specific self-assembly of building blocks into large and ordered foldamers, it would provide a
means to circumvent some of the challenges encountered with the conventional synthetic strategies
applied in the preparation of long foldamers. In turn, these long and ordered foldamers could serve
as molecular wires of adjustable length in molecular electronics.'®2° From this perspective,
investigation into whether oligoquinoline foldamers could be designed to self-assemble in solution
would be an interesting avenue of research, since they adopt a rigid, helical conformation as a
result of hydrogen bonding and aromatic stacking interactions.?! Furthermore, their electron-rich
backbone, combined with their helical structure, endows them with the ability to transfer electrons,

making them suitable candidates for molecular wires.82?
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Beside their synthesis, the characterization of foldamers has been the focus of concerted
research effort. To date, several analytical techniques have been applied to the characterization of
foldamers, which include UV-Visible spectrophotometry,?® nuclear magnetic resonance
spectroscopy (NMR),%* molecular modeling,?>?® and single crystal X-ray Diffraction (SCXRD), %’
to name but a few.?® While all these techniques demonstrate that the foldamers adopt a folded
structure, they all have specific drawbacks particularly when it comes to characterizing their size
in solution. Spectroscopy-based techniques can probe the structure of foldamers in solution, but
usually not their size, whereas crystallography enables size determination of the foldamers in the
solid state, but not in solution. Thus, an ideal characterization technique should be able to
characterize the size of foldamers in solution. Recent developments have indicated that time-
resolved fluorescence anisotropy (TRFA) meets these requirements, as it can be applied to
characterize the size of helical oligoquinoline foldamers in solution.?® Furthermore, earlier studies
on helical oligonucleotide duplexes and hairpins cemented TRFA as a reliable analytical technique
for the characterization of rigid, symmetric top macromolecules with a length of at least 11 nm.?°
It is also worth pointing out that the high sensitivity of fluorescence allows for the characterization
of fluorescently labeled macromolecules at concentrations that are 2-to-3 orders of magnitude
lower compared to the other techniques discussed earlier.*

In a typical TRFA experiment, a fluorophore is rigidly attached to a macromolecule and it
is excited with vertically polarized light. Those fluorophores whose absorption dipole moment is
parallel to the excitation light are the most likely to be irradiated, and their fluorescence is polarized
along a defined orientation, a process known as photoselection.®* As the fluorophore tumbles in

solution, it reflects the tumbling of the macromolecule to which it is attached, and through
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measurement of the vertically and horizontally polarized emissions, the anisotropy can be
determined.3! As time elapses, the intensities of the vertically and horizontally polarized emissions
gradually approach the same value, and the anisotropy reaches zero. If the TRFA can be described
by a single exponential, its decay time is referred to as the rotational time, ¢, of the fluorophore
and thus the macromolecule since the fluorophore is rigidly attached to it. The rotational time of
the macromolecule found from the analysis of the TRFA decay can be used to calculate the
hydrodynamic volume Vi of the macromolecule as shown in Equation 2.1,3 where 7, R, and T are

the solvent viscosity, the ideal gas constant, and the absolute temperature in K, respectively.

_
P="17 (2.1)

Consequently, TRFA provides a measure of the size of a macromolecule in solution from its
rotational time.

The linear relationship expressed by Equation 2.1 between the rotational time of a
macromolecule and its volume led to the establishment of a calibration curve, where ¢ for
oligoguinoline foldamers, terminated at one end with a methyl ester and at the other with an
oligo(phenylene vinylene) (OPV), was plotted as a function of the number of quinoline units (NU)
constituting the foldamer.?® The linear relationship obtained between ¢ and NU suggested that
TRFA could also be applied to predict the size of self-assembled oligoguinoline foldamers. The
self-assembly of these foldamers would take place in an organic solvent like chloroform after
replacing the ester functionality by a carboxylic acid, which once deprotonated with a strong base

would induce the association of the negatively charged foldamers into larger entities through ion
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pairing. Such ionic interactions are often evoked for anionic polymerization conducted in organic
solvents to rationalize the lower polymerization rates resulting from the dimerization of the anionic
propagating ends of growing chains.? The present study assesses the value of this proposal by
considering the dimerization of four oligoquinoline foldamers terminated at one end with an OPV
and at the other end with a carboxylic acid (OPV-QnA with n = 4, 8, 17, and 33), as well as the
complexation of OPV-QsA with an unlabeled Q16A foldamer. By monitoring the average rotational
times (<¢>) of mixtures of the different foldamers as a function of foldamer concentration under
basic conditions, a sigmoidal curve was obtained where <¢> increased with increasing foldamer
concentration from the ¢ value of the unassociated foldamer to that of their complex. This S-shaped
curve described the equilibrium representing the complexation of the foldamers and could be
analyzed to yield the equilibrium constant. In so doing, this study demonstrated the possible self-
association of foldamers into larger foldamer-like entities and that TRFA could yield not only the
size of a foldamer as had been done in earlier studies,?®3® but also the size of self-assembled
foldamers and the equilibrium constant for foldamer complexation. It further establishes TRFA as

a major analytical technique for characterizing foldamer size in solution.

2.2 EXPERIMENTAL

Chemicals: Chloroform (HPLC grade, Sigma-Aldrich), sodium hydroxide (NaOH, ACS grade,
Sigma Aldrich), and hydrochloric acid (HCI, 12.2 M Sigma-Aldrich) were used without further
purification. The foldamer samples OPV-QsA, OPV-QsA, OPV-Q17A, OPV-Q33A, and Q16A were
supplied by the Institute of Chemistry and Biology of Membranes and Nano-objects (CBMN) at

the University of Bordeaux, France.
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Steady-State Fluorescence (SSF): A Horiba QM-400 spectrofluorometer equipped with a xenon
arc lamp was used to acquire the fluorescence spectra. Solutions with an OPV concentration
ranging from 1 nM to 1 mM were acquired with the right angle or front-face geometries for OPV
concentrations, that were below or above 80 uM, respectively. The front face geometry was
applied for the more concentrated solutions to minimize the inner filter effect.

UV-Visible Spectrophotometer: Absorption spectra were acquired with a Cary 100 UV-Visible
spectrophotometer using quartz cells of path lengths equal to 0.1 mm, 1.0 mm, 1.0 cm, and 10.0
cm to ensure that an absorbance around unity would be obtained for improved accuracy.
Preparation of the foldamer solutions: The complexes of OPV-QnA with n equal to 4, 8, 17, and
33 were obtained by adding 0.1 g of 16 M NaOHq) solution into 7 mL of OPV-QnA solution in
chloroform, while stirring the mixture vigorously for 2 min. Similarly, the complexes of OPV-
QsA and QisA were generated by adding 0.1 g of 16 M NaOHaq) solution to a 7 mL chloroform
solution containing a 1:5 molar ratio of OPV-QgA:Q16A and stirring the mixture vigorously for 2
min. The 5-fold excess of Q16A used in these mixtures was meant to maximize the probability of
having most fluorescently labeled OPV-QgA involved in a complex. After allowing for separation
of the aqueous phase from the organic phase, the foldamer solution in chloroform was withdrawn
and placed in a fluorescence cell to conduct fluorescence measurements.

Determination of the concentration of the foldamer species in solution: Since a residual fraction
of the deprotonated foldamers might have partitioned themselves in the aqueous phase, using the
absorbance of the chloroform solution ensured that the exact foldamer concentration in the solution
could be determined. For the dimerization studies, the concentration was calculated by applying

Beer-Lambert’s Law based on the molar extinction coefficients gopv(326 nm), sopv(450 nm), and

25



£(326 nm), for OPV bound to a foldamer at 326 and 450 nm and a single quinoline unit at 326
nm, which had been determined to equal 13,284, 32,400, and 5,600 M~*.cm™1, respectively.?® For
the complexation experiments between OPV-QgsA and QieA, analysis of the concentration of the
foldamers was complicated due to the mixture of absorbing species in solution. Taking advantage
that both OPV and the quinoline units absorb at 326 nm and only OPV absorbs at 450 nm, the
Beer-Lambert law could be applied to derive Equations 2.2 and 2.3, where L is the pathlength of
the quartz cuvette used for the absorption measurements and [OPV] and [Q] are the concentrations

of OPV and quinoline units in the solution.

Abs(326 nm) = &, (326 NM)[OPV ]x L +£,(326 nm)[Q]x L (2.2)

Abs(450 nm) = g, (450 nm)[OPV]x L (2.3)

Rearrangement of Equation 2.3 into Equation 2.4 yielded the concentration of OPV and

thus, the concentration of OPV-QsA foldamers.

Abs(450 nm)

[OPV]=
Eopy (450 Nm) x L

(2.4)

Since the concentration of OPV, gopv(326 nm), and &o(326 nm) were known, the concentration

[Q] of quinolines could be obtained with Equation 2.5.
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Abs(326 nm) —[OPV ]x &p, (326 nm) x L

Q1= £4/(326 nm)x L

(2.5)

The concentration of unlabeled foldamer, Q16A in the mixture could therefore be determined from

Equation 2.6.

[Qis
Time-Resolved Fluorescence Anisotropy (TRFA). The fluorescence decays were acquired with a
HORIBA Ultima Ultrafast time-resolved fluorometer equipped with an excitation and emission
polarizer using a 479 nm delta-diode laser as light source. The polarized fluorescence decays were
acquired using a 480 nm bandpass filter on the excitation side and a 495 nm cut-off filter on the
emission side to minimize residual stray light from reaching the detector. All the fluorescence
decays were acquired up to a peak maximum of 20,000 counts. The same sample geometry
employed for the SSF spectra was applied to acquire the TRFA decays according to their OPV
concentration. The instrument response function was collected by reflecting the nano-LED light
with a triangular aluminum monolith without the 495 nm cut-off filter. All the fluorescence decays
were measured with a time-per-channel (TPC) of 1.28x10-2ns/channel across 4,096 channels. The
fluorescence decays were acquired using an excitation light that was vertically polarized, and with
the polarization of the emission set at the magic angle (54.7 ° for lvm(t)) or the vertical (Ivv(t)) and
horizontal (Ivn(t)) direction with respect to the vertical excitation light.
TRFA decay analysis: The analysis programs aniso01d-4k and aniso01d-7k were used to fit the

Ivw(t) and Ivn(t) fluorescence decays globally with a single rotational time. The only difference
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between the two programs was that the former optimized the OPV lifetime (to) obtained at the
magic angle and the latter used a fixed to value. The parameters obtained with the program that
gave a better y? were reported in Tables A1-A11. The analysis of the fluorescence decays acquired
to determine the TRFA of the OPV-QnA foldamers began by fitting the fluorescence decays
acquired at the magic angle with a monoexponential function, shown in Equation 2.7, to determine

the lifetime 1o Of the OPV label covalently attached to the foldamer.
Il ®) =1,exp(-t/z,) (2.7)

In Equation 2.7, o is the initial fluorescence intensity and t is the time in nanoseconds. The decays
polarized vertically and horizontally were then fitted globally according to Equations 2.8 and 2.9,

respectively.

I, (t) :%"exp(—t/ro)x[l+ 2r(t)] (2.8)

I (t)=3'—éexp(—t/ro)x[1—r(t)] (2.9)

In these equations, the G-factor is a scaling constant, which was optimized during the analysis.
Determination of the parameters describing the TRFA (r(t)) through the optimization of the G-
factor has been found to be much more straightforward, accurate, rapid, and reliable than the

traditional methodology involving the experimental determination of the G-factor.?®3 r(t) can be
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approximated by a sum of 3 exponentials for a symmetric top macromolecule, as shown in

Equation 2.10.3
rt)=r,> aexp(-t/¢)+r, (2.10)
i=1

In Equation 2.10, r, is the intrinsic anisotropy or anisotropy at time t equal to zero, and r«
describes those foldamers whose rotational time is much longer than z and are most likely
involved in large foldamer aggregates. Global analysis of the polarized fluorescence decays lvv(t)
and lvn(t) provided the rotational times of the OPV-QnA foldamers. The parameters of the fit were
optimized according to the Marquardt-Levenberg algorithm and are listed in Tables A1-A10 as
Supporting Information (SI). The pre-exponential factors a; are normalized to unity and correspond
to the i rotational time ¢i. For all foldamer mixtures but those prepared with OPV-QssA, r(t)
required only one rotational time (n = 1 in Equation 2.10) and r» equaled zero. Analysis of the
fluorescence decays of OPV-QzsA solutions required two rotational times (n = 2 in Equation 2.10)
at intermediate to high concentrations (> 2 uM) and yielded a non-zero r- at high foldamer
concentration (> 60 uM), probably due to residual aggregation after mixing the foldamer solution
with the 16 M NaOHq) solution. In the high concentration regime, the lvm(t) decays of OPV-Qs3A
needed to be fitted with two exponentials, probably due to residual aggregation, that led to OPV
excimer formation. The two pre-exponential factors and decay times representing Ivm(t) were then
fixed in the global analysis of lvu(t) and Iww(t) with the program aniso02d-4k to determine the

TRFA at these concentrations.
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2.3 RESULTS

TRFA was applied to characterize the size of oligoquinoline foldamers terminated with a
carboxylic acid at one end in chloroform, with or without addition of 0.1 g of 16 M sodium
hydroxide solution to induce their self-assembly into larger objects via ion pairing. The rotational
time of the foldamers was monitored across a concentration range, that spanned five orders of
magnitude, as determined from absorption measurements.

2.3.1 Characterization of the OPV-QnA Foldamers by TRFA

Before starting with the equilibrium experiments, the rotational time of the OPV-QnA foldamers
were compared to those of their methyl ester equivalent (OPV-QnE), which had been studied
earlier.23® The ¢ values obtained for the OPV-QnA and OPV-QnE samples were plotted as a

function of NU in Figure 2.1.

5
4 -
3

<¢>, ns
N

o
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Figure 2.1. Plot of ¢ as a function of NU in chloroform for the (O) OPV-QnA and (x) OPV-

QnE foldamers.
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The ¢ values clustered along a common straight line indicating that in chloroform, the
OPV-QnA foldamers exhibited the same hydrodynamic behavior as the OPV-QnE foldamers. Since
the linear relationship shown in Figure 2.1 had been used as confirmation that the OPV-QnE
foldamers adopted a helical conformation in chloroform,?®% the fact that the OPV-QnA constructs
showed a same behavior indicated that they too adopted a helical conformation in solution. The
common trend shown for OPV-QnA and OPV-QnE in Figure 2.1 demonstrated that the end
functionality of these macromolecules, be it an acid or an ester, did not affect their conformation

in chloroform.

2.3.2 Dimerization and Complexation of Foldamers Characterized by TRFA

Following the confirmation in Figure 2.1 that the protonated OPV-QnA and OPV-QnE samples
behaved in a similar manner based on the TRFA measurements, the dimerization of OPV-Q4A,
OPV-QgA, OPV-Q17A, and OPV-Qs3A and the complexation of OPV-QgA with a five-fold molar
excess of Q16A were studied by TRFA. These measurements were performed in chloroform, before
and after addition of 0.1 g of 16 M sodium hydroxide solution. Since these experiments were
expected to generate a mixture of unimers and complexes with different rotational times, the single
rotational time retrieved from the global analysis of the polarized fluorescence decays was referred
to as an average rotational time <¢> more representative of the mixture of species present in
solution. Plots of the average rotational time <¢> determined by TRFA as a function of acid group
concentration are presented in Figure 2.2. For the protonated samples in chloroform, <¢> remained
constant with foldamer concentration and took the value expected for the unassociated foldamer
over the entire foldamer concentration range covered. This result confirmed that the protonated
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OPV-QnA remained as unimers in chloroform even at very high foldamer concentration (~ 1 mM).
Upon addition of NaOHg), <¢> increased with increasing OPV-QnA concentration from the
rotational time of the unassociated foldamer until a plateau was reached for foldamer

concentrations larger than 80 puM.

5.0
45 A A AA  OgzAwith NaOH
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Figure 2.2. Plots of < ¢ > of (blue) OPV-Q4A, (green) OPV-QgA, (red) OPV-Q17A, and (purple)

OPV-Qz3A with (triangles) and without (circles) NaOH.

The increase in <¢> shown in Figure 2.2 reflects the association of the OPV-QnA species
into larger objects in solution after the addition of NaOH. The plateau observed for <¢> at high
foldamer concentrations indicates that the generation of larger products must follow a closed
association mechanism leading to the formation of a thermodynamically stable species, which
must be the result of the deprotonation of the carboxylic acid terminals of the OPV-QnA foldamers.

Deprotonation of the carboxylic acids by NaOH yields sodium carboxylate (NaC) ion pairs, whose
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exposure to apolar chloroform is minimized through their association in solution, leading to the
formation of OPV-QnNaC aggregates held together by the associated ion pairs and stabilized in
chloroform by the oligoquinoline moieties. If this association mechanism were to involve two
sodium carboxylate ion pairs, it would lead to the dimerization of the OPV-QnA foldamers.

To determine whether dimerization of the deprotonated OPV-QnNaC foldamers took place,
the <¢> value referred to as ¢(c0) obtained from the plateau regions for the solutions prepared with
16 M NaOH in the <¢g>-vs-[OPV-QnA] profiles shown in Figure 2.2 were plotted as a function of
NU and 2xNU in Figure 2.3. ¢(x) was found to increase linearly with increasing NU, indicating
that the size of the OPV-QnNaC complexes formed in chloroform exposed to the 16 M NaOH
aqueous solution was strongly correlated to the size of the OPV-QnA unimers. Furthermore,
plotting ¢(0) as a function of 2xNU in Figure 2.3 yielded a straight line, whose slope was the
same as for the straight line obtained by plotting <¢> as a function of NU for unassociated OPV-
QnE foldamers in chloroform (see Figure 2.1). This result indicated that the size of the OPV-
QnNaC complexes increased with increasing NU in the same manner as the size of OPV-QnA
unimers. That this relationship was obtained by doubling the NU served as strong evidence, that
the OPV-QnNaC complexes were in fact dimers.

A noticeable offset was also observed between the ¢(0)-vs-2xNU profile of the dimerized
foldamers in chloroform with NaOHsq) and the <¢>-vs-NU profile of the unassociated foldamers
in chloroform without NaOHq). This constant offset was attributed to the second OPV moiety in
the foldamer dimers, which therefore added a constant value to the Vi probed by TRFA (see
Equation 2.1). In contrast, this should not be observed for the complexation of OPV-QsA and

unlabeled QisA, which would yield a complex with only one OPV unit. This asymmetric
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complexation would result in a smaller Vi compared to the OPV-QnNaC dimers, which would be

more comparable to the unassociated OPV-QnA foldamers.
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Figure 2.3. Plots of ¢ as a function of the number of quinoline units (NU) for (O) unassociated

foldamers obtained without NaOH, (A) ¢ () for the OPV-QsNaC foldamers with NaOH as a

function of NU, and (0) @ (o) for the OPV-QnNaC foldamers with NaOH as a function of 2xNU.

Solvent: chloroform.

2.3.3 Model and Results for the Dimerization of the OPV-QnA Foldamers
The model used to describe the dimerization of the OPV-QnA foldamers is based on three main
equations described hereafter. The first equation comes from the assumption that the complexation

of the foldamers can be viewed as a simple dimerization equilibrium shown in Equation 2.11,
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which results in Equation 2.12, where the species A and Az represent the OPV-Qn,NaC unimers and

dimers, respectively.

A+ AR A (211)
K =% (2.12)

Application of the law of mass conservation yields Equation 2.13, where [A]o is the overall molar

concentration of foldamer in the solution.

[AL, =[Al+2x[A] (2.13)

Finally, the average rotational time <¢> is the experimental observable obtained from the
fluorescence anisotropy measurements, which is related to the relative concentration of the OPV-
QnNaC unimers and dimers as shown in Equation 2.14, where ¢ and ¢ are the rotational times of
the unimer and dimer, respectively. ¢ is obtained from the OPV-QnA unimers in chloroform
without NaOH, whereas ¢, equals ¢(«o) for the OPV-QnNaC dimers. The ¢ and ¢, values used in

these analyses are listed in Table 2.1.

_[Alx4 +2x[A]x4, (2.14)

< ¢ >cal - [A]o
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Equations 2.12 and 2.13 can be re-arranged to yield the [A] and [A2] concentrations as shown in

Equations 2.15a and 2.15b, respectively.

[A]= 1+ 1+ 4K[A], (2.152)

2K

[A] =M (2.15b)

Table 2.1. Rotational times ¢ and ¢, used in the analysis of the sigmoidal curves in Figure 2.2 to

obtain the dimerization constant (K) for the OPV-QnA samples with n = 4. 8. 17. And 33.

Number of Units $1 (ns) & (ns) K (M?)
4 0.58 (+0.01) 0.98 (£0.01) 1.1 (£0.1)x10°
8 0.8 (+0.0) 1.4 (+0.0) 1.1 (0.2)x10°
17 1.3 (+0.0) 2.5 (+0.0) 7.8 (20.4)x10°
33 2.2 (£0.1) 4.4 (+0.0) 1.10 (+0.03)x10°

The procedure applied to extract K consists in calculating the [A] and [A2] concentrations
with Equations 2.15a and 2.15b, respectively, at the different OPV-QnNaC concentrations ([Alo)
used in the dimerization experiments for different assumed K values, determine <¢>ca with
Equation 2.14, and obtain the 42 for this data set according to Equation 2.16, where N represents

the number of experiments having been conducted.
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X =

N
i (< ¢ >exp —< ¢ > cal )2 (216)
N ‘3
Plotting 42 as a function of K typically yields a well-behaved polynomial as shown in Figure 2.4A

for the data obtained for the dimerization of OPV-QgA, whose minimum yields the optimal K

value.
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Figure 2.4. Results for the dimerization of OPV-QsA: A) Plot of »? as a function of logio(K) fitted
with a second order polynomial yielding a K value of 1.1 (20.2)x10® M~ at the minimum. Plot of
B) the molar fractions of (O) unimer and (@) dimer and C) the average rotational time for

solutions (@) with and (O) without 0.1 g of 16 M NaOH aqueous solution as a function of OPV-

QsA concentration.

Finally, the [A] and [A2] concentrations can be determined experimentally from Equations

2.13 and 2.14 as shown with Equations 2.17a and 2.17b, respectively.
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[A]=[A], x~0> 0 (2.17a)

¢2_¢1
(Al <d>—4 2.17b
[A]=" = (2.17b)

Dividing [A] and [A2] in Equations 2.17a and 2.17b by [A]o yields the molar fractions of
unimer and dimer in the solution, respectively, which can be compared to the molar fractions
predicted with Equations 2.15a and 2.15b by using the optimal K value. After optimization of the
K value, a good agreement was obtained between the predicted and experimental molar fractions
for the OPV-QnNaC unimers and dimers as shown in Figure 2.4B. Finally, the predicted <¢@>ca
based on Equation 2.14 was compared in Figure 2.4C with <¢g>exp. The good agreement obtained
in Figures 2.4B and C between the predicted and experimental values supports the validity of the
method.

This mathematical procedure was applied to determine the K value for the dimerization of
OPV-Q4A, OPV-QgA (shown in Figure 2.4), OPV-Q17A, and OPV-Qs3A. The results obtained for
the molar fractions and average rotational times after optimization are shown in Figure 2.5 for
OPV-Q:A, OPV-Q17A, and OPV-Qs3A, yielding K values of 1.1 (20.1)x10° M1, 7.8 (+0.4)x10°
M-, and 1.10 (£0.03)x10° M, respectively (see #* plots in Figure A3 in Sl). K for the larger
foldamers took an average value of 1.0 (+0.2)x10°% M1, which was one order of magnitude larger
than for OPV-Q4A, indicating that the equilibrium constant did not depend much on the oligomer

size as long as the oligomer was 8 or more quinoline units long.
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Figure 2.5. Results for the dimerization of OPV-QnA with n =4, 17, and 33: A) Plot of the molar
fractions of (O) unimer and (@) dimer and B) the average rotational time for solutions (@) with

and (O) without 0.1 g of 16 M NaOH aqueous solution as a function of OPV-QnA concentration.
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2.3.4 Results for the Complexation of OPV-QsA and QisA and their Analysis
Analysis of the polarized decays acquired with mixtures of OPV-QsA and Q16A with and without
addition of 16 M NaOHq) are shown in Figure 2.6A. As for the dimerization experiments, an
increase in foldamer concentration resulted in a constant ¢ value for the protonated mixtures in
chloroform indicating that OPV-QgA remained unassociated. Upon addition of 16 M NaOH ag),
<¢> increased with increasing foldamer concentration showing the same sigmoidal shape as that
found for the dimerization experiments in Figure 2.2. This trend confirmed the association of OPV-
QsA with itself and with Q1A induced by the deprotonation of the carboxylic acids and their ionic
interactions.

The mathematical description of the association mechanism reflected by the data shown in
Figure 2.6A considered the three equilibria shown in Equations 2.18a, b, and c for the
complexation of OPV-QsA and QisA, namely the equilibrium between first, two OPV-labeled
oligoquinoline foldamers (OQn), second, two non-labeled oligoquinoline foldamers (Qp), and
third, one OPV-labeled foldamer (OQn) and one non-labeled foldamer (Qp). The three equilibria
are assumed to take place with the equilibrium constants K, for the dimerization of OQn, which
was determined experimentally to equal 1.1 (+0.2)x108 M- for the dimerization of OPV-QsA in
Section 2.3.4, K, for the dimerization of Qp, and K. for the complexation of OQn and Qp. In this
analysis, Ky and K¢ were assumed to take similar values (Kp ~ K¢) to reduce the number of
unknowns. This assumption was also supported by the finding that the equilibrium constant did
not change much with oligoquinoline chain length as was determined in Section 2.3.3 for longer

foldamers.
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Figure 2.6. Results for the complexation of OPV-QsA and QisA. Plot of A) the (@) experimental

and (x) calculated average rotational time for solutions with and (©) without 0.1 g of 16 M NaOH

aqueous solution as a function of total acid concentration, B) the molar fractions of (O) free acids,

(A) OPV-QgA dimers, and (@) complexes as a function of total acid concentration for the K

value of 7.50x10° M1, and C) 42 as a function of logio(Kc) fitted with a fourth-order polynomial

yielding a K. value of 7.50x10° M-* at the minimum.

Kn Ko K,
OQn + OQn &= (OQu)2 |Qp + @y & ()2 | OQn + Qp =2 (0QnQy)
(2.18a) (2.18b) (2.18¢)

The three equilibria shown in Equations 2.18a-c resulted in the three relationships given as

Equations 2.19 — 2.21.

n=

[(©Q,),]

[0Q,T
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Q)
[Q,]

(2.20)

o« _100Q,)]

= 2.2
*~10Q.1Q,] (2.21)

The law of mass conservation can be applied to the OQn and Qp species resulting in
Equations 2.22 and 2.23, where [OQn]o and [Qp]o are the total concentrations of the OQn and Qp

species used to prepare a solution.

[0Q,], =[0Q,]1+2x[(0Q,).]+[(0Q,Q,)] (2.22)

[Q.1, =[Q,1+2x[(Q,).1+[(0Q,Q,)] (2.23)

Finally, Equation 2.24 represents the average rotational time <¢> retrieved from the time-resolved
fluorescence anisotropy experiments as a function of the rotational times and concentrations ¢
and [OQn] for the OPV-QnA unimer, ¢, and [(OQn)2] for the OPV-QnA dimer, and ¢ and [OQnQp]
for the complex between OPV-QnA and QpA. In Equation 2.24, ¢ and ¢ were taken to equal 0.8
(+0.0) and 1.4 (£0.0) ns, respectively, as determined in Figure 2.3. ¢ equaled 1.7 (+0.1) ns, which

represented the rotational time of a hypothetical OPV-Q24E foldamer, determined from the

calibration curve derived earlier.?®

o [0Q\Tx 4 +2[(0Q),]x 4, +1(0Q,Q, )] x 4

2.24
(001, (2249

<4
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The six Equations 2.19 — 2.24 can be used to resolve the six unknowns [OQn], [(OQn)2], [(OQnQp)].
[Qp], [(Qp)2], and K¢ (= Kp). The following procedure was implemented to find the six unknowns
from these six equations. First, a K value was assumed and used to solve Equation 2.25 obtained

by combining Equations 2.19 — 2.23 to yield [OQn].

—2K (K, —4K,)[0Q,]* - (K, —6K,)[OQ, I + 1+ (K, —8K,)[0Q,], - K.[Q,1,)[0Q, I

(2.25)
-3[0Q,1,[0Q,1+2[0Q,]; =0

Knowing [OQn] provided the concentrations [(OQn)2], [Qp], and [(OQnQp)] as shown in Equations

2.26 — 2.28 derived from Equations 2.19 — 2.23.

[(0Q,).1=K,[0Q,] (2.26)

[0Q,]1, ~[0Q,1-2x[(0Q,),)]
— ndo n n 2.27
[Q,] K.[00,] (2.27)
[(0Q,Q,)]1=K,[0Q,IIQ,] (2.28)

Having determined the concentrations of all the species containing an OPV-label for a given Kc
value allowed the calculation of <¢>, referred to as <¢>ca, with Equation 2.24. Minimizing the
difference between the experimentally determined <g>exp and calculated <g¢g>ca values with
Equation 2.16 provided a means to optimize K. The optimal K¢ led to a set of <¢>ca values that

would satisfyingly represent the experimental <¢>exp values.
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Minimization of »? in Equation 2.16 was accomplished by assuming different K values
and applying the procedure described above to determine a set of <¢>ca values obtained for the
complexation of OPV-QsA and Qi6A, which were compared to <¢>exp. The #? values obtained for
different K¢ were plotted as a function of K. in Figure 2.6C. The plot could be fitted with a fourth
order polynomial, whose minimum vyielded the optimum K. value of 7.5x10° M-, whose
magnitude was comparable with the equilibrium constants obtained in Section 2.3.3 for the
dimerization of the larger OPV-QnA foldamers with n > 8. The molar fractions of OPV-QsA
involved in free foldamers (ffree), OPV-QgA dimers (faimer), and complexed foldamers (feomplex) Were
plotted as a function of total foldamer concentration ([OQnlo + [Qp]o) in Figure 2.6B. At low
foldamer concentration, the foldamers exist mainly as unimers with fsee being close to unity. As
the foldamer concentration increases, free decreases and faimer and feomplex increase as the foldamers
generate more complexes. The quality of the optimization procedure can be visualized in Figure
2.6A, where the crosses represent the calculated <g¢>ca, which were found to follow the

experimental <¢@>exp values.

2.3.5 Analysis of the Intrinsic Anisotropy of the Foldamer Complexes

Analysis of the polarized fluorescence decays also yielded the intrinsic anisotropy ro from
Equation 2.10, which is a function of the angle between the absorption and emission dipole
moments of a chromophore.®* The maximum theoretical value of ro is 0.4. This value indicates
that the absorption and emission dipole moments are parallel, whereas the minimum r, value of
—0.2 would correspond to perpendicular moments.3! The r, for OPV bound to short oligoquinoline
foldamers has been reported to equal 0.39 (+0.01),% close to the theoretical maximum value

indicating parallel absorption and emission dipole moments, as determined in earlier studies.®®
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However, as NU increased for the OPV-QnE foldamers, ro has been found to decrease due to a loss
of initial orientation between the absorption and emission dipole moments.?® This orientation loss
was attributed to the wobbling of the OPV unit with respect to the helical foldamer, that would
occur on a timescale too short to be probed by the time-resolved fluorescence experiments.

The r, obtained in the complexation experiments of the OPV-QnA foldamers are shown in
Figure 2.7. Generally speaking, the ro values of the deprotonated samples were similar to those of
the unassociated foldamer samples at low foldamer concentrations. A gradual decrease in ro from
~ 0.35-0.40 to ~0.25 was observed with increasing concentration of both unimers and complexes,
although the decrease was much more pronounced for the OPV-QsNaC dimers. The decrease in ro
was also more pronounced than that from 0.40 to 0.31, that had been found as NU of the OPV-
QnE foldamers increased from 4 to 32.2 The gentle decrease in ro observed with increasing
concentration of both the unimers and complexes might have been a consequence of residual re-
absorption of the polarized fluorescence, that might have taken place at the higher foldamer
concentrations despite the use of front face geometry in the TRFA experiments. This effect might
have resulted in an apparent loss in orientation between the absorption and emission dipole
moments of OPV, which was reflected in the reduction in ro. The most significant reduction in ro
between dimer and unimer was observed for the OPV-QsNaC dimer in Figure 2.7A. It was
attributed to energy transfer between the two OPV moieties since the OPV-Q4NaC dimer generated
the shortest separation distance between the two OPV moieties, which would have been more

conducive of energy transfer.
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Figure 2.7. Plot of the intrinsic anisotropy (ro) as a function of acid concentration before (O) and
after (A) the addition of 0.1 g of 16 M NaOHq) for A) OPV-Q4A, B) OPV-QsA, C) OPV-Q17A,

D) OPV-QsA + Q16A, and E) OPV-Q33A with r. (X) as a function of acid concentration.
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Contrary to all the other samples, the analysis of the polarized decays acquired with OPV-
Q33A required two rotational times (n = 2 in Equation 2.10) at intermediate to high concentrations
(> 2 uM) and the inclusion of a parameter known as r. at very high concentrations (> 60 uM),
representing those OPV-Q33NaC molecules whose rotational time was much longer than . At
these high concentrations, the fit of the lvm(t) decay required two exponentials, whose pre-
exponential factors and decay times were fixed in the global analysis of the Iv1(t) and lvv(t) decays.
The bi-exponential Ivw(t) decay was probably due to OPV-Qz3sNaC molecules, involved in large
aggregates resulting from the poor solubility of OPV-Q3z3NaC in chloroform, which yielded a non-
zero r value. Residual aggregation of OPV-Qs3A molecules might have brought OPV moieties in
close contact, that might have led to the formation of OPV dimers, which after excitation would
emit with a different lifetime.®® r.. was plotted as a function of OPV-Qs3A concentration in Figure
2.7E and was found to increase with increasing OPV-Qs3NaC concentration above 60 uM, as
would be expected if more aggregates were generated. The need of two rotational times for r(t) in
Equation 2.10 was justified by considering that OPV-Q3z3NaC dimers were long enough to yield
sufficiently different rotational times, that could be resolved through the analysis of TRFA

decays.?

2.4. DISCUSSION
The K values obtained for the dimerization of OPV-Q.A, OPV-QgA, OPV-Q17A, and OPV-Qs3A
and the complexation of OPV-QgA and QisA were plotted in Figure 2.8 as a function of the NU

for the complexes, that the different foldamer mixtures were expected to form. The equilibrium
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constants determined from the analyses described in Sections 2.3.3 and 2.3.4 yielded an average
value of 9.4 (+1.8)x10° M~ for all foldamers, except for the notable exception of OPV-Q4A, the
shortest foldamer studied, which had an equilibrium constant equal to 1.1 (+0.1)x10° ML, Except
for OPV-Q4A, the value of these equilibrium constants reflected strong association between the
foldamers, conducive of their effective self-assembly. For instance, a K value of 2.2x10% M~ has
been reported for the self-association of 2-ureido-4-pyrimidones,®” which has the same magnitude
as the association equilibrium constants of the longer OPV-QnA foldamers in Figure 2.8.

The lower equilibrium constant obtained for OPV-Q4A could be viewed as a consequence
of the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory,*® which states that the potential
between two charged particles in solution results from the balance between long-range repulsive
electrostatic forces and short-range attractive van der Waals (vdW) forces. At short distances, vdW
forces dominate, the interaction potential passes through a deep minimum, and the charged
particles are bound to each other. At intermediate distances the combination of electrostatic and
vdW forces generates a maximum, which needs to be overcome by two incoming charged particles
to result in aggregation. At very long distances, the potential passes through a shallow minimum
and reaches zero at extremely large distances, where the charged particles no longer interact. In
order to associate, two charged particles must overcome the potential energy maximum at
intermediate distances. This requires that charged particles have sufficient kinetic energy, which
is related to their velocity and mass. Smaller particles with a lower mass will have a lower kinetic
energy and will not be as capable as larger particles to overcome the energy barrier of the

interaction potential.

48



A similar situation is probably at play with the OPV-QnNaC foldamers in chloroform. The
sodium carboxylate ions lead to long-range electrostatic repulsion between the foldamer ends in
solution, whereas n—r stacking and hydrogen bonding between the oligoquinoline foldamer ends
result in short-range attractive forces. These opposite forces generate an interaction potential
similar to the DLVO one, whereby OPV-QnNaC foldamers must be sufficiently large to have
enough Kinetic energy to clear the potential maximum at intermediate distances. The smaller size,
and thus mass of OPV-QsNaC, results in a lower kinetic energy, that does not allow this foldamer
to clear the potential maximum at intermediate distances as efficiently as the larger foldamers with
a larger mass and thus larger kinetic energy. The trend shown in Figure 2.8 suggests the existence
of a threshold, whereby the larger oligoquinolines with 8 or more quinoline units have sufficient
kinetic energy to clear the potential maximum leading to their efficient association. Those

foldamers yield a large association constant of 9.4 (+1.8)x10° M1,
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Figure 2.8. Plot of the equilibrium constants for (black) the dimerization of OPV-QsA, OPV-

QsA, OPV-Q17A, OPV-Qsz3A and (red) the complexation of OPV-QgA with Qi6A.

The dimerization of the oligoquinoline foldamers described in this study also illustrates
that large well-defined foldamers can be generated in solution through self-association. As
demonstrated in Figure 2.2, a single large complex exists at OPV-QnA concentration larger than
100 uM. The dimer of an OPV-Qs3A construct would have been constituted of 66 quinolines, one
of the largest oligoquinolines prepared to date, since the largest oligoquinoline foldamer reported
in the literature was 96 units-long.>® However, compared to the traditional multistep strategy

applied to synthesize oligoquinoline constructs, the ability to generate a 66 quinoline-long
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foldamer by simply mixing an OPV-Qs3A solution in chloroform with a drop of 16 M NaOH aq)

seems to offer a facile alternative for producing long oligoquinoline foldamers.

2.5 CONCLUSIONS

The association in chloroform of five different foldamer species was characterized by TRFA.
These studies included the dimerization of OPV-QnA, where n = 4, 8, 17, and 33, and the
complexation of OPV-QgA with a 5-fold molar excess of QisA. The concentration of the
oligoquinoline foldamers in solution was confirmed by measuring the absorbance of the solutions,
and TRFA was applied to obtain <¢> for foldamers in chloroform with and without exposure to
16 M NaOHqg). This study used the established correlation between <¢> and foldamer size to
characterize the extent of association between the foldamers generating foldamer complexes,? as
larger <¢> determined by TRFA for solutions of OPV-Qn,NaC foldamers reflected the formation
of large complexes. These complexes were found to form between deprotonated OPV-QnA
foldamers in chloroform solution after exposure to NaOHq). The sigmoidal trends obtained by
plotting <¢> as a function of foldamer concentration for all deprotonated OPV-QnA samples
indicated that the foldamers underwent closed association resulting in the formation of well-
defined products. The products obtained from the complexation of the deprotonated OPV-QnA
samples were confirmed to be in fact dimers by noting that ¢(0), obtained from the plateau regions
of the sigmoidal curves in Figure 2.2, increased linearly with 2xNU in Figure 2.3 with a slope
equal to that of the straight line obtained by plotting ¢ for the oligoquinoline unimers as a function
of NU in Figure 2.1. The sigmoidal trends could be analyzed further to determine the equilibrium

constants of dimerization and complexation of several oligoquinoline foldamers, which took an
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average value of 9.4 (+1.8)x10° M1, excluding the outlier value of 1.1 (20.1)x10° M~ for OPV-
QsA. The negative carboxylate anions generated by the deprotonation of the OPV-QnA samples is
believed to drive this association mechanism, that leads to the formation of polar ion pairs shielded
from the apolar chloroform by the oligoquinoline backbones. Additional stabilization of the
complexes is provided by m-m stacking between the terminal quinolines of the dimerized
foldamers. The application of TRFA to characterize the size of the OPV-QsNaC products formed
in apolar chloroform upon exposure of the OPV-QnA samples to 16 M NaOH ) illustrates how
well-defined extended oligoquinoline foldamers can be generated through self-association in
solution. It opens the path to the simple preparation of oligoquinoline foldamers that can be at least

66 quinoline-long, as found for the OPV-Qs3A dimer.
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Chapter 3

Open Association Mechanism for Oligoquinoline
Foldamers Characterized by Time-Resolved

Fluorescence Anisotropy
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3.1.0 ABSTRACT

The complexation between a quinoline octamer terminated at one end with an oligo(phenylene
vinylene) and a carboxylic acid at the other end (OPV-QsA) and an AQ2PQ2A monomer made of
a central pyridine flanked by two quinoline units and terminated at either end with a carboxylic
acid were characterized in chloroform with the addition of a concentrated 16 M sodium hydroxide
aqueous solution. Each sample was analyzed through a combination of UV-Vis absorption to
determine the concentration of each species in solution and time-resolved fluorescence anisotropy
(TRFA) to yield the average rotational time <¢> of the mixture of complexed foldamers across a
range of foldamer concentration spanning 4 orders of magnitude. Plots of <¢> as a function of the
concentration ratios of AQ2PQ2A to OPV-QsA demonstrated that <¢> increased with increasing
foldamer concentration only when the foldamer solution in chloroform was vigorously mixed with
the 16 M sodium hydroxide aqueous solution. For the two sets of experimental conditions studied,
where a constant concentration of 1 and 10 uM of OPV-QgA was used, the plots demonstrated an
exponential increase in <¢> at high AQ2PQ2A concentrations. The increase in <¢> reflected the
association of foldamers into larger objects by ion pairing of the carboxylate anions generated by
deprotonation of the carboxylic acids of OPV-QsA and AQ2PQ2A with NaOH, while the absence
of a plateau at higher concentration indicated that these interactions occurred via an open
association mechanism. Analysis of the trends obtained for <¢> yielded the equilibrium constants
(K) describing the foldamer complexation, whose value equaled 4.25 x 10° M~ for both OPV-QsA
concentrations studied. These experiments illustrate the robust nature of TRFA as an experimental

method to probe the size of self-assembled foldamers in solution.
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3.1.1 INTRODUCTION
Polymers are a class of materials composed of repeating subunits generated through the reaction
of monomers. Whether natural or synthetic, these macromolecules are pervasive in everyday life,
from synthetic plastics composed of a variety of polymers such as poly(ethylene terephthalate),*
polyethylene,? or poly(vinyl chloride)®to biological macromolecules such as polysaccharides,*
polynucleotides,® and polypeptides,® which are crucial to biological functions. These polymers are
formed through the successive reactions of smaller monomer molecules, which are linked together
by covalent bonds, that endow the polymer with remarkable physical properties, that include high
elasticity,” viscoelasticity,® and mechanical strength® as a result of their large molecular mass.
Supramolecular polymers on the other hand, represent a genre of macromolecules that are
generated by self-assembly,’® where monomers are linked via weak, reversible, and highly
directional non-covalent interactions® that include hydrogen bonding*? and n-n stacking,'>* to
name but a few. Self-assembly allows for the generation of complex architectures by spontaneous
association under equilibrium conditions.*®> Many biological processes exist thanks to self-
assembly, whose underlying physical principles have been applied to various areas of chemistry?
and nano-engineering.t” Self-assembled macromolecules have the disadvantage of lacking the
mechanical strength and durability of their covalent counterparts, but have the advantage of being
extremely tunable and adaptive materials capable of applications beyond the scope of conventional
polymers in a variety of fields including drug delivery,®® tissue engineering,*® and molecular
electronics.?02

Foldamers represent a class of synthetic macromolecules, that fold into ordered secondary

structures in solution, stabilized by intramolecular non-covalent interactions.?® In the case of
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oligoguinoline foldamers, they adopt a rigid helical conformation as a result of hydrogen bonding
and aromatic stacking interactions.?* With an electron-rich backbone and helical architecture
conducive of electron transfer,? the ability of oligoquinoline foldamers to act as molecular wires
has been investigated.?® However, such applications require fairly long oligoquinoline constructs,
whose stepwise synthesis is tedious and time-consuming. In contrast, the directional self-assembly
of specifically designed building blocks into large and ordered foldamers could circumvent some
of the challenges encountered with conventional synthetic strategies. In particular, the self-
assembly of shorter oligoquinolines into larger constructs could yield large foldamers with
potential applications as molecular wires of adjustable length in molecular electronics.? As a result
of their appealing properties, oligoquinoline foldamers have been the focus of concerted research
effort, which includes the characterization of their macromolecular size. Numerous analytical
techniques have been applied to determine the dimensions of foldamers in particular and
macromolecules in general, which include UV-Visible spectrophotometry (UV-Vis),? nuclear
magnetic resonance spectroscopy (NMR),?® dynamic light scattering (DLS),? and single crystal
X-ray diffraction (SCXRD).® While crystallography yields the size of a foldamer in the crystalline
state, crystal packing forces might lead the foldamer to adopt a different conformation than that
obtained in solution, as was found for oligonucleotides,®* whereas spectroscopy-based
techniques provide information about the conformation of a foldamer in solution but not about its
size. An ideal characterization technique would probe the size of a foldamer in solution. For the
time being, time-resolved fluorescence anisotropy (TRFA) appears to be a most suitable technique
capable of providing this type of information for the short length scales of helical oligomers, as

illustrated in several studies with oligonucleotide duplexes and hairpins,® and oligoquinoline
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foldamers end-labeled with an oligo(phenylene vinylene) (OPV) dye.3* Additionally, the high
sensitivity of fluorescence allows the characterization of fluorescently labeled macromolecules at
concentrations, that are 2 — 3 orders of magnitudes lower compared to the NMR and SCXRD
techniques discussed earlier.*

A typical TRFA experiment begins by irradiating a sample with vertically polarized light.
While the fluorophores are randomly oriented in solution, those whose absorption dipole moment
is parallel to the excitation light have the greatest likelihood of being excited, and therefore emit a
photon along the direction of the emission dipole moment with a likelier orientation in a process
known as photoselection.® If the fluorophore is rigidly attached to a macromolecule, the tumbling
of the fluorophore reflects the tumbling of the macromolecule in solution, and through the
measurement of the emission parallel and perpendicular to the direction of the polarized excitation
light, the anisotropy can be determined.®® As time elapses, the intensities of the vertically and
horizontally polarized emissions eventually reach a same value, and the anisotropy equals zero. If
the TRFA can be described by a single exponential, the resulting decay time is called the rotational
time, ¢, of the fluorophore, and therefore of the macromolecule to which it is attached. The
rotational time of the macromolecule found from the analysis of the TRFA decay can then be used
to calculate the hydrodynamic volume of the macromolecule as shown in Equation 3.1, where 7,
R, and T are the solvent viscosity, the ideal gas constant, and the absolute temperature in K,

respectively.

p=n (3.1)
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As a result, a TRFA measurement yields the volume of a macromolecule in solution by
determining its rotational time.

This feature was recently taken advantage of to establish a calibration curve between the ¢
values of a series of oligoquinoline foldamers, terminated at one end with a methyl ester and at the
other end with an oligo(phenylene vinylene) (OPV-QnE with n = 4, 7, 9, 17, 24, and 32), as a
function of their number of quinoline units (NU). The linear relationship obtained between ¢ and
NU suggested that TRFA could be applied to predict the size of oligoquinoline foldamers, where
the methyl ester functionality had been hydrolyzed into a carboxylic acid, which once deprotonated
with a strong base, could induce their directional self-assembly into larger foldamers through the
formation of ion pairs. The aim of the present study was to assess the validity of this proposal by
considering the oligomerization of a pentamer composed of a central pyridine flanked by two
quinoline units, terminated at both ends with a carboxylic acid (AQ2PQ2A) in a mixture with a
quinoline octamer terminated at one end with an OPV and at the other with a carboxylic acid
(OPV-QsA) to act as a fluorescent capping agent. The average rotational times (<¢>) of mixtures
prepared with a constant OPV-QgA concentration and increasing AQ2PQ2A concentration under
basic conditions led to an exponential increase in <¢> with increasing AQ2PQ2A concentration.
The exponential increase in <¢> with increasing AQ2PQ2A concentration reflected the
oligomerization of the AQ2PQ2A monomers, whose extent was controlled by the equilibrium
constant for this open association mechanism. Analysis of the <¢>-vs-[AQ2PQ2A] profiles yielded
the equilibrium constant for this association, which was found to equal 4.25x10° M2, a value large
enough to induce the oligomerization of AQ2PQ2A. Consequently, this study further demonstrates

that TRFA yields not only the size of a foldamer in solution as had been done before,* but also
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the size of self-assembled foldamers and the equilibrium constant for foldamer complexation. It
further establishes TRFA as a major analytical technique for characterizing foldamer size in

solution.

3.2 EXPERIMENTAL

Chemicals: Chloroform (HPLC grade, Sigma-Aldrich), sodium hydroxide (NaOH, ACS grade,
Sigma Aldrich), and hydrochloric acid (HCI, 12.2 M Sigma-Aldrich) were used without further
purification. The foldamer samples OPV-QgsA and AQ2PQ-A were supplied by the Institute of
Chemistry and Biology of Membranes and Nano-objects (CBMN) at the University of Bordeaux,
France.

Steady-State Fluorescence (SSF): The right-angle geometry was employed to acquire the
fluorescence spectra of mixtures of either 1 or 10 uM of OPV-QgA with AQ2PQ2A concentrations
ranging from 1 uM to 1 mM with a Horiba QM-400 spectrofluorometer equipped with a xenon arc
lamp.

UV-Visible Spectrophotometer: A Cary 100 UV-Visible spectrophotometer was used to acquire
all absorption spectra with quartz cells of path lengths equal to 0.1 mm, 1.0 mm, and 1.0 cm. The
cell pathlength was selected to obtain an absorbance around unity for improved accuracy.
Preparation of the foldamer solutions: Complexation of OPV-QgA and AQ2PQ-A was induced by
first, adding 0.1 g of a 16 M NaOH aq) solution into 4.0 g of an OPV-QsA stock solution containing
a known amount of AQ2PQ2A, and second, by vigorously stirring the solution for 2 minutes. The
AQ2PQ2A concentrations ranged from 1 uM to 1 mM, while the OPV-QgA concentration was set

to either 1 or 10 uM in two separate sets of experiments, to monitor chain extension from the
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pentamer. After allowing the aqueous phase to separate from the organic phase over two days, the
foldamer solution in chloroform was withdrawn and placed in a fluorescence cell to conduct the
fluorescence measurements.

Determination of the concentration of the foldamer species in solution: With their negative
carboxylate anion(s), the deprotonated foldamers and particularly the disodium carboxylate
NaCQ2PQ2NaC could remain in the aqueous phase, where they would be prevented from
participating in the oligomerization with OPV-QsA. However, the exact foldamer concentration in
the chloroform solution could be determined from careful analysis of the absorption spectra before
and after addition of 0.1 g of the 16 M NaOHaq) solution to the foldamer solutions in chloroform.
The absorption spectra were analyzed by applying Beer-Lambert’s Law based on the molar
extinction coefficients sopv(326 nm), gopv(450 nm), and &(326 nm) for OPV at 326 and 450 nm
and a single quinoline unit at 326 nm, which had been determined to equal 13,284, 32,400, and
5,600 M~t.cm?, respectively.?® The molar absorbance coefficient of AQ2PQ-A at 326 nm was
found to equal 27,700 (+400) M~t-cm~ in pure chloroform. However, after the addition of 0.1 g
of 16 M NaOHgag solution, eagerq2a(326 nm) became concentration dependent due to
hypochromicity, where n—n stacking between the two terminal quinoline units resulted in a
decrease in absorbance.*® Upon increasing the AQ2PQ2A concentration, &agz2rq2a(326 nm) in
chloroform with base added decreased from 27,700 M~t-cm™ to 18,900 (+200) M-t.cm™!, as
displayed in Figure 3.1A. The effect that the hypochromicity observed in Figure 3.1A had on the
absorbance can be viewed in Figure 3.1B, where the onset of hypochromicity at ~ 7 uM results in
a break in the linear relationship between the absorbance and AQ2PQ2A concentration. Since both

OPV and the quinoline units absorb at 326 nm and only the OPV absorbs at 450 nm, the Beer-
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Lambert law could be applied to derive Equations 3.2 and 3.3, where L is the pathlength of the
quartz cuvette used for the absorption measurements and [OPV] and [AQ:PQ:A] are the

concentrations of OPV and AQ2PQ2A in the solution.

Abs(326 NM) = £p,, (326 NM)[OPV]x L + £, o, (326 NM)[AQ,PQ,A]x L (3.2)

Abs(450 nm) = &, (450 nm)[OPV ]x L (3.3)

Equation 3.3 could be rearranged into Equation 3.4 to obtain the concentration of OPV and thus,

the concentration of OPV-QgA foldamers.

Abs(450 nm) (3.4)

[OPV] =
Eopy (450 Nm) x L

Having determined the concentration of OPV, &opv(326 nm), and &agorq2a(326 nm), the

concentration of AQ2PQ2A species could be obtained with Equation 3.5.

Abs(326 nm) —[OPV ]x g4p, (326 nm) x L (3.5)
€pq,po,a (326 NM) x L

[AszQzA] =
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Figure 3.1. A) Plot of the molar extinction coefficient (&) at 326 nm of AQ2PQ2A in chloroform (

O) without NaOH and (A) with NaOH as a function of concentration. B) Plot of absorbance as a
function of AQ2PQ2A concentration in chloroform with NaOH showing the breakpoint at ~ 7 uM

marking the onset of hypochromicity upon AQ2PQ2A oligomerization.

Time-Resolved Fluorescence Anisotropy (TRFA): A HORIBA Ultima Ultrafast time-resolved
fluorometer equipped with an excitation and emission polarizer using a 479 nm delta-diode laser
as light source was used to acquire all fluorescence decays. A 480 nm bandpass filter and a 495
nm cut-off filter were placed on the excitation and emission sides, respectively, to minimize

residual stray light from reaching the detector during decay acquisition, up to a decay peak
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maximum of 20,000 counts. The same sample geometry employed for the SSF spectra was applied
to acquire the TRFA decays, depending on their OPV concentration. A triangular aluminum
monolith was used to acquire the instrument response function by collecting the reflected nano-
LED light without the 495 nm cut-off filter and using neutral density filters to attenuate the light
intensity. A time-per-channel of 1.28x102 ns/channel was used for all decay collections across
4,096 channels. Fluorescence decay acquisition was conducted with an excitation light that was
vertically polarized, and with the polarization of the emission set at the magic angle (54.7 ° for
Ivm(t)) or the vertical (I\vv(t)) and horizontal (lvH(t)) direction with respect to the vertical excitation
light.

TRFA decay analysis: The analysis started by fitting the fluorescence decays acquired at the magic
angle with a single exponential, as shown with Equation 3.6, to determine the lifetime 1o Of the

OPV label covalently attached to the foldamer.

ly () =1 exp(-t/z,) (3.6)

In Equation 3.6, I, is the initial fluorescence intensity and t is the time in nanoseconds. The
vertically and horizontally polarized fluorescence decays were then fitted globally according to

Equations 3.7 and 3.8, respectively.
Iw (t) :%exp(—t/ro)x[u 2r(t)] (3.7)

Ivu(t) = ?:—é exp(—t/ o) x[L—r(t)] (38)
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The G-factor, used to account for the difference in detection efficiency between the two
observation channels, was optimized during the analysis. The TRFA is represented by the function
r(t) in Equations 3.7 and 3.8, which can be approximated by a sum of 3 exponentials for a

symmetric top macromolecule as shown in Equation 3.9.%
r(t)=r,> aexp(-t/¢)+r, (3.9)
i=1

The TRFA analysis yielded the intrinsic anisotropy, or anisotropy at time t equal to zero,
given by ro in Equation 3.9. The pre-exponential factors ai were normalized to unity and
corresponded to the i" rotational time ¢i. The polarized fluorescence decays lvv(t) and Ivu(t) were
analysed globally. The parameters of the fits were optimized according to the Marquardt-
Levenberg algorithm and are listed in Tables B1-B6 in the Supporting Information (SI). For
foldamer mixtures containing 10 UM of OPV-QgA, below an AQ2PQ2A/OPV-QgA ratio of 6, r(t)
required only one rotational time (n = 1 in Equation 3.9). Analysis of the fluorescence decays with
[AQ2PQ2A)/[OPV-QgA] ratios above 6 required two rotational times (n = 2 in Equation 3.9). For
foldamer mixtures containing 1 uM of OPV-QgA, r(t) required two rotational times past a

[AQ2PQ2A]/[OPV-QgA] ratio of 50.
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3.3 RESULTS

TRFA was applied to characterize the size of the oligomerization products formed between OPV-
QsA and AQ2PQ-A in chloroform, where OPV-QsA and AQ:PQ.A are terminated with a
carboxylic acid at one and both ends, respectively, with or without addition of 0.1 g of 16 M
NaOHaq) solution. The rotational time of the foldamers was monitored across a range of AQ2PQ2A

concentrations, that spanned four orders of magnitude, as determined by absorption measurements.

3.3.1 Oligomerization of AQ2PQ2A with OPV QsA Foldamers Characterized by TRFA

As mentioned earlier, the complexation of AQ2PQ2A and OPV-QsA in chloroform was induced
by the addition of 0.1 g of 16 M NaOHgq) solution. These experiments were expected to yield a
mixture of free AQ2PQ2A and OPV-QsA, OPV-QgA dimers, and complexes of AQ2PQ2A, that
could be labeled at either end with OPV-QsA, all of these species having different rotational times.
Theoretically, each species containing an OPV label yields a rotational time, that is specific to that
OPV-labeled species, so that the TRFA representative of this mixtures of species should be an
infinite sum of exponentials, where each exponential represents a single OPV-containing species.
In practice however, a sum-of-exponentials analysis conducted on a multiexponential fluorescence
decay cannot resolve more than 4 exponentials, and only if the decay times are well separated.
This is not expected to be the case for the mixture of OPV-containing species resulting from the
oligomerization of OPV-QsA and AQ2PQ-A. As it turned out, the TRFAs were well-described by
one exponential at [AQ2PQ2A]:[OPV-QgA] ratios below 50 and 6, for the experiments conducted
with 1 and 10 uM OPV-QsA, respectively, and two exponentials at [AQ2PQ2A]:[OPV-QsA] ratios

greater than 50 and 6, where little and more substantial oligomerization had occurred, respectively.
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Instead of attempting to assign a given rotational time to one of the many OPV-containing species
present in solution, the average rotational time, <¢#>, was considered, since this parameter was
more representative of the mixture of species present in the solution. Plots of <¢> determined by
TRFA as a function of the [AQ:PQ:A].[OPV-QgA] ratio determined by UV-Visible
spectrophotometry are displayed in Figure 3.2A. In these experiments, OPV-QgA, which was used
as the fluorescent capping agent for the oligomers, was held at a constant concentration of 1 and
10 uM in two sets of experiments, while the AQ2PQ2A concentration was gradually increased
across 4 orders of magnitude.

The protonated samples in chloroform before the addition of base yielded a constant <¢>
value equal to 0.81 (x0.02), regardless of the AQ2PQ2A and OPV-QgA concentrations. This <¢>
value matched that expected for unassociated OPV-QgA, since the protonated AQ2PQ2A did not
interact with OPV-QgA and did not fluoresce at 510 nm. In contrast, <¢> was larger than the
rotational time of the unimers upon addition of NaOHaq) at [AQ2PQ2A]/[OPV-QsA] ratios smaller
than unity, and approached the <¢> value expected for a mixture of OPV-QgA mixtures at the
corresponding OPV-QgA concentration studied. For the 1 and 10 uM experiments, the rotational
times at [AQ2PQ2A]/[OPV-QsgA] ratios smaller than unity equaled 1.09 (+0.03) and 1.16 (x0.04)
ns, respectively, which agreed with the <¢> values of 1.04 (+0.02) and 1.24 (+0.01) ns determined
for the association curves of OPV-QgA at those concentrations, as seen is Figure 3.2B. As the
[AQ2PQ-A]/[OPV-QsA] ratio was gradually increased above unity, <¢> showed a continuous
increase with increasing [AQ2PQ2A]/[OPV-QsA] ratio, as observed in Figure 3.2A. This trend
reflects the oligomerization of AQ2PQ2A into larger objects complexed with OPV-QgA, where

higher AQ2PQ2A concentrations result in larger <¢> values. A remarkable feature of the <¢g>-vs-
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[AQ2PQ2A]/[OPV-QsA] plot in Figure 3.2A was the absence of a plateau at higher ratios when
compared to the <¢g>-vs-[OPV-QgA] sigmoidal curves shown in Figure 3.2B, that was obtained
for the dimerization of OPV-QgA and which is indicative of a closed association mechanism.
Sigmoidal curves like that shown in Figure 3.2B were observed in Chapter 2 for the complexation
of four OPV-QnA constructs with n = 4, 8, 17, and 33, which led to the conclusion, that these
samples dimerized through complexation of their carboxylated ends. The absence of a plateau in
the trends shown in Figure 3.2A indicates that solutions of AQ2PQ-A and OPV-QgA in chloroform
exposed to 0.1 g of 16 M NaOHaq) led to the formation of a thermodynamically stable mixture of
species as a result of the deprotonation of the carboxylic acid terminals of AQ2PQ2A and OPV-
QsA.

The most apparent difference between the experiments conducted with 1 and 10 uM of
OPV-QsA was the [AQ2PQ2A]/[OPV-QsA] ratio at which a significant increase in <¢> occurred.
For experiments with a constant concentration of 10 uM of OPV-QgA, the increase in <¢> began
atan [AQ2PQ2A]/[OPV-QgA] ratio, that was one order in magnitude larger than witha 1 uM OPV-
QsA concentration. As these associations are reminiscent of condensation polymerization, a higher
concentration of capping moieties could have been expected to result in shorter oligomers and
smaller <¢> values. The opposite was observed in Figure 3.2A due to the fact that a 10-fold larger
OPV-QgA concentration required a 10-fold larger AQ2PQ2A concentration to bring the
[AQ2PQ-A]/[OPV-QsA] ratio above unity, and that this much larger overall concentration of
foldamers pushed the association equilibrium towards increased complexation and the formation

of larger complexes. These considerations are further supported by the mathematical derivation
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used to extract the equilibrium constant of this association mechanism conducted in the following

section.

- — — — A SKBG HADAS ©— 1

0 T . 0.0 T .
0.01 1 100 0.01 1 100

[AQ,PQ,A/[OPV-QgA] [OPV-QgA] (#M)

Figure 3.2. A) Plot of <¢> as a function of the [AQ2PQ2A]/[OPV-QsgA] ratio for sample

mixtures in chloroform (empty) before and (filled) after addition of 0.1 g of 16 M NaOH aq) with
(circle) 1 uM and (triangle) 10 uM of OPV-QgA. B) Plot of <¢> as a function of [OPV-QgA] in

chloroform with (@) and without (O) the addition of 0.1 g of 16 M NaOH aqueous solution.

The oligomerization of AQ2PQ2A demonstrated by the continuously increasing <¢>-vs-
[AQ2PQ2A)/[OPV-QgA] profiles shown in Figure 3.2A is a result of the deprotonation of the

carboxylic acids by NaOH, that generates two sodium carboxylates (NaC), whose exposure to
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apolar chloroform is minimized through their association in solution. This mechanism results in
the formation of large OPV-QnNaC/NaCQ:PQ2NaC aggregates held together by the associated ion
pairs and stabilized in chloroform by the oligoquinoline moieties. This conclusion agrees with the

mechanism proposed in Chapter 2 for the dimerization of the OPV-QnA samples.

3.3.2 Model and Results for Oligomerization between AQ2PQ2A and OPV-QsA

The oligomerization of AQ2PQ2A with OPV-QgA serving as a fluorescent capping agent was
assumed to involve three equilibria between the AQ2PQ2A monomer (M) and the OPV-QsA end-
group (E) as shown in Equations 3.10a-c, where the species Mi, EM;, and EM|E represent an
oligomer made of i AQ2PQ2A monomers, that is uncapped, capped with one end-group, and
capped with two end-groups, respectively. Since the equilibria represented in Equations 3.10a-c
describe the association between similar oligoquinolines terminated with a sodium carboxylate

group, the same constant K was assumed for the three equilibria.

K K K
M + M1 z Mi Mi + E z EM; EM; + E (ﬁ EM;E
(3.10a) (3.10b) (3.10c)

Taking into account the fact that the M;, EM;, and EM|E species involve two, one, and no
associating groups, Equations 3.11a-c could be derived to represent their concentration as a

function of the concentration of unassociated unimers ([Mz1]) and end groups ([E]) at equilibrium.
[M.]=(2K)"[M,] (3.11a)
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[EM,]=(2K[M,])'[E] (3.11b)
[EM.E]=2'K"[MJ[E] (3.11¢)

The total concentration of monomers [M]o can be written as a function of K and the concentration

of unassociated M1 and E as described in Equation 3.12.

(M1, =S iEM, 1+ SIEEM, 1+ S ifEM E] =M, EH2RIELE 2K ER 510

= i i (1-2K[M,])*

Multiplying both sides of Equation 3.12 by the equilibrium constant K yields Equation 3.13a,
which can be parametrized by replacing the products Kx[E] and Kx[M1] by x and y, respectively,

to yield Equation 3.13b.

_ 1+2K[E]+2K2[E]2
K[M]o - K[Ml] (1_2K[M1])2 (3133')
142X+ 2x?
KIM] =y————— 3.13b

A similar procedure can be applied for the total concentration of end groups, [E]o, shown in

Equation 3.14a, whih can be parametrized with the variables x and y to yield Equation 3.14b.

[E], :i[EMi]+Zi[EMiE]:% (3.142)
X+ 2X°
KIEL =750 (3.14b)
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To determine the concentrations [M:] and [E], or x and vy, respectively, Equation 3.14b is

rearranged into Equation 3.15 to isolate for y. Substitution of Equation 3.15 into 3.13b yields

Equation 3.16.
BE. (x+2x%) (3.15)
2| KIE], |
2K[M], 2\e _ o2 2
K[E]. (X+2x°)" =(K[E], —x—2x")(1+ 2X+2X") (3.16)

This expression can be rearranged into a polynomial by introducing the parameters a (= [M]o/[E]o)

and b (= K[E]o) into Equation 3.16 to yield Equation 3.17.
4x*(2a+1) +2x° (4a+3)+2x*(a-b—-2)+ x(1-2b) b =0 (3.17)

Since the total concentrations of monomers ([M]o) and end-groups ([E]o) were known for each
mixture of AQ2PQ2A and OPV-QgA, the quantity a was known experimentally. Different K values
were assumed and for a given K value, a value for b was obtained for each [E], concentration,
which was used to solve Equation 3.17 and obtain x. In turn, x could be introduced into Equation
3.15 to yield y. Dividing the variables x and y by K yielded the concentrations [M1] and [E] of
unassociated monomers and end-groups, respectively, which could be used to calculate the
concentration of all the species M;, EM;, and EM;E from Equations 3.11a-c.

Since only the species EMi and EM;E, representing the oligomers capped with OPV-QgA,
could be probed in the TRFA experiments, their rotational times were estimated with Equations
3.18 and 3.19, respectively. In these equations, ¢e and ¢e2 are the rotational times of the OPV-QgA

unimers and dimers, determined to equal 0.79 and 1.4 ns, respectively.?* m refers to the
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contribution of one quinoline unit to the rotational time of an oligoquinoline foldamer, determined
to equal 0.057 (£0.001) ns.?® n(M,) refers to the number of quinoline units constituting an

AQ2PQ-A unit, which was taken as 4 in the calculations.

e, = P TMxn(M,) i (3.18)

¢EMiE :¢Ez +mxn(M,) xi (3.19)

Since the variables x and y had been determined for each mixture of AQ2PQ2A and OPV-QgA, the

theoretical average rotational times (<¢>car) could be calculated with Equation 3.20.

D [EM Ix gy, +2) [EME]x gy c X(L-2y)(fe +2x4, ) +2xymn(M,)(1L+2)

< ¢ >cal = = - i:og ‘
> [EM,1+23 [EM,E] (x+2x°)(1-2y)

(3.20)

For an assumed K value, <¢>ca could be calculated for each AQ2PQ-A and OPV-QsA composition
and was compared to the experimental rotational time <¢>ex, With the function #* defined in

Equation 3.21, where N represents the number of experiments having been conducted.
2 1 2
X :NZ(<¢>cal _<¢>exp) (3.21)

Minimization of »? in Equation 3.21 was accomplished by assuming different K values and
applying the procedure described above to determine a set of <¢>ca values obtained for the
complexation of AQ2PQ2A and OPV-QgA, which were compared to the experimental <¢#> values
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shown in Figure 3.2A. The 42 values obtained for different K were plotted as a function of K in
Figure B3 in Supporting Information. The plot could be fitted with a fourth order polynomial,

whose minimum yielded the optimum K value of 4.25x10° M.,

3.3.3 Analysis of the Intrinsic Anisotropy of the AQ2PQ2A Oligomers
As described in Equation 3.5, the TRFA experiments also yielded the intrinsic anisotropy, ro,
which is related to the angle between the absorption and emission dipole moments of a
chromophore.®® An r, value of 0.39 (+0.01) has been reported for OPV? and the short OPV-QnE
foldamers studied earlier were also found to have an r, value, that approached 0.40.3* The longer
OPV-QnE foldamers yielded lower ro values, and this decrease in ro, was attributed to a loss of
initial orientation between the absorption and emission dipole moments, probably due to wobbling
of the small OPV unit with respect to the much larger helical foldamers.3*

The ro values obtained for the complexation experiments between AQ2PQ2A and OPV-
QsA are presented in Figure 3.5. For mixtures of AQ2PQ2A and OPV-QgA in chloroform without
NaOH, r, remained constant and equal to 0.38 (+ 0.00), close to 0.4. For the dimerization studies
described in Chapter 2, rowas found to decrease from a value around 0.35-0.40, depending on the
length of the OPV-QnA foldamer, to ~0.25 with increasing concentration. The gradual decrease in
ro observed with increasing OPV-QnA concentration might have been a consequence of residual
re-absorption of the polarized fluorescence, that might have taken place at the higher foldamer
concentrations. In the present complexation studies, ro showed a near consistent decrease across
the entire range of AQ2PQ2A concentration studied when 16 M NaOH@q was added to the
solutions, taking an average value of 0.34 (+0.02) and 0.34 (+0.01) for the 1 and 10 uM OPV-QgA

solutions, respectively. The fact that no decrease in ro, was observed with increasing AQ2PQ2A
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concentration is reasonable, since the absorption of AQ2PQ2A does not overlap the fluorescence
of OPV-QsA (see Figure B4 in the Supporting Information (SI)) and a constant concentration of

dye was utilised.
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0.4 1 ©- o080 Q 0.4 Cpo-odoo5o——=2
N ZYA\JU A\ @O o U O A
_________ _A__A_A______A_A_A_ M-A-A_%___A_A_A__A_______
0.3 - A A 0.3 -
0.2 1 0.2 -
0.1 ~ 0.1 ~
0.0 . . 0.0 .
0 1 100 0.1 10
[AQ,PQ,A]/ [OPV-QgA] [AQ,PQ,Al/[OPV-QgA]

Figure 3.3. Plot of the intrinsic anisotropy (ro) as a function of the [AQ2PQ2A]/[OPV-QsA] ratio
before (@) and after (A) the addition of 0.1 g of 16 M NaOH ) for the complexation of

AQ2PQ2A with A) 1 uM and B) 10 uM of OPV-QsA.

Such a decrease in ro from 0.38 to 0.34 observed in both sets of data is typically attributed
to a loss in the initial orientation between the absorption and emission dipole moments, that would
occur on a much faster time scale than that probed in the TRFA measurements.?® Such an
instantaneous loss in orientation could be due to increased wobbling of the OPV unit with respect
to the helical foldamer, when the OPV-QgA moiety is interacting with an AQ2PQ-A oligomer via

ion-pairing and n—n forces. This ionic bond is expected to be weaker than the amide bonds linking
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two quinolines in a foldamer. Contrary to the dimerization experiments, where an increase in NU
resulted in more significant reductions in ro, the complexation between AQ2PQ2A and OPV-QsA
led to a slightly reduced but constant r, value, regardless of the length of the AQ2PQ2A oligomer

produced.

3.3.4 DISCUSSION

The increase in rotational time with increasing AQ2PQ2A concentration observed in Figure 3.2A
with the TRFA measurements suggested aggregation of the foldamers. However, one key question
to answer was whether the association of AQ2PQ2A occurred in a directional manner, through the
negatively charged carboxylate end groups, leading to the formation of extended complexes, or
randomly, leading to the formation of isotropic aggregates. That AQ2PQ2A association into long
extended oligoquinoline constructs occurred through its carboxylate end groups could be inferred
from the hypochromism discussed in the experimental section to determine the exact concentration
of the foldamers in chloroform after phase separation of the aqueous and organic phases. As shown
in Figure 3.1, hypochromism is observed for an AQ2PQ2A concentration between about 10 uM
and 1 mM. The 10 uM AQ2PQ2A concentration matches the onset of AQ2PQ2A association in
Figure 3.2A. The hypochromism identified in Figure 3.1 can only be the result of increased n—n
stacking between the quinoline units, that are located at the ends of the AQ2PQ2A constructs.
Consequently, the self-assembly of AQ2PQ2A requires n—n stacking of the terminal quinolines,
which demonstrates that it leads to the formation of extended polyquinoline chains, that must adopt
the helical conformation expected of oligoguinoline foldamers. The rigidity expected from these

helical constructs is also supported by the fairly large ro value of 0.34 (£0.02) obtained from the

75



TRFA experiments, indicating that little delocalisation is taking place between the absorption and
emission dipole moments of the OPV labels bound to the self-assembled AQ2PQ2A oligomers.
The K value obtained for the complexation between AQ:PQ.A and OPV-QsA was
determined to equal 4.25x10° M~ from the analysis described in Section 3.3.2, which was
performed by combining the results obtained with the experiments conducted with an OPV-QsA
concentration of 1 and 10 uM. This K value can now be compared to the K values obtained earlier
for the dimerization of the OPV-QnA foldamers. The effect, that the oligoquinoline length has on
K for the dimerization of the OPV-QnA foldamers, was investigated in Chapter 2. It was found that
K equaled 1.0 (+0.2)x10® M~ for the OPV-QnA foldamers withn =8, 17, and 33 but 1.1 (+0.1)x10°
M- for the OPV-Q4A sample. The 10-fold reduction in K found for the shorter construct was
attributed to its lower mass, which did not endow OPV-QsA with sufficient kinetic energy to
overcome the potential energy barrier generated by the electrostatic repulsion induced by the
negatively charged carboxylate anions located at the end of the oligoquinoline constructs. It is thus
interesting that the K value of 4.25x10° M~! obtained for the oligomerization of AQ2PQ2A, whose
size was similar to that of the tetraquinoline OPV-QA, is about half that found for the dimerization
of the OPV-QnA foldamers with n = 8, 17, and 33. The smaller size of AQ2PQ2A should make it
difficult for this construct to overcome the energy barrier generated by the intermolecular
electrostatic repulsion between the negatively charged end groups. Yet the equilibrium constant
for the oligomerization of AQ2PQ-A is about 4-fold larger than the K value found for the
dimerization of OPV-QsA, despite the fact that both constructs share a similar size. The 4-fold
larger K value found for the oligomerization of AQ2PQ2A is attributed to its two carboxylate anions

compared to OPV-QsA, which only bears a single carboxylate anion. Since the carboxylate anions
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promote the associations between the foldamers in chloroform, they promote the associations of
the doubly charged NaCQ:PQ:NaC species resulting in the larger K value found for its
oligomerization.

A single equilibrium constant K was assumed for the derivation of Equations 3.11 — 3.21,
that were applied to determine the equilibrium constant for the oligomerization of AQ2PQ2A.
While the use of a single equilibrium constant for the oligomerization of AQ2PQ2A might be view
as an oversimplification, the model represented the experimental trends fairly well. First, the <¢>cal
values retrieved with an equilibrium constant of 4.25x10° M~! showed a similar exponential
increase in rotational time with increasing [AQ2PQ2A]/[OPV-QgA] ratio as that observed for the
experimental <¢> shown in Figure 3.2A. Furthermore, the model also reproduced the shift by one
order of magnitude of the onset [AQ2PQ2A]/[OPV-QgA] ratio observed in Figure 3.2A for the
increase in the experimental <¢>, when the oligomerization experiments were conducted with an
OPV-QgA concentration of 1 and 10 uM. Together, these observations suggest that the
approximations made for the modelling of the oligomerization of AQ2PQ2A with a single
equilibrium constant were reasonable.

The oligomerization experiments yielded <¢> values that were as large as 6.2 ns in Figure
3.2A for OPV-QsA and AQ2PQ2A concentrations equal to 9.5x107% and 7.2x10* M, respectively.
Using the derivation described in Equations 3.11 — 3.21, the concentration profiles of the
AQ2PQ2A oligomers that were non-capped (M;), capped with one OPV-QgA (EM:;), and capped
with two OPV-QgA (EMIE), could be determined and were plotted as a function of their number
of quinoline units (NU) in Figure 3.4. Under these conditions, the dominant species appeared to

be the non capped AQ2PQ2A oligomers, followed by the oligomers capped with one OPV-QgA,
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with the doubly capped oligomers being the sparsest species. The number- (NU,) and weight-
(NUy) average NU could be determined based on the concentration profiles shown in Figure 3.4
and were found to equal 88 and 158, respectively, displayed as the vertical red and green lines,
respectively. Since the largest oligoquinoline foldamer synthesized to date had an NU of 96
quinolines, NU, and NUy, indicate that the self-assembled oligoguinoline species in this solution
would represent the largest, by far, oligoquinoline foldamers produced up to now. In fact, since
these species are the product of an association mechanism similar to condensation polymerization,
the oligoguinoline species had a broad NU distribution, implying that much larger species were
present in the solution. The polydispersity index (NUw/NUy) of this distribution approaches the
value of 2 expected for condensation polymerization at high conversion and equals 1.8 under the

present conditions.
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species in the solution prepared with [OPV-QsA] = 9.5x10-% M and [AQ2PQ2A] = 7.2x10~* M.
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The significance of the size of the oligoquinoline species generated in this experiment
cannot be understated. For comparison, the longest oligoquinoline foldamer prepared to date was
96 units long through time-consuming stepwise synthesis, with very low yields by the end of the
process.?’ The self-assembly of smaller, monomeric foldamer units such as AQ2PQ-A into longer
insertion products offers oligoquinoline products of much larger length, in large numbers, and in

much shorter times, although the products of this self-assembly are no longer monodisperse.

3.4 CONCLUSIONS

The associations between AQ2PQ2A and OPV-QgA in chloroform were investigated using TRFA.
These experiments were conducted at constant concentrations of OPV-QsA equal to 1 and 10 uM,
with varying amounts of AQ2PQ2A. The concentration of each species in solution was determined
by measuring the absorbance of the solutions and TRFA was applied to obtain the average
rotational time <¢> for these mixtures before and after the addition of 0.1 g of 16 M NaOH aqueous
solution. From the relationship between <¢> and foldamer size established in a previous
publication,?® the extent of self-association between oligoquinoline foldamers could be
characterized from the long insertion products generated by self-assembly in chloroform after
addition of 16 M NaOHq). The exponential increase obtained in Figure 3.2A by plotting <¢> as
a function of the [AQ2PQ2A]/[OPV-QgA] concentration ratio after the addition of base indicated
that the foldamers underwent an open association mechanism, resulting in the formation of a
mixture of products. These trends were then further analyzed to determine the equilibrium constant

controlling the formation of these complexes. It was found to equal 4.25x10° M~ for both sets of

79



data obtained with a constant OPV-QgA concentration of 1 or 10 uM. The negative carboxylate
anions generated by the deprotonation of the foldamer samples was driving this association, that
led to the formation of polar sodium carboxylate ion pairs shielded from apolar chloroform by the
oligoquinoline backbone. Additional stabilization of the complexes was provided by =-r stacking
between the terminal quinolines of the oligomerized foldamers. This was further illustrated by the
difference between the two <¢> profiles obtained for the 1 and 10 uM OPV-QgA concentrations,
where the <¢> of the 10 uM concentration began its exponential increase an order of magnitude
earlier in terms of the [AQ2PQ2P])/[OPV-QsA] ratio than that of the 1 uM concentration. The
increase in carboxylate anions increased the tendency for the foldamers to self-associate by
shielding the charges from apolar chloroform. The mathematical derivation conducted to
determine the equilibrium constant for the oligomerization of AQ2PQ2A provided the
concentration distribution of the different oligomers generated through self-association as a
function of their NU. Considering the solution prepared with the largest concentrations of
AQ2PQ2A and OPV-QgA, analysis of the concentration profiles provided in Figure 3.4 yielded an
NUn, and NUw equal to 88 and 158, respectively. These values indicated that much larger foldamers
must have been generated in solution than the longest foldamer of 96 units prepared synthetically
to date.?® Consequently, this study opens the path for the preparation of much longer

oligoquinoline constructs through self-assembly.
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Chapter 4

Conclusions and Future Work
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4.1 Summary of Thesis

Foldamers represent a class of artificial molecules designed to fold into a conformationally ordered
state,! dictated by non-covalent interactions when in solution.? The typical forces in such systems
include hydrogen bonding?, hydrophobic,* and -x stacking interactions,® which are often involved
in the process of self-assembly. Present in many biological phenomena,® self-assembly allows for
the generation of complex structures by spontaneous association under equilibrium conditions.’
Through combination of hydrogen bonding and aromatic stacking interactions, oligoquinoline-
based foldamers assume a rigid, helical conformation in solution.® Combined with their electron-
rich backbone,® these molecules make excellent candidates for molecular wires.** However,
elongation of these molecules by synthetic means becomes progressively more laborious with
increasing chain length.® If non-covalent forces could be harnessed to drive the self-assembly of
building blocks into larger foldamers, it would provide alternative, non-synthetic strategies to
conventional synthetic problems encountered for longer foldamers.

The first goal of this thesis was to demonstrate that OPV-labeled, carboxylic acid
terminated oligoquinoline foldamers of various lengths, referred to as OPV-QnA with n equal to
4, 8, 17, and 33, could self-assemble into well-defined complexes after deprotonation of their
terminal carboxylic acid in apolar choloroform. Since this complexation was a result of an
equilibrium between the carboxylate anions, experiments were conducted to determine the
equilibrium constant, K, that dictates the extent of complexation between the OPV-QnA constructs.
Complexation in a solution of most OPV-QnA foldamers led to the formation of dimers, while
mixed complexes were generated from mixtures of OPV-QsA with a 5-fold excess of unlabeled

Q16A. The two important parameters, that needed to be determined experimentally to characterize
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these equilibria, were the concentration of the foldamers in solution and the size of the complexes
created in solution. UV-Visible spectroscopy was used to determine the concentrations of the
foldamer species in solution. Time-resolved fluorescence anisotropy (TRFA) was applied to
characterize the size of the complexes by determination of their rotational times, ¢, a parameter
proportional to the hydrodynamic volume of the macromolecule, Vi. In turn, ¢ could be related to
the size of the complexes by taking advantage of a calibration curve established in earlier studies
between ¢ and the number of quinoline units (NU) that composed a series of OPV end-labeled,
methy| ester-terminated foldamers (OPV-QnE).!* Comparison of the ¢ values obtained for OPV-
QnA and OPV-QnE foldamers showed that the acids exhibited the same hydrodynamic behaviour
and helical conformation as their methyl ester counterparts. Measurements were then conducted
on foldamer samples before and after the addition of 0.1 g of 16 M NaOH aqgueous solution by
TRFA. The protonated foldamers in chloroform yielded constant ¢ values across 5 orders of
magnitude in concentration, confirming the absence of association even at the highest foldamer
concentrations of about 1 mM. The ¢ values obtained for protonated foldamers equaled 0.58
(+0.01), 0.80 (+0.02), 1.30 (+0.02), and 2.2 (£0.1) ns for OPV-QsA, OPV-QsA, OPV-Q17A, and
OPV-Qs3A, respectively. Addition of 16 M NaOH solution led to an increase in ¢ with increasing
concentration. In these experiments ¢ was taken as an average rotational time, <¢>, representing
the mixture of species expected in solution, that included the unassociated and complexed
foldamers. At concentrations below 0.1 uM, the <¢> values obtained for the OPV-QnA solutions
were those expected for the protonated and unassociated foldamers, confirming the absence of
association at this low foldamer concentration, due to the concentration-driven equilibrium. For

all the OPV-QnA samples studied, <¢> increased with increasing foldamer concentration until a
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plateau was reached at concentrations greater than 80 UM, where a single rotational time was
obtained, reflecting the generation of larger and well-defined objects in solution, as would be
expected from a closed association mechanism. The values obtained for <¢> in these plateau
regions were 0.98 (£0.01), 1.40 (£0.02), 2.50 (+0.03), and 4.40 (+0.04) ns for OPV-QsA, OPV-
QsA, OPV-Q17A, and OPV-Qs3A, respectively. The formation of a thermodynamically stable
species was induced by deprotonation of the carboxylic acid termini into sodium carboxylate
anions, which associated into ion pairs. The formation of ion pairs reduced the exposure of the
sodium carboxylate end groups to apolar chloroform, while the oligoquinoline foldamers allowed
their stabilization.

Plotting the <¢> values in the plateau region of the sigmoidal curves obtained after
exposure of the OPV-QnA samples to the 16 M NaOH aqueous solution, and referred to as ¢(),
yielded straight lines as a function of NU and 2xNU, whose slopes were, respectively, double and
the same as the slope of the straight line obtained by plotting ¢ for the OPV-QnA and OPV-QnE
samples in chloroform as a function of NU. This result indicated that the size of the OPV-QnA
aggregates formed by this closed association mechanism increased with increasing NU in the same
manner as the protonated OPV-QnA. This observation was taken as strong evidence that these
OPV-QnA aggregates were in fact dimers. The only difference between the lines obtained for the
unassociated OPV-QnA and OPV-QnE samples and the OPV-QnA complexes was the visible and
constant offset, attributed to the additional Vyx provided by the second OPV unit in the OPV-QnA
dimers. Mixtures between OPV-QgA with a 5-fold excess of QieA were also characterized by
TRFA and yielded the same sigmoidal trace as observed with the dimerization experiments. In the

high concentration regime after the addition of 0.1 g of 16 M NaOH aqueous solution, the expected

84



species in solution would consist of OPV-QsA dimers, complexes between OPV-QgA and QisA,
and QieA dimers, the latter species being unobservable by fluorescence. The TRFA data could be
analyzed by assuming a ¢ of 1.7 (20.1) ns of the complex formed between OPV-QgA and Qi16A,
which represented the rotational time of a hypothetical OPV-Qx4E foldamer.

Another parameter obtained by TRFA is the intrinsic anisotropy, ro, which is a function of
the angle between the absorption and emission dipole moments of a chromophore.* For OPV, r,
has been reported as 0.39 (£0.01),? which is close to the theoretical maximum of 0.4,
demonstrating parallel dipole moments. In an earlier study, it was found that r, decreased from a
value close to 0.4 with increasing length of OPV-QnE foldamers, which indicated an initial
orientation loss between the dipole moments,'! probably due to wobbling of the OPV moiety with
respect to the perpendicular axis of the foldamer helix. A similar effect was also observed for the
protonated foldamers and deprotonated foldamer complexes at the high concentrations, where
longer foldamers were generated, with ro values decreasing from ~ 0.35-0.40 to ~0.25. Since this
decrease in ro was significantly larger than that observed with increasing length of the OPV-QnE
foldamers, it was attributed to re-absorption of the polarized fluorescence. The most significant
decrease in rooccurred for the shortest construct studied, OPV-Q4A, for which r, reached its lowest
value of 0.18. This was taken as an indication that the shorter distance between the two OPV units
on the dimerized OPV-Q4A foldamer resulted in energy transfer between them, especially at higher
concentrations, where the dimer was generated.

The sigmoidal <¢>-vs[OPV-QnA] profiles obtained in Chapter 2 for the dimerization of
the OPV-QnA samples as well as the complexation between OPV-QsA and QisA were analyzed

by conducting a least squares optimization to retrieve the K values for these equilibria. The
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equilibrium constants were determined to equal 1.1 (20.1)x10°, 1.1 (+0.2)x10°, 7.8 (+0.4)x10°,
1.10 (+0.03)x10°, and 7.5 x10° M for the dimerization of OPV-QA, OPV-QsA, OPV-Q17A,
OPV-Q33A, and the complexation of OPV-QgA and Q1eA, respectively. For the longer constructs
studied, K took an average value of 9.4 (+0.2)x10° M, a value suggesting that foldamer
concentrations of about 1 mM are required to form the complexes. For comparison, the association
constant for compounds prepared from ureido-pyrimidinone, a well-known self-assembling
moiety capable of strong hydrogen bonding®® and frequently used in supramolecular
polymerizations, ranges from 10° to 10’ M? depending on the nature of their chemical
composition.** *> If the ureido-pyrimidinone-based compounds are capable of self-association, so
are the oligoquinoline foldamers as observed experimentally, since their K values are of a similar
magnitude. This self-association mechanism suggests that molecular wires of well-defined length
could be prepared by self-assembly of oligoquinolines, whereby the last, and usually most
synthetically demanding step consisting in clicking two long oligoquinolines together, could be
dramatically simplified.

Having demonstrated that the deprotonation of OPV-QnA constructs led to their
dimerization in chloroform, this interesting self-association mechanism was exploited to examine
the oligomerization between monomeric units of AQ2PQ-A and OPV-QgA, which would act as a
fluorescent capping agent. Again, UV-Visible spectroscopy was used to determine the
concentrations of the foldamer species in solution, but was complicated by hypochromicity
affecting the AQ2PQ2A species at high concentrations.*® At AQ2PQ-A concentrations larger than
10 uM, a decrease in absorbance was observed for AQ2PQ2A after the addition of 0.1 g of 16 M
NaOH, which was attributed to interactions between the terminal quinolines induced by aromatic
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stacking. For AQ:PQ:A, £326 nm) was found to equal 27,700 (+400) M-t.cm'in pure
chloroform solution without NaOH but decreased gradually to 18,900 (+200) M-t.cm= at
concentrations larger than 1 mM in the presence of NaOH. Accounting for this effect enabled the
determination of the concentration of deprotonated AQ2PQ2A in chloroform. This effect was also
used to confirm that the AQ2PQ2A monomers must have been associating via their end quinolines
resulting in the formation of elongated complexes.

TRFA was also applied to characterize the extent of oligomerization, by monitoring the
average rotational time as a function of the ratio between AQ2PQ2A and OPV-QgA concentrations.
Two sets of experiments were conducted with constant concentrations of OPV-QgA equal to 1 and
10 pM, and with varying concentrations of AQ2PQ-A that spanned 4 orders of magnitude. The
species expected to form in solution through complexation between AQ2PQ2A and OPV-QgA
included free AQ2PQ2A and OPV-QsA, OPV-QgA dimers, and elongated AQ2PQ2A complexes of
various lengths, that would be terminated by no, one, or two OPV-QsA moieties, with each OPV-
QsA terminated complex having its own rotational time. For [AQ2PQ2A]:[OPV-QsA] ratios
smaller than 50 and 6, TRFA decays were well fitted with a single rotational time, whereas ratios
greater than 50 and 6 required two rotational times for the experiments conducted with OPV-QsA
concentrations of 1 and 10 uM, respectively. For these analyses, the average rotational time, <¢>,
was used to represent the numerous labeled species present in the mixture. Without 16 M NaOH (ag),
<¢> remained constant and equal to 0.81 (+0.02) ns, matching the values of unassociated OPV-
QsA foldamers. Upon addition of 16 M NaOH ), the rotational times obtained for AQ2PQ2A and
OPV-QsgA equaled 1.09 (£0.03) and 1.16 (£0.04) ns at low [AQ2PQ2]/[OPV-QsA] ratios for the 1
and 10 uM conditions, respectively. This discrepancy between the rotational times obtained at
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different OPV-QgA concentrations agreed with the values of 1.04 (£0.02) and 1.24 (£0.01) ns
determined from the association curves of OPV-QgA at concentrations of 1 and 10 uM. An
exponential increase in rotational time was obtained after the addition of 16 M NaOH,
demonstrating the formation of larger objects in solution via an open association mechanism in
both sets of experiments as a result of the deprotonation of the carboxylic acids of AQ2PQ2A and
OPV-QgA. Similarly to the OPV-QnA complexation studied in Chapter 2, deprotonation of the
terminal carboxylic acids by NaOH yields sodium carboxylate (NaC) ions, that minimize their
exposure to apolar chloroform through pairing, which leads to the formation of longer insertion
products, held together by the associated ion pairs and stabilized in chloroform by the
oligoguinoline moieties. The consistency of this effect was demonstrated by conducting these
experiments with two OPV-QgA concentrations, where the increase in <¢> began at a
[AQ2PQ2A]/[OPV-QgA] ratio that was one order in magnitude larger for the 1 UM than with the
10 uM OPV-QgA concentration.

The trends obtained for these complexation experiments were analyzed by a least squares
optimization to yield the optimal K value for that system, following the same procedure as that
applied for the dimerization and complexation studies in Chapter 2. The equilibrium constant was
determined to equal 4.25x10° M~ by combination of both sets of experiments. From Chapter 2,
the K values determined for the OPV-QnA constructs with n = 8, 17, and 33 were found to equal
1.0 (0.2)x10® M-* on average, but K took a much lower value of 1.1 (+0.1)x10° M for the
shorter OPV-QsA construct. The decrease of K by one order in magnitude for OPV-QsA was
attributed to its inability to overcome the repulsion between two negatively charged sodium
carboxylates of the oligoquinoline foldamers. A same effect should also apply to the AQ2PQ2A
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monomers, which are composed of four quinolines each, yet, K obtained for the complexation of
AQ2PQ-A and OPV-QsA mixtures was roughly 4 times greater than that for the dimerization of
OPV-QsA. This increase in K for the oligomerization of AQ2PQ2A was most certainly a result of
its double acid functionalization, which must have increased its drive to shield its ionic ends from
apolar chloroform.

The self-association of shorter AQ2PQ2A monomeric units into longer oligoquinoline
complexes provides an avenue for the production of quinoline-based molecular wires in solution.
During the oligomerization experiments, <¢> values as large as 6.2 ns were obtained for OPV-
QsA and AQ:PQ.A concentrations equal to 9.5x10-° and 7.2x10* M, respectively. At these
concentrations, the three main species present in solution were the AQ2PQ2A complexes with no
(Mj), one (EM;), and two (EME) OPV-QsA moieties. The concentration profiles of these three
species plotted as a function of NU revealed that the prevalent species in solution was that of the
unlabeled complexes, followed by the singly capped products, and finally, the doubly capped
complexes. Based on these concentration profiles, the number- (NU,) and weight- (NUw) averages
of NU were determined, and found to equal 88 and 158 units, respectively. Considering that the
largest oligoquinoline segment synthesized to date is 96 units long,® these experiments
demonstrated that the self-association of oligoquinoline foldamers can produce complexes whose
size is competitive with that of oligoquinolines prepared via conventional synthetic methods, if
not larger if the broad NU distribution is taken into consideration.

Lastly, the intrinsic anisotropy, ro, was determined by TRFA for the AQ2.PQ2A and OPV-
QsA mixtures. For those samples studied before the addition of 0.1 g of 16 M NaOH aqueous

solution, ro remained constant and equal to 0.38 (£0.00) for the 1 and 10 uM OPV-QgA
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concentrations, and at all concentrations of AQ2PQ2A. After addition of base, ro displayed a nearly
constant decrease relatively to those samples in pure chloroform, with values of 0.34 (+0.02) and
0.34 (x0.01) for the 1 and 10 uM OPV-QgA solutions, respectively. For the dimerization studies,
the decrease in ro from ~0.35-0.40 to ~0.25 at higher OPV-QnA concentrations had been attributed
to re-absorption of the polarized emissions from one chromophore to another. No decrease in ro
upon increasing the AQ2PQ2A concentration was found, as would be expected since a constant
concentration of OPV-QgA was employed in these experiments. Consequently, the decrease in ro
observed for mixtures of AQ2PQ2A and 1 or 10 uM OPV-QgA was a result of orientation loss
between the absorption and emission dipole moments, probably due to the wobbling of OPV with
respect to the main axis of the foldamer helix when OPV-QsA associates with AQ.PQ.A.*! From
this perspective, the formation of oligoquinoline complexes combining a fairly extended length
and a satisfactory rigidity at high AQ2PQ2A concentrations suggests that the self-association of
AQ2PQ2A monomers provides a convenient, non-synthetic route towards the preparation of long

oligoquinoline constructs, with potential use as molecular wires.

4.2 Future Work

Throughout this investigation, the dimerization, complexation, and oligomerization of carboxylic
acid terminated oligoquinoline foldamers was induced by the deprotonation of the carboxylate end
groups upon exposure to 16 M NaOH aqueous solution. The equilibrium studies demonstrated that
shorter oligoquinoline foldamers had significantly lower K values, when compared to those
constructs prepared from oligoquinolines more than 8 units-long. This effect was attributed to the
inability of the shorter foldamers to overcome the potential energy barrier generated by the
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negatively charged carboxylate anions. In this context, it would be interesting to investigate the
effect of ionic strength on K by adding some salts soluble in chloroform such as sodium tetraphenyl
borate. The presence of salt would be expected to screen the electrostatic repulsion experienced
by the negatively charged sodium carboxylate, thus reducing the height of the potential energy
barrier, which would lead to an increase in K for AQ2PQ2A.1"*® Association of the shorter
foldamers could be enhanced by addition of concentrated solutions of sodium tetraphenylborate,
with continued exposure to sodium hydroxide to achieve the deprotonation of the carboxylic acids
of AQ2PQ2A in chloroform. The methodology based on TRFA presented in this thesis should
enable the determination of K as a function of ionic strength, which would confirm whether adding
salt to the solution would result in an increase in K.

Another follow-up study based on the results obtained in this thesis would be to use atomic
force microscopy (AFM) to confirm that the oligoguinoline complexes composed of AQ2PQ2A do
indeed form long elongated wires. The association of AQ2PQ2A into longer complexes was
suggested in Chapter 3, where the hypochromism, or reduction in absorbance by aromatic stacking
interactions, served as proof that complexation occurred through the quinolines located at the ends
of AQ2PQ2A and led to the formation of linear polyquinolines, as opposed to random, undefined
AQ2PQ.A aggregates. Using AFM to image the AQ2PQ2A complexes would confirm the
formation of a distribution of ordered structures as expected for these oligoquinoline foldamers.
One potential barrier in the application of this technique is the macromolecular sizes that can be
detected by AFM. In one example, a poly(oligo(ethylene glycol) methyl ether methacrylate)
(PEG19MA) with number- (Mn) and weight- (Mw) average molecular weights of 134,000 and

193,000 g-mol-1, respectively, was imaged by AFM.*® The polymer length ranged from 20 to 90
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nm with a 10-20 nm diameter and a 0.5-1.0 nm height, in agreement with the dimensions expected
from pyrene excimer fluorescence experiments.'® For the polyquinolines, the number, NU, and
weight, NUy, averages of NU determined in Chapter 3 were found to equal 88 and 158 units,
respectively. Considering that the helical diameter is 2.0 nm with rise of 0.136 nm per quinoline,
NUn and NUy correspond to 12 and 21 nm, respectively.!! These dimensions suggest that
AQ2PQ-A could be imaged by AFM. In terms of sample preparation, the solvent would need to be
evaporated to conduct the AFM measurements, thereby increasing the AQ2PQ2A concentration
and, consequently, the length of the complexes as well. These conditions may not be representative
of what occurs in solution but may illustrate the fact that linear rods are being formed rather than

random aggregates.
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Appendices

Appendix A — Supporting Information for Chapter 2
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Figure Al. Fluorescence decays for OPV-labeled octamer in chloroform (with residuals and

autocorrelation of the residuals) acquired with vertically polarized light at 479 nm and with the

emission at 510 nm obtained with the emission polarizer placed A) at the magic angle (Ilvm(t)), B)

vertically (Ivv(t)), and C) horizontally (lvn(t)).
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Figure A2. Fluorescence decays for OPV-labeled octamer in chloroform after the addition of 0.1
g of 16 M NaOH aqueous solution (with residuals and autocorrelation of the residuals) acquired
with vertically polarized light at 479 nm and with the emission at 510 nm obtained with the

emission polarizer placed A) at the magic angle (Ivwm(t)), B) vertically (Ivv(t)), and C) horizontally

(Ivh()).
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Figure A3. Plot of ¥ as a function of logio(K) for A) OPV-Q.A, B) OPV-Q17A, and C) OPV-Qs3A
fitted with third order polynomials yielding K values of 1.1 (+0.1)x10° M, 7.8 (+0.4)x10° M |

and 1.10 (£0.03)x10°% M- at their minimum, respectively.
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Table Al. Parameters obtained from the global analysis of lvv(t) and lvn(t) for the OPV-Q4A

samples in chloroform.

mexpscatbg aniso01d-extension
Concaelr&t/lr)a tion (;g) 2 (;g) o (rﬁ) y2 | G-factor | extension
6.3 170 | 113 | 1.70 | 0.294 | 0.73 | 1.15 0.51 7K
33 172 1 1.02 | 1.72 | 0.248 | 0.86 | 1.05 0.55 7K
170 177 | 1.09 | 1.78 | 0.187 | 0.94 | 0.99 0.63 4k
313 1811109 | 1.83 | 0.166 | 0.99 | 1.10 0.66 4k
532 1831099 | 185 | 0.171 | 097 | 1.10 0.65 4k
681 184 1106 | 1.85 | 0.179 | 098 | 1.01 0.64 4k
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Table A2. Parameters obtained from the global analysis of lvv(t) and lvu(t) for the OPV-Q4A

samples in chloroform after addition of 0.1 g of 16 M NaOH aqueous solution.

mexpscatbg aniso01d-extension
Conczﬁrll\;r)a tion (;‘;) y2 (;g) o (n¢s) v2 | G-factor | extension
0.3 171|108 | 1.72 | 0.377 | 0.57 1.01 0.47 4k
0.7 172 1111 172 10397 | 058 | 101 0.47 4k
1.3 172 1109 | 1.72 | 0.392 | 0.58 | 0.99 0.47 4k
2.8 172 1103 | 1.72 | 0.384 | 0.60 | 1.00 0.47 4k
6.3 1.70 | 1.13 | 1.70 | 0.294 | 0.73 1.15 0.51 7K
33 172 1102 | 1.72 | 0.248 | 0.86 | 1.05 0.55 7K
170 177 1 1.09 | 1.78 | 0.187 | 0.94 | 0.99 0.63 4k
313 181109 | 1.83 | 0.166 | 0.99 | 1.10 0.66 4k
532 1831099 | 1.8 | 0.171 | 097 | 1.10 0.65 4k
681 1.84 | 106 | 1.85 | 0.179 | 0.98 | 1.01 0.64 4k

Table A3. Parameters obtained from the global analysis of lvv(t) and lvn(t) for the OPV-QsA

samples in chloroform.

mexpscatbg aniso01d-extension
Coniir&r)a tion (;;) 2 (;;) lo (rﬁ) y2 | G-factor | extension
0.013 161 | 114|161 | 0376 | 0.77 | 1.16 0.42 7K
0.046 1.60 | 1.07 | 1.60 | 0.328 | 0.77 | 1.12 0.49 7k
0.077 1.60 | 1.06 | 1.60 | 0.315 | 0.83 | 1.20 0.49 7K
0.458 159 | 119|159 | 0327 | 1.01 | 1.21 0.43 7k
1.12 159 | 1.15 | 159 | 0.292 | 1.08 | 1.26 0.50 7K
62.3 1.61 | 1.04 | 1.61 | 0.350 | 1.30 | 1.09 0.42 4k
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Table A4. Parameters obtained from the global analysis of lvv(t) and lvu(t) for the OPV-QsA

samples in chloroform after addition of 0.1 g of 16 M NaOH aqueous solution.

mexpscatbg aniso01d-extension
Coniﬁr&r)atlon (;‘;) y2 (;2) o (r?s) v2 | G-factor | extension
0.013 161|114 | 161 | 0.376 | 0.77 | 1.16 0.42 7K
0.046 160 | 1.07 | 1.60 | 0.328 | 0.77 | 1.12 0.49 7k
0.077 1.60 | 1.06 | 1.60 | 0.315 | 0.83 | 1.20 0.49 7K
0.2378 159 | 105|159 | 0.384 | 0.90 | 1.07 0.42 7k
0.458 159 119|159 |0327 | 101|121 0.43 7K
0.558 1.60 | 1.06 | 1.60 | 0.363 | 1.02 | 1.03 0.43 7k
1.12 159 | 1.15 | 1.59 | 0.292 | 1.08 | 1.26 0.50 7K
4,74 158 | 1.08 | 1.58 | 0.355 | 1.16 | 1.08 0.42 7K
62.3 161 104|161 | 0.350 | 1.30 | 1.09 0.42 4k
101 163 | 1.12 | 1.63 | 0.300 | 1.37 | 1.18 0.47 7K

Table A5. Parameters obtained from the global analysis of lvv(t) and Ivu(t) for the OPV-Q17A

samples in chloroform.

mexpscatbg aniso01d-extension
Conc(flr&t/lr)a tion (;2) z2 (;g) o (ri) v2 | G-factor | extension
17.5 159 | 115|159 | 0.326 | 2.20 | 1.08 0.42 7K
36.9 160 | 0.99 |1.60| 0.318 | 2.30 | 1.07 0.41 7K
69.2 159 | 1.06 |1.63 | 0.241 | 2.41 | 1.03 0.52 4k
97.4 160 | 1.10 | 165 | 0.244 | 251 | 1.07 0.53 4k
137 1.63 | 1.07 | 167 | 0.245 | 251 | 1.16 0.51 4k
314 1.66 | 1.00 | 1.69 | 0.252 | 2.45 | 1.08 0.51 4k
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Table A6. Parameters obtained from the global analysis of Ivv(t) and Ivu(t) for the OPV-Q17A

samples in chloroform after addition of 0.1 g of 16 M NaOH aqueous solution.

mexpscatbg aniso01d-extension
Conczar&r; tion (fé) » (fé) ro (n¢s) w2 | G-factor | extension
0.035 159 |1.08 | 159 | 0.373 | 1.26 | 1.02 0.41 4k
0.057 160 | 1.05 | 1.59 | 0.365 | 1.28 | 0.99 0.42 4k
0.088 158 | 1.07 | 158 | 0.368 | 1.31 | 1.05 0.43 7K
0.185 158 | 1.02 | 158 | 0.359 | 1.38 | 1.05 0.38 7K
0.373 158 | 1.06 | 1.58 | 0.339 | 1.51 | 1.06 0.41 7K
1.65 158 | 1.05 | 158 | 0322 | .77 | 1.05 0.44 7K
3.19 157 | 110|157 ]0321 | 195 | 1.10 0.44 7K
8.70 158 | 0.96 | 1.58 | 0.323 | 2.09 | 1.10 0.42 7K
17.5 159 | 115|159 | 0.326 | 220 | 1.08 0.42 7K
36.9 160 | 0.99 | 1.60 | 0.318 | 2.30 | 1.07 0.41 7k
69.2 159 | 1.06 | 1.63 | 0.241 | 2.41 | 1.03 0.52 4k
97.4 160 | 1.10 | 1.65 | 0.244 | 251 | 1.07 0.53 4k
137 163 | 1.07 | 1.67 | 0.245 | 251 | 1.16 0.51 4k
314 166 | 1.00 | 1.69 | 0.252 | 2.45 | 1.08 0.51 4k
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Table A7. Parameters obtained from the global analysis of l\(t) and Ivu(t) for the OPV-Qs3A

samples in chloroform.

mexpscatbg aniso01d-extension
Conczar&r)a tion (;‘;) » (;g) ro (n¢s) 72 | G-factor | extension
0.050 159 | 0.98 | 1.59 | 0.323 | 2.33 | 1.03 0.43 7K
0.810 159 | 1.05 | 1.59 | 0.325 | 2.08 | 1.09 0.43 7K
11.3 158 | 1.05 | 1.58 | 0.332 | 2.27 | 1.09 0.43 7K
190 161 | 1.05 | 1.64 | 0.245 | 210 | 1.10 0.52 7K

Table A8. Parameters obtained from the global analysis of Ivv(t) and Ivx(t) without r. for the

OPV-Qz3A samples in chloroform after addition of 0.1 g of 16 M NaOH aqueous solution.

mexpscatbg aniso0X-ext

Conc. | 1o To <@> G- X-ext.
@M | () | ¥ s | ™ (f;) fo2 (fg) (n¢s) factor | X

0.025 | 1.59 | 0.96 | 1.59 | 0.316 | 2.26 | 0.000 | 0.00 | 2.26 | 0.42 0.99 1d-7k
0.053 | 1.61 | 1.00 | 1.61 | 0.318 | 2.31 | 0.000 | 0.00 | 2.31 | 0.43 1.02 1d-7k
0.446 | 1.61 | 1.09 | 1.61 | 0.287 | 3.18 | 0.070 | 0.79 | 2.71 | 0.42 1.06 2d-3k
2.07 [ 161099 |1.61]0.265|3.77 | 0.065|0.50| 3.12 | 042 1.03 2d-3k
549 | 159|100 ]159|0.283|4.31]0.087|0.81] 3.49 | 0.38 1.12 2d-3k
11.0 | 159 ]1.12 | 159 | 0.27 |551|0.112 | 0.74 | 412 | 0.34 1.10 2d-3k
33.0 | 161097 |161]0.216|5.15|0.069 | 0.65| 4.06 | 0.46 1.01 2d-3k
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Table A9. Parameters obtained from the global analysis of hw(t) and Ivu(t) with re for the OPV-Qs3A samples in chloroform after

addition of 0.1 g of 16 M NaOH aqueous solution.

in2xpscbgk aniso02d-4k
Concentration | to1(ns) a1 to2 (NS) a x2 to (nS) h 2 r ) ro lo & total ro G
(M) (ns) (ns) (ns) factor
61.08 1.47 0.58 1.76 0.42 1.04 1.60 | 577 | 1.08 | 0.192 | 0.72 | 0.071 | 0.005 | 4.40 | 0.27 | 0.49
79.55 1.65 0.85 1.16 0.15 | 0941 | 161 | 580 | 1.05 | 0.207 | 0.61 | 0.070 | 0.074 | 449 | 035 | 0.39
261.70 1.80 0.23 1.63 0.77 1.01 1.67 | 5.06 | 1.13 | 0.197 | 0.87 | 0.033 | 0.170 | 4.46 | 0.40 | 0.33
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Table A10. Parameters obtained from Ivm(t) with inlxpscbgk and the global analysis of Iw(t)

and Ivnx(t) with inaniso01d7k for OPV-QgA and Q1A sample mixtures in chloroform.

Concentrations (UM) mexpscatbg aniso01d-extension
[ecid] [[OQAT[[QuAl | w0 | ., [ w [ | ¢ | . | G |
©M) | @M) | @M | (s) | X ] s) | ° | (ns) | % | factor | T
0.087 | 0.012 | 0.075 | 159 | 116 | 159 | 0.339 | 0.77 | 119 | 0.50 7K
1.32 | 0.196 112 | 159 | 1.00 | 159 | 0382 | 0.78 | 1.04 | 0.44 7K
12.6 1.90 10.7 | 159 | 093 | 159 | 0373 | 0.80 | 0.98 | 043 7K
516 434 822 | 1.61 | 113 | 163 | 0311 | 0.82 | 1.05 | 0.49 4k

Table Al1. Parameters obtained from the global analysis of lvv(t) and lvn(t) for the OPV-QsA

and Q16A samples in chloroform after addition of 0.1 g of 16 M NaOH aqueous solution.

Concentrations (UM) mexpscatbg aniso01d-extension

[ocid] [[0QA] [[QueAl | w |, | © | (| ¢ | , | G [
(M) | (M) | (M) | (ns) (ns) (ns) factor
0.040 | 0.0046 | 0.0311 | 162 | 1.13 | 162 | 0.398 | 0.83 | 1.11 | 042 7K
0.100 | 0.0127 | 0.0855 | 162 | 1.06 | 1.62 | 0.369 | 0.84 | 1.13 | 0.44 7K
0.140 | 0.0182 | 0.122 | 161 | 1.09 | 161 | 0384 | 0.81 | 1.08 | 0.44 7K
0.230 | 0.0330 | 0.195 | 160 | 1.07 | 160 | 0.367 | 0.85 | 1.21 | 0.43 4k
0.650 | 0.0975 | 0554 | 160 | 1.03 | 1.60 | 0.348 | 1.02 | 1.02 | 0.44 7K
1.32 0.196 1.12 1.61 1.17 161 | 0.341 | 1.09 1.19 0.44 7k
424 | 0.636 | 360 | 1.60 | 1.15 | 160 | 0338 | 1.18 | 1.18 | 043 7K
46.9 7.70 39.2 | 160 | 1.09 | 1.62 | 0.270 | 1.33 | 1.07 | 0.47 4k
82.5 13.7 68.8 | 159 | 122 | 1.62 | 0.278 | 146 | 0.97 | 0.49 4k
160 27.2 133 158 | 1.10 | 1.62 | 0.275 | 167 | 1.05 | 0.43 4k
558 96.9 461 162 | 1.04 | 164 | 0286 | 1.63 | 1.10 | 0.48 4k
937 156 781 167 | 1.10 | 1.69 | 0.284 | 166 | 1.04 | 0.50 4k
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Appendix B — Supporting Information for Chapter 3
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Figure B1. Fluorescence decays for a mixture of 261 pM AQ2PQ2A with 10 uM of OPV-labeled
octamer in chloroform without 16 M NaOHaq) (with residuals and autocorrelation of the residuals)
acquired with vertically polarized light at 479 nm and with the emission at 510 nm obtained with
the emission polarizer placed A) at the magic angle (lvm(t)), B) vertically (Iw(t)), and C)

horizontally (lvu(t)).
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Figure B2. Fluorescence decays for a mixture of 384 uM AQ2PQ2A with 10 uM of OPV-labeled
octamer in chloroform after the addition of 0.1 g of 16 M NaOH aqueous solution (with residuals
and autocorrelation of the residuals) acquired with vertically polarized light at 479 nm and with
the emission at 510 nm obtained with the emission polarizer placed A) at the magic angle (lvm(t)),

B) vertically (Ivv(t)), and C) horizontally (lvn(t)).
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Figure B3. Plot of 2 as a function of logio(K) for mixtures of AQ,PQ.A and OPV-QsA fitted with

a fourth order polynomial yielding a K value of 4.25x10° M1
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Figure B4. Plot of the molar extinction coefficient of OPV-QgA (red) and AQ2PQ2A (black) in

chloroform (solid) without and (dashed) with the addition of 0.1 g of 16 M NaOH aqueous solution.
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Table B1. Parameters obtained from the global analysis of lvv(t) and Ivn(t) for mixtures of

AQ2PQ2A and 1 uM OPV-QsA samples in chloroform without 16 M NaOH ag).

mexpscatbg aniso01d-7k
[AQ2PQ2A] | [OsA] | [AQ2PQ2A] | 1o (ns) x> To (NS) o ¢ (ns) v2 | G-factor

/[OsA] (M) (LM)

0.182 1.50 0.273 1.59 1.07 1.59 0.39 0.81 0.99 0.43

0.235 151 0.355 1.58 1.08 1.58 0.39 0.78 1.00 0.45

0.625 1.52 0.950 1.59 1.04 1.59 0.38 0.83 1.01 0.44
1.32 0.815 1.07 1.59 1.01 1.59 0.38 0.80 1.03 0.44
3.09 1.52 4.69 1.59 1.05 1.59 0.39 0.80 111 0.44
4.18 1.54 6.43 1.59 1.12 1.59 0.38 0.83 0.98 0.43
7.52 1.60 12.1 1.59 0.92 1.59 0.39 0.82 1.02 0.44
18.6 1.32 24.6 1.59 0.98 1.59 0.39 0.81 1.04 0.43
455 1.93 87.8 1.59 1.09 1.59 0.38 0.86 1.00 0.43
55.4 0.952 52.7 1.59 0.96 1.59 0.38 0.81 1.02 0.44
126 1.32 166 1.59 1.13 1.59 0.38 0.80 1.09 0.43
286 0.803 230 1.58 1.04 1.58 0.39 0.82 1.02 0.43

Table B2. Parameters obtained from the global analysis of lvv(t) and lvn(t) for mixtures of

AQ2PQ2A and 10 uM OPV-QgA samples in chloroform without 16 M NaOH @g).

mexpscatbg aniso01d-7k
[AQ2PQ2A] | [OsA] (UM) | [AQ2PQ2A] | 1o (nS) x> To (NS) o ¢ (ns) x> G-factor

/[0sA] (M)

0.252 9.55 2.41 1.58 1.00 1.58 0.39 0.81 1.11 0.43
0.303 9.57 2.90 1.58 1.04 1.58 0.39 0.80 1.09 0.43
0.397 9.56 3.79 1.58 1.12 1.58 0.38 0.81 1.08 0.43
0.649 9.57 6.21 1.58 1.04 1.58 0.39 0.79 1.03 0.44
1.17 9.62 11.2 1.57 1.03 1.57 0.39 0.81 1.07 0.43
1.92 10.9 20.9 1.58 1.07 1.58 0.38 0.81 1.06 0.43
241 8.53 20.6 1.58 1.04 1.58 0.39 0.80 1.05 0.43
4.26 10.9 46.6 1.57 1.09 1.57 0.39 0.79 1.15 0.43
8.47 11.0 93.2 1.57 1.06 1.57 0.39 0.78 1.06 0.44
16.9 11.0 187 1.58 1.09 1.58 0.38 0.79 1.09 0.43
29.0 9.00 261 1.59 1.12 1.59 0.39 0.78 1.05 0.44
83.4 10.9 911 1.58 1.11 1.58 0.39 0.80 1.11 0.44
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and 1 pM OPV-QgA samples in chloroform with 0.1 g of 16 M NaOH aqueous solution.

Table B3. Parameters obtained from the global analysis of I\w(t) and IvH(t) using one rotational time for the mixtures of AQ2PQ2A

mexpscatbg aniso01d-7k
[AQ2PQ2A] | [OsA] (UM) | [AQ2PQ2A] To y2 To lo <¢p> y2 G-factor
/[0sA] (LM) (ns) (ns) (ns)
0.060 151 0.090 1.59 0.99 1.59 0.36 1.06 1.02 0.44
0.157 154 0.241 1.59 1.11 1.59 0.36 1.12 1.08 0.43
0.495 1.50 0.743 1.59 1.07 1.59 0.35 1.09 1.16 0.43
0.84 1.713 1.44 1.59 1.02 1.59 0.35 1.36 1.03 0.42
3.20 1.71 5.48 1.59 1.06 1.59 0.34 1.37 1.04 0.43
6.57 1.60 10.53 1.60 0.98 1.60 0.32 1.49 1.01 0.44
12.36 1.71 21.2 1.60 0.96 1.60 0.30 1.73 1.08 0.46
49.9 1.71 85.5 1.60 0.93 1.60 0.30 1.80 1.13 0.45

Table B4. Parameters obtained from the global analysis of Il\w(t) and IvH(t) using two rotational time for the mixtures of AQ2PQ2A

and 1 pM OPV-QgA samples in chloroform with 0.1 g of 16 M NaOH aqueous solution.

mexpscatbg aniso02d-3k
[AQ2PQ2A] | [OsA] (UM) | [AQ2PQ2A] | 1o x° To lo1 o1 lo2 @2 $? <¢> | lo(total) | G-
/[OsA] (LM) (ns) (ns) (ns) (ns) (ns) factor
152 1.71 260 160 | 1.03 | 160 | 012 | 0.82 | 0.21 | 440 | 102 | 3.07 | 0.33 | 043
317 1.71 543 161 | 1.04 | 161 | 0214 | 097 | 021 | 719 | 104 | 471 | 035 | 041
627 1.50 940 160 | 1.12 | 160 | 012 | 094 | 0.23 | 875 | 103 | 6.19 | 0.35 | 0.40
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Table B5. Parameters obtained from the global analysis of lvyv(t) and Ivu(t) using one rotational time for the mixtures of AQ2PQ2A and

10 puM OPV-QgA samples in chloroform with 0.1 g of 16 M NaOH aqueous solution.

mexpscatbg aniso01d-7k
[AQ2PQ2A] | [OsA] (M) | [AQ2PQ2A] | 1o (nS) x> o (NS) l'o <¢> x> G-factor
/[0sA] (M) (ns)
0.083 9.95 0.828 1.59 1.10 1.59 0.35 1.19 1.05 0.43
0.128 9.89 1.27 1.60 1.03 1.60 0.34 1.13 0.94 0.43
0.178 10.3 1.83 1.60 1.02 1.60 0.34 1.33 1.01 0.42
0.357 9.98 3.56 1.60 1.04 1.60 0.34 1.31 1.11 0.43
0.724 10.1 7.32 1.60 1.03 1.60 0.34 1.39 1.08 0.44
1.35 10.2 13.7 1.60 1.09 1.60 0.32 1.47 1.07 0.42
1.37 10.8 14.8 1.59 0.96 1.59 0.34 1.42 1.07 0.43
1.57 10.8 16.9 1.60 0.94 1.60 0.34 1.38 1.04 0.44
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Table B6. Parameters obtained from the global analysis of lvv(t) and Ivx(t) using two rotational time for the mixtures of AQ2PQ2A and

10 puM OPV-QgA samples in chloroform with 0.1 g of 16 M NaOH aqueous solution.

mexpscatbg aniso2d-3k
[AQ2PQ2A] | [OsA] (UM) | [AQ2PQ2A] | 1o ¥ | to(ns) | Tor | @i(ns)| Tre2 | ¢Ans) 2 <¢> | ToTotal) | G-factor
/[OeA] (LM) (ns) (ns)
6.24 10.3 64.4 1.60 | 1.09 1.60 0.15 1.06 0.19 4.15 1.05 2.79 0.33 0.42
10.6 12.1 129 1.60 | 0.92 1.60 0.14 0.86 0.20 4.56 1.03 3.03 0.34 0.42
19.2 10.9 210 1.60 | 0.97 1.60 0.12 0.94 0.19 5.11 1.07 3.50 0.32 0.44
40.6 9.47 385 160 | 1.01 | 1.60 0.13 0.98 0.20 7.63 1.06 5.09 0.33 0.43
76.2 9.47 721 160 | 1.11 1.60 0.12 0.83 0.25 8.79 1.05 6.14 0.37 0.39
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