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Ethylnaphthalene, 2-ethylnaphthalene, 1-acetonaphthone, 2-acetonaphthone, 1-naphthyl-
l-ethanol and 2-naphthyl-1-ethanol were studied. l-Ethylnaphthalene and 2-
ethylnaphthalene were contained within the primary binding site, while [-naphthyl-1-
ethanol, 2-naphthyl-1-ethanol, l-acetonaphthone and 2-acetonaphthone were contained
within the secondary binding site. The effect of the position of the substituent was only
noticed when the probc molecules formed weak interactions with the outside of the
primary aggregate, and not when the probe was complexed to one of the binding sites
present in the NaCh system.

The naphthalene probe molecules were also used to study the effect of ionic
strength on NaCh aggregate formation. It was found that primary aggregation occurred at
lower NaCh concentration as the ionic strength was increased. No effect of ionic strength
was observed on the formation of secondary aggregates.

All the findings in this study are consistent with an aggregation model in which
two distinct binding sites are present. The shape of the probe as well as its hydrophobicity
are critical to its interaction with the NaCh aggregates. From these dynamic studies it was
found that only a small number of NaCh monomers (6-13) are needed to define both the

primary and secondary binding sites.
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1 Introduction
1.1 Photophysics'?

The interaction of light with matter occurs with one of two main outcomes. If the
chemical nature of the matter is altered, resulting in the formation of a new chemical
species, the study of the interaction is known as photochemistry. If no chemical reaction
occurs, but there is a change in the quantum state of the molecule, the study of this
interaction is known as photophysics. Understanding the photophysics of molecules helps
not only in predicting photochemical mechanisms, but is also of use in understanding the

interactions of molecules in complex supramolecular systems.

1.1.1 Photophysical processes

Molecules undergo photophysical changes upon interaction with light of a certain
energy. Light in the ultraviolet (UV) and visible (vis) region of the electromagnetic
spectrum is most often used to induce electronic transitions within organic molecules.
Smaller amounts of energy are typically needed for rotational and vibrational transitions
to occur.

The most common pictorial description of light is that of an electromagnetic wave
of energy.’ The light absorbed by a molecule takes the form of a quantized packet of
energy known as a photon. The energy of a photon is critical for its interaction with an

organic molecule. The energy of a photon is calculated using Equation 1.1,



E=hv

Equation 1.1
where E is energy (J), h is Plank’s constant (6.63 x 10 J s), v is the frequency of the
light (s™).

As is clear from Equation 1.1, the energy of the photon increases as the frequency
of light is increased. In photophysical studies, the frequency of light is often reported in
terms of the wavelength of light (A) measured in nanometers. Wavelength increases
proportionally with a decrease in the energy of the photon, thus re-writing Equation 1.1
leads to Equation 1.2,

E = hc/A
Equation 1.2

where ¢ is the speed of light (3.0 x 10®* ms™). Figure 1.1 shows the span of the
electromagnetic spectrum.
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Figure 1.1 The electromagnetic spectrum (adapted from ref. 1).

Upon excitation, a molecule in the electronic ground state is excited to a higher
energy state. The transition with the lowest energy occurs from the molecule’s highest
occupied molecular orbital (HOMO) to the (previously) lowest unoccupied molecular
orbital (LUMO). For a closed shell organic molecule, the HOMO is most often a s or t
bonding orbital or a non-bonding orbital (n). The LUMO, on the other hand, is most often
a o* or * anti-bonding orbital. The most common electronic transition for alkenes,
alkynes and aromatic molecules to undergo is a 1t to t* transition, whereas molecules

containing a carbonyl functional group often undergo an n to mt* transition.

1.1.2 Photophysics involving unimolecular processes
Upon the absorption of light, a molecule is excited from its electronic ground state

to a higher energy electronic state. There are a number of deactivation pathways that a
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molecule can undergo in order to return to the ground state. The pathways are classified

in two main categories: if the molecule emits light as it returns to the ground state, the
process is classified as a radiative transition; if there is no emission involved in the
deactivation of the molecule, the process is classified as a non-radiative transition. The
deactivation pathway that occurs depends on numerous factors in regard to each
molecule, including the solvent that is used, the electronic state of the molecule and/or
the presence of other molecules. Figure 1.2 is a schematic energy level diagram
developed by Jablonski that shows the excitation of a molecule and all the possible

unimolecular deactivation pathways.?
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Figure 1.2 Jablonski energy level diagram: Solid arrows represent radiative processes
(absorption (Abs), fluorescence (F), phosphorescence (P), and triplet-triplet absorption

(T-T.)), while zigzagged arrows represent non-radiative process (internal conversion

(IC), intersystem crossing (ISC), and vibrational relaxation (VR)).

1.1.2.1 Non-radiative Processes

Closed-shell organic molecules usually exist in singlet ground states, where all
electrons are paired. The multiplicity of a molecule is calculated by Equation 1.3, where
S is the total electron spin. Thus, a singlet state multiplicity arises when all electrons are

paired (total spin (S) = 0).

Multiplicity =2S + 1

Equation 1.3
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Vibrational relaxation occurs between vibrational levels of the same electronic

state (e.g. between v = 3 and v = 0 of Sy). In solution, due to the interaction with solvent
molecules, this process is known to occur very rapidly (10 s).?> Internal conversion
occurs for a transition between two electronic states that have the same spin multiplicity
(e.g. S, to S,). Intersystem crossing occurs for a transition between two electronic states
that have different spin multiplicity (e.g. S, to T,) and is known as a forbidden process.
Any process involving a spin flip is a forbidden process. The term “forbidden” typically
refers to transitions that are not probable but may still occur. Transitions are considered
forbidden based upon the symmetry selection rules, which state that if the overlap
integral of the wavefunctions is equal to one the transition is allowed; whereas if the
integral is equal to zero the transition is forbidden. As singlet-singlet transitions have an
overlap integral of one, while singlet-triplet transitions lead to an integral of zero, the
former are spin-allowed transitions, while the latter are considered spin-forbidden.
However, mixing between the zeroth-order molecular wavefunctions, due to coupling
between electronic and nuclear motion, allows some symmetry-forbidden transitions to

occur.

1.1.2.2 Radiative Processes
1.1.2.2.1 Absorption of light

Absorption involves the interaction of a photon of light that has the correct
energy, with the chromophore (light absorbing portion) of a molecule. The absorbance of
a solution is measured by comparing the intensity of the incident light (I,) to the intensity

of transmitted light (I). Alternatively, the absorbance of a sample can be determined if the
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concentration of the sample (c), the pathlength the light must travel through the sample

(1), and the molar absorptivity coefficient (€) are known. This relationship is shown in

Equation 1.4, and is known as the Beer-Lambert Law,

Abs = -log (I/1,) = &cl
Equation 1.4

where Abs is the absorbance, I, is the intensity of incident light, I is the intensity of
transmitted light, ¢ is the concentration of the absorbing species, € is the molar

absorptivity of the absorbing species, and | is the pathlength through which the light must

travel.

The probability of light absorption occurring is affected by factors such as the
energy of the light, and the likelihood of the transition, which is dependent upon the
polarizability of the molecule. The probability of a transition occurring will be higher for
an allowed process than for a forbidden one. The polarizability is important, because as
light interacts with a molecule it will induce a dipole moment in the molecule’s electron
cloud, which in turn will allow the promotion of an electron from one type of orbital to
another (vide infra). The probability of light absorption occurring is contained within the
€ term of the Beer-Lambert law.

The structure of the absorption spectrum relies on the difference in the molecule’s
ground state and excited state structure, which depends upon the molecule’s rigidity.
Based on the Frank-Condon principle, the strongest electronic transition occurs between
the lowest vibrational level (v,) of the electronic ground state (S,) and the vibrational
level (v,) of the excited state (S,) of a molecule, where the largest overlap of vibrational

wavefunctions occurs. If there is little change in the nuclear configuration of the two
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states, the transition will occur at a lower overall energy. However, if there is a large

change in the nuclear configuration the transition will occur at a higher energy. The
rigidity of the molecule also helps in understanding the effects of the structure on the
absoption spectra. In a rigid molecule, the vibrational levels are further apart, leading to
a vibrationally structured absorption spectra; this is not the case for a flexible molecule,

as the vibrational levels are closer together.

1.1.2.2.2 Fluorescence emission

Fluorescence is the emission of radiation that takes a molecule from an excited
state to a lower energy state with retention of the spin multiplicity. The most common
fluorescence emission involves transitions between the S, and S, electronic states of the
molecule. Though this is the only fluorescence emission illustrated in the Jablonski
diagram (Fig. 1.2), it should be noted that fluorescence may occur between any two

different excited states with the same multiplicity.

1.1.2.2.3 Phosphorescence emission

Phosphorescence is similar to the radiative process of fluorescence, the major
difference being that deactivation occurs with a change in the spin multiplicity. The most
common phosphorescence emission occurs for molecules decaying from the excited T,

state to the S, ground state. Phosphorescence does not occur readily for most organic

molecules as ISC is a more predominant process.



1.1.2.3 Kinetic measurements of lifetimes

With modern day instrumentation it is possible to measure the lifetime for the
deactivation process of excited molecules. The lifetime of an excited molecule is
measured as the time it takes for the concentration of a species to fall to 1/e of the initial
value. The deactivation kinetics for the excited states of most organic molecules occur in
the microsecond to nanosecond time domain. The lifetime of the molecule gives
important insight into the molecule’s reactivity. Scheme 1.1 shows the deactivation of a

molecule M* to a lower energy state.

M* —» M+hv+AE
Scheme 1.1

As all radiative (r) and non-radiative (nr) processes occur simultaneously,
experimentally it is impossible to measure the rate constant for a radiative process
independently. This being the case, intrinsic rate constants are more commonly measured,
and the intrinsic rate constant, k, (Equation 1.5), takes into account all deactivation

pathways possible.

ko =2k, + Zkpy

Equation 1.5

The rate law for the deactivation of an excited state species is expressed as a sum

of all the processes that lead to the deactivation. For example, the rate law for the
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deactivation of the singlet excited state would take into account fluorescence, intersystem

crossing, and internal conversion (Equation 1.6).

—%[M'] = (ks +kisc +kic)M 1= ko[M']

Equation 1.6

Integrating Equation 1.6 leads to Equation 1.7, where [M*];, is the initial concentration of

the excited species M*.

IM"]=[M" e kot

Equation 1.7

The lifetime (t,) related to the decay of M* in Equation 1.7 is the reciprocal of the

sum of the rate constants for all the deactivation pathways possible (Equation 1.8).

1 1

oSk, +3ky) kg

Equation 1.8

1.1.2.4 Quantum yields
The quantum yield of a radiative process is given as the number of photons

emitted by that process relative to the total number of photons absorbed. For example, the
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fluorescence quantum yield, defined by the rate constants of the various deactivation

processes, is given by Equation 1.9.

k¢
L AT
f tkisc tkic

=kf‘l'o

Equation 1.9

1.1.3 Bimolecular photophysical processes
1.1.3.1 Excited state quenching

Quenching is a deactivation pathway for excited state molecules which differs
from the processes described in Section 1.1.2 above. As quenching introduces a new
deactivation pathway, it will affect the lifetime and/or concentration of excited state
molecules. Quenching reactions can be studied, as long as a measurable quantity such as
excited state lifetime, transient absorbance, or singlet excited state emission intensity is
affected by the addition of the quencher. Scheme 1.2 shows the bimolecular reaction of

an excited probe molecule (M") and a quencher (Q).

M+ Q—®M+ Q°
Scheme 1.2

The rate for the disappearance of the excited state probe (M") in the presence of a

quencher is given by Equation 1.10.

~ M1 = kM1 + koM Q)

Equation 1.10
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Quenching studies are normally carried out under pseudo-first order conditions,
where one of the reagents is present in excess over the other ([Q]>>[M’]). In the presence
of a quencher, the observed rate constant is therefore related to k, (the intrinsic rate
constant or the inverse of the lifetime), k, (the quenching rate constant), and the

concentration of quencher as is shown in Equation 1.11.

g ()
Tobs 7o

kobs = ko + kq[Q] or

Equation 1.11

Quenching reactions occur via numerous mechanisms, including energy transfer,
electron transfer, or charge transfer. The nature of these interactions may also vary from
collisional in nature (dynamic quenching), to occurring due to the complexation of a
ground state molecule with a quencher molecule before excitation (static quenching).

Figure 1.3 shows a combination of both the static and dynamic quenching mechanisms.

kg (dynamic)
PP+ Q —m» {P------ Q)"
hv || ks hv
KEq
P + Q ——>| {P------Q}

Figure 1.3 Mechanisms for dynamic and static quenching
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Equation 1.11 gave the relationships used to determine the quenching rate

constants. Multiplying the second of these equations by 1, leads to Equation 1.12, which
is used in time-resolved fluorescence studies. When studying the effect of quenching
using lifetime measurements, only the dynamic quenching mechanism is investigated.

Thus, Equation 1.12 gives rise to the dynamic quenching rate constant,

T,
0 =1+7,kq[Ql=1 + KgviQ]
Tobs
Equation 1.12

where Ky, is the Stern-Volmer constant.

Steady-state fluorescence quenching gives information on both static and dynamic
quenching. This is due to the fact that the area of the emission spectra, or the intensity of
emission, is affected by a decrease in the excited state lifetime (dynamic quenching) as
well a decrease in the number of fluorophores emitting (static quenching).

An equation (Equation 1.13) can be arrived at for steady-state fluorescence
quenching, which is similar to the equation used for time-resolved quenching (Equation
1.12). In this case, both static and dynamic quenching would contribute to the overall

value for the apparent Stern-Volmer constant (Ksy(app)).

I

Ao _
A 1

=1+(tokq + Kgq)[Ql=1+Ksy(app)(Ql

Equation 1.13

where Ao/A and Io/1 are the area of emission and intensity ratios, respectively.
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The value for Kgy can be determined for time-resolved experiments, while the

Ksv(app) is determined for steady-state experiments. It is of interest to note that in many
cases the mechanisms of static and dynamic quenching may be in competition with one
another. For static quenching, only the intensity of emission (or area of emission spectra)
is affected as there are fewer fluorophores emitting, but the lifetime of the fluorophore
would not be altered. By performing lifetime measurements, only the effect of dynamic
quenching is measured. By comparing results of lifetime measurements to those done in
the steady-state, conclusions can be drawn as to which quenching mechanism is
occurring. If the Stemm-Volmer constant agrees with the apparent Stern-Volmer constant,
only dynamic quenching is occurring. If the two constants disagree then most likely both
quenching mechanisms are occurring. If static quenching does compete with dynamic
quenching, it would be expected that the plot of T/t versus quencher concentration would
have a lower Ky value than the Ky (app) for a plot of A/A versus quencher

concentration.

1.1.3.1.1 Quenching within supramolecular systems

Quenching is of special interest when studying the interaction of a probe molecule
with a supramolecular system. The probe molecule may be located within various
environments due to the presence of the supramolecular system, and quenching studies
help identify the location in which the probe resides. In the simplest case, some excited
probe molecules may be located within the aqueous phase of a system, while others are
located within one supramolecular binding site. If the probe molecule is located within a

protected environment (binding site), the access of aqueous quenchers to the probe will
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be decreased. Thus, by following the quenching efficiency, the location of the probe can

be hypothesized.

When performing time-resolved fluorescence measurements in the presence of a
supramolecular system, more than one excited state species may be present. If the probe
molecules are located within two separate environments (i.e.: aqueous phase and one
binding site), the decay trace obtained will be the sum of the two decaying species. In this
situation, it is still necessary to compare steady-state to time-resolved data in order to
elucidate the mechanism of quenching for the system. In such situations, an average

lifetime has to be established for all the species decaying (Equation 1. 14),’

<T>= Zait;
Za;
Equation 1.14

where <T> is the average lifetime of the species decaying, a; is the pre-exponential factor
associated with the i term, and T, is the lifetime associated with the i* term, X a, is equal
to one, as the sum of all pre-exponential factors is normalized to one when fitting the

lifetime data.

Equation 1.14 represents the methodology of “amplitude average lifetime”, which
is favored over “intensity average lifetime” (Equation 1.15). The latter of these
methodologies is unreliable when there is a possibility of static quenching occurring, as it

emphasizes the longer lived component(s).**

Equation 1.15
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In time-resolved analysis, the static quenching component may be indicated by a
fast decay, and not only by the non-radiative process outlined in Figure 1.2. By using
Equation 1.15 as the basis for the analysis, the fast component would be underestimated,
giving rise to inaccurate data. Whether a fast component is present or not, using the
average lifetime equation (Equation 1.14) leads to a reliable comparison of the total
integrated area under the decay trace and the area under the steady-state spectrum.*$

Performing quenching studies on a laser flash photolysis system (see below) helps
in the understanding of the dynamic interactions of a probe molecule with a
supramolecular system. The assignment for the location of the probe molecule within the
supramolecular system (arrived at in the fluorescence experiments) can be supported by
quenching data for the triplet excited state or transient species. A new kinetic scheme
(Scheme 1.3) for the quenching process is necessary in order to take into account all the

processes occurring.
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where circles and shaded areas represent probe molecules and supramolecular systems,

respectively,

k_k,[H]
k,[Hl+k, +kq [Q)

Kobs = kp +k_ +kq(H[Q]~

Equation 1.16’

where k,, is the observed first order rate constant, k, is the decay of the species within
the host system, k_ is the dissociation rate constant, k (H) is the quenching rate constant
of the probe within the host system, [Q] is the concentration of quencher, Kk, is the
association rate constant, [H] is the concentration of host, k, is the intrinsic decay rate

constant in water, and k; is the quenching rate constant in water.

At low quencher concentrations, a quencher that resides mainly in the aqueous

phase will interact with the most accessible excited probe molecules, usually those
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located within the aqueous phase. At high quencher concentrations, the decay of the

probe in aqueous systems becomes very fast and the exit of the probe from the
supramolecular system becomes the rate-determining step.® Mathematically, it can be
seen that at high quencher concentrations, the last term in Equation 1.16 becomes
negligible and the function defined by the equation becomes linear.

The methodology for quenching of probes within a supramolecular system
(Scheme 1.3 and Equation 1.16) was originally developed for the study of mobility of
arenes in micelles.” The kinetic treatment takes into account different quenching
efficiencies for probes in the homogeneous phase, as opposed to those included within
the supramolecular system. The key assumption of this model is that the concentration of
free probe (in the homogeneous phase) is small in comparison to the amount of probe
complexed.” If this assumption is valid, and the kinetics of the probe molecule follows a

first-order decay, Equation 1.16 may be used.

1.2 Fast kinetic techniques

1.2.1 Laser flash photolysis

The triplet excited state data collected in this study used the technique of laser
flash photolysis (LFP). This technique is an expansion of the conventional flash
photolysis technique,'® which won Porter and Norrish the Nobel prize in 1967. The LFP
technique makes use of modern day inventions such as gated photomultipliers,
multichannel analyzers, and computers. The details of the particular experimental setup
used in this study have been described previously,'' and are highlighted as they apply to

this work in chapter two. Lasers are considered a major breakthrough for photochemistry
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because they allow processes that take place on extremely fast time scales (ns and ps) to

be measured.

LASER stands for light amplification by the stimulated emission of radiation. One
requirement for laser action is the existence of a metastable excited state, with a lifetime
long enough to participate in stimulated emission.'> A second critical characteristic for
lasers is the existence of a greater population in the metastable state than in the ground
state.’? This population inversion is achieved by different methods, depending upon the
type of laser used.

Two different types of lasers were used in this work. The first was an Nd:YAG
laser. The active medium for this instrument is neodymium incorporated into an yttrium
aluminum garnet (YAG) crystal. The Nd:YAG laser is a four level laser with the main
absorptions occurring at 730 and 800 nm. The laser transition is at 1064 nm and for
electronic excitations of molecules this frequency is doubled, tripled or quadrupled to
give light at wavelengths of 532 nm, 355 nm, or 266 nm, respectively.

The second of the two lasers used was an Excimer laser. This name is actually a
misnomer, as the active medium within an excimer laser depends upon the formation of
exciplexes and not excimers. This laser is a gas state laser with a gas mixture comprised
of Xe, HCI and He (buffer). An electric discharge through the gas mixture produces
excited Cl atoms, which then attach to the ground state Xe atoms to form the exciplex
XeCl*. This exciplex survives for ca. 10 ns, which is the time needed for a laser action at
308 nm to occur. As soon as the photon is released, the atoms separate.

The importance of the LFP technique is its ability to provide critical spectral and

kinetic information on (excited state) transients of all sorts, from excited triplet states to
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radical species. This method allows the absorption and kinetics of an excited state and

subsequent intermediates to be monitored directly. The basic principle behind the LFP
system is the following: the molecular excited states are generated by a short laser pulse
(ca. 5 to 10 ns). A monitoring beam of light is passed through the sample before and after
excitation and the change in light intensity is related to the change in the absorbance of
the excited-state probe molecule. The concentration of the excited species is proportional
to the absorption, and as such, the excited species can be followed by kinetic treatments.
The LFP technique allows the determination of lifetimes for processes occurring in the
time scale range of tens of nanoseconds to hundreds of microseconds. It is important to
understand that the absorbances measured using LFP are AA values (the change in
absorbance) because the absorbance of the transient is measured relative to the
absorbance of the chromophore before excitation occurs. A transient spectrum can be
obtained by plotting the AA values, obtained on the same time scale in the kinetic traces,

for various monitoring wavelengths.

1.2.2 Fluorescence spectroscopy

A fluorescence emission spectrum is measured by keeping the wavelength of
excitation constant, while varying the monitoring wavelength. As was previously
mentioned, the fluorescence emission usually occurs from the first excited singlet state
(S,). Since fluorescence occurs from the lowest possible vibrational level within the S,
state (VR is fast to arrive at this state), fluorescence emission is a lower energy process
than the corresponding absorption. This leads to an emission spectrum at longer

wavelengths than is observed for the ground state absorption of the same molecule. As
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the radiative decay may occur to various vibrational levels within the S, ground state of

the molecule, vibrational fine structure in the fluorescence emission spectra is possible.
Fluorescence spectra are measured on a fluorescence spectrophotometer
(fluorimeter). The essential components of the system are shown in Figure 1.4. The
typical excitation source for the fluorimeter is a Xenon-arc lamp, which provides a
continuous source of light at a constant intensity during measurements. In order to
minimize the interference from scattered light, the emission is detected at right angles to

the incident excitation light within the sample chamber.

output

amplifier

| - <————|
wavelength

photomultiplier

emission
monochromator

O—— —
excitation excitation
sample
source monochromator P

Figure 1.4 Simplified diagram of a fluorescence spectrometer
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1.2.3 Time-resolved fluorescence emission measurements: single photon counting

Single photon counting (SPC) is a technique in which fluorescence measurements
are made as a function of time, as opposed to energy, as is the case in steady-state
fluorimetery. This technique is extremely important as it allows the differentiation
between species with different lifetimes. The key components of the SPC system are

shown schematically in Figure 1.5.
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Figure 1.5 A schematic representation of a single photon counter. Light source (1),
“start” photomultiplier detector (2), excitation monochromator (3), sample (4), detection

monochromator (5), “stop” photomultiplier detector (6), time-amplitude converter (7) and
multichannel analyzer (8)."

The light source (1) is a hydrogen flash lamp, which has a pulse duration of

approximately 2 ns. The duration of the pulse limits the capability of this technique to
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measure only lifetimes of excited singlet states that are greater than 2 ns. The light passes

through an excitation monochromator (3) that selects the wavelength at which to excite
the sample. A second monochromator located by the sample chamber selects the
emission wavelength of interest for both the sample and the scatterer (5). Upon excitation
of the sample, the photomultiplier detector attached to the excitation source is triggered,
which results in an electronic signal (the “start” pulse) (2). This signal is sent to the time-
to-amplitude converter (TAC) (7). Once the “start” pulse has been detected at the TAC, a
voltage ramp that is linear with time is initiated. When the first photon reaches the
photomultiplier detector (6) attached to the detection monochromator, a *“stop” pulse is
recorded and the voltage ramp at the TAC is stopped. The difference in voltage between
the start and the stop trigger is related to a time delay for the emitting species. The
multichannel analyzer (MCA) (8) is pre-calibrated before each experiment, and is capable
of sorting data in 512 separate channels. The channels represent the various time delays,
between the start and the stop pulse, recorded for the photons. Each start/stop event leads
to a count that is then stored in the appropriate channel on the MCA. The time
dependence of the fluorescence emission is obtained by retrieving the data for all the
channels in the MCA; this gives rise to the decay for the species being detected. This
process relies on the fact that the experiment follows a statistical Poisson distribution. As
such, it is critical that for each run of an experiment only a single photon is being
detected. This is achieved by assuring that the rate at which photons are counted is kept
below 2 % of the rate at which the excitation pulse of the system is generated."” To
achieve the best results, 10 000 counts are collected for the channel of maximum

intensity.
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When fitting the exponential decay, the shape of the lamp pulse must be taken

into account as it is not finite. While some molecules have already decayed, the end of
the excitation pulse will still excite other ground state molecules. Thus, to measure the
effect of the lamp pulse, the instrument response function (IRF) of the SPC is collected
using a scattering sample at the same excitation wavelength as the sample being
monitored. The lamp profile is then convoluted with simulated data based on the model
expected for the data obtained. This convoluted profile is compared to the experimental
profile and if the two match, the model is considered acceptable. The statistical

conditions under which the fits were considered acceptable are outlined in chapter two.

1.3 Bilesalts

Bile salts are considered by many to be the most important biological detergent-
like molecules discovered to date.'*'” Bile salts (or bile acids) play a role in the
physiology of humans as well as many other living creatures.'>'®* Chemists’ interest in
these structures arose in the middle of last century.'” The following sections give the
background necessary in order to understand bile salt aggregates as they were employed

in this study.

1.3.1 Biological significance of bile acids

The main biological function of bile salt aggregates within the human organism is
to solubilize dietary lipids and aid in accelerating their absorption." In order to perform
this function efficiently, there are many organs involved within the human body."” The

primary bile acids (such as sodium cholate (NaCh)) are synthesized from cholesterol in
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the liver, and are then secreted. The bile acids are concentrated in the gallbladder.'* The

gallbladder is also responsible for the storage of excess bile acids. In the small intestine,
bile salts form mixed aggregates with lecithin and cholesterol and these mixed aggregates
are capable of solubilizing fatty acids and monoglycerides.' The mixed aggregates also
solubilize dietary lipids within the small intestine and aid with phospholipid
transformations. "’

After ingestion of a meal, the bile acids stored in the gallbladder are expelled to
facilitate absorption of dietary lipids. The bile acids are subsequently resorbed and
returned to the liver. The bile (in form of mixed aggregates) within our bodies circulates
between six and ten times a day, and contains 3 to S g of bile and 0.25 g of cholesterol.'*
Maintaining a healthy bile system is critical to survival, since an elevated concentration

of total cholesterol is a major risk factor in coronary heart disease.'

1.3.2 Structure of bile salts

The structure of mixed aggregates of bile salts is not yet understood.”®? In fact,
despite many efforts to elucidate the structure of simple bile salt aggregates in aqueous
solutions, a debate continues to grow in the literature (see below).'***% The focus of this
study was the interaction of probe molecules with simple NaCh aggregates, and as such
information is only presented on simple bile salt aggregates (in the absence of lipids,
cholesterol, etc.) in aqueous solutions.

Bile salts are bi-polar molecules, due to the fact that all the hydrophilic groups are
found on one side of the molecule, leaving a hydrophobic backbone on the opposite side.

Figure 1.6 shows a monomer of sodium cholate (NaCh) the bile salt of interest for this
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study, while Figure 1.7 shows some of the other bile salts commonly studied in the works

that debate the structure of bile salts cited above. The major changes from the cholesterol
parent molecule are: saturation of the double bond, epimerization of the hydroxyl group
at the C, carbon, addition of the hydroxy groups at the C, and C,, carbons, and oxidative
cleavage at C,, to form the carboxylic acid group.'* The NaCh molecule is about 20 A
long and the cross section of the molecule is not flat, and has been shown to be nearly

circular with a diameter of ca. 7 A."

; COO" Na*
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Figure 1.6 Structure of the most common bile salt monomer: NaCh. The structure on the

right emphasizes the planar polarity of the NaCh molecule.
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Figure 1.7 Structures of other commonly studied bile salts.

The first model for the aggregation of bile salts in aqueous medium compared the
aggregation of bile salts to the aggregation of micelles.'” Micelles are self-assemblies
formed from surfactants that contain an alkyl chain and a hydrophilic head group. In
solution, these structures have been classified as forming pseudo-phases from the bulk
solvent. The dynamics of micelles are such that the monomers exchange on a
microsecond time scale.®' It is believed that bile salt aggregates are not pseudo phases and
that, in fact, the binding sites in bile salts can be more restrictive than those found within

the aggregates of micelles.
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1.3.2.1 Primary/secondary aggregate model for bile salts in solutions

There are two competing models for the aggregation of bile salts in the literature;
the first model is one of primary and secondary aggregation,'??%%°31%46264 while the
second is best described as a helical model.’**** The primary and secondary aggregation
model suggests that aggregation is a balance between hydrophobic interactions or
hydrogen bonds, which are attractive in nature, and electrostatic repulsion of the negative
head groups. In this model, the planar polarity of the bile sait monomers aids in
aggregation of the NaCh monomers at low concentration. At low NaCh concentrations,
ca. 10 mM, the clustering of the hydrophobic backbones of the monomers to form
primary aggregates introduces a very well protected hydrophobic binding site. Though an
aggregation number is not known for bile salts, as it is for micelles, estimates on the
number of monomers within a primary site range from four to ten in the case of sodium
cholate.?®**%57 The onset of secondary aggregation begins at higher NaCh concentrations
(around 15 mM to 25 mM), at room temperature in the presence of counterions. '?**3%%
Our research group uses 20 mM of NaCh as the concentration at which secondary
aggregates are formed, in the presence of 0.2 M NaCl at 20 °C.*? The formation of
secondary aggregates is hypothesized to occur based on the balance of attractive
hydrogen bonding and repulsive electrostatic interactions of the primary aggregates (Fig.

1.8).
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Figure 1.8 Primary and secondary aggregate interactions of NaCh. Each cluster
represents a primary aggregate, while the grouping of two or more of the primary
aggregates forms a secondary aggregate. The black portion of the aggregates are the
hydrocarbons within the NaCh, while the gray circles represent the position of the

hydrophilic alcohol and carboxy groups.

The evidence for this first model of aggregation spans research in numerous fields
including surface tension,” light scattering,***'*® fluorescence,?*?404243464752 |aqer flash
photolysis studies,***"* ESR,* pulse radiolysis,” and NMR.' The majority of the work
was carried out in the solution phase, which is of greatest interest to the work described
in this thesis. The earliest proposal of this model comes from Small et al., who proposed

the model mainly based on NMR results.'” These researchers studied proton shifts in
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NMR spectra as a function of bile salt concentration. Their results showed that at

concentrations at which primary aggregates are believed to exist, protons contained along
the hydrophobic side of the bile salt molecules gave rise to signal changes in the NMR
spectra while protons located on the hydrophilic side of the molecule did not. By
observing the line broadening of the NMR spectra with increasing bile salt concentration,
the researchers concluded that the hydrophobic sides of the molecules must have been
clustering together from the onset of aggregation, thus forming the primary aggregates.

In one study, Kratohvil and co-workers carried out spin-labeling work in hopes of
supporting the model proposed by Small.* In these experiments, ESR (electron spin
resonance) rotational correlation times at different bile salt concentrations were
compared. The value for the correlation time is considered to be a measure of the
immobilization degree of a probe, and thus offers information on the restraint of the
probe in its environment. The findings in this study were consistent with the probe being
surrounded by the hydrophobic sides of the bile salt monomers, but the researchers
proposed a slight variation to the model. In this case, the researchers propose that the
structure of the primary aggregate is really a “disk-like” aggregate in which the probe can
slip in and out through an opening near the top or bottom of the aggregate (Fig. 1.9).%
According to the researchers, an aggregate with the hydrophilic groups oriented toward

the interior would not explain the immobilization observed in the study.*
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Figure 1.9 Disk-like model of primary aggregation (left). Incorporation of a spin probe
(right) into a primary “disk-like” aggregate.®® (Kawamura et al., Spin-Label Studies of
Bile Salt Micelles, © ACS 1989/ CANCOPY.)

In work done by O’Connor and co-workers, the critical concentrations at which a
change in the aggregation pattern of the bile salts occurs was investigated.” These
researchers found that the aggregation pattern of many of the commonly studied bile salts
changed as the concentration of bile salt was increased. This study used surface tension
measurements to interpret the concentrations at which the aggregation pattern for the bile
salts changed drastically, suggesting that at these concentrations the formation of
secondary aggregates occurred. Most of the bile salts studied showed changes in the
surface tension measurements at bile salt concentrations between 15 mM and 50 mM. For
NaCh, the researchers found that secondary aggregates formed at a NaCh concentration
between 13 mM and 18 mM.

Light scattering data were key in the initial estimates of the size of primary
aggregates. Using the technique of light scattering, Mazer and co-workers*® also found
that the aggregation of bile salts is a step-wise process (primary aggregates form initially,
followed by secondary aggregates). Further, calculating the mean radii from the scattered

light, the researchers found that at low bile salt concentrations, the aggregation number
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for primary aggregates lies between four and ten. These findings were supported by the

researchers’ theoretical calculations,*® as well as by their dynamic light scattering
results.*!

Thomas and co-workers were among the first researchers to study the interactions
of probe molecules with bile salt aggregates, using the techniques of fluorescence, pulse
radiolysis and laser flash photolysis.** These researchers found that pyrene (a common
photophysical probe, see below) was located in a very protected environment (Fig. 1.10),
surrounded by the hydrophobic sides of the bile salt monomers. The result was obtained
by using pulse radiolysis of pyrene in the presence of less than 20 mM of sodium
taurocholate (NaTC). This finding is consistent with a hydrophobic binding site being

present at low bile salt concentrations.

N\
N\

Figure 1.10 Early schematic representation of pyrene incorporated within a NaTC
primary aggregate.™ (Thomas et al., Kinetic Studies in Bile Acid Micelles, ©ACS 1975/
CANCOPY.)

Work done by McGown and co-workers provided further evidence for the

primary and secondary aggregation model from fluorescence studies.****’ These
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researchers studied the interaction of pyrene with NaTC. Pyrene is a well studied

photophysical probe because it is well documented that the fluorescence emission spectra
is sensitive to changes in the environmental polarity.®® The pyrene emission spectrum has
five characteristic vibrational peaks. A comparison of the I/III vibrational peak ratio for
the probe gives information on the surrounding polarity because the first band is sensitive
to the polarity of its environment while the third band is unaffected by changes in
polarity.®® McGown’s studies showed that NaTC had a unique binding site for the
hydrophobic pyrene that other organized systems, such as sodium dodecyl sulfate (SDS)
micelles, did not posses. Using anisotropy, the researchers were able to establish that the
mobility of the probe in the presence of NaTC was restricted, compared to the same
probe in the presence of SDS micelles. In a second study by the same researchers,* the
critical concentrations at which the aggregation pattern of bile salts was altered in
solution was studied. Using many fluorescent based techniques (spectral intensity,
lifetimes and anisotropy), the researchers found that a definite change in protection of
fluorescent probes was observed in the presence of 8 mM to 12 mM of NaTC. At this
concentration, which falls within the range for primary aggregates, a higher degree of
protection was observed for larger hydrophobic probe molecules.

Preliminary research done in our research group provided convincing support for
the primary/secondary aggregation model by studying the interaction of probe molecules
with bile salt aggregates in solution.”"*? The first study®* used the fluorescence quenching
methodology and the probes studied were anthracene, pyrene, and naphthalene (Np) (Fig

1.11). This study allowed for a hypothesis of the location of these probe molecules within
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the aggregates to be made by studying the accessibility of an aqueous quencher to the

probes within the supramolecular framework.*

Figure 1.11 Probe molecules: Pyrene (left), anthracene (center) and naphthalene (Np)
(right).

The goal for studying this series of probe molecules was to investigate the effect
of the shape of the probe on its location within the various binding sites of bile salt
aggregates. It was found that all three probes were incorporated within the primary
aggregate. Within the study the ratio of quenching rate constants of the probes (by Nal) in
the absence and presence of bile salt (k,/k (H)) was calculated. The lower the value for k,
the higher the level of protection for the excited probe molecule in the bile salt aggregates
from reaction with the aqueous quencher. Thus, the higher the ratio of k,”/k, the higher
the level of protection for the probe in the aggregates. The ratio for Np in the presence of
20 mM of NaCh was 51 + 1, while the ratio for pyrene was 36 + 1, at the same NaCh
concentration. These initial findings suggest that the size of the probe is a factor in the
extent of incorporation within the primary aggregates.

A second preliminary study’' looked at the effect of the polarity of probe

molecules on the complexation dynamics with bile salts by comparing naphthalene to
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xanthone (Xan) (Fig. 1.12) as probes bound to bile salt aggregates. In this case, both

fluorescence and laser flash photolysis experiments were carried out.

(L

Figure 1.12 Probe molecule: xanthone.

Naphthalene is a small, hydrophobic probe and it was located within the primary
aggregate; it was concluded that xanthone, a larger and more hydrophilic molecule,
resided in the secondary aggregate.”' The dynamic data from laser flash photolysis
experiments supported this finding. The dissociation rate constant for Np in the presence
of 40 mM of NaCh was found to be (1.0 £ 0.4) x 10° s™', while the dissociation rate
constant for Xan under the same conditions was found to be (5 = 4) x 10° s”'. This
suggested that, within experimental error, no difference was observed for the dissociation
rate constants in the presence of NaCh for Np and Xan. A difference in dissociation rate
constants was observed when Np and Xan were studied in the presence of 40 mM of
NaTC. The dissociation rates for Np and Xan respectively were (2.2 + 0.5) x 10° s* and
(25 + 8) x 10° s*. These results support the presence of two distinct binding sites, and

further suggest that the polarities of the two sites are different.
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1.3.2.2 Helical model

This model is in sharp contrast to the primary/secondary aggregation model as it
suggests that the primary interaction occurring is the interaction of the monomers to form
a very solvated aqueous cavity, as opposed to a hydrophobic binding site. In this model,
the interactions, which are critical for the formation of the helical structure are dependant
upon intermolecular forces involving the cation from the bile salt. It is proposed that ion-
ion and ion-dipole interactions (involving the cation) as well as hydrogen bonding, cause
the primary helix to form; the non-polar face of the bile salts are oriented toward the
aqueous medium.” There is no binding site in the helical model that would account for a
greater level of protection from the aqueous bulk for hydrophobic probes than for
hydrophilic probes. Researchers proposing the helical model consider it astonishing that
the hydrophobic backbones of the molecules are oriented towards the aqueous bulk
solvent;*® however, their crystal structures support these findings (Fig. 1.13). In the case
of the helix, the growth of the supramolecular system is postulated to take place either by
a stepwise addition of bile salt monomers or by joining numerous smaller helices together

to form a larger supramolecular system.
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Figure 1.13 Crystal structure of RbTC which supports the helical model for bile salt
aggregation.”® (Conte et al., Nuclear Magnetic Resonance and X-ray studies on Micellar

Aggregates of Sodium Deoxycholate, © ACS 1984/ CANCOPY.)

The evidence for the helical model comes from experiments done using circular
dichroism (CD),”*" nuclear magnetic resonance (NMR),’>5*% electron spin resonance
(ESR),® X-ray light scattering,”*** and crystallographic studies.”™®® The
crystallographic work lends the strongest support to this model; however, it must be
pointed out that the data are collected in the solid state.

Giglio and co-workers® are the leading group publishing crystal structures in
support of the helical model. In one study, to support the crystal structures recovered,

these researchers performed NMR measurements, and X-ray diffraction on gel fibers
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extracted from the bile salt solutions.* In order to obtain the gel fibers from the solutions

used for NMR studies, the researchers had to perform the following alterations: the pH
and the temperature of the solution were lowered and the ionic strength and pressure on
the solution were increased. After making these alterations to the solution, the gel-like
fibers were studied. The X-ray diffraction data for the gel phase suggested a helical
structure, although “the helix of the crystal is not equal to that of the fiber”.* Since the
transformation of the solution used in NMR to the gel-like state used to isolate fibers,
“seems to be continuous”,*® the researchers conclude that the structure isolated by X-ray
diffraction and crystallography is the same as the structure present in solution.

The researchers presented NMR data in the solution phase to support their crystal
structures. It is important to point out that the researchers work “well above the cmc for
NaTC”,*® which leads to NMR solutions in which the concentration of NaTC is greater
than 100 mM. Using mainly large aromatic probe molecules, the researchers observed
proton shifts in the NMR spectra of certain hydrogens located on the bile salt structure.
The structure for the aggregates was proposed based on which protons exhibited changes
upon complexation with probe molecules. The researchers also published counter
explanations for some of the early work done in solution by Small et al. in support of the
primary and secondary aggregation model.'*® In reality, the NMR data alone cannot give
conclusive evidence for either model because explanations for the shifts of various
protons can be made to support either of the two models.

In another major contribution in support of the helical model from the same
research group, circular dichroism (CD) measurements were performed.” In this study

CD experiments on the optical probe (+)-trans-2-chloro-5-methylcyclohexanone, in the
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presence of sodium deoxycholate were performed. Supported by NMR measurements,

the researchers found that the probe was incorporated within a hydrophilic binding site
consistent with the proposed helix; however, based on the CD signal alone, the optical
probe was also interacting with the hydrophobic side of the bile salt monomer. Thus,
NMR and CD gave rise to signals which were interpreted as the interaction of the probe
with a polar environment, while CD also gave signals indicative of an interaction with a
non-polar environment.

The statement in this article®® (as well as in an earlier review of the helical
model®®) that, “one aggregation model may not suffice to explain the structure of bile
salts,” is probably at the heart of the debate that continues in the literature. In the solid
state, the crystal structure gives a clear picture of the aggregate structure, although the
researchers only present the unit cell with the solvated cavity in the middle. Showing the
interactions occurring with the hydrophobic backbones of the bile salts may shed more

light on the true structure of the aggregates.

1.3.2.3 Effect of ionic strength on the aggregation pattern of bile salts

Kratohvil and co-workers do not discuss an aggregation model within their study;
however, they do present interesting observations for the effect of changing the ionic
strength on the aggregation of bile salts.”® This group’s research used light scattering to
show that below certain bile salt concentrations, depending on the NaCl concentration (or
ionic strength), there was an absence of bile salt aggregation. The research was conducted
on sodium taurodeoxycholate, and compared the light scattering of solutions containing

different concentrations of bile salt. As the intensity of scattered light is increased, so is
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the size of the aggregates being studied. On changing from solutions in the absence of

NaCl to solutions containing 0.6 M of NaCl, the required concentration of bile salt in
order to detect aggregate formation decreased from 4.0 mM to 0.96 mM.%

In light scattering work carried out by Mazer and co-workers, a different
dependence on the ionic strength was studied.* The researchers found that the aggregates
were unaffected at low ionic strengths (0.16 M of NaCl) with an increase in the
concentration of bile salt, whereas in the presence of 0.6 M of NaCl, the aggregation
changed dramatically with increasing bile salt concentration.** This means that at low
concentrations of NaCl, the aggregation pattern for the bile salts was the same at all bile
salt concentrations studied. In the presence of an ionic strength of 0.6 M, the size of
aggregates was observed to increase as the bile salt concentration was increased. This
study was conducted on bile salt solutions with the concentration ranging from 0 mM to
11 mM of taurodeoxycholate (primary aggregates only). Work done by McGown and co-
workers agrees with the findings that at a high ionic strength (3.0 M NaCl) the size of
NaTC aggregates increases with increasing bile salt concentration.*

In a different study to the one discussed above by McGown and co-workers, the
effect of ionic strength was investigated by using Na*, Mg®, AI’*, and Tb**, with NaTC
aggregates.*’ The effect of the size of the metal ion on the aggregation of NaTC was
being investigated; however, the data obtained helps understand the effect of ionic
strength on bile salt aggregation. The researchers investigated the effect of ionic strength
up to a NaTC concentration of 45 mM. For all of the metal cations, a large increase in
light scattering, indicating a change in aggregation, was observed when the NaTC

concentration was increased from 1 mM to 5 mM. A drop in the scattering intensity was
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noted when the concentration was increased to 10 mM of NaTC. As the concentration of

bile salt was increased above 10 mM, the results varied drastically for the various
counter-ions. Sodium and magnesium had very little effect on the aggregation above 10
mM, while aluminum and terbium showed a large increase of the aggregate size in the
presence of 20 mM to 40 mM of NaTC.* These data suggest that primary aggregation is
effected by counter-ions of all sizes and valencies, while secondary aggregation is only

effected by large, multi-valent metal counter-ions.

1.4 Probe molecules for the studies within NaCh aggregates

Probe molecules are used to report on the properties of their surroundings when
placed within a supramolecular system. The lifetime of the excited state of the molecule
is key in determining what information may be gained by the use of the probe. As
information is only recovered during the excited state lifetime of the probe, it is only
possible to explore the system until the excited state decays back to the ground state. As
such, if the probe has a shorter lifetime than the dynamic processes under investigation,
the probe will only report on the local environment. In order to extract dynamic data on
the system, the lifetime of the probe must be of the same order of magnitude as the rates
of the processes being investigated.® There are many different types of molecules that
may be used as probes: some may be reactive in nature, while others may be unreactive.
Some species commonly used to probe supramolecular structures are singlet excited
states, triplet excited states, radical pairs, and radical ion pairs.

Singlet excited states of most organic molecules have short lifetimes; therefore,

most fluorescent probes are used to explore the local environment within a



43
supramolecular system. Singlet excited states are often used in quenching studies in order

to gain an understanding of the quencher access from the aqueous phase to the site where
the probe resides. This is an indirect method of determining the nature of binding sites as
the probe is used to report on the mobility of an undetectable molecule (the quencher).

Triplet excited states of organic molecules are generally longer-lived than their
singlet counterparts. This longer lifetime of triplet states is of the same order of
magnitude as the dynamic interactions between probe and host and allows the
investigation of the dynamic processes occurring within the organized system.®

Radicals or radical pairs can also be used in the study of supramolecular systems.®
It is most common for these reactive species to be deactivated by encountering another
radical within the system. Thus, by studying the decay of the radicals inferences may be

made on the location of these species within the host system.

1.4.1 Benzophenone and 4,4’-dimethylbenzophenone

Upon excitation, benzophenone (Bp) (Fig. 1.14) undergoes an n to 7t* transition
from the ground state to the first excited singlet state.> Aromatic ketones are known to
have a small singlet-triplet energy splitting, with the difference in energy for Bp being 30
kJmol'.? The intersystem crossing efficiency of Bp for the transition from the excited
singlet state to the excited triplet state is close to unity.? As such, upon excitation of Bp
(and its derivatives), the first transient detected on the nanosecond time scale is the triplet
excited state. The lifetime of triplet Bp in a non-polar aromatic solvent is normally 7 ps,

while in a polar solvent the lifetime is extended to 50 us.”
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Figure 1.14 Probe molecules: benzophenone (Bp, left) and 4,4’ -dimethylbenzophenone

(DMBp, right).

The photochemistry of Bp is well documented® and was one of the key factors in
selecting this probe for studies within bile salt aggregates. Due to its n,n* lowest excited
state configuration, triplet excited Bp (and its derivatives) will undergo a hydrogen
abstraction reaction, known as Norrish Type II (Scheme 1.4) in the presence of a
hydrogen donor. The hydrogen abstraction rate constant (k,) of triplet excited
benzophenone has been previously determined from the following donor molecules:
cyclohexane, ethanol, and 2-propanol with the ky, values being 3.63 x 10° M''s, 5.62 x

10°M's ™!, and 1.26 x 10°M's™*, respectively.’



45

oo
.

Scheme 1.4 Photochemistry of Bp: Excitation to the triplet excited state and Norrish type
II reaction (hydrogen abstraction) to form the ketone ketyl radical.

4,4’-Dimethylbenzophenone was studied in order to test the effect of increased
hydrophobicity on the interaction within the bile salt aggregates. The intersystem
crossing quantum yield for DMBp is close to unity because it has been reported to be
similar to that of Bp.” In a study done by Turro and coworkers, the rate of formation of
excited triplet states was measured on the picosecond time scale. It was found that time
constants representing the appearance of triplet excited states for Bp and DMBp were
identical with a value of 18 ps (at a monitoring wavelength of 532 nm).” Thus it was
concluded that, “the trends observed are consistent with direct singlet to triplet ISC from
the S, to T, state”.™ The triplet energy of DMBp has a similar energy to the triplet energy
level of Bp in a non-polar solvent, and the excited triplet state has a lifetime of 11 us in

non-polar solvent.”
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1.4.2 Naphthalene and derivatives

Naphthalene is a small aromatic hydrocarbon (Fig. 1.11), and derivatives of this
common photophysical probe were studied in this work by photophysical techniques. The
fluorescence lifetime for the singlet excited state is known to be ca. 96 ns, and the
fluorescence quantum yield of the excited singlet state is 0.19 in non-polar solvents.®® In
polar solvents, the singlet lifetime increases slightly to 105 ns, and the fluorescence
quantum yield is 0.21.% In non-polar solvents, the intersystem crossing quantum yield for
the transition from the singlet excited state to the triplet state is 0.75, and the lifetime of
the triplet excited state has been reported to be ca. 175 us.*’ In polar solvents, the
intersystem crossing quantum yield is increased to 0.80, while the triplet lifetime is
substantially increased to 1200 ps.%

Upon excitation, naphthalenes undergo a ® to mt* transition from the S, to the S,
state. For Np, the first singlet excited state lies at an energy of ca. 410 kJmol™, while the
first triplet excited state lies well below at an approximate energy of 250 kJmol™. ?

Figure 1.15 shows the series of naphthalene derivatives that were chosen for this
study in order to investigate the interaction of probe molecules with NaCh aggregates.
Two main features were studied with respect to the Np probes: the effect of the
hydrophobicity of the probe, and probe shape. The probes were chosen so that the
hydrophobicity decreased upon progressing from ethylnaphthalene (EtNp), to
naphthylethanol (NpOH), and finally to acetonaphthone (NpO). In order to test the effect
of the shape of the probe molecules on the incorporation within NaCh aggregates,
substituents were placed in both the 1- and the 2- positions on the Np ring. Substituents at

the 2-position led to more linear molecules. The substituents being placed at the 1-
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position gave rise to a bulkier molecule, which may have exclude its incorporation within

a tight or rigid binding site.

2-EtNp 2-NpO 2-NpOH
.\ HO
1-EtNp 1-NpO 1-NpOH

Figure 1.1S5 Probe molecules: 1-ethylnaphthalene (1-EtNp), 2-ethylnaphthalene (2-
EtNp), 1-acetonaphthone (1-NpO), 2-acetonaphthone (2-NpO), 1-naphthyl-1-ethanol (1-
NpOH) and 2-naphthyl- 1-ethanol (2-NpOH).

Naphthalene derivatives have been widely used in photophysical studies.®7"” "7
A previous study in our group™ showed that the singlet lifetimes for 1-NpOH and 2-
NpOH in water were ca. 24 and 25 ns, respectively. The singlet lifetimes have been
previously reported for numerous substituted Nps.® The triplet excited states of all of the
derivatives chosen for this research have been previously studied.”” The acetonaphthones
were used by Hayon and co-workers in an extensive quenching study for inorganic ions
in order to determine the differences in energy transfer and charge transfer mechanisms.”
Baugher and co-workers studied the transient absorption spectra of 1-EtNp and a series of

dinaphthylalkanes in order to identify the photochemical transient species present upon
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"' Previous work in our group studied the triplet naphthylethanols

excitation.
complexation to cyclodextrins.” This study found that the lifetime of the triplet excited
states of the naphthylethanols was long, with lifetimes greater than 30 ps. Thus, there is

ample evidence in the literature supporting the use of substituted naphthalenes for

photophysical investigations.

1.5 Project Proposal

There is a wealth of information in the literature on the probing of
microheterogeneous media by photophysical methods. Bile salts have been used in a
limited number of these studies,*228404244464751.5253 1 ap effort to further the knowledge
of the aggregation of bile salts in solution, the photochemical and photophysical behavior
of various probe molecules within NaCh aggregates will be studied. Benzophenone and
4,4’-dimethylbenzophenone will be studied to gain an understanding of chemical
reactivity within the host aggregates; while a series of Np derivatives will be used to
provide evidence for the existence of two different binding sites.

Benzophenone and 4,4’ -dimethylbenzophenone are chosen as probe molecules for
one series of experiments. The goal for this study is to examine the differences in the
photochemistry of the triplet excited state of these ketones within the various binding
sites of the NaCh aggregate system. In the presence of a hydrogen donor, such as NaCh,
the triplet excited state of the ketones can abstract a hydrogen to form the corresponding
ketone ketyl radical. Following the photochemistry of Bp (and its derivative), while
varying the concentration of NaCh, will give valuable information on the reactivity of

probe molecules within the different binding sites of bile salt aggregates.
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A second group of probe molecules, based on the naphthalene parent compound,

will be used to study the effects of probe hydrophobicity and shape on the binding
dynamics with NaCh aggregates. The objectives of this work are to provide conclusive
evidence in support of the existence of two distinct binding sites within the aggregate
system, and to investigate the effect of probe structure on the binding dynamics with
NaCh aggregates. Further, the effect of ionic strength on the aggregation of bile salts will

also be examined using the substituted naphthalenes.
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2 Experimental
2.1 Materials

Sodium cholate (NaCh, 98%, Aldrich, or 99%, Sigma), sodium chloride (NaCl,
99%, BDH), sodium iodide (Nal, 99%, BDH, or 99+%, Aldrich), 4,4’-
dimethylbenzophenone (DMBp, >99%, Acros, purity checked by GC), I-
ethylnaphthalene (1-EtNp, 99+%, Aldrich, checked by GC, >99%), 2-ethylnaphthalene
(2-EtNp, 99+%, Aldrich, checked by GC, >99%), (+)-1-naphthyl-1-ethanol (1-NpOH,
>99%, Fluka, checked by GC, >99%), (+)-2-naphthyl-1-ethanol (2-NpOH, >99%, Fluka,
checked by GC, >99%), 1-acetonaphthone (1-NpO, 98%, Aldrich, checked by GC,
>99%), 2-acetonaphthone (2-NpO, 99%, Aldrich, checked by GC, >99%), methanol
(MeOH, spectrograde, Aldrich), 2-propanol (spectrograde, Aldrich), dichloromethane
(CH,Cl,, reagent grade, Aldrich), nitrous oxide (N,O, USP, Praxair), and oxygen (O,,
Praxair) were used as received. Benzophenone (Bp, 99+%, Aldrich) was recrystalized
from methanol/petroleum ether, and its purity was checked by GC (>99%). Sodium
nitrite (NaNQ,, 97+%, Aldrich) was recrystalized from water. Water was deionized

through a SYBRON Barnstead system.

2.2 General sample preparation

Most of the experiments described in this work were carried out at a NaCl
concentration of 0.2 M. It is known that ionic strength plays a role in the aggregation of
bile salts.®*'*® A concentration of 0.2 M NaCl was chosen in order to work close to

physiological conditions.



51
In the study which used naphthalene derivatives as guests, the effect of the ionic

strength (1) on the host-guest complexation was investigated. The ionic strength was kept
constant by taking into account the concentrations of Nal, NaNO, and NaCl in the
solutions. The sample preparation for these experiments was different than when the
ionic strength was not kept constant. The first section of the experimental describes the
general sample preparation used for most of the work in this thesis where the ionic
strength was not kept constant. In the Np project, where there are two different types of
experiments, and when discussing experiments in which the data were collected without
keeping the ionic strength constant, the experiments are referred to as having been done
at “‘varying ionic strength.”

Solutions used for fluorescence experiments were kept as aerated solutions
because signals were sufficiently strong even in the presence of oxygca. Solutions used
on the laser flash photolysis system were deoxygenated due to the fact that oxygen is a
known quencher of many transient species, including excited triplet states and ketyl
radicals. DMBp was deoxygenated by bubbling with N,O, because of the formation of

solvated electrons (vide infra), while all other solutions were bubbled with N,.

2.2.1 Sodium cholate solutions

The sodium cholate solutions were prepared by dissolving the appropriate amount
of sodium cholate into 25 or 50 mL of water. The appropriate amount of NaCl was also
added to reach the desired 0.2 M NaCl concentration. All solutions containing NaCh
were heated for 0.5 h at 50 °C prior to performing any experiments in order to avoid gel

formation of the bile salts.’”® The solutions were then allowed to equilibrate at room
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temperature for 30 min. No gel formation re-occurs within the 8 h that it takes to

complete the experiments.”® The solutions were not buffered to maintain a constant pH;
however, it is know that a variation of pH from 6 to 8 does not significantly influence the

aggregation behavior of bile salts."

2.2.2 Benzophenone and 4,4’-dimethylbenzophenone solutions

Both Bp and DMBp are hydrophobic probes and therefore special care has to be
taken to prepare the aqueous solutions for these ketones. The following two methods
were employed to prepare the ketone solutions for all experiments. The samples in this
study contained 0.2 M NaCl as described in the previous section.

In order to solubilize Bp in aqueous solutions, a film technique was employed.
The Bp was initially deposited on the walls of the sample vial by dissolving the Bp in
methanol and slowly evaporating the solvent with a stream of air, while the flask was
manually rotated. NaCh solutions were then added to the sample vials and the solutions
were stirred overnight. In the case of DMBp, adding the solid to the aqueous solutions
and stirring overnight achieved the best results, with concentrations that were high
enough for performing the experiments. For both ketones, the excess solid was removed
by gravity filtration and the concentration of probe was determined by UV-vis

spectroscopy.
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2.2.3 Solutions for naphthalene derivatives

2.2.3.1 Probe and NaCh solutions

A 0.02 M methanolic probe stock solution was prepared for each of the six
probes. For fluorescence experiments, the required amount of probe stock solution was
injected into the aqueous NaCh solutions described above using gastight glass syringes.
For 1-EtNp and 2-EtNp it was found that 20 uM gave the desired absorbance at the
excitation wavelength (ca. 0.08). For 1-NpOH, 2-NpOH, 1-NpO, and 2-NpO, 10 uM was
sufficient to reach the desired absorbance of ca. 0.08 at the excitation wavelength. The
same concentrations were used when performing time-resolved single photon counting
experiments. In the case of LFP experiments, the solutions were made identically to the
fluorescence experiment solutions, except that the probe concentration for all probes was
80 uM. The 80 uM solution gave an absorbance between 0.2 and 0.5 at 266 nm. An
absorbance below 0.1 was desirable for the fluorescence experiments in order to ensure
that a linear relationship existed between the fluorescence intensity and the ground state
absorption of the probes. Fluorescence is a more sensitive technique than LFP, allowing

for lower absorbances to produce reliable results.

2.2.3.2 Quencher solutions

The quencher solutions were made fresh daily with the following guidelines being
used for the concentrations required. It should be noted that the exact quencher
concentration was always calculated for each new solution and the calculated value was
used in further analysis. A 2.0 M stock solution of sodium iodide was used for

fluorescence quenching experiments. For LFP experiments, sodium nitrite solutions were
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used at concentrations of 0.03 M, 0.1 M and 0.6 M. All of the salt quencher solutions

were made by dissolving the salt in water at the desired concentration. 2-propanol was
used as a source of abstractable hydrogens in the Bp project in order to form the Bp ketyl
radicals. In all experiments the final 2-propanol concentration was 0.62 M. Oxygen
quenching experiments were performed by bubbling the solutions with N,/O, mixtures,
using a calibrated flow mixing system from Airgas. Alternatively, estimates of the
quenching rate constants were arrived at by taking kinetic decays in the presence of
nitrogen, air and oxygen. The amount of oxygen can be calculated® and a three-point plot

(Equation 1.11) gave an estimate of the quenching rate constant.

2.3 Sample preparation for experiments conducted at constant ionic strength

As mentioned previously, testing the effect of ionic strength on the aggregation of
bile salts was a goal of this project. The solutions for the varying ionic strength
experiments were prepared so that the ionic strength varied with the addition of ionic
quenchers. In a second study, care was taken during sample preparation to keep the ionic
strength of the solutions constant. This was achieved by altering the NaCl concentration
with the amount of ionic quencher added throughout the experiment. For this reason,
experiments carried out with this sample preparation method are referred to as
experiments done at ‘“‘constant ionic strength”.

The three ionic strengths chosen for this study were 0.03 M, 0.2 M and 0.4 M. An
ionic strength of 0.03 M was the lowest possible in the study, as this is the maximum
ionic strength reached in an experiment due to the addition of quencher. An ionic strength

of 0.2 M was chosen to replicate the experiments carried out in the varying ionic strength
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experiments. Experiments at an ionic strength of 0.4 M were done to test the effect of

increasing the ionic strength.

In the experiments done at varying ionic strength, only one sample was used for
fluorescence quenching measurements, and usually only two samples were used in the
quenching studies of the triplet states. In the constant ionic strength experiments, each
emission spectrum on the fluorimeter used a separate solution, and multiple solutions

were required for the laser quenching experiments (vide infra).

2.3.1 Preparation of NaCh/NaCl solutions for quenching experiments

Sodium cholate solutions were prepared by dissolving the appropriate amounts of
bile salt in water, with no addition of NaCl. Probe stock solutions were added in the same
manner as described above (Section 2.2.3.1). NaCl was prepared as a concentrated stock
solution, in a similar fashion to Nal. The NaCh solutions were heated once both salts
were added, with the heating procedure described above (Section 2.2.1). Deoxygenation

of the samples was also carried out as described previously (Section 2.2).

2.3.2 Sample preparation for fluorescence quenching experiments

For experiments carried out at an ionic strength of 0.03 M the stock solution
concentrations for NaCl and Nal were 1.03 M, while for experiments carried out at ionic
strengths of 0.2 M or 0.4 M, the stock solution concentrations were 4.2 M.

Initial aliquots of 2 mL of the probe/NaCh solution were used for a series of
solutions. The appropriate amount of quencher (Nal) was added to the solutions in order

to span a concentration range of 0 to 0.03 M. The appropriate amount of the sodium
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chloride stock solution was added in order to keep the ionic strength constant throughout

the experiment. The stock solutions were prepared so that the concentration of the bile

salt would not be altered by more than 10%. Table 2.1 shows the solution preparation for

a series of experiments.

Table 2.1 Sample preparation for fluorescence quenching experiments performed at a
constant ionic strength (i1). (a) u = 0.03 M (top), (b) u = 0.2 M (middle) and (c) p = 0.4

M (bottom) (blank refers to solutions with no probe added that were used for baseline

readings)

p=003M blank |1 2 3 4 5 6 7
mL of NaCl 30 60 50 40 30 20 10 0
mL of Nal 30 0 10 20 30 40 50 60
u=02M blank |1 2 3 4 5 6 7
mL of NaCl 50 100 97 94 91 88 85 82
mL of Nal 50 0 3 6 9 12 15 18
u=04M blank |1 2 3 4 5 6 7
mL of NaCl 105 210 207 204 201 198 195 192
mL of Nal 105 0 3 6 9 12 15 18

2.3.3 Sample preparation for laser flash photolysis quenching experiments

For the nitrite quenching experiments of the triplet excited state of the probe

molecules, stock solutions of 0.1 M and 2 M NaNO, were prepared. NaCl stock solutions
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of 0.06 M and 2 M were used to keep the solutions at a constant ionic strength with

varying quencher concentrations.

In order to maintain a constant ionic strength and span the necessary quencher
concentration range, five separate solutions were required for each experiment. The first
sample was prepared with probe, bile salt and NaCl in solution. During the course of the
experiment two solutions were added for each kinetic trace. One solution contained
NaNO, in water to quench the excited triplet state. The other contained probe and bile
salt to assure that the probe and bile salt concentrations were not being diluted. Data at
very low quencher concentrations were collected using this sample.

The rest of the experiment was carried out using a series of four samples. Each of
these samples contained a different concentration of quencher that was diluted over the
course of the experiment. The solutions contained probe, bile salt, NaCl and NaNOQ, in
water. Again, two solutions were added prior to acquiring each trace. In this case, the first
solution contained probe, bile salt and NaCl while the second contained only probe and
bile salt. The reasoning for the addition is the same as in the case for the first sample.
This was the most efficient design possible to span the concentration range of quencher
solution needed while keeping the ionic strength constant. All additions were made with

gastight glass syringes.

24 Instrumentation
24.1 UV-Vis absorption spectroscopy
UV-vis (ultraviolet and visible) absorption spectra were recorded on a Varian

Cary 5 or Cary 1 spectrophotometer at room temperature. In order to obtain a corrected
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absorbance spectrum, a baseline (of air) had to be run at the start of each day. The

absorbance of a solution was then taken with the Cary correcting for the baseline that had
been collected. The absorbance of the sample was obtained by subtracting the absorbance
reading at a wavelength where the probe does not absorb from the reading at the desired
wavelength. The scan rate was either 200 or 400 nm/min, and the bandwidth was always
2.0 nm. Samples were measured in 10 mm x 10 mm quartz cells or in 7 mm x 7 mm
Suprasil cells. For the benzophenone solutions, absorbance values were always taken in
10 mm x 10 mm cells to assure the pathlength remained constant. This was necessary in
order to calculate the concentration of the solutions using the Beer-Lambert law (vide

supra).

2.4.2 Fluorescence spectroscopy
2.4.2.1 Steady-state experiments

Steady-state fluorescence measurements were carried out using a PTI QM-2
(Photon Technology International QuantaMaster) Luminescence spectrophotometer. The
excitation source was a Xenon-arc lamp (75 W), and all experiments were carried out at
room temperature (20 + 0.2 °C). The emission and excitation slits were set such that the
bandpass was between 2 and 5 nm. The slits were adjusted in order to maximize the
emission intensities for different probes. A stepsize of 0.5 nm and an integration time of 1
s were employed. For all the naphthalene probes, the excitation wavelength was 290 nm,
and the emission scans were recorded from 300 nm to 500 nm for 1-EtNp, 2-EtNp, 1-
NpOH, and 2NpOH, and from 300 nm to 600 nm for 2-NpO. In all cases, a solution

containing water, bile salt, NaCl and Nal (50 mM) was run as a baseline. The corrected
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emission scan was obtained by subtracting the baseline scan from the acquired emission

spectra. All solutions were run in 10 mm x 10 mm quartz fluorescence cells.

The spectra were corrected using FeliX™ software. Further analysis of the data,
including generation of quenching plots, was performed using the Kaleidagraph™
(Synergy Software version 3.08d) fitting program, which employs a least square error

analysis fitting routine.

2.4.2.2 Time-resolved experiments

Time-resolved measurements were performed on a PTI LS-1 time-correlated
single photon counter at room temperature (20.0 + 0.1 °C). The excitation source was a
nanosecond hydrogen arc-lamp. The excitation wavelength was 290 nm, while the
emission wavelength was set at 333 nm. The slit width was adjusted so that the decay
curve was simulated in as short a time as possible while maintaining the conditions
necessary for a Poisson distribution (Section 1.2.3). The maximum number of counts was
set at 10 000 for the channel of maximum intensity. The instrument response function
was measured using an aqueous silica gel solution in order to give the finite lamp profile.
The excitation and emission wavelengths that were used to collect the scattered light
were set to 290 nm, which was the same as the excitation wavelength for the sample.
Collection of the lamp profile is important as it was deconvoluted from the decay curve
upon analysis (Section 1.2.3). All solutions were contained in homemade 10 mm x 10
mm Suprasil quartz cells.

Lifetime analysis and fitting of the decay traces were done using the PTI software.

Statistical analysis was performed by the program and allowed for determination of the
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goodness of the fit, based on %%, Durbin-Watson (D-W) and Run test Parameter (Z). A ¥°

value close to unity indicates no deviation between the experimental data and the fit of
the program, based on an assumed kinetic model. %? values between 0.9 and 1.2 were
considered acceptable. The D-W parameter should be greater than 7, 7.5 or 8 for single,
double and triple exponential decays, respectively. The Z value has to be greater than
-1.96 in order to achieve a confidence level of 95%. Visual inspection of the weighted

residuals and the autocorrelation function were also taken into account.

2.4.3 Laser flash photolysis

The basic setup for the laser flash photolysis system is shown in Scheme 2.1."
One of the following two excitation sources was used throughout the study. A Lumonics
excimer laser (2) model EX-510 operated with a Xe/HCl gas mixture, 308 nm, < 40
mJ/pulse. The second excitation source was a Spectra Physics Quanta-Ray GCR-12 Nd:
YAG laser (1) (or GCR-3 (21-which is actually located directly below 1)), 266 nm, < 40
mJ/pulse; 355 nm, < 70 mJ/pulse. If necessary, the laser pulse energies can be attenuated
to less than 20 mJ/pulse by either the use of neutral density filters (3)(63, 40, 25 and 10
%) in the case of the excimer laser, or by decreasing the energy of the pulse on the YAG

lasers.
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Scheme 2.1 Schematic for the LFP system

The YAG GCR-12 laser beam is aligned directly onto the sample holder. The
second harmonic (532 nm) of the laser generates unwanted laser light; therefore the beam
passes through a broad band interference filter (not in diagram) that blocks out the
residual light of this wavelength from the sample holder. The YAG GCR-3 laser beam
must be brought up to the monitoring table by deflection through 2 prisms, after which it

is aligned to hit the sample holder in the same fashion as the GCR-12 YAG. It should be
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noted that for both the YAG lasers, the prism (8) and the lens (9) were removed from the

experimental set-up. In the case of the excimer laser, the laser beam is passed through a
lens (4), and is then reoriented using a mirror (5), and concentrated using a spherical lens
(7). Next, it passes through a prism (8) that is used to alter the beam direction so that it
strikes the sample holder (10) at 90 degrees relative to the monitoring beam; after passing
through one final spherical lens (9).

The monitoring system consists of a 150 W Xenon-arc lamp (11) (Oriel housing
model 66057, PTI power supply model LPS-220) as a light source. The Xenon-arc lamp
can maintain a high intensity output for 4 ms, when triggered by a pulser (12) (custom
built, University of Victoria). The monitoring beam passes through a cutoff filter (14) (no
filter, 320 nm, 375 nm, 435 nm or 590 nm) to reduce degradation of the sample by the
Xenon-arc lamp. The beam is then focused with a lens (15), in such a way that the focal
point of the beam lies beyond the sample holder. The monitoring beam passes through
the sample holder through a slit with a diameter of 1 mm. After passing through the
sample holder, the beam goes through a second focusing lens (16) and through another
cutoff filter wheel (17), which is set to the same wavelength as (14). The second cutoff
filter is in place to assure that only the desired transients are detected, and to avoid
interference from scattered laser light. The cut-off wavelengths are set by the computer
and are always no less than 20 nm below the wavelength being monitored.

The detection system begins with a monochromator ((18), CVI Digikrom 240)
which selects the wavelength of light to be monitored. The light intensity is then detected
by the photomultiplier (PMT, Hamamatsu R446). The signal from the photomultiplier

tube is directed to a baseline compensation unit, which offsets the light intensity before
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the laser pulse. After the laser pulse, the baseline compensation unit holds the light

intensity constant. The signal is then transferred to a digital oscilloscope (Tektronix, TDS
520) and to the computer (19).

Experiments in the benzophenone project made use of a two-oscilloscope set-up.”
This allows for two kinetic traces to be collected simultaneously on two different time-
scales. This type of experiment was necessary when non-exponential decay traces were
observed. One oscilloscope collects the non-exponential decay. The second oscilloscope
is set to a much longer time scale and collects the final baseline reading. This final
baseline reading is critical for two reasons. First, it can then be said whether the species
present decayed or whether there is a residual absorption from one or more transients.
Second, a precise value of the baseline is used in Equation 2.2 as the final A, value (vide
infra).

Timing is a critical component of the laser flash photolysis system, as the
excitation by the laser must occur while the pulse from the monitoring lamp is stable.
This occurs within a few ms after the lamp is pulsed. The timing for the lamp, laser,
baseline compensation unit and oscilloscope are controlled by a custom-built pulse
generator coupled to a delay generator (Stanford Research System, model DG535). The
time sequence begins with the triggering of the lamp pulser. Shutters in front of the
appropriate laser (20 and 6) and the monitoring beam (13) are opened prior to the
triggering of the lamp pulser. This is important in the case of the two YAG lasers in order
to avoid prolonged exposure of the sample to irradiation. Exposing the solutions to a

constant irradiation of laser light could cause decomposition of the sample. This is not a
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concern with the Excimer, as the laser is triggered for each decay trace and is not

continuously firing.

When a transient with a lifetime longer than 2 ps was monitored, the kinetic trace
had to be corrected for baseline shifts. A baseline correction shot was taken immediately
following the signal shot, where the lamp was pulsed, but the sample was not excited by
the laser. The baseline correction shot was subtracted from the signal after the data were
transferred to the computer but before the AA value was calculated.

Absorbance values were calculated according to Equation 2.1. The absorbance
values (AA) are related to the ratio of light intensities being detected by the PMT in the
absence and presence of transients. Equation 2.1 assumes a linear response function
between the signal measured at the PMT and the light intensity irradiating the detector.
Since the response of the PMT is not linear, only small changes in light intensity are

measured, which correspond to AA values < 0.2.

(Vv t )corrected
AA —4 -l 1- —————————————
ogf{l-( A )}

Equation 2.1

In most cases, 6 different kinetic traces were averaged to give the final decay, and
when collecting transient spectra. The naphthalene data were collected using mainly the
266 nm YAG laser, and the monitoring wavelength used was 420 nm. The exceptions
were experiments with 1-NpO and 2-NpO, where the samples were excited with the 308
nm laser. The ground state absorbance for the Np samples at the laser wavelength of

interest was kept between 0.2 and 0.5 (pathlength = 0.7 cm). The Bp data were collected
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using the 308 nm excimer laser with the key monitoring wavelengths being 540 nm and

600 nm. The Bp data were collected at the maximum concentration possible, which in
certain cases (vide infra) only gave absorbance values of approximately 0.1 (pathlength =
1.0 cm). A single cell was not exposed to more then 60 laser shots, in order to avoid
decomposition of the probes. Taking UV-vis absorption spectra before and after laser
irradiation confirmed that no significant decomposition had taken place. The temperature
for the laser flash experiments was kept constant at 20 + 2 °C.

All kinetic data were collected using 7 mm x 7 mm Suprasil cells. Transient
absorption spectra were collected using a 7 mm x 7 mm Suprasil flow cell to ensure that
fresh solution was irradiated for each laser shot. In the flow system, the cell connects to a
reservoir which contains the solution and this reservoir is continuously bubbled with
nitrogen to assure proper deoxygenation. In the case of the benzophenone spectrum in the
presence of 2-propanol, a flow system could not be employed due to the fact that the
constant bubbling of nitrogen altered the 2-propanol concentration. For this set of data a
series of static cells, all deoxygenated, was employed. For each cell, the spectrum was
taken at a wavelength of interest (between 640 nm and 400 nm) and at 530 nm. All the
data points were then normalized at 530 nm in order to take into account the slightly
different lifetimes that may arise due to different extents of deoxygenation for each
sample. For DMBp the spectrum was collected using static cells purged with nitrous
oxide.

The software for the LFP system was written using the Labview 6 environment
(National Instruments, Dr. L. Netter) and it performs a multitude of tasks including:

controlling all experimental settings, subtracting baseline correction shots, transforming
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voltage to absorbance, averaging sets of measurements, fitting the kinetic traces, and

saving all the data. Further analysis was carried out using the non-least square fitting
routine in Kaleidagraph™ (Synergy Software, version 3.08d).
Kinetic traces that did not follow mono-exponential decays were fitted to the sum

of two exponentials using Equation 2.2.

AA = A1t + Ae K2 1 A,

Equation 2.2

The parameters A, and A, represent the pre-exponential factors for the two
species; these have associated decay rate constants of k, and k,. A; and A, are related to
the total absorbance AA of each trace and A, is the final AA value. A, may be different
from the baseline before laser excitation for one of two reasons: either an offset in the
baseline of the instrument is present or the absorbance is due to the presence of a long
lived transient. If the value of A; is not determined correctly, the lifetime of the slower
process cannot be determined accurately. This was the main reason experiments with two
oscilloscopes, measuring two time scales, were performed. The A; value was then fixed

within the fitting routine in order to extract the rate constants of the two decay processes.

2.5 Procedures
2.5.1 Determination of molar absorptivities for Bp and DMBp

Due to the insolubility of benzophenone and its derivative in water, a method had
to be devised to determine the exact concentration of the ketones in the NaCh solutions.

When the data were analyzed it was apparent that the concentration of Bp greatly
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influenced the outcome of the experiments. Thus the concentration of the ketones had to

be determined from the ground state absorption spectra, using the molar absorptivities (€)
of the ketones.

The € for Bp and DMBp was found by initially determining the € values for both
ketones in dichloromethane (CH,Cl,). Next, to find the € of the aqueous systems, the
ketones were extracted from aqueous and NaCh solutions using dichloromethane. A
series of extractions were performed until no further ketone absorption was observed in
the extracted CH,Cl, fraction. All dichloromethane fractions were combined; the
absorbance of the solution was measured and the ketone concentrations in the aqueous

system were back-calculated using the Beer-Lambert law (Equation 1.4).

2.5.2 Detection of solvated electrons

Photoionization of ketones is a concern when laser studies are performed.” It has
previously been shown that this photoionization process occurs readily in the presence of
supramolecular systems.”* Often, when the presence of solvated electrons is detected,
the corresponding radical cations are not observed.?' An absorption band in the 650 nm to
800 nm (with a max at 720 nm) region of the transient spectrum characterizes solvated
electrons in water.** For all probes studied, a kinetic trace was taken at 650 nm to assure
no signal was present due to solvated electrons. In the Bp study, no solvated electrons
were detected in either aqueous solutions or in the presence of bile salts. DMBp showed a
relatively strong solvated electron signal in the presence of bile salts, and for this reason
all solutions of DMBp / NaCh were bubbled with N,O, a known quencher of solvated
electrons.®® In the naphthalene study, occasionally a weak solvated electron signal was

detected that could be eliminated by decreasing the energy of the laser pulse.
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3 Photochemistry of benzophenone and 4,4’-dimethylbenzophenone in sodium
cholate

3.1 Results
3.1.1 Molar absorptivities of Bp and DMBp in water and sodium cholate
aggregates

Knowing the concentration of Bp and DMBp throughout the study proved to be of
importance. Due to the insolubility of the ketones in water, it was not possible to
determine the concentration by weight when preparing the solutions. The alternative was
to measure the ground state absorption spectra and calculate the ketone concentration
using the Beer-Lambert Law (Equation 1.4). It was observed that the Bp and DMBp
ground state absorbance spectra changed significantly in solvents of different polarities.
A similar solvent effect has been previously observed.” The ® to m* absorption band
below 300 nm is red-shifted on going from a solvent of lower polarity to higher polarity
as the excited state is more polar than the ground state. The opposite effect is observed
for the n to m* absorption band centered at ca. 350 nm, as the excited state is less polar
than the ground state. In the current study, the spectra of the ketones in water and those in
the presence of bile salts could not be superimposed (Fig. 3.1). Thus, the molar
absorptivities of the compounds in aqueous solution and at aill NaCh concentrations were

determined.
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Figure 3.1 Ground state absorption spectra of Bp in the absence of NaCh and in the
presence of 40 mM of NaCh, to show the difference in the absorption of Bp ([Bp] = 0.6
mM) due to the presence of NaCh, at the excitation wavelength, 308 nm.

All molar absorptivity (€) values were determined at 308 nm because the data for
this study were collected using the excimer laser (A, = 308 nm). The € for Bp in CH,Cl,
was found to be 89 + 2 M'cm™ (2 determinations), while that of DMBp was found to be
180 + 3 M'cm™ (2 determinations). In aqueous solutions, the molar absorptivities were
determined to be 280 + 30 M'cm™ and 280 + 40 M'cm™ for Bp and DMBp, respectively

(2 determinations each).
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When extracting the ketones from the bile salt solutions, problems arose with the

DMBp solutions. In the presence of NaCh, the solutions of DMBp became cloudy upon
the addition of dichloromethane, and an emulsion formed that was very difficult to
separate. In the presence of NaCh, the values determined for the € of DMBp were similar
to the values obtained for Bp. The errors associated with the values for DMBp were much
larger than those for Bp. Consequently, the values obtained for Bp were used for both
ketones and were determined to be the following: in the presence of 10 mM of NaCh and
40 mM of NaCh, the € values recovered were 310 + 10 M'cm™ (2 determinations) and

210 = 10 M'cm (3 determinations), respectively.

3.1.2 Photochemistry of Bp and DMBp in water
The excitation of Bp in the presence of a hydrogen donor leads to the formation of
both triplet excited states as well as ketyl radicals (Scheme 1.4). As sodium cholate has

abstractable hydrogens, both of these transient species were followed in this study.

3.1.2.1 Transient absorption spectra

The transient absorption spectra of Bp and DMBp were acquired in order to
determine the wavelengths of interest for the kinetic studies for both the triplet excited
species, as well as the ketyl radicals. The triplet absorption spectrum had a maximum at
525 nm, with the absorbance extending into the 600 nm region (Fig. 3.2). Ketyl radicals
were generated by the addition of 2-propanol (0.62 M) to Bp in water. The maximum
absorption of the ketyl radical was shifted to 540 nm, with little absorbance at 600 nm

(Fig. 3.2).
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Figure 3.2 Transient absorption spectra for Bp in water (0.2 M NaCl), in the absence (0,

delay = 9.9 us) and in the presence (A, delay = 12 us) of 0.62 M of 2-propanol. The two
spectra were normalized at the peak maximum in order to emphasize the shift in the
spectrum upon the formation of ketyl radicals. The third spectrum (V, delay = 30 us) is
the signal for Bp in water observed for a long delay after the laser pulse. The solid lines

were included to guide the eye.

The same transient spectra were observed at all time delays after the laser pulse
for Bp in water, indicating that only one species was present. At long delays after the
laser pulse, no absorption was observed due to a complete decay of the transient species
(Fig. 3.2). The species present in water was the benzophenone triplet excited state, as the
spectrum was similar to those spectra reported previously in the literature.*** The triplet
excited state and ketyl radical spectral features for DMBp were similar to those observed
for Bp, which was expected since it has been shown that mono-substituted triplet Bp

derivatives give rise to similar transient spectra.®
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3.1.2.2 Transient kinetics of Bp and DMBp in water

The kinetics for triplet Bp (and DMBp) in aqueous medium followed a first order
decay, and the lifetime was ca. S5 us for both ketones. The lifetime was seen to decrease
with an increasing concentration of ketone due to self-quenching. Self-quenching
occurred when a ground state ketone molecule encountered a triplet excited state, and the
two interacted resulting in the deactivation of the excited state. This quenching process
followed the same quenching equation used when nitrite or oxygen were introduced as
quenchers (Equation 1.11, with [Q] = [ketone]).

Due to the fact that self-quenching was a factor in the deactivation of the excited
triplet species, the self-quenching rate constant for Bp was determined, and the value
recovered was (1.2 = 0.3) x 10° M''s”! (Fig. 3.3). This value is comparable to the value
previously reported in the literature for Bp in water (1.7 = 0.2) x 10* M's".¥ DMBp was
less soluble than Bp in water, and therefore only an estimate of the seif-quenching rate

constant was obtained (2 x 10* M''s™).
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Figure 3.3 Self-quenching plot for the triplet excited state of Bp in water, with a self-
quenching rate constant of 1.2 x 10° M''s™".

3.1.2.3 Quenching studies
3.1.2.3.1 Nitrite as a triplet excited state quencher

5173 and it led to a decrease in

Nitrite is a known quencher of triplet excited states,
the observed triplet lifetime for Bp and DMBp in aqueous solutions. For both ketones the
quenching plots in water were linear and the quenching rate constants were comparable

with an average value of (4.0 £ 0.6) x 10° M's™! (2 determinations) (Fig. 3.4).
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Figure 3.4 Quenching plot for the triplet excited state of Bp in water quenched with

sodium nitrite. A quenching rate constant of 3.4 x 10’ M's" was recovered.

3.1.2.3.2 Oxygen as a triplet excited state quencher

Oxygen quenches the triplet excited states and the ketyl radicals of Bp and
DMBp. For the experiments in water, where only the triplet excited state was present, the
quenching rate constant was determined by collecting kinetic traces in the presence of
nitrogen, air and oxygen. The oxygen concentration was then calculated® and an estimate

of the quenching rate constant of 2 x 10’ M''s” was obtained.

3.1.2.3.3 2-propanol as a triplet excited state quencher
In water, 2-propanol was used to determine the hydrogen abstraction rate constant

for the triplet excited states of Bp and DMBp. The most likely hydrogens to be abstracted
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from NaCh are the alcohol methine hydrogens (see below); thus 2-propanol was used to

mimic this structure in the absence of bile salts. The hydrogen abstraction rate constant
could not be measured directly using NaCh as the different aggregate structures at
varying concentrations would affect the ability of the triplet excited Bp to reach the
abstractable hydrogens.

Upon the addition of 2-propanol to Bp in water, the kinetic decays were no longer
mono-exponential. The value for the triplet lifetime in the presence of 2-propanol (0.62
M) was found to be approximately SO0 ns, while the decay for the ketyl radical was
slower, with a half-life longer than 35 us. The hydrogen abstraction rate constants (or
quenching rate constants) for triplet Bp and DMBp from 2-propanol were determined to
be (2.9 + 0.6) x 10° M's"'and (5.5 + 0.8) x 10° M''s”', respectively (2 determinations
each). These rate constants were determined by following the quenching of the triplet
excited state at 600 nm. The values obtained represent an estimate of the hydrogen
abstraction rate constant for the ketones in water by 2-propanol. These values were of the

same order of magnitude as values previously reported in the literature.***

3.1.3 Photochemistry of Bp and DMBp when complexed to NaCh aggregates
3.1.3.1 Transient absorption spectra of Bp and DMBp in presence of NaCh
aggregates

The Bp triplet excited state and ketyl radical were both observed in the transient
spectra of Bp in the presence of 10 mM and 40 mM of NaCh. Both transients were
formed within the pulse of the laser (ca. 10 ns). At short delays after the laser pulse, the

spectrum was broad with a significant absorption in the 600 nm region (Fig. 3.5). At
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longer delays after the laser pulse, the signal in the 600 nm region decreased relative to

the signal in the 525 - 550 nm region (Fig. 3.5). As was seen in the spectrum of Bp in
water, in the absence of 2-propanol, the triplet excited state absorbs significantly in the
600 nm region. Upon addition of 2-propanol to form the ketyl radical, the absorption in
the 600 nm region was drastically decreased. The absorption at 540 nm was prese;lt ata
time delay of 4.9 us while the absorbance at 600 nm was not. Therefore, the ketone ketyl

radical (monitored at 540 nm) is longer lived than the ketone triplet excited state

(monitored at 600 nm).

0.06

0.04}

0.02

0.008= 1
400 500 600
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Figure 3.5 Transient absorption spectra of Bp in the presence of 40 mM of NaCh at
varying time delays after the laser pulse (0.07 us (V), 0.3 ps (@), 4.9 us (0)). The solid

lines were included to guide the eye.
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3.1.3.2 Kinetic processes for Bp and DMBp in NaCh aggregates monitored in the

600 nm region

The kinetic decays at 600 nm in the presence of NaCh, for both ketones, were not
mono-exponential. All decay traces were therefore fitted to the sum of two exponentials
(Equation 2.2) (Fig. 3.6) in order to extract the lifetimes as well as the pre-exponential
factors for both processes. In order to obtain reliable data from Equation 2.2, the value of
A, (the final absorbance) was needed. This being the case, these experiments were always
carried out with two oscilloscopes and the second oscilloscope was used to determine the

value of A, (inset in Fig. 3.6).
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Figure 3.6 Decay at 600 nm fitted to the sum of two exponentials (1, = 0.07 s, 1,= 5.6
ps) for the transients formed when irradiating Bp in the presence of 40 mM of NaCh. The

inset shows the decay on a long time scale in order to determine the values for T, and A,.

The contribution of the fast component was determined by the ratio of A/A,. A,
was the absorbance of the first transient and was obtained from the fit to the sum of two
exponentials (Equation 2.2). A, was the total absorbance for both transients and was equal
to AA,,,. minus the residual absorption (A;). The fast component was the major transient
contributing to more than 75 % of the total signal present for Bp (Table 3.1) and more
than or equal to 80 % of the total signal for DMBp (Table 3.2). The only exception to this
trend was at a low concentration of Bp in the presence of 40 mM of NaCh. In this case,
the fast component only comprised 40 % of the signal. For Bp, the lifetime of the fast

component in the presence of 10 mM of NaCh was found to be 320 + 30 ns, while the
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lifetime of the fast transient in the presence of 40 mM of NaCh was found to decrease

significantly with increasing Bp concentrations (vide infra). The lifetime of triplet DMBp
in the presence of 10 mM and 40 mM of NaCh was found to be 850 = 70 ns and 90 + 20
ns, respectively. The lifetime values of DMBp did not decrease significantly with an

increase in DMBp concentration.

Table 3.1 Dependence of the relative triplet concentration, measured in terms of the
absorbance at 600 nm, and the relative contribution of the initial fast decay (A,/ A)) on

the NaCh and Bp concentrations. Errors are average deviations of two independent

experiments.
[NaCh]/ mM (Bpl/mM Relative absorbance A//A,
of Triplet

10 09-10 1.0 0.84 +£0.02
10 0.55-0.6 059° 0.83 £ 0.01
10 02-03 0.32 £0.02 0.86 + 0.01
10 0.03 - 0.05 0.09 £0.02 b
40 27-30 1.0 0.87 £ 0.01
40 1.1-1.2 1.0+ 0.1 0.86 £ 0.01
40 06* 0.7°* 0.78*
40 0.14-0.15 0.35+0.01 0402

(a) Data from only one experiment; (b) the decay had only one component.
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Table 3.2 Dependence of the relative triplet concentration, measured in terms of the

absorbance at 600 nm, and the relative contribution of the initial fast decay (A, / A,) on

the NaCh and DMBp concentrations. Errors are average deviations of two independent

experiments.
{NaCh}/ mM (DMBp ]/ mM Relative absorbance AJA,
of Triplet

10 0.35-0.45 1 0.84 £ 0.04
10 0.09* 037°* b
40 22° 1.0* 0.87*
40 1.3-14 0.73* 0.85*
40 0.78 - 0.88 0.52 £ 0.06 0.84 £ 0.04
40 0.26* 0.23* 0.80

(a) Data from only one experiment; (b) the decay had only one component.

For both ketones, at 600 nm, a second decay was present. For Bp, the lifetime for
the slower decay varied between 2 us and 13 us, while for DMBp the lifetime varied
between 10 ps and 20 ps. The second, slower decay at 600 nm comprised ca. 15t0 25 %
of the signal. It was difficult to reproduce the value of the lifetime for the long lived
component because of its minor contribution to the decay and the variation in the signal-

to-noise ratio.

3.1.3.2.1 Effect of Bp or DMBp concentration on the kinetic processes at 600 nm
The amount of triplet excited state formed was measured as the AA value right
after the laser pulse at 600 nm (AA_,,). Examining the relative absorbance for the triplet

excited states with changing ketone (Bp or DMBp) concentration showed that the triplet
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concentration decreased with decreasing ketone concentration (Table 3.1 and 3.2). For Bp

in the presence of 10 mM of NaCh, the AA,_,, appeared to decrease proportionally with a
decrease in the Bp concentration, excluding the data at an extremely low concentration of
Bp (0.03 - 0.05 mM). A direct relationship was not noted for Bp in the presence of 40
mM of NaCh or for DMBp at any of the NaCh concentrations observed.

As mentioned previously, the lifetime for Bp in the presence of 40 mM of NaCh
varied when the ketone concentration was altered (Fig .3.7). As the benzophenone
concentration was increased, the lifetime of the transient was observed to decrease. For
DMBp, similar trends were not observed in the presence of 40 mM of NaCh. In the
presence of 10 mM of NaCh, neither ketone showed an effect on the triplet excited state

lifetime with a decrease in ketone concentration.
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Figure 3.7 Dependence with ketone concentration of the observed rate constant for the
fast triplet decay at 600 nm, of Bp (A) and DMBp (B) in the presence of NaCh. The open
symbols are solutions in the presence of 10 mM of NaCh while closed symbols are
solutions in the presence 40 mM of NaCh. The different symbols correspond to

independent experiments.
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3.1.3.3 Kinetic processes for Bp and DMBp in NaCh aggregates in the 540 nm

region

The kinetics for the ketyl radical for both ketones were followed at a monitoring
wavelength of 540 nm. Although both the triplet excited state and ketyl radical absorb in
this region, the kinetics for the ketyl radical could still be studied because the transient
spectra showed that the Bp ketyl radical was longer lived than the triplet excited state.
Initially, a fast decay was detected (Fig. 3.8), followed by a much slower decay. The
lifetime for the fast decay at 540 nm was always comparable to the lifetime of the fast
decay at 600 nm, and both of these were the decay of the excited triplet states of the

ketones.

AA
Normalized

Le | L l I L |
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Figure 3.8 Transient kinetics at 540 nm in the presence of 10 mM of NaCh for Bp (®,
1.0 mM) and DMBp (O, 0.44 mM)
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At high concentrations of Bp (> 2.0 mM) and in the presence of 40 mM of NaCh,

the kinetics for the system were much more complex. The initial fast decay was still
present, but it was no longer followed by the slow decay. In this case, a growth followed
the initial fast decay (Fig. 3.9 (A)). The species growing was then observed to decay over
a long time scale (Fig. 3.9 (B)).

The growth accounted for 15 to 30 % of the total ketyl radicals present at 540 nm.
The growth was most predominant when the Bp concentration was high; in these cases,
the lifetime of the growth at 540 nm, was observed to correspond to the lifetime of the
long lived species decaying at 600 nm, to within 20 %. At lower Bp concentrations, the
growth and the slow decay at 600 nm were comparable within a factor of 2. The larger
error in the second case arose from the poor signal-to-noise ratio when measuring the
small amplitude of the growth. The growth was not observed for Bp at concentrations
lower than 2 mM, or when the NaCh concentration was lower then 40 mM. There was no
growth observed for any of the experiments carried out using DMBp, whereas in all cases
the kinetic traces showed the fast decay of an initial species, followed by a second much

slower bimolecular decay.
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Figure 3.9 Kinetics at 540 nm in the presence of 40 mM of NaCh. (A) Normalized
transient decays for Bp (@, 2.7 mM) and DMBp (O, 2.2 mM) illustrating the growth
observed for Bp. (B) Decay of the Bp ketyl radical after the growth shown in A. The

solid line represents the fit to a bimolecular decay and the residuals for the fit are shown

in the inset.
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The relative amount of ketyl radical was calculated for the signal at 540 nm. The

value for the amount of ketyl radical, A,.,,, was taken as the absorbance value after the
decay of the triplet (the initial fast decay). The absorbance maximum immediately after
the laser pulse represented the total absorbance of all transients, which were monitored
(A). The ratio of A,.,/A, gave the relative amount of ketyl radicals with respect to the
total species (ketyl radicals and triplet excited states) observed. When a growth was
observed, the amount of ketyl radical present was taken before the onset of the growth.
As can be seen in Table 3.3, the relative amount of Bp ketyl radical formed was higher in
the presence of 10 mM of NaCh than in the presence of 40 mM of NaCh. The decay of
the ketyl radical was always second order in ketyl, meaning that the decay of the ketyl
radicals occurred via the recombination of two ketyl radicals. It was also noted that the
relative amount of ketyl radical formed was lower for DMBp than for Bp when

comparing similar ketone and NaCh concentrations (Tables 3.3 and 3.4).
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Table 3.3 Dependence of the relative ratios of ketyl absorption to the total absorption and

the 2k/el values on varying concentrations of NaCh and Bp at 540 nm. Errors are average

deviations of two independent experiments.

{(NaCh] / mM (Bp]l/mM A/ A, 2k/el /10° s™

10 09-1.0 0.60 151
10 0.55-0.6 0.60 + 0.02 17£6
10 02-0.3 0.56 £ 0.08 19+6
10 0.03 - 0.05 0.36 £ 0.02 ---

40 27-30 043 +£0.01 33+09
40 1.1-1.2 041 x+0.01 48x0.2
40 06°* 0.36* 54°

40 0.14-0.15 0.30 £ 0.05 ---

(a) data from only one experiment.
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Table 3.4 Dependence of the relative ratios of ketyl absorption to the total absorption and

the 2k/el values on varying concentrations of NaCh and DMBp at 540 nm. Errors are

average deviations of two independent experiments.

[NaCh] / mM [DMBp ]/ mM A/ A, 2k/el /10° s™
10 0.35-045 0.34 £0.02 -
10 0.09 0.22* ——
40 2.2 0.23* 3.1*
40 13-14 0.22 £0.03 3.7°
40 0.78 - 0.88 0.23 £ 0.01 44°
40 0.26 0.16* -

(a) data from only one experiment.

As can be seen in Table 3.3, the apparent first order rate constant for the
recombination of ketyl radicals (2k/el) for Bp decreased with an increase in the
concentration of NaCh. For Bp at concentrations below 0.2 mM reliable data for the
value of 2k/el was not recovered. For DMBp, values for 2k/el obtained at 40 mM of
NaCh were found to be similar to those recovered for Bp in the presence of 40 mM of
NaCh (Tables 3.3 and 3.4).

Diluting the ketone (Bp or DMBp) concentration did not have an effect on the
apparent first order rate constant for the decay of the ketyl radicals. Further, in most
cases, the ratio of ketyl radical to total species decaying did not change when the Bp
concentration was decreased. The exception was at very low ketone concentration where

the ratio was observed to decrease.
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3.1.3.4 Deactivation of ketone transient species with quenchers

Quenching is a useful technique for studying the interactions between a
supramolecular system and a photophysical probe. In this work, choosing two different
quenchers that would target the different transients was key in understanding the
dynamics of Bp and DMBp with NaCh aggregates. Nitrite was used to study the
quenching of the triplet excited states. Oxygen was used because it quenches both the
triplet excited state as well as the ketone ketyl radical. By comparing the different
outcomes for the quenching experiments with nitrite and oxygen, assignments could be

made for all the transients observed in this study.

3.1.3.4.1 Nitrite quenching

As mentioned previously, nitrite quenches triplet excited states®"’* but not ketyl
radicals. Studying the kinetics at 540 nm, it was found that nitrite quenched the initial fast
decay effectively but not the long-lived signal. The initial fast decay corresponded to the
fast decay at 600 nm and is assigned to a triplet excited state. The pursuing longer-lived
decay was believed to be a ketyl radical and thus it was expected that the long-lived
decay would be unaffected by the addition of nitrite. The lifetimes of both decays at 600
nm were shortened with the addition of nitrite.

Quenching studies can be used to determine characteristics other than the
quenching rate constant of an excited state probe. In previous work, it was shown that
quenching of the triplet states in the presence of a supramolecular system led to curved
quenching plots.>*' In these plots, the observed rate constant was plotted against quencher

concentration. When a downward curvature was present the interpretation was such that
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the dynamics of the system had reached a stage where exit of the excited state probe from

the host system had become the rate determining step (Section 1.1.3.1.1).5%*% This stage
was reached when the quencher concentration was high enough to have quenched the
excited state molecules in the aqueous phase. Thus, quenching studies may be used as
evidence to support the location of the probe based on the shape of the quenching plot
generated, as well as by using the quenching rate constants determined.

For Bp, the quenching of the fast component at 600 nm gave rise to linear
quenching plots (Fig. 3.10) at all NaCh concentrations. The quenching rate constant was
always the same, within experimental error, regardless of the ketone or bile salt
concentration. The average value recovered was (3 = 1) x 10° M's" (9 determinations).
This value was the same as the quenching rate constant of triplet Bp in water by nitrite.

The second component in the kinetics at 600 nm, at all host concentrations, was
also quenched by nitrite, although less efficiently (Fig. 3.10). The quenching rate constant
recovered was less than 6 x 10’ M™'s, and the plots were also linear. The fact that the

transient was quenched by nitrite suggests that this transient is a triplet excited state.
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Figure 3.10 nitrite quenching plot, for one of the independent experiments, for the triplet
excited state of Bp at 600 nm. Fast (@) and slow (A) triplet components in the presence of
10 mM of NaCh.

For DMBp, the results for the quenching of the initial fast component in the
presence of 10 mM of NaCh were similar to those described above for Bp. The plots
were linear (Fig. 3.11), with a quenching rate constant of (4.9 x 0.5) x 10° M's™' (2
determinations). In the presence of 40 mM of NaCh, a curved quenching plot was
observed for the fast component (Fig. 3.11). Data from two separate experiments were
combined and the curved quenching plot was fitted using Equation 1.16. The k, value
(decay in water) was determined by substituting the DMBp concentration, k,,, and kg,
into the self-quenching equation (Equation 1.11, with Q = DMBp) and calculating the
value of k, to be equal to 4.3 x 10° s™". The value for k, was fixed at 4.9 x 10’ M''s™, as

was determined independently (see above). The value for ky,o, was determined from the
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decay in the absence of quencher, and was fixed to the average value between the two

experiments of 1.07 x 10" s™.

The parameter k, (H) can often span a wide range of values and still provide an
adequate fit for the data; thus, often only ranges are reported for this parameter. Using
the minimum and maximum values for this range, the other parameters recovered were
relatively constant. For DMBp in the presence of 40 mM of NaCh, the range for k, (H)
was determined to be from 0 to 1 x 10’ M''s". The values recovered for k_ and k,/N were
(1.2£0.1) x 10" s"and (4 £ 1) x 10° M''s™, respectively. The errors for these parameters
correspond to the error between the values recovered when using the low and high values

stated for the range of k, (H) values.
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Figure 3.11 Nitrite quenching plot for the fast component of the triplet excited state
decay of DMBp in the presence of 10 mM of NaCh(Ql) and 40 mM of NaCh (O,®, two

independent experiments), and the slow component of the decay in the presence of 40
mM of NaCh(A).

For DMBp the slower component at 600 nm was quenched by nitrite, and the
plots were linear (Fig. 3.11). The only data that could be studied with any reliability for
the slow decay at 600 nm was at high ketone and bile salt concentrations. At all other
conditions the signal-to-noise ratio was too poor to perform adequate analysis. The

quenching rate for DMBp in the presence of 40 mM of NaCh was 4 x 10’ M''s™.
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3.1.3.4.2 Oxygen quenching

In order to test the hypothesis that the two transients present in this study were the
triplet excited state and the ketyl radical of the ketones, oxygen was used as a second
quencher. Oxygen quenches both the triplet excited state as well as the ketone ketyl
radical. It was found that oxygen did shorten the lifetimes of all the transients observed at
both 600 nm and 540 nm for both ketones. For Bp, the quenching rate constant for the
fast component of the decay at 600 nm was found to be high. A range for the quenching
rate constant for this component of (3 —~ 7) x 10° M''s” was recovered from data in the
presence of 10 mM and 40 mM of NaCh. Oxygen was also efficient at quenching the

slower component for the triplet Bp decay at 600 nm, with a quenching rate constant

range of (0.8 - 2.0) x 10° M's™.

3.2 Discussion
3.2.1 Bp and DMBp in aqueous solution

As mentioned in Chapter one, this study used the model of primary and secondary
aggregation to explain the chemistry under investigation. The important feature of this
model is that two regions of different hydrophobicities are present for binding of the
probe molecules at high bile salt concentrations. At low bile salt concentrations (10 mM)
only primary aggregates are present with a hydrophobic binding site. At higher bile salt
concentrations (> 20 mM), secondary structures form by the combination of primary
aggregates that yield additional hydrophilic binding sites.

It was of interest to determine which hydrogen(s) on the bile salt aggregate was

(were) most likely being abstracted by the triplet excited state of Bp and DMBp. There
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are five chemically different hydrogens present on the bile salt molecule: the hydrogen of

the alcohol group, primary alkane hydrogens on the methyl groups, secondary and
tertiary alkane hydrogens on the ring structure, and alcohol methine hydrogens. In order
to understand which hydrogen may be abstracted, the bond dissociation energies were
critical. Table 3.6 lists appropriate values for the bond dissociation energies for the five
types of bonds mentioned above. The bond dissociation energies were not measured for
bile salt molecules; however, using base hydrocarbons as models gave an understanding
of the relative bond strengths. The alcohol hydrogen was modeled with methanol, while
the primary, secondary and tertiary hydrogens were modeled with ethane, propane, and 2-

methylpropane, respectively. The alcohol methine hydrogen was modeled using various

alcohols including ethanol and 2-propanol.

Table 3.6 Bond dissociation energies (BDE) for the various hydrogens present on bile

salt molecules.

Species Bond dissociation Energy
Alcohol hydrogen 102 kcal mol™ *'
Primary alkane hydrogen 100 kcal mol™ ™
Secondary alkane hydrogen 96 kcal mol" >
Tertiary alkane hydrogen 93 kcal mol" %
Alcohol methine hydrogen 88-91 kcal mol™* *

As can be seen from the values in Table 3.6, the weakest bond is the alcohol

methine hydrogen. A comparison of the difference in rate constants for hydrogen
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abstraction between the tertiary alkanes and alcohol methine hydrogens was calculated.

Using the highest value for the BDE of the alcohol methine hydrogens, it was found that
abstraction of the alcohol methine hydrogen would be at least 78 times faster than
abstracting the tertiary hydrogen. It was, therefore, assumed that the hydrogens that were
the most likely to be abstracted were the alcohol methine hydrogens. The carbon atoms

bearing the abstractable hydrogens are highlighted in Scheme 3.1.

: CooO’
OH
OH

Scheme 3.1 Location of hydrogen atoms most likely to be abstracted from a NaCh

molecule.

3.2.2 Reactivity of ketones in NaCh primary aggregates

Primary aggregates are formed by the aggregation of the hydrophobic backbones
of the NaCh monomers leading to a hydrophobic binding site.'**** At 600 nm, two
transients with different lifetimes were observed at all bile salt concentrations, and at low
and high ketone concentrations. Both transients were quenched by nitrite; thus, two
different triplet species were detected in the presence of primary aggregates. For Bp, the
quenching rate constant by nitrite for the first transient ((3 = 1) x 10’ M''s™") was similar
to that of Bp in water ((4.0 + 0.6) x 10° M's™). Thus, this excited triplet state was located
within the aqueous bulk, and not within the NaCh aggregates. The quenching rate
constant, by nitrite, for the second transient was found to be significantly smaller, with k_

=6 x 10" M's". As this rate constant was almost two orders of magnitude smaller than
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the rate constant in water, it was reasonable to assume that the transient was less

accessable to the aqueous quencher, and thus located within a binding site of NaCh. In
the presence of 10 mM of NaCh, only primary aggregates are present, and as such, this
triplet was assigned to being located within the primary aggregate.

For DMBp in the presence of 10 mM of NaCh, quenching studies were only
carried out on the initial fast decay at 600 nm because the signal to noise ratio for the
slower decay was poor, and reliable data were not obtained. The quenching rate constant
recovered in the nitrite quenching experiments for the initial fast decay was similar to that
in water, with an average k, of (4.9 + 0.5) x 10’ M''s"". This transient was assigned to the
decay of DMBp in the aqueous bulk.

The lifetime of the ketone triplet excited state corresponding to the fast decay at
600 nm was much shorter (hundreds of nanoseconds) than that of the triplet excited state
of Bp or DMBp in water. The triplet lifetime was therefore affected by the presence of
the NaCh. The second decay at 600 nm had a much slower decay lifetime, of several
microseconds. Other possible assignments for the slow decay were considered for the
transients and discarded based on the following observations. The ketyl radical can be
ruled out as it would not be quenched by nitrite. The ketone radical cation and anion were
also not possible. Bp radical cations have been shown to react readily with water, and the
absorption of this transient is at shorter wavelengths.”®®' The solvated electron that was
needed to form the radical anion would have been quenched by nitrous oxide.* Thus, if
the signal was due to radical anions, in the presence of nitrous oxide there were no
solvated electrons and thus, the anion would not form. The only assignment possible for

these transients, therefore, was the triplet excited state of the ketones.
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There were two possible bimolecular deactivation pathways for the triplet excited

state of the ketones to undergo in the absence of quencher: hydrogen abstraction from the
NaCh molecules or self-quenching if the triplet excited state entered the aggregate and
encountered another (ground state) ketone. To test for the self-quenching hypothesis,
dilution experiments were performed to determine whether the lifetime of the excited
state ketone changed with a decrease in the overall concentration of the ketone, as self-
quenching is dependent upon the ground state ketone concentration. For solutions in the
presence of 10 mM of NaCh, no effect of ketone concentration was observed. As the
ketone concentration did not affect the lifetime of the transients, it can be assumed that an
excited triplet state entering a primary aggregate did not encounter another ketone
molecule within the aggregate. If this were the case, as the concentration of ketone was
increased a self-quenching effect would have been noticed. Self-quenching can also take
place in the form of static quenching. Static quenching takes place within a binding site
and cannot be ruled out in this study; however, when discussing self-quenching, the
process being described is the encounter of a triplet excited state ketone molecule with a
ground state molecule upon entering a binding site.

Each monomer of NaCh has three alcohol methine hydrogens. It was assumed
that the rate constant for hydrogen abstraction would be similar to that determined for the
hydrogen abstraction from 2-propanol (above). In such a case, the upper limit for the rate
constants for hydrogen abstraction from NaCh would be 8.7 x 10° M's™ and 1.7 x 10°
M-'s™ for Bp and DMBp, respectively (i.e. three times the determined rate constants for
2-propanol). The product of the rate constant for hydrogen abstraction and the

concentration of NaCh yields the upper limit for the observed rate constant for the
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formation of ketyl radicals from triplet excited states in the aqueous phase. This is due to

the fact that the formation of ketyl radicals will depend upon how easily a ketone triplet
excited state encounters the NaCh aggregate (depends on [NaCh]) and how quickly it
reacts with the NaCh to form the ketyl radical. Calculating this limit in the case of 10 mM
of NaCh yields values of 8.7 x 10* s and 1.7 x 10*s™ for Bp and DMBp, respectively.
The reciprocal value for the duration of the laser pulse is 10°*s™. Since the reciprocal
value for the laser pulse is higher than the calculated formation of ketyl radicals, and a
signal from ketyl radicals was seen directly after the laser pulse, it can be concluded that
ketyl radicals were formed within the laser pulse. Furthermore, they were formed by the
reaction of Bp triplets that were solubilized within the bile salt aggregate.

Although the most extractable hydrogens on the NaCh monomer are the alcohol
methine hydrogens, it must be pointed out that these hydrogens are located in an
equatorial position on the bile salt backbone, and are not oriented towards the center of
the primary aggregate. Thus, when discussing hydrogen abstraction within the primary
aggregate, it is not possible that the alcohol methine hydrogens are involved. As such, the
most likely hydrogens abstracted within the primary aggregate are the tertiary alkane
hydrogens.

It was observed that hydrogen abstraction occurred in the presence of primary
aggregates to a greater extent than in the presence of secondary aggregates; as can be
seen in Tables 3.3 and 3.4 when looking at the ratio of A,.,, / A,. In the presence of
primary aggregates, triplet excited states of the ketone were located within the primary
binding site and within the aqueous bulk. If the hydrogen abstraction reaction was

occurring between the excited triplet ketone in the aqueous bulk and the outside of the
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primary aggregate, than a decrease in the hydrogen abstraction rate constant in the

presence of secondary aggregates would not be expected. Thus, the hydrogen abstraction
reaction observed in the presence of primary aggregates was occurring within the primary
binding site.

A final point of interest, when the probe molecules were in the presence of
primary aggregates, was to see how the structure of the probe would affect the binding to
this rigid sight. It was of interest to note that the lifetime of the slow decay at 600 nm was
shorter for Bp in comparison with DMBp. There are two possible reasons for this
observation. The hydrogen abstraction rate constant for Bp is higher than for DMBp;
thus, as Bp ketyl radicals were formed faster than DMBp ketyl radicals, the lifetime for
triplet Bp would be shorter. The residence time of the probe within the aggregate would
also affect the lifetime of the transient. If the triplet lifetime was determined only by the
exit process, then the exit rate constant for DMBp ((0.5 — 1) x 10° s™") would be slightly
lower than that for Bp ((0.8 - 5) x 10°s™), as would be expected for the more
hydrophobic probe. It is of interest to note that the exit rate constant for Np from the
primary site was previously reported as being (1.0 + 0.4) x 10° s';*' thus, there is at least
a factor of two difference in the exit rate constant between the Bps and Np from the
primary site. This observation suggests that the binding to the primary site is sensitive to
the structure of the probe molecule, whereas it was determined that binding to the

secondary site was much less selective (vide infra).
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3.2.3 Reactivity of ketones in NaCh secondary aggregates

With the formation of secondary aggregates, the system was more complex
because two possible binding sites were available for probe molecule interactions. At
high concentrations of NaCh the primary aggregates interacted to form secondary
aggregates with a hydrophilic binding site.”** The results at higher bile salt
concentration were consistent with an increased level of complexity. Having two distinct
binding sites of varying hydrophobicities within the NaCh aggregates allowed for an
examination of the effect of hydrophobicity of the guest on the binding dynamics with the
NaCh aggregates.

As was mentioned in Chapter one, data on the size and aggregation number for
NaCh aggregates is disputed in the literature.?®*?%4%%7 Thjs study presents the first
estimates of the aggregation number based on triplet excited state investigations of probe

molecules within these aggregate systems.

3.2.3.1 Triplet excited state reactions

One of the first differences observed when secondary aggregates were present
was a decrease in the lifetime of the triplet excited Bp, with an increase in the Bp
concentration. The nitrite quenching rate constants for the initial fast decay were similar
to those obtained for the ketones in water, suggesting that either the triplet was located
within the aqueous phase or the dynamics with the secondary aggregate were extremely
fast. The data recovered in this study suggested that the process was not taking place
entirely in the aqueous phase. At all concentrations studied, the lifetime of triplet Bp in

water was much longer than Bp in the presence of NaCh. At high Bp concentrations (ca.
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2.5 mM), the lifetime determined for the triplet in water was found to be ca. 2.8 ps. In the

presence of 40 mM of NaCh, the triplet lifetime of Bp (2.5 mM) was 70 ns. Thus, the
decrease in the triplet lifetime must be related to processes taking place within the NaCh
aggregates.

The most likely explanation for the kinetic data observed was that the dynamics
(entry and exit) involving the secondary site were extremely fast. In other words, there
was interaction between the triplet excited state ketones and NaCh aggregates; however,
the interaction occurred on a time scale that was too fast to be detected using the nitrite
quenching methodology. The residence time for the excited state probe within the
aggregate system would need to be greater than 25 ns, in order for the exit of the probe
from the site to be detected by the quenching methodology because of the time resolution
for the kinetic measurement. The fact that a linear quenching plot was observed, as
opposed to a curved plot suggested that the dynamics involving the secondary aggregate,
for Bp, were extremely fast. It was assumed that association with secondary aggregates
was very fast, in fact, close to the diffusion limit. An exit rate constant of 4 x 10’ s™*
corresponds to the minimal residence lifetime of 25 ns mentioned above. Since the exit of
the probe was not detected by the methodology the rate constant must be greater than 4 x
10’ s'. This was not the case for DMBp where a curved quenching plot was observed in
the presence of 40 mM of NaCh. The residence time for DMBp was longer than for Bp
(83 ns, vide infra); thus, the entry and exit of DMBp were detectable by nitrite quenching
experiments, and led to the curved quenching plot observed (vide infra).

The oxygen quenching rate constant for Bp in water was determined to be 2 x 10’

M's; thus, it appeared that the fast component of the decay in the presence of NaCh was
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quenched with a higher rate constant than in water. This may be explained by the fact that

oxygen may be present in somewhat higher concentrations due to a higher solubility in
the presence of NaCh aggregates. It must be noted that this change in solubility was not
accounted for in the calculations, as the values for the oxygen concentration in water®
were used in calculating the quencher concentration in the presence of bile salt.

All experiments were carried out with the bile salt aggregate concentration (when
secondary sites are present) in excess of the ketone concentration; therefore, the entry rate
constant for Bp (k,[secondary sites]) did not vary with varying Bp ground state
concentration. Once the triplet Bp entered the NaCh aggregate there were three
possibilities: the triplet could exit back to the aqueous phase, it could undergo hydrogen
abstraction, or if it encountered a ground state ketone, it would be self-quenched.

At low Bp concentrations, the probability of a triplet excited state finding a
ground state Bp in the secondary site was low. This is due to the fact that the encounter of
the two Bp molecules depends upon the concentration of Bp as well as the association of
the excited state molecule with the aggregate. Consequently, self-quenching did not
compete with the other two processes, at low Bp concentrations.

At low Bp concentrations, the observed rate constant was approximately 1 x 10°
M's!. This value was lower than the observed rate constant when only primary
aggregates were present, indicating a decrease in the hydrogen abstraction efficiency.
One hypothesis may be that the decrease in hydrogen abstraction efficiency was due to
the change in polarity of the two binding sites. It has been shown in the past that polarity
does not affect the hydrogen abstraction rate constant;** thus, an alternative explanation

must exist. The most likely explanation is that the likelihood of the triplet excited state
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accessing an abstractable hydrogen was decreased in the secondary site compared to the

primary site.

A decrease in the triplet lifetime was observed at high Bp concentrations. The
most likely explanation was self-quenching of the triplet excited states by ground state
Bp molecules located within the bile salt aggregates. Self-quenching was a more efficient
process than hydrogen abstraction, so when the ketone concentration was high, self-
quenching competed with the exit of the probe to the aqueous phase. To quantitatively
analyze this data the concentration of secondary sites and the partition equilibrium
constant between Bp and the secondary sites must be known. Neither of these parameters
is known, so a quantitative analysis was not performed. These data were used to
determine an estimate for the aggregation number of bile salts presented in section 3.2.4
below.

The slower exit rate for the triplet DMBp led to curved quenching plots when
using nitrite as a quencher in the presence of 40 mM of NaCh. This was not observed for
Bp, and this observation was consistent with the fact that DMBp is more hydrophobic
than Bp. The exit rate constant recovered was 1.2 x 10" s, which yields a residence
lifetime of 83 ns for the triplet DMBp.

In contrast to the data for Bp, the lifetime for triplet DMBp did not vary when the
concentration of the probe was decreased. For Bp, the decrease in lifetime was attributed
to an increase in self-quenching when the ketone concentration was increased. There are
two possibilities for the lifetime of DMBp not changing with an increase in the ketone
concentration: the self-quenching rate constant for DMBp was higher than that of Bp,”

making the process more efficient, or DMBp resided in the secondary aggregate for a
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longer period of time. The longer residence time could have allowed the triplet excited

probe to intra-aggregate migrate to a different secondary site, as opposed to exiting to the
aqueous phase. If this occurred, and the triplet excited state encountered a ground state
DMBp, then self-quenching would occur. Therefore, at lower concentrations of DMBp,
the excited state probe molecule would have a longer period of time to encounter a
ground-state molecule and self-quench. For these reasons, self-quenching would not vary
with a change in DMBp concentration, and the lifetime would remain unaltered.

From the curved quenching plot of DMBp in the presence of 40 mM of NaCh, the
value recovered for k,/N was 4 x 10° M s”'. The estimated value of N for secondary sites
is between 6 and 13 (vide infra), thus giving an association rate constant between (2.4 -
5.2) x 10° M s for the interaction of DMBp with the secondary aggregate. This result
shows that the entry and exit dynamics of guests from the secondary site were fast.
Furthermore, the data support the claim that the exit of a probe from the secondary site is

dependent on the probe polarity.

3.2.3.2 The formation and reaction of the ketone ketyl radicals

In Tables 3.3 and 3.4, the ratio of ketyl absorption to total absorption at 540 nm
gave an indication of how much ketyl radical was formed within the laser pulse. In this
section, data for the secondary aggregates is compared with data in the presence of
primary aggregates (10 mM) in order to gain a full understanding of the results. It was
observed that the ratio of ketyl radicals to total species decaying remained fairly
unaffected while varying the ketone concentration (for both Bp and DMBp). This

observation suggests that the partitioning of Bp or DMBp between the aqueous phase,
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primary site, and secondary site was not affected by altering the probe concentration. At

very low ketone concentration a decrease was observed that suggested that the amount of
ketyl radical formed within the aggregate was decreased.

One of the most interesting results in the study was the fact that the yield of ketyl
radicals was higher when only primary aggregates were present (10 mM of NaCh), rather
than when secondary aggregates were present. This result suggests that the main source
for ketyl radicals was hydrogen abstraction by triplet Bp or DMBp from within the
primary aggregate. At a higher bile salt concentration, there were two binding sites
present in the NaCh aggregates where the probes were located. As the bile salt
concentration was increased, there was an increase in the amount of ketone solubilized.
Although more molecules of Bp/DMBp were solubilized within the aggregate at higher
host concentration, the percentage of molecules located within the secondary site, as
opposed to the primary site, could have been increased. If it is assumed that ketyl radical
formation occurred mostly within the primary site, it is then clear why the value for the
ratio of ketyl radicals formed decreased in the presence of secondary sites.

At both 10 mM and 40 mM of NaCh, it was observed that the ketyl radical yield
for DMBp was lower than that for Bp. The hydrogen abstraction rate constant from 2-
propanol, was lower for DMBp than for Bp; therefore, it is understandable that the yield
of ketyl radicals would be lower for the more hydrophobic probe.

Another interesting finding of the study was the growth of ketyl radicals observed
in the kinetics, in the presence of 40 mM of NaCh, and when the concentration of Bp was
high. This growth was not observed when the concentration of the host or the guest were

decreased, and it was absent in the kinetics for DMBp. The lifetime of the growth was
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found to be between 2 to 13 us, which was comparable to the lifetime of the slow decay

at 600 nm. Hence, it would appear that the triplet state formed within the primary
aggregate (vide supra) was responsible for the ketyl radical which was formed on a slow
time scale at high Bp and NaCh concentrations.

It is probable that the slow formation of ketyl radicals occurs at all concentrations
of Bp and DMBp, but may only be detectable when the total amount of ketyl radical
being formed is high. This would explain the absence of a growth with DMBp, as the
amount of this ketone solubilized was lower than that of Bp. Another possible
explanation for the absence of the growth for DMBp was, once again, the lower hydrogen
abstraction rate constant for this ketone when compared to Bp. It is impossible at this
time to distinguish between the two explanations for the absence of a growth with the
DMBp data.

The decay of the ketyl radicals was second order in ketyl radicals. For Bp, the
apparent first order rate constant for the decay of ketyl radicals was observed to be larger
in the presence of 10 mM of NaCh than in the presence of 40 mM of NaCh, by a factor of
3. The value for the molar absorptivity coefficient for the Bp ketyl radical in water was
reported in the literature as 3000 M 'cm™.*° Using this value and assuming homogeneous
irradiation of the sample over the entire 7 mm cell pathlength, the bimolecular rate
constant was estimated. The values for the bimolecular rate constants for the decays of
the Bp ketyl radical, in the presence of 10 mM and 40 mM of NaCh, were 1.8 x 10° M's™
and 5.3 x 10*M's, respectively. The value at 10 mM of NaCh was similar to the rate
constant for a diffusional process in water of two radicals. The diffusional rate constant in

water has a value of 6 x 10°M's™";* however, due to the fact that only 25 % of all
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encounters for radicals will have singlet multiplicity, the expected rate constant for the

encounter of two radicals in water is 1.5 x 10°M's™. As the value for the bimolecular rate
constant in the presence of 10 mM of NaCh was found to be similar to that in water, the
ketyl radicals were recombining in the aqueous phase, after exiting the primary
aggregate. In the presence of 40 mM of NaCh, the rate constant was substantially lower,
indicating that the ketyl radical reactions may be occurring in a more restricted
environment. Recombining within the secondary site would lead to a lower bimolecular
rate constant, as the encounter of the radicals would be slowed by the presence of the
supramolecular system. In this case, it is reasonable to assume the radical recombination
reactions were taking place within the secondary aggregate, as well as in the aqueous
phase. The ketone ketyl radical may recombine with another ketone ketyl radical or with

a bile salt radical.

3.24 Size of primary and secondary aggregates

Using the competing reactions of self-quenching and exit of the ketone probes in
the presence of secondary aggregates (mentioned above), the aggregation number for the
primary and secondary aggregates was estimated. A schematic representation of the

competing processes is shown in Scheme 3.2.

ksq

Bp®>* + Agg(Bp) Agg(2 Bp)

)

Scheme 3.2 Reaction of triplet Bp with a ground state molecule of Bp located within the
NaCh aggregates, leading to two possible deactivation pathways: self-quenching or exit
of the Bp molecule, from the secondary site.
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Assuming a scenario where k., is much larger than k_, the ratio of rate constants is

reduced to unity and leaves only the product of the fraction of occupied sites and the
secondary site concentration. Dividing the 40 mM of NaCh by the combined aggregation
number of 6 leads to a secondary site concentration of 6.7 mM. Therefore, when the
secondary site concentration is 6.7 mM the fraction of occupied sites is 0.21.

To justify the validity of the secondary site concentration estimated above, the
partition equilibrium constant for the system under the above conditions was calculated.
In order to carry out this calculation, it was assumed that the distribution of Bp molecules
within the secondary sites of NaCh followed a Poisson distribution, as was previously
seen for micelles.” In order to use this mathematical analysis, it was assumed that to a
first approximation the secondary sites can be viewed as micelles. The following
characteristics of micelles were assumed: it was possible to bind more than one solute per
secondary site, and the presence of a solute did not change the binding efficiency. As has
been mentioned, the binding dynamics to the secondary site is very fast, and it appears
that binding is not dependent on guest size; thus these assumptions were considered
acceptable. The key information the Poisson distribution provides is the ratio of the
concentration of incorporated guests with respect to the secondary site concentration (n)

when the fraction of occupied sites (f) is known. (Equation 3.2)

f=(-eM
Equation 3.2

Using Equation 3.2 with f = 0.21, a value of n = 0.24 was recovered. Again, when

the secondary site concentration was taken as 6.7 mM the concentration of bound Bp was
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1.58 mM. The partition equilibrium constant of Bp when the total ketone concentration

was 2 mM was calculated to be ca. 750 M. (Equation 3.3) Values of 2040 M"' and 6300
M have been reported for acetophenone and xanthone, respectively, with SDS
micelles;* thus the partition equilibrium constant (k,) for Bp under the conditions used in
this analysis was reasonable.

k. = (BPbound)
P (BPunbound) * (55 = BPpound)

Equation 3.3
where, Bp,...c represents the concentration of Bp bound within the aggregate system,

BpP.awouna TEPresents the concentration of Bp not bound within the aggregate system, and ss

represents the concentration of secondary sites.

The lower limit for the secondary site concentration, leading to an upper limit for
the combined aggregation number, was estimated using reasonable values for f and the
partition equilibrium constant. Assuming an f value of unity would assume that all the Bp
was bound; however in the experiments aqueous Bp was observed, thus this would be
unreasonable. If an upper limit of 0.5 was assumed for f, which was reasonable in
conjunction with the observation of unbound Bp present, a lower secondary aggregate
concentration of 2.8 mM was calculated. This led to a partition equilibrium constant of
3.8 x 10* M'. This value appears to be high suggesting that the secondary site
concentration is probably higher than 2.8 mM. An upper limit of ca. 1.5 x 10* M was
considered more appropriate, based on the literature values mentioned above. Using this
partition equilibrium constant a secondary site concentration of 3 mM and the fraction of

occupied sites of 0.47 were calculated. A value of 0.47, for the fraction of occupied sites,
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seems reasonable based on the amount of unbound Bp that was observed in this study.

Thus, it was assumed that 3 mM was close to the lower limit for the secondary site
concentration. Assuming a secondary site concentration of 3 mM (of a 40 mM NaCh
solution) leads to an upper combined aggregation number (N,N,) of 13.

Thus, it can be stated that 6 < N,N, < 13. This means that, at most, 6 monomers
can make up a primary site, as it must be assumed that at least 2 primary aggregates are
needed to make up a secondary site. Conversely, it is also reasonable that, at most, a
secondary site is defined by 4 primary aggregates, assuming that at least 3 monomers are
necessary to define a primary aggregate. This finding does not contradict the possibility
of larger aggregate structures existing with multiple secondary binding sites. Our findings
would be consistent with a model in which one structure had many secondary binding
sites; however, the intra-aggregate mobility would be too slow to compete with exit of

triplet Bp from the secondary site into water.

3.24.1 Model for the Bp and DMBp reactivity in NaCh

It is evident throughout the work that the concentration of NaCh and thus the type
of binding sites present affected the chemistry being observed. The reactivity of the
ketones also appears to vary with varying hydrophobicities. In the presence of only
primary aggregates, Bp and DMBp reacted similarly. In both cases there were various
triplet states present. There were two triplet states located within the primary aggregate:
one that formed a ketyl radical within the laser pulse, and another that was unreactive
within the laser pulse and existed as a long lived triplet. There were also triplet states

present in the aqueous solution. It was noticed that ketyl radicals located in the primary
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aggregates recombined at rates that were diffusion controlled. This suggests that the ketyl

radicals exited the primary aggregates into the aqueous phase, and then recombined.

When secondary aggregates were present, a layer of complexity was added to the
system. All the processes present in the primary aggregate were still occurring; however,
the introduction of a second binding site allowed for more chemical processes to take
place. The exit of the probe from the secondary site was fast compared to the exit from
the primary site. The reaction of the ketyl radicals was slowed in the presence of
secondary sites. This observation suggests that the recombination reaction was likely
occurring in the secondary sites as well as in the aqueous phase.

The triplet excited states of the ketones were also observed to exist in the
secondary site. In the secondary site, three pathways were in competition with one
another: self-quenching, hydrogen abstraction, and exit of the probe to the aqueous phase.
As the residence time of the ketones was short in the secondary site, it was found that
hydrogen abstraction did not compete with exit of Bp into the aqueous phase. Self-
quenching was found to be a more efficient process than hydrogen abstraction, and as
such was able to compete with the exit of triplet Bp to the aqueous phase. DMBp was
found to have a longer residence time (83 ns) in the secondary site than Bp (the upper
limit estimated was 25 ns), most likely due to the fact that the hydrophobicity is increased
for DMBp as compared to Bp.

The aggregation number of bile salts has been previously hypothesized. 280485667
In work done by Tato and co-workers, the aggregation number for the primary aggregate
was found to be between 3 and 5.% The researchers varied the concentrations of NaCl and

NaCh, and determined the aggregation number based on freezing point determinations
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and by measuring the sodium concentration, leading to measurements for the values of

pNa. The same researchers determined similar aggregation numbers for other commonly
studied bile salts: sodium taurocholate (2.59 + 0.59), sodium deoxycholate (5.82 + 0.04),
and sodium deoxytaurocholate (5.42 + 0.47) using the same techniques.®’ In light
scattering work by Kratohvil and co-workers, aggregation numbers for sodium
taurodeoxycholate and sodium deoxycholate were also estimated.?® These researchers
found that the aggregation number for primary aggregates varied from 3.5 to 13.6 as the
NaCl concentration was increased from 0 M to 0.6 M for sodium taurodeoxycholate, and
the value for sodium deoxycholate varied from 8.0 to 11.6 at NaCl concentrations of 0.15
to 0.6 M. In work done by Mazer and coworkers using light scattering, the researchers
estimated the aggregation number of primary aggregates to lie between 4 and 10.® All the
above research was carried out at concentrations of bile salts where only primary
aggregates are present. In the current study the aggregation number is based on the
incorporation of the Bp guest within the secondary aggregates. At these NaCh
concentrations both primary and secondary aggregates are present and thus the amount of
Bp bound is the amount bound to either the primary aggregates or the secondary
aggregates. Thus, using the qualitative analysis above a value for the aggregation number
of the primary aggregates was determined. The value calculated in this study of 3 to 6
monomer of NaCh for an aggregation number of the primary site seems reasonable.

The above data and explanations further validate the existence of two different
and unique binding sites within sodium cholate aggregates in solution. The qualitative
analysis carried out on the Bp self-quenching data also provides the first estimates on

aggregation size from a dynamic study. It was shown that only a small number of
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monomers of NaCh are actually required to define the primary and secondary binding

sites.
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4 Naphthalenes as probes in NaCh aggregates: effect of hydrophobicity and shape
of a probe molecule on the binding dynamics

The naphthalene series of probes (1-EtNp, 2-EtNp, 1-NpOH, 2-NpOH, 1-NpO
and 2-NpO, Fig. 1.15) was used to study two main features of complexation with sodium
cholate aggregates. The effect of varying the probe hydrophobicity, as well as the effect
of the shape of the probe, was investigated. From previous studies it was known that
naphthalene resides in the primary aggregate site, while xanthone resides in the
secondary site.”' Based on this information, the series of Np probes was chosen with the

intention of probing both complexation sites of NaCh aggregates.

4.1 Results of experiments at varying ionic strength

The experiments done in the first half of this chapter are the experiments that have
been described as being carried out at varying ionic strengths (Section 2.2). The solutions
contained 0.2 M NaCl; however, in the presence of ionic quenchers the ionic strength of

the solution was increased. The ionic strength varied from 0.20 M to 0.25 M.

4.1.1 Steady-state fluorescence: a qualitative analysis of the binding location for
the probe molecules

In most cases, the lifetime of a fluorescent probe molecule is much shorter than
the lifetime of the dynamic processes occurring between the probe and the host
aggregates. This being the case, the probe fluorescence reports on the environment in
which the probe is located. Dynamic data for the system are obtained from triplet decay

kinetics because triplet states have longer lifetimes. Fluorescence quenching experiments
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gave an indication of the probe incorporation within the aggregate, as the quenching rate

constant is a measure of the accessibility of the quencher to the probe molecule within the

aggregate.

4.1.1.1 Emission spectra of probes in the presence of NaCh aggregates

The emission spectra of 2-NpOH, 1-NpOH, 2-EtNp, and 1-EtNp were all similar,
with the emission spanning the spectral region of 315 nm to 400 nm. Figure 4.1 shows
that the spectra had some fine structure with multiple peak maxima. For the alkane-
substituted probes, a sharpening in the peaks was noted when the concentration of bile
salt was increased, as well as a slight red-shift. The alcohol substituted Nps displayed
slight red shifts in the emission spectra upon incorporation within the NaCh aggregate,

but sharpening of the emission spectra was not noted (Fig. 4.1).
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Figure 4.1 Normalized fluorescence emission spectra for the singlet excited states of 2-

NpOH (top) and 2-EtNp (bottom) in the absence of NaCh (a) and in the presence of 40
mM of NaCh (b).
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The emission spectrum of 2-NpO had different spectral features than those

observed for the four previous probes. The emission was red shifted, and located between
375 nm and 550 nm. The peak did not show fine structure in the presence of NaCh, as
was observed for the ethylnaphthalenes. No shift was noted upon the addition of 40 mM

of NaCh, as was noted for the hydroxyl and alkyl substituents. 1-NpO did not fluoresce.

4.1.1.2 Quenching of the singlet excited states of the Np probes by sodium iodide
Deactivation of the singlet excited state of the various Np derivatives was studied
using sodium iodide (Nal) as a quencher.®’ Upon the addition of Nal, the fluorescence
emission intensity of all the probes was observed to decrease. Figure 4.2 shows an
example for the fluorescence spectra of 2-NpEt, when the quencher concentration was

increased.
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Figure 4.2 Quenching of the fluorescence emission spectra of 2-EtNp in the presence of
10 mM of NaCh with the following Nal concentrations: a=0mM, b= 10 mM, c =20
mM, d = 30 mM, e = 40 mM and f = 50 mM.

The data from these emission spectra were analyzed in order to extract the Stern-
Volmer constants (K, ) for the probes in the presence of varying concentrations of NaCh.
The K¢y values were obtained by plotting the ratio of the area of the emission spectrum in
the absence of quencher divided by the area of the spectrum in the presence of quencher,
against quencher concentration. The areas used in the integration were from 305 nm to

495 nm for the ethyl and hydroxyl substituted probes, and from 380 to 545 nm for the
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carbonyl substituted probes. Following Equation 1.13 the Stern-Volmer constant was

obtained from the slope of the plot (Fig. 4.3).

Ao ! A

0.0 2.0 4.0
[Nal] /102 (M)

Figure 4.3 Stern-Volmer plots for the quenching by iodide of the singlet excited state of
2-EtNp in the presence of 0 mM (@), 10 mM (A) and 40 mM (M ) of NaCh.
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Table 4.1 Stern-Volmer constants obtained from steady-state fluorescence quenching of

the Np probes in the presence of varying concentrations of NaCh. The numbers in

parentheses indicate the number of independent experiments performed to arrive at the

average value.
Ksv /10' M
[N:‘(I:vl['] / 1-EtNp 2-EtNp 1-NpOH 2-NpOH 2-NpO
0 142+0.5° | 146+06° | 145+x09* | 13.6+0.2* | 1.78 +0.09°
2 (0] 2 ) 2
3 141£0.5° | 143+04° | 146+0.6° 11+1* 2.1+02*
) @) 2 (3) 2
5 13.8+09* | 143+£0.7° 1I5+£2°* 139+04% | 1.7+0.1*
03] ) (2 @ 2)
10 curved ° 22+06" 13+1° 11.1+£07* | 20+0.2*
€)) 3 (@) 3) )
20 0.78+0.03* | 0.7+0.1" 9+2° 6+1° 20+03"
3) 3 3) (2) (€))
30 0.71+0.02°% | 0.58+0.08* | 6.0+0.7° | 3.2+02* | 2.0+03"*
) 3 3) (2) &)
40 0.69+0.01° | 0.56+0.06* | 46+05* | 3.0+£0.1* | 1.7+02°
¢ C)) 2 ) 0]

a) The errors correspond to average deviations (when two experiments were performed)
and standard deviations (when more than two experiments were performed). b) Errors of
individual values from the independent experiments were taken into account. ¢) A non-
linear plot was obtained.

From Table 4.1 it can be stated that the K,, for 2-NpO did not change with an

increase in the NaCh concentration. For all the other probe molecules, large jumps in the

K., values were observed at different “critical concentrations” and are described below.
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For both probes with the hydroxyl substituent, a significant decrease was noted in

the K|, value upon progressing from a 10 mM NaCh solution to a solution containing 20
mM of NaCh. A smaller decrease was then noted upon increasing the NaCh
concentration from 20 mM to 30 mM. For the ethylnaphthalenes, two concentration
changes had a large effect on the Stern-Volmer constant. For 2-EtNp, when the NaCh
concentration was increased from S mM to 10 mM a large decrease occurred in the K,
values. The value for the K, then decreased by a factor of two when the NaCh
concentration increased from 10 mM to 20 mM. For 1-EtNp a large decreased was noted
in the Ky value between NaCh concentrations of 5 mM and 20 mM. The plots in the
presence of 10 mM were curved; therefore no K, could be determined. No further

decrease was observed for the Ky values at higher bile salt concentrations.

4.1.2 Single photon counting: time-resolved fluorescence results

Single photon counting is a more time consuming technique than steady-state
fluorescence, so experiments were only carried out at key NaCh concentrations
(determined in Section 4.1.1). 2-NpO was omitted as its fluorescence signal was weak
and no conclusive results were obtained from the steady-state data.

The SPC decay traces in the absence of NaCh were fitted to a monoexponential
decay (Equation 1.7) (Fig 4.4). In the presence of NaCh, the decay traces were fitted to
the sum of two exponentials (Equation 2.2) (Fig 4.5). The fits for the decays were
considered acceptable, based on the statistical parameters described in Section 2.4.2.2, as
well as a visual inspection of the residuals. Probe molecules, with different lifetimes,

located in different environments within the aggregates gave rise to separate decays.
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Thus, the number of species with different singlet excited state lifetimes was determined

using the statistical parameters and the residuals.



125

LOG
INT

1
S0 100 150

NANOSECONDS
+ 3.5

RESID

- 3.5
+ 3.5 ' l
RESID r R T kY prf‘k'h‘xq}' : l-"-v"-v T "1

- 3.5

Figure 4.4 Single exponential fluorescence decay for 2-EtNp in water (top). The
residuals for the fit of the experimental data for a single exponential decay (middle).
The residuals for the fit of the experimental data for to the sum of two exponentials
(Equation 2.2) (bottom).
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Figure 4.5 Fluorescence decay for 1-NpOH in the presence of 10 mM of NaCh, and
30 mM of Nal, fitted to the sum of two exponentials (top). The residuals for the fit of
the experimental data for the sum of two exponentials (Equation 2.2) (middle). The
residuals for the fit of the experimental data for a single exponential decay (bottom).
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In Figure 4.5, the residuals for the decay trace fitted to a single exponential decay

were unacceptable. The residuals for the fit of the decay trace for the sum of two
exponentials, along with the statistics recovered, suggested that two singlet species of 1-
NpOH with different lifetimes were present. In the case of the monoexponential decay
(Fig. 4.4), a visual inspection of both residuals was acceptable. It must be pointed out
that, although the program fit was acceptable for the sum of two exponentials, the pre-
exponential factors were 0.01 and 0.99. As the pre-exponential factors give an idea of the
relative abundance of each species, the data recovered suggests that only species with the
lifetime corresponding to the pre-exponential factor 0.99 exists. The lifetime of the
component with a pre-exponential factor of 0.99 had the same lifetime as that obtained
when the data were fitted to a monoexponential decay. Thus, in this case, it was assumed

that only one singlet species of 2-EtNp was present.

The lifetime data obtained from the decays in the SPC experiments were then
plotted (Fig.4.6) to obtain the Stern-Volmer constants (Equation 1.13) for the probe
molecules. When more then one component was present, the average lifetimes (Equation
1.14) were used. Average lifetimes were needed to determine whether static quenching,
dynamic quenching, or a combination of the two was occurring (as described in Section

1.1.3.1).
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Figure 4.6 Stern-Volmer plot for 2-NpOH in the presence of 10 mM (4), 20 mM (@)
and 40 mM (A) of NaCh, data using average lifetimes obtained from single photon
counting experiments.

In a study done previously using naphthalene, anthracene, and pyrene, as
fluorescent probes, in the presence of NaCh aggregates, a different analysis method was

employed in order to deduce the mechanism for fluorescence quenching.” In this study



129
Equation 4.1 was used to determine the ratio of fluorescence intensities, which in turn

was plotted to determine the Stern-Volmer constants from time-resolved analysis,

I_0 _ 1
1 _f f
el * %o
) )
7 T2
Equation 4.1

where f is the fraction of the intensity that corresponds to each component. The value of f

is given by Equation 4.2,

f = AT
Zaiti

Equation 4.2.

The intensity fractions (f) are defined by Equation 4.2, and are therefore related to
the intensity average lifetimes (Equation 1.15). As was explained in the introduction,
basing calculations on the intensity averaged lifetimes, leads to an over estimation of the
contribution due to static quenching. This is due to the fact that intensity averages take
into account the area of the decay that can be attributed to each component. When there is
a very fast decay the area that corresponds to the decay is difficult to measure accurately,
thus leading to greater error in the overall analysis. The current study analyzes the data in
a manner currently accepted in the literature.*® The accepted analysis uses amplitude
average lifetimes. In this method, the values for the amplitudes are extrapolated for each
component, and therefore do not have the error associated with them that were noted for
intensity average lifetimes. The previous study concluded that static and dynamic

quenching were both occurring for the three probe molecules within the NaCh
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aggregates.* In the previous study, for pyrene in the presence of 10 mM of NaCh, the

plots of I/I versus quencher for steady-state and time-resolved fluorescence led to Stern-
Volmer constants of (16.7 = 2.1) M and (10.8 £ 0.3) M, respectively.” If the time-
resolved data were analyzed using the equation for amplitude average lifetimes (Equation
1.14), the value of Ky, would be (16 + 1) M. Based on using the amplitude average
lifetimes it is now believed that the analysis was incorrect as steady-state and time-

resolved quenching experiments led to the same value for the Stern-Volmer constant.
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Table 4.2 Single photon counting results: values for , (or <7,>), K,, values and k_ (or

<k,>) values for the hydroxy and alkyl substituted Np derivatives in the presence of 0
mM, 10 mM, 20 mM and 40 mM of NaCh. Errors were recovered from data analysis as

each experiment was performed once.

Probe [NaCh) Ty <Te>" Ky k.,<k>"
/mM /ns ™! /10°M's”
1-EtNp 0 29.23 +0.04* 141 = 1 4.82+003"*
10 41.0x£0.5° 71 0.17 £ 0.02"
20 60x1° 6x1 0.10 £ 0.02"
40 70.3 +£0.1* 8x1 0.11+0.01°
2-EtNp 0 28.09 £ 0.04* 132+1 470 £ 0.04°
10 43.1+0.8° 10+1 0.23 £ 0.02"
20 52+2° 61 0.12 £ 0.02°
40 56+ 5° 61 0.11 £0.02°
1-NpOH 0 24.56 £0.03* 171 £ 4 7.0+02*
10 25+1°" 158 £2 6.3+03*
20 25+ 1° 50+3 20+0.1°
40 31.4+04° 42 +2 14+£0.1°
2-NpOH 0 25.26 £0.03* 157+9 6.2+04"°
10 26.7 £0.9° 106 1 40+0.1°
20 294 +0.3° 55+3 1.9x0.1°
40 32+2° 38+3 12+0.1°

a) A value from monoexponential fits. b) Average values for the fit of the decay to the

sum of two exponentials.

The Stern-Volmer constants obtained from the SPC data were in close agreement
with those obtained from the steady-state fluorescence experiments, within experimental

error. Having obtained the <1,> for the systems studied by SPC it was possible to

calculate the quenching rate constants for the Np probes by Nal in the presence of 0 mM,
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10 mM, 20 mM, and 40 mM of NaCh. As the Ky values obtained from steady-state and

time-resolved fluorescence were similar, the values for the average quenching rate
constant, from SPC, and the quenching rate constants, from steady-state fluorescence,
were also comparable.

There are two factors that influence the trend noted in the Stern-Volmer constants.
As the lifetime of the probe increased in the presence of the NaCh aggregates, the Stern-
Volmer constants would increase as well. The quenching efficiency decreased
(decreasing the value for k,); therefore, the Stern-Volmer constants would decrease. The
change in the quenching rate constant was always significantly larger then the change in
lifetime; therefore, the K, values were observed to decrease. This led to the observation
that the trends, when the concentration of NaCh was increased, of the Stern-Volmer
constants were identical to those observed for the average quenching rate constants.

Further evidence for the protection due to complexation of the probes with the
host system was obtained by independently examining the quenching rate constants of the
two separate decays in the SPC experiments. In the presence of sodium cholate, all of the
decays, except for the ethylnaphthalenes in the presence of 40 mM of NaCh and 1-NpOH
in the presence of 10 mM of NaCh, were fitted to the sum of two exponentials, giving
two separate lifetimes (Table 4.3 and 4.4). It was found in most cases that Nal readily
quenched one of the two components while the other component was quenched to a much

lesser extent or not at all (Fig. 4.7).
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Figure 4.7 Stern-Volmer plot for the excited state species with two different lifetimes
obtained from the SPC experiments; singlet excited state quenching by Nal for 1-EtNp in
the presence of 20 mM of NaCh.
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Table 4.3 Lifetimes in the absence of quencher, average pre-exponential factors (A), and

quenching rate constants for the species with different lifetimes for 1-EtNp and 2-EtNp in

the presence of various concentrations of NaCh. Data for both alkane substituted probes

in the absence of NaCh gave rise to monoexponential decays; therefore, only one lifetime

and one value of k, were reported.

Probe |[NaCh]| 7,(1) | <A>(1) | k(D/10 | 1,(2) | <A> k,(2) /10
/mM Ins Ms! /ms ) M's?!
1-EtNp 0 29 1.0 48 0.1 ---- --- ---
1-EtNp 10 28 0.58 2406 66 0.42 <0.06*
1-EtNp 20 24 0.16 6.9 £0.1 68 0.84 |0.078 +0.005
1-EtNp b b b 70 094 | 0.09=+0.01
2-EtNp 0 28 1.0 48+0.1 --- - ---
2-EtNp 10 28 0.46 4.7+0.1 56 0.54 | 0.07+0.02
2-EtNp 20 28 0.06-0.2 ~040°¢ 55 0.85 | 0.09+0.01
2-EtNp 40 b b b 56 092 | 0.07+0.02

a) Quenching of the species corresponding to the slow component was too inefficient to

be measured with precision. b) A short-lived species was observed in the presence of

quencher. Its contribution to the total signal was small (A < 0.1) and for this reason could

not be analyzed in the quenching experiments. ¢) Only an order of magnitude was

determined because the pre-exponential factor of this component varied between 0.06 and

0.2.
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Table 4.4 Lifetimes in the absence of quencher, average pre-exponential factors (A), and

quenching rate constants for the species with different lifetimes for 1-NpOH and 2-NpOH
in the presence of various concentrations of NaCh. Data for both alcohol substituted
probes in the absence of NaCh gave rise to monoexponential decays; therefore, only one

lifetime and one value of k, were reported.

Probe |[NaCh]| 7, (1) | <A> | k,(1)/ 10° | 1, (2) <A> (2) k,(2)/10
/mM /ns @) M'st ns M's?

1-NpOH 0 25 1.0 6.8+0.2 - --- ---
1-NpOH 10 25 0.95 46+0.2 a a a
1-NpOH 20 22 0.74 3.6+0.1 36 0.26 0.31 £0.05
1-NpOH 40 25 0.51 4.0x0.1 39 0.49 0.43 £ 0.03
2-NpOH 0 25 1.0 6.3+04 -- -—- -
2-NpOH 10 25 0.81 44+0.8 35 0.07-0.3 ~2°
2-NpOH 20 25 0.63 45+0.6 37 0.37 0.42 £ 0.09
2-NpOH 40 25 0.45 6.0+0.6 37 0.55 05+0.1

a) A long-lived species (T of ca.30 ns) was observed in the presence of quencher. Its
contribution to the total signal was small (A < 0.1) and for this reason could not be
analyzed in the quenching experiments. b) Only an order of magnitude was determined

because the pre-exponential factor of this component varied between 0.07 and 0.3.

Graphing the Stern-Volmer plots of the species with different lifetimes from the
SPC experiments independently and then calculating the quenching rate constants (Table
4.3 and 4.4) allowed the quenching efficiency for each of the excited state components to
be determined. Values spanning three orders of magnitude were recovered. The first
excited state component for all decays, except 2-EtNp in the presence of secondary
aggregates, gave rise to quenching rate constants with values of the same order of

magnitude as the quenching of the probes in water (10’ M"'s™). The value for the second
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excited state component of 2-NpOH in the presence of 10 mM of NaCh was also of the

same order of magnitude. The value for the quenching rate constant for the first excited
state component of 2-EtNp in the presence of 20 mM of NaCh appears to be an order of
magnitude lower (10° M"'s™) than in water.

The value for the quenching rate constant of the second excited state component
at all other bile salt concentrations for the ethylnaphthalenes was two orders of magnitude
lower (10’ M's™") than the quenching in aqueous solution. The values were reproducible
with the average value for the k;’s being (8 1) x 10" M's™. For the alcohol derivatives,
the values for the second excited state components were an order of magnitude lower
than in water (10° M's'). More precisely, these values were reproducible with the
average value for the k.’s being (4.1 £ 0.4) x 10° M''s™'.

Analyzing the pre-exponential factors for the two excited state decays was not
possible to a large extent because the molar absorptivities, at the excitation wavelength of
290 nm, for the probes in the different binding sites would be needed in order to extract
any useful information. Obtaining the molar absorptivities in supramolecular systems is
difficult because the equilibrium constant for the excited state must be known, or the
probe must be included entirely within one binding site.®* However, following the trend in
the pre-exponential factors was of interest. In general, it was found that pre-exponential
factors for the various components did not change drastically during a quenching
experiment. The percent relative standard deviation (%RSD) in the pre-exponential
factors varied from 1% to 14%. Therefore; if the NaCh concentration remained constant
and the only variable was the quencher concentration, the pre-exponential factors for the

two components observed by SPC were similar. The two exceptions to this were 2-EtNp
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in the presence of 20 mM of NaCh, and 2-NpOH in the presence of 10 mM of NaCh, as

previously noted in the tables.

4.1.3 Laser flash photolysis: investigation of the complexation dynamics of the
triplet excited states of the Np probes with NaCh aggregates
4.1.3.1 Transient spectra and kinetics

The transient absorption spectra of all the naphthalene derivatives studied
exhibited similar characteristics. The absorption band was sharp with a maximum of
approximately 420 nm. In a previous study it was observed that in the presence of sodium
cholate the spectrum of Np narrowed in the 410 nm to 430 nm region and was red-shift
slightly.®' The current study was not done with the same precision because the focus of
the work was not on the transient spectral features. The findings within this study do not
discount the possibility of the spectral changes occurring, as was previously observed.
Figure 4.8 shows a representative transient absorption spectrum for the naphthalene
derivatives used in this study. A wavelength of 420 nm was used as the monitoring

wavelength for all of the studies described in this chapter.
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Figure 4.8 Transient absorption spectra of 2-NpOH in the absence of NaCh (@, delay =
6.5 us) and in the presence of 40 mM of NaCh (A, delay = 12 ps). The spectra have been
normalized at the absorption maximum at 420 nm. The solid line represents a smooth
curve through the data in the presence of 40 mM of NaCh. Only one curve was shown as
both sets of data gave rise to a similar spectrum.

The kinetic decay traces for all the naphthalene derivatives were mono-
exponential in the presence and absence of NaCh (Fig 4.9). The lifetimes of the probes
were also unaffected by the concentration of NaCh. For 1-EtNp the lifetimes in the
absence of quencher were always greater than 130 us, whereas, for 2-EtNp the lifetimes

in the absence of quencher were always greater than 75 ps. For 1-NpOH, the lifetimes
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were greater than 29 pus, whereas, for 2-NpOH the lifetimes in the absence of quencher

were always greater than 43 ps. For 1-NpO and 2-NpO, the lifetimes were greater than 9
ps. The slight variation in lifetimes between experiments for a single probe was due to

different extents of deoxygenation.
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Figure 4.9 Kinetic decay traces of 1-EtNp in the absence of NaCh (A) and in the
presence of 40 mM of NaCh (B). All traces were fitted to a monoexponential decay and

the residuals for the fit are shown in the insets.
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4.1.3.2 Quenching of the triplet excited naphthalene probes by nitrite

In order to gain information on the location of the probes within the host NaCh
aggregates, quenching studies with nitrite were performed. The quenching plots for all
the probes in the absence of sodium cholate gave rise to linear plots (Fig. 4.10), as did the

plots for 1-NpOH in the presence of 10 mM of NaCh. The quenching rate constants are

given in Table 4.5.

o. ' 't A L |

0.0 1.0 2.0 3.0
[nitrite] / 10-3 (M)

Figure 4.10 Linear quenching plot for triplet 2-EtNp in the absence of NaCh quenched
by sodium nitrite.
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Table 4.5 Triplet quenching rate constants for the linear quenching plots of the

naphthalene derivatives in the absence of NaCh and 1-NpOH in the presence of 10 mM

of NaCh. The number in parentheses represents the number of independent experiments

performed.
k,/10° M's"

Probe 0 mM NaCh 10 mM NaCh
1-EtNp 27202 (2) °

2-EtNp 1.8+01 2)*
1-NpOH 3402 (2)°° 2402 (2)°
2-NpOH 31201 2)°

1-NpO 1603 (2)°

2-NpO 23203 (3)°

a) The errors correspond to average deviations (when two experiments were performed)
and standard deviations (when more than two experiments were performed). b) Errors of
individual values from the independent experiments were taken into account. c) Data

were collected for p = 0 M and u = 0.2 M and the same values were obtained.

Nitrite quenching of the probe molecules in the presence of 10 mM (except 1-
NpOH), 20 mM, and 40 mM of NaCh led to plots that were not linear (Fig. 4.11). Similar
to the case of DMBp in the presence of 40 mM of NaCh (Section 3.1.3.4.1), these data
were analyzed using Equation 1.16, where the dynamics of interaction between the probe

molecules and the NaCh host system were investigated.
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Figure 4.11 Curved quenching plot for the quenching of triplet 1-EtNp in the presence of
10 mM of NaCh by nitrite.

The quenching rate constants for the probes within the host system (k, (H)) were
obtained from the nitrite quenching data (Equation 1.16, Table 4.6). In many cases, as
described in chapter three (Section 3.1.3.4.2), a wide range of quenching rate constants
led to a reliable fit for the data. The reliable fit of the data was decided based on a visual

inspection of the fit.
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Table 4.6 Quenching rate constants (or ranges) (k,(H)) for the triplet excited states of 1-

EtNp, 2-EtNp, 1-NpOH, 2-NpOH, 1-NpO, and 2-NpO in the bile salt aggregates

quenched by nitrite for experiments that led to curved quenching plots. The number in

parentheses represents the number of independent experiments performed.

k,(H) /M's*
Probe 10mMNaCh | 20mM NaCh | 40 mM NaCh
1-EtNp (37205 x10° | (22202)x107° | (2382008 x 10"
2 2) )
2EiNp @1202)x10° | (32206 x10° | 21 202)x10°
2 3) 2)
1-NpOH 0-1x10°¢ 0-1x10°°
(2) )
3-NpOH 0-1x10°° 0= Ix10°° 0-1x10°
) ) 2)
1-NpO 0_1x10°F 0-1x10°F 0-1x10°
2) 2) 2
3.NpO 0-Tx10°F 0_1x10° 0-1x10°
) ) 2)

a) The errors correspond to average deviations (when two experiments were performed)
and standard deviations (when more than two experiments were performed). b) Errors of
individual values from two independent experiments were taken into account. ¢) Only a

range of values could be reported.

As can been seen in Table 4.6, there are striking differences between the ethyl
substituted naphthalenes and the other probe molecules. The ethyl substituted derivatives
gave rise to precise values for the quenching rate constants, while for the other probe
molecules only a range for the possible values of k (H) was recovered. In most cases the

range in quenching rate constants encompasses the range in values between two
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independent experiments. The data recovered for 2-NpOH in the presence of 40 mM of

NaCh was an exception to the analysis method. One of the independent experiments gave
rise to a precise value of 1 x 10® M''s™ for the kq(H), while the other set of data could be
fitted for a range of 0 — 1 x 10°® M''s™. The most likely reason for this discrepancy was
due to a different scatter of data points in the quenching graph. The precise value for the
quenching rate constant was found to be at the high end of the range of k (H) values
obtained in the second experiment.

Comparing the magnitude of the values obtained for the quenching rate constants
of the various probes was of interest. For the ethylnaphthalenes, the quenching rate
constants recovered were lower than the upper limit for the quenching rate constants for
the hydroxyl and carbonyl substituted naphthalenes. Although the upper limit for the
k,(H) values for the carbonyl and hydroxyl substituted Nps were on average an order of
magnitude higher than those for the ethyl substituted Nps, they were an order of
magnitude lower than the k, for the probe molecules in water. The exceptions were 2-
NpOH and 2-NpO in the presence of 10 mM of NaCh, where the upper limit for the
quenching rate constants was of the same order of magnitude as the quenching rate
constants in aqueous solutions.

Using the ranges (or value) of k (H) determined above, Equation 1.16 was used to
determine the values of the dissociation rate constants (k_) and association rate constants
(k/N) for all the systems studied. For the probes where only a range of k (H) values was
determined, a rather complex procedure led to the values quoted in Tables 4.7 and 4.8.
For each independent experiment the upper and lower values for k_(or k,/N), based on

the range of k,(H), were averaged. These averaged values (with errors) from the two
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independent experiments were then used to determine the values outlined in Tables 4.7

and 4.8. For the alkane substituted derivatives, this procedure was not necessary as
precise values for k,(H) were determined from the fit of the data, thus the values for k_

and (k,/N) were also determined from the fit.

Table 4.7 Dissociation rate constants for the triplet naphthalene derivatives in the
presence of 10 mM, 20 mM, and 40 mM of NaCh. The number in parentheses represents
the number of independent experiments performed.

k_/10°s?
Probe T0mMof NaCh | 20mM of NaCh | 40mM of NaCh
1-ENp 0202004 ° 03201 ° 0142003 °
@ @) @)
2-EtNp 0312006 ° 0312008 ° 04202 "
(2) 3) )
1-NpOH - 9+1° 71 °
@) @
2-NpOH 40 53209 522 °
(V) 2) 2)
1-NpO 46208 ° 321" 31
2 (2) 2)
2-NpO 10+8 * Sx1° 5+2°
2 2) )

a) The errors correspond to average deviations (when two experiments were performed)
and standard deviations (when more than two experiments were performed). b) Errors of
individual values from two independent experiments were taken into account. ¢) The

error associated with the value was large, thus only an estimate is presented.
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For the acetonaphthones, within the k,(H) range mentioned in Table 4.6, the

%RSD associated with the average dissociation rate constants obtained when using
Equation 1.16 was less than 30 %. The exception was 2-NpO in the presence of 10 mM
of NaCh where the value recovered for the dissociation rate constant had much larger
%RSD associated with it. For 1-NpOH, within the k,(H) range obtained, the %RSD
associated with the average dissociation rate constants was less than 15 %. For 2-NpOH
in the presence of 10 mM of NaCh there was a large %RSD of 75 % associated with the
dissociation rate constant. Within the k,(H) range reported for 2-NpOH in 20 mM of
NaCh, the %RSD associated with the average dissociation rate constants was less than 15
%.

The k_ values for the alkyl substituted derivatives were at least an order of
magnitude lower than those for the other probe molecules. For 1-EtNp and 2-NpEt, no
change was noted in the dissociation rate constants as the bile salt concentration was
increased. The k_ value decreased for 2-NpOH between NaCh concentrations of 10 mM
and 20 mM. In the presence of secondary aggregates ((NaCh] > 20 mM), as the NaCh
concentration was increased, there was no change in the dissociation rate constant for the
naphthylethanols. The most significant contrast in the data, due to the position of the
hydroxyl substituent on the naphthalene ring, was noted in the presence of 10 mM of
NaCh. The quenching plot for 1-NpOH was linear, while the plot of 2-NpOH displayed
signs of interaction with the host system leading to a curved quenching plot (Fig. 4.12).
The values in the presence of 20 mM and 40 mM of NaCh were similar for both probes,

regardless of the substituent position.
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Figure 4.12 Nitrite quenching plot for 1-NpOH and 2-NpOH in the presence of 10 mM

of NaCh to show the difference in curvature based on the position of the substituent on

the Np ring structure.

The dissociation rate constants for 1-NpO and 2-NpO were similar at all NaCh
concentrations. There was no difference observed in the value for the dissociation rate
constant based on the position of the carbonyl substituent on the Np ring structure.

In the presence of NaCh, in order to obtain the association rate constant, the value

for the aggregation number (N) must be known. As the value for the aggregation number
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is still unknown (as mentioned in Chapter 1), the value for the association rate constant

was reported as k /N (Table 4.8).

For the ethylnaphthalenes in the presence of secondary aggregates, the curvature
for the triplet quenching plots was not well defined. As the association rate constant is
only contained within the curved portion of the quenching plot, based on Equation 1.16,
it was not possible to report reliable values for k,/N in these cases. The dissociation rate
constant (k_) and quenching rate constant (k,(H)) are contained within the linear portion
of the plot, based on Equation 1.16, and were therefore unaffected by the lack of

curvature.
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Table 4.8 Values for the association rate constants divided by the aggregation number for

the naphthalene series of probes, in the presence of 10 mM, 20 mM, and 40 mM of

NaCh. The number in parentheses represents the number of independent experiments

performed.
/N 7 10° Ms"
Probe 10 mM NaCh 20 mM NaCh 30 mM NaCh

1-EtNp 08205 * N/A - NA
) (2) )

7-EtNp 2:1° N/A © NA *
2) (3) )

1-NpOH 722 az1°
2 2)

2-NpOH 50230 * Azl " 3=l "
) 2 (2)

1-NpO 3+1° 3x1° 2+1 *
) 2 2)

2.NpO 128 ° as1° 2zl
) ) 2

a) The errors correspond to average deviations (when two experiments were performed)
and standard deviations (when more than two experiments were performed). b) Errors of
individual values from two independent experiments were taken into account. c) The

curvature in this experiment was insufficient to extract a reliable value for k,/N.

4.2 Results of experiments done at a constant ionic strength
In this section, the effect of the ionic strength of the solution on the interaction
between probe molecules and NaCh aggregates was investigated. It was hypothesized

that increasing the ionic strength would assist in the aggregation of the bile salts (see
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below). As ionic quenchers were used in these studies, it was important to keep the ionic

strength constant throughout the course of an experiment (Section 2.3).

4.2.1 Steady-state fluorescence: Location of probe molecules within NaCh
aggregates

The steady-state fluorescence quenching data gave an indication of where the
probes were located within the NaCh aggregates. In the varying ionic strength
experiments (Section 4.1) it was found that the trend in the Stern-Volmer constants was
consistent with the trends in the average quenching rate constants. Consequently, in the
constant ionic strength project, it was assumed that the Stern-Volmer constants would
give an accurate idea of the trend of the quenching rate constants; therefore, time-
resolved fluorescence experiments were not carried out. For the purpose of this study, 1-
EtNp and 1-NpOH were selected to give an understanding of the effect of ionic strength

on the interactions of the probes with NaCh aggregates.

4.2.1.1 Emission spectra
No shifts or changes in the fluorescence emission spectra were observed when the
ionic strength of the solutions was increased. The spectra were measured between 300 nm

and 500 nm.

4.2.1.2 Singlet excited state quenching of naphthalene probes by sodium iodide

The fluorescence quenching experiments were performed in the presence of 0

mM, 3 mM, 5 mM, 10 mM, 20 mM, 30 mM, and 40 mM of NaCh. The three ionic
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strengths investigated were 0.03 M, 0.2 M, and 0.4 M. Tables 4.9 and 4.10 show the K,

values recovered from Stern-Volmer plots using Equation 1.13.
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Table 4.9 Effect of ionic strength on the Stern-Volmer constants for 1-EtNp in the

presence and absence of NaCh. The number in parentheses indicates the number of

independent experiments performed.

K,y /10' M°
[NaCh}/mM L=003M L=02M n=04M
0 14+£2° 14+1* 14+1°
(€)) 3) )
3 3z2° 75208° g22°
) ) 2)
5 65-169° 83-177° 721"
4) 4) )
10 022" 31207 54206°
3) @) @
20 14203° [1202° 09203"
2) Q)] (2)
30 09202° 07202° 10202
(2) 4) )
20 06202° 06202° 11201°
2) 3) )

a) The errors correspond to average deviations (when two experiments were performed)

and standard deviations (when more than two experiments were performed). b) Errors of

individual values from the independent experiments were taken into account. c)

Represents a range of values for the data at this NaCh concentration and ionic strength.

Data were not reproducible, as was the case for all other concentrations.
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Table 4.10 Effect of ionic strength on the Stern-Volmer constants for 1-NpOH in the

presence and absence of NaCh. The number in parentheses indicates the number of

independent experiments performed.

Koy /10 M
[NaCh}/mM =003 M L=02M L=04M
0 163206° TP 150209
) 3) (2)
3 157206° 154200° 146206°
) 2) (2)
5 57204° 150205° 6=1°
) ) ()
10 144208° 124205 322°
) 2) )
20 10£1°* 8=+1° 8.2+0.7°
) ) (2)
30 65208" 55206 61204°
) ) (2)
40 46205° 47203 47208°
2) )] )

a) The errors correspond to average deviations (when two experiments were performed)

and standard deviations (when more than two experiments were performed). b) Errors of

individual values from two independent experiments were taken into account.

The majority of the data for the fluorescence quenching experiments suggested

the following: for 1-NpOH, in the presence of all concentrations of NaCh, there was no

effect of ionic strength on the Stern-Volmer constants. In the presence of 10 mM of

NaCh, it appeared that the Stern-Volmer constant was decreasing with increasing ionic
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strength. The decrease was small and considered insignificant, based on the fact that

some variation in the Kgy values was noted even in the absence of NaCh.

For 1-EtNp in the presence of primary aggregates ([NaCh] < 20 mM), with
increasing ionic strength, the Stern-Volmer constant was decreased. The exception to this
trend was the data collected in the presence of 5 mM of NaCh, where the values at ionic
strengths of 0.03 M and 0.2 M were not reproducible. Why the data at an ionic strength of
0.2 M were not similar to that observed in the varying ionic strength experiments is
puzzling. It would have been expected that, although the values may have been slightly
different due to the different methods of preparing the samples, the value would have
been reproducible. In the presence of secondary aggregates of NaCh ({NaCh] > 20 mM),
the Stern-Volmer constants did not change with increasing ionic strength.

The trends for each probe with changing NaCh concentration were also examined.
Similar trends to those observed in the varying ionic strength experiments were noted in
most cases, with the exception of the following. In the fluorescence quenching
experiments the trend for the K, between 0 mM and 10 mM of NaCh, for 1-EtNp was
affected by the ionic strength. In the varying ionic strength experiments above (Section
4.1), it was noted that the Stern-Volmer constant decreased significantly between NaCh
concentrations of 5 mM and 10 mM. A similar trend, with a drop in the K, between 3
mM and 10 mM, was noted in the constant ionic strength experiments, when the ionic
strength was 0.2 M. When the ionic strength was low, at a concentration of 0.03 M, there
was little decrease noted between host concentrations of 3 mM and 10 mM. The data at 3
mM was used for this analysis in place of 5 mM because the data in the presence of 5

mM of NaCh were non reproducible. It was further observed that the large drop in the
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Stern-Volmer constant at an ionic strength of 0.4 M occurred between 0 mM and 3 mM

of NaCh. A second substantial decrease was observed in the presence of 20 mM of NaCh

at all ionic strengths.

4.2.2 Laser flash photolysis: investigation of the effect of ionic strength on the
complexation dynamics of the triplet excited states of the Np probes with NaCh
aggregates
4.2.2.1 Transient spectra and kinetic decays

The characteristics of the transient spectra were not studied in the constant ionic
strength experiment. The goal of this work was to understand the binding dynamics of the
naphthalene probes to the NaCh aggregates. In the earlier study (Section 4.1.3.1) it was
determined that the peak maximum for the excited triplet state of the Np derivatives was
centered at 420 nm; thus, the experiments were carried out at this monitoring wavelength.
The kinetic traces were monoexponential at all host and quencher concentrations studied,

as well as at all ionic strengths.

4.2.2.2 Quenching studies of the excited triplet states of Np with nitrite

The interaction of the triplet excited states of the probe molecules with the NaCh
aggregates was examined using quenching studies with nitrite. As previously mentioned,
there were two different possibilities for the plots when these experiments were
conducted in the presence of NaCh: the quenching plots could be linear or they could be
curved. The data in the constant ionic strength project agreed with the previous data at

varying ionic strength. All plots in the absence of NaCh and 1-NpOH in the presence of
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10 mM of NaCh gave rise to linear quenching plots, while in the presence of 10 mM of

NaCh (except 1-NpOH) and at higher NaCh concentrations curved quenching plots were
observed. The data obtained from the analysis of the linear quenching plots are presented

in Table 4.11 below.

Table 4.11 Quenching rate constants for 1-EtNp in the absence of NaCh, and 1-NpOH in
the absence of NaCh and in the presence of 10 of mM of NaCh, at constant ionic

strength. Two independent experiments were performed for each probe at each bile salt
and NaCl concentration.

k, /10 Ms"

Probe | [NaChl/mM — —-o6m i=02M 1=04M
T-EtNp 0 30204 ° 27208° 26203
1-NpOH 0 32202° 31201° 30201°
1-NpOH 10 33204° 25202° 26201

a) Errors represent the average deviation between two experiments.

The quenching rate constants in water were the same for both probes, with an
average quenching rate constant of (3 + 1) x 10’ M''s”'. The quenching rate constant for 1-
NpOH in the presence of 10 mM of NaCh was similar to this value at all ionic strengths
studied.

The data for the curved quenching plots were analyzed in the same manner as was
described for the experiments carried out at varying ionic strengths (Section 4.1.1.2). The
data for the quenching rate constants in the presence of bile salts (k (H), the dissociation
rate constant (k_), and the association rate constant divided by the aggregation number

(k,/N)) are presented in Tables 4.12, 4.13 and 4.14, respectively.
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Table 4.12 Quenching rate constants (or ranges) for 1-EtNp in the presence of 10 mM,
and 40 mM of NaCh and 1-NpOH in the presence of 40 mM of NaCh at constant ionic
strengths. Two independent experiments were performed for each probe at each bile salt

and NaCl concentration.

kD /M's"
Probe | [NaChl/mM — —G 03 M n=02M L=04M
1-EBiNp 10 0-2x10° ¢ | @020 x10° | 29203)x10°
1-EtNp 20 (19 203)x10* | 26209)x10* | 25203)x 10" °
1-NpOH 40 0-1x10° © 0-1x10° ° | 0-1x10° °

a) Errors represent the average deviation between two experiments. b) Errors of
individual values from two independent experiments were taken into account. c) Only a

range of values could be reported. d) Only one experiment was used.

It was of interest to note that for 1-EtNp in the presence of 10 mM of NaCh, at
low ionic strength, a range of values for k (H) gave rise to reasonable fits for the data.
This is in contrast to all other data for the alkane substituted probe, where precise values
for k,(H) were obtained. In a similar fashion to the experiments carried out at varying
ionic strengths, ranges for the k,(H) values for 1-NpOH in the presence of 40 mM of

NaCh are reported.
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Table 4.13 Dissociation rate constants for 1-EtNp in the presence of 10 mM, and 40 mM

of NaCh and 1-NpOH in the presence of 40 mM of NaCh at constant ionic strengths.

Two independent experiments were performed for each probe at each bile salt and NaCl
concentration.

k./10°s?

Probe | [NaChl/mM — — 603 M n=02M H=04M
1-EtNp 10 20 © 04£01 ° 0.180.04°
1-EtNp 40 023+0.06° 016008 ° | 0.14%006°

1-NpOH 40 61° 61" d=1°

a) Errors represent the average deviation between the two experiments. b) Errors of
individual values from two independent experiments were taken into account. c) Only

one experiment was used.

The dissociation rate constants aided in the investigation of the interactions of the
naphthalene probes with the NaCh aggregates. The values for the dissociation rate
constants of 1-NpOH and 1-EtNp in the presence of 40 mM of NaCh were not affected
by varying the ionic strength of the solution. The only data that were affected by an
increase in the ionic strength was the data for 1-EtNp in the presence of 10 mM of NaCh.
The dissociation rate constant was decreased by more than an order of magnitude when
the ionic strength was increased from 0.03 M to 0.2 M. No further substantial decrease
was noted when the NaCl concentration was increased to 0.4 M.

The trends due to the hydrophobicity of the probe observed in the varying ionic
strength experiments (Section 4.1) were present in the study done at constant ionic
strength. The dissociation rate constant for 1-EtNp in the presence of 40 mM of NaCh
was an order of magnitude lower than the dissociation rate constant for 1-NpOH at the

same host concentration. In the presence of 0.2 M and 0.4 M ionic strength, the
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dissociation rate constant for 1-EtNp in the presence of 10 mM of NaCh and 40 mM of

NaCh were comparable within the error of the experiments. It was also noted that
increasing or decreasing the salt concentration did not affect the quenching efficiency
observed for 1-NpOH in the presence of 10 mM of NaCh. This system gave rise to linear

quenching plots at all ionic strengths.

Table 4.14 Values for the association rate constants divided by the aggregation number
for 1-EtNp in the presence of 10 mM, and 40 mM of NaCh and 1-NpOH in the presence
of 40 mM of NaCh at constant ionic strengths. Two independent experiments were
performed for each probe at each bile salt and NaCl concentration.

&) 7 10° MO's™
Probe | [NaChl/mM ——r—G03M 1=02M L=04M
1-EtNp 10 Z720°° N/A NA
1-EtNp 0 7:1 * N/A NA
1-NpOH 20 321" 321 ° 25209 °

a) Errors represent the average deviation between the two experiments. b) Errors of
individual values from two independent experiments were taken into account. ¢) The
curvature in this experiment was insufficient to extract a reliable value for k,/N. d) Only

one experiment was used.

It is of interest to note that the data at an ionic strength of 0.2 M in the constant
ionic strength experiment were in close agreement to the data found in the varying ionic
strength experiments. The latter experiments were carried out at an ionic strength varying

from 0.2 M to 0.25 M, due to the presence of ionic quenchers. As this concentration
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range was small, it was expected that the values from the two different experimental

methods would be comparable and this data are presented in Tables 4.15 and 4.16.

Table 4.15 Comparison of the triplet excited state quenching rate constants between the

varying ionic strength experiments and the constant ionic strength experiments at p = 0.2
M.

k,/ 10°M’'s"
Probe [NaChi (mM) varying ionic strength | constant ionic strength
1-EtNp 0 27+0.2 2.7+08
1-NpOH 0 34+0.2 3.1+0.1
1-NpOH 10 24+0.2 25+02

Table 4.16 Comparison of the dissociation rate constants for the triplet excited states
between the varying ionic strength experiments and the constant ionic strength

experiments at u = 0.2 M.

k./10° s*
Probe [NaCh] (mM) varying ionic strength | constant ionic strength
1-EtNp 10 0.20+0.04 04+0.1
1-EtNp 40 0.14 £0.03 0.16 £ 0.08
1-NpOH 40 7x1 6x1

All the values agree within experimental error in Table 4.15. In Table 4.16 the

values for 1-EtNp in the presence of 10 mM differ slightly, while the values for both

probes in the presence of 40 mM of NaCh are the same within error.
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4.3 Discussion on the dynamics of probe binding to bile salt aggregates at varying

ionic strength

The sharpening in the fluorescence emission spectra of the ethylnaphthalenes
upon addition of NaCh was the first indication that an interaction was occurring between
the Np probe molecules and the NaCh aggregates. It is possible to see vibrational fine
structure in the fluorescence emission spectrum of a molecule if the various vibrational
levels of the electronic ground state are distinguishable from one another. Molecule-
solvent interactions decrease vibrational fine structure of the emission spectra. When
solvated within a protected binding site such as the primary aggregate, the interaction of
the probes and solvent is diminished, allowing for fine structure in the emission spectra.

In previous work it has been suggested that two distinct binding sites are present
in sodium cholate aggregates.’"** The series of naphthalene probes was chosen in order
to probe both the hydrophilic and hydrophobic binding sites. The hydrophobicity
increased upon progressing from carbonyl, to hydroxyl, to alkyl substituents (vide infra).
Consequently, the ethyl substituted naphthalenes were chosen, with the hypothesis being
that they would bind to the primary site, while the more hydrophilic ketone and alcohol
derivatives would bind to the secondary site.

The hydrophobicity scale was based on analyzing substituent polarity”® and K
values (values for the incorporation of probe molecules within micelles).'” It was
obvious that the ethylnaphthalenes were the most hydrophobic probe molecules in the
study, as the molecule is a pure hydrocarbon not bearing any hydrophilic substituents.
The distinction in the hydrophobicity difference for the hydroxyl and carbonyl substituted

Nps was not as obvious.
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In order to compare the polarity of the hydroxyl substituted Np to the carbonyl

substituted Np, representative model compounds were chosen. Acetone and 2-propanol
were used to compare the effect of substituents, assuming that the difference observed
would be the same when a Np ring was the base for either compound. The dipole
mo:hents of the above compounds were compared to measure polarity. The dipole
moment of acetone is 2.9 D while that of 2-propanol is 1.7 D.'” These values are the
dipole moments in the gas phase, and though the values will differ slightly in water, it is
still expected that acetone’s dipole moment will be greater than that of 2-propanol. The
higher the dipole moment, the more polar the molecule. Thus, the acetonaphthones
(represented by acetone) are more polar than the naphthylethanols (represented by 2-
propanol). The solvation of probes will be affected by more than the polarity of the
molecule; however, the hypothesis of this work is that the polarity will be an important
factor in determining the location of the probe molecules within the aggregate system.

To further validate the fact that this change in polarity can effect the incorporation
of probes within a supramolecular binding site, a comparison was made to a study done
by Farah and co-workers, in which the partitioning of probe molecules between SDS
micelles and water was investigated.'® In spite of the fact that the current study is
interested in the incorporation within NaCh aggregates, the partitioning within micelles
was used as a guideline to determine the hydrophobicity scale. Data in this study did not
include the carbonyl substituted Nps; thus model compounds were compared. The
incorporation of probes within micelles was quoted as a K value (incorporation constant
for the probe molecule). The larger the value of K, the more likely the probe is contained

within the binding region of the micelle, and thus the more “hydrophobic” the probe.
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Comparing 2-heptanol to 2-heptanone, the Kg value decreased from 100 to 48,'®

suggesting that the ketone derivative was more likely to be located within the aqueous
phase than within the binding region of SDS. Thus, based on these observations, it was
concluded that the carbonyl was the most hydrophilic of the substituents.

Figure 4.13 shows the evidence for two distinct binding sites. The fact that there
was little change in the quenching plot for 1-NpOH when the NaCh concentration was
changed from 0 mM to 10 mM suggests that the probe was not included within the
primary site. The dramatic change for 1-NpOH in the presence of 40 mM of NaCh shows
that at this NaCh concentration the probe was located within a protected binding area,
that is, the secondary binding site. A very different trend was observed for 1-EtNp. As
can be seen in Figure 4.13, in the presence of 10 mM of NaCh a large decrease in the
quenching efficiency was noted, suggesting incorporation of the probe within the primary
aggregate. Upon increasing the host concentration to 40 mM, secondary binding sites
were introduced and no change in quenching efficiency was noted, suggesting the probe

was located mainly within the primary site.



165

A
10 mM NaCh
- —_-_—tl 49 M“ EE
B
1215 mM Na

10 mM NaCh

40 mM NaCh

1 L 1 1

1.0 2.0
[nitrite] / 10°2 (M)

3.0

Figure 4.13 Comparison of the triplet excited state quenching plots for (A) 1-EtNp and
(B) 1-NpOH by nitrite in the presence of 0 mM, 10 mM and 40 mM of NaCh to highlight
the presence of two distinct binding sites.
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4.3.1 Mechanism of quenching for singlet excited state Np probe molecules
Elucidating the quenching mechanism for the singlet excited state of the Np probe
molecules was achieved by comparing the data obtained from steady-state and time-
resolved fluorescence experiments. As the steady-state and time-resolved data gave rise
to similar Stern-Volmer constants, the mechanism for quenching in these studies was
dynamic quenching (see Section 1.1.3.1). Thus, no static quenching is believed to occur
for any of the systems investigated, and the interaction under investigation within the
quenching experiments is truly the accessibility of the aqueous quencher to the probe

within the supramolecular system (vide infra).

4.3.2 Effect of the probe hydrophobicity on guest binding with NaCh aggregates

When analyzing the results obtained in the fluorescence quenching experiments,
general observations were made. The trends in the Stern-Volmer constants were the same
as the trends in average quenching rate constants. Consequently, in most cases, only the
average quenching rate constants (<k_>) are discussed, and the discussion is the same for
the K,y values.

The <k,> values are the average quenching rate constants arrived at by dividing
the K,y value by the average lifetime in the absence of quencher of each probe molecule
at each bile salt concentration. This average value takes into account the fraction of probe
molecules involved in each of the two separate decays. Thus, it is important to state that
the fraction of molecules located within a particular environment in the bile salt

aggregates did not change with the addition of quencher. This observation comes from
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examining the pre-exponential factors recovered in the SPC experiments. It was found

that in most cases the pre-exponential factors remained reasonably constant for a given
probe at a constant NaCh concentration, as the quencher concentration was increased.
Therefore, the only factor affecting the quenching rate constant was the quenching
efficiency. As the average quenching rate constant decrease, it can be stated that the
accessibility of the quencher to the probe is decreased. The quencher used in this study is
an aqueous quencher that resides mainly within the aqueous phase, thus as the <k>
values decrease, the probe is most likely located within a more protected environment.
Within the bile salt aggregates the most protected environment is the primary
aggregate. Thus, if probe molecules are located within the primary aggregate they will be
more protected from the aqueous quencher and this in turn leads to a decrease in the
value of <k >. Probe molecules located within the secondary site are more protected than
those located within the aqueous phase. Thus, a decrease in the <k > value (compared to
the value for the probe in water) will occur for probe molecules located within the
secondary site; however, the level of protection of the secondary site is lower than that of
the primary site. Thus, the largest decreases in the <k,> values were observed when the

probe molecule was located within the primary aggregate.

4.3.2.1 1-Ethylnaphthalene and 2-ethylnaphthalene as probe molecules in NaCh
aggregates

All the data acquired in this study suggests that the ethylnaphthalenes are located
within the primary aggregates. It was of interest to note at which concentrations of NaCh

the value for the <k,> in the fluorescence quenching experiments would decrease
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significantly. For the ethylnaphthalenes, the largest change in the value of <k > occurs at

10 mM of NaCh. It is believed that the onset of primary aggregation occurs at 10 mM of
NaCh. Thus, this decrease noted for the ethylnaphthalenes in the presence of 10 mM
suggests that upon the formation of primary aggregates, the hydrophobic
ethylnaphthalenes are located within a protected binding site. No decrease in the Stern-
Volmer constant (from steady-state data) was noted at NaCh concentrations lower than
10 mM, suggesting that aggregates do not form at lower NaCh concentrations.

A second, smaller, decrease in the values of <k > was noticed in the presence of
20 mM of NaCh, and was due to the increase in the number of primary aggregates
present at this host concentration. At 20 mM of NaCh, more probe molecules were
incorporated within the primary aggregates, thus value of <k > was decreased. For 2-
EtNp, the pre-exponential factors from SPC in the presence of 10 mM of NaCh were 0.46
(for the most accessible species), and 0.54 (for the most protected species). For 1-EtNp
the pre-exponential factors in the presence of 10 mM of NaCh were 0.42 (for the most
protected species), and 0.58 (for the most accessible species). In the presence of 20 mM
of NaCh the pre-exponential factors for both of the ethylnaphthalenes were ca. 0.15 and
0.85 for the least and most protected species, respectively. This SPC data shows a larger
fraction of probe molecules were included within a more protected environment, which
decreased the accessibility of the quencher to the probe molecules, as the NaCh
concentration was increased from 10 mM to 20 mM. Thus, the value for <k > was

decreased as the NaCh concentration was increased.
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The study done by McGown and coworkers,*? discussed in Chapter one,

suggested an increased protection for hydrophobic probes when the bile salt
concentration was increased to between 8 mM and 12 mM. This would be consistent
with our findings that the onset of primary aggregation occurs around 10 mM.

For 1-EtNp in the presence of 10 mM of NaCh, a downward curvature was noted
in the Stern-Volmer quenching plot. This was the only singlet quenching data that did not
give rise to a linear plot. In previous work by Webber and co-workers* the downward
curvature in a singlet quenching plot is explained in terms of a “hindered access” model.
This model suggests that two species of excited singlet states exist with similar lifetimes;
however, the access to the different species by the quencher is different. If this were the
case, it would have been expected that in the lifetime quenching data, a third, long lived,
component would be present as the quencher concentration was increased. Unfortunately,
the time-resolved experiments were done at lower quencher concentrations and it is
therefore possible that the presence two different singlet species was not observed.

Examining the quenching of the two separate excited states with different
lifetimes in the time-resolved fluorescence experiments supported the assignments made
based on the average quenching rate constants. In most cases, the excited state
corresponding to the first component was located in the aqueous phase because the
quenching rate constant was of the same order of magnitude as that obtained for the
probes in the absence of bile salt. This was the case for 1-EtNp at all bile salt
concentrations, and for 2-EtNp in the presence of 10 mM of NaCh.

The value for the k, of the excited state that corresponds to the first component of

2-EtNp in the presence of 20 mM appears to be an order of magnitude lower than that
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observed in water. This value is only an estimate due to a fluctuation in the pre-

exponential factor; however, the decrease in the value suggests the excited state
corresponding to the first species of 2-EtNp decaying was located within the secondary
aggregate, a slightly more protected environment. The second component for both
ethylnaphthalenes gave rise to fluorescence quenching rate constants that were two orders
of magnitude lower than the values for the k, in water. Furthermore, the values recovered
were all very similar, suggesting that the environment in which the probe molecules were
located was the same at all NaCh concentrations. The exited states corresponding to this
signal are believed to be located within the primary aggregate. From the SPC data, only
two species were detected for 1-EtNp in the presence of 10 mM. One species was located
in the primary aggregate and one in the aqueous phase. Thus, if two species existed
within the primary aggregate, as was hypothesized from the steady-state results, they
must have the same singlet lifetimes.

The two different excited state species for the ethylnaphthalenes in the presence
of secondary aggregates appear to be located in different environments when the
substituent position is altered. In the case of 1-EtNp the two excited state species were
located within the aqueous phase and within the primary aggregate, while for 2-EtNp the
two excited state species were located within the secondary and primary aggregates.

A comparison of k; values for the separate species with different lifetimes can be
made to a similar fluorescence study done previously, and using pyrene as a probe
molecule within the NaCh system.” The previous study for pyrene in the presence of
NaCh aggregates found that the fluorescence lifetime decay traces were the sum of two

decaying species. The k, for the first of the two species varied from 0.4 - 1.1 x 10° M's?,
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while the k, of the second species was much smaller with a value of ca. 3 x 10’ M''s.

The assignments made for these species were that the first species was located within the
aqueous bulk, while the second was contained within the hydrophobic binding site of the
NaCh aggregates. Thus, the data presented for the ethylnaphthalenes agrees with the
earlier findings for pyrene. This is consistent with hydrophobicity affecting the binding of
probes within bile salt aggregates, as pyrene is also a hydrophobic probe.

In another study carried out by our research group, Np was analyzed in a similar
fashion using SPC.** The results found a similar trend in the values for k_ of the first
component, with all values being greater than 1 x 10’ M"'s™'. The values for k, of the
second component were an order of magnitude lower, with values ranging from 1.5 x 10°
M’'s™ t0 2.07 x 10 M''s”". All the other research carried out was consistent with a drop of
1.5 to 2 orders of magnitude in the k, value, when the probe was included within the
primary site. Why this was not observed for Np in the previous study is unknown.

The assignments for the location of the ethylnaphthalenes were supported, in most
cases, by the trends in dissociation rate constants of the triplet excited states of these
probe molecules. The dissociation rate constants obtained for the ethylnaphthalenes were
of an order of magnitude lower than those obtained for other probe molecules in this
study, suggesting that these probes are located within the most protected binding site, that
is, the primary aggregate. The triplet quenching rate constants were also lower than any
of the values obtained for the alcohol or ketone derivatives, suggesting that the access to
the ethylnaphthalenes by an aqueous quencher was lower than for the acetonaphthones or
the naphthylethanols. The triplet quenching studies provide information on the dynamics

of the excited state system as well as the access of the aqueous quencher to the probe
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molecules. The Np probes, in the excited state, interacted with the host system, and thus

the interaction of the quencher with the excited state probe molecules was dependent
upon the exit of the probe from the aggregate system. This differs from the fluorescence
quenching experiments where the only process investigated was the ability of the
quencher to enter the bile salt aggregate and access an excited state probe molecule.
Thus, in the triplet studies a lower quenching rate constant suggests the probe molecule
was located within a rigid binding site, and therefore the quencher has less access to the
excited state probe molecules.

Comparing the dissociation and quenching rate constants for the
ethylnaphthalenes to those previously obtained for Np, further supports the assignments
made above. In a previous study,’ the k_ value for Np in the presence of 40 mM of NaCh
was found to be (1.0 + 0.4) x 10°s™, while the value of k, was (2.2 + 0.4) x 10’ M''s”". Np
was located within the primary aggregate. The ethylnaphthalenes have the added ethyl
groups making the molecules more hydrophobic; thus, it would be expected that the k_
value would be lower. In the current study, the value for the k_ for the ethylnaphthalenes
in the presence of 40 mM of NaCh was (1.4 + 0.3) x 10°s™, for 1-EtNp and (4 + 2) x 10°
s™!, for 2-EtNp. Thus, the dissociation rate constant was at least halved with the addition
of the ethyl group, and lend further support to the assignment of these probe molecules as
being located within the primary aggregate. No change was noted in the dissociation rate
constant as the NaCh concentration was increased from 10 mM to 40 mM; thus it was
reasonable to assume that the probe was located within the same environments at all bile

salt concentrations.
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The triplet data does not support the finding from SPC that 2-EtNp in the presence

of 20 mM of NaCh was located within the two binding sites, while 1-EtNp was located
within the primary binding site and the aqueous phase. The data recovered for the
ethylnaphthalenes in the LFP studies suggested that similar behavior was observed for
both probes. Further, no change was observed for the triplet quenching data when the
NaCh concentration was increased from 10 mM to 20 mM. Thus, as secondary
aggregates were introduced, the interaction of the probe with the host system was not
altered. As the finding in the SPC experiment for 2-EtNp was only an estimate and is not
confirmed by the LFP data, it is most likely that both ethyl substituted probes are located
solely within the primary binding site (and in the aqueous phase).

The behaviour of 1-EtNp in the presence of 10 mM of NaCh is also puzzling. The
singlet steady-state data suggested that two species of 1-EtNp were present when the
NaCh concentration was 10 mM. Though the singlet lifetimes of the two species were
the same, the accessibility of the quencher to the two species was not the same. The
quenchers used in both singlet and triplet studies were aqueous, ionic quenchers. This
being the case, it was assumed that the accessibility to the probe molecules would be
similar when performing singlet and triplet quenching studies. If this were the case, two
species should have been observed in the triplet quenching data; however, all the decay
traces were mono-exponential and thus, only one species was present within the primary
aggregate. A possible explanation for the differences observed may be based on the
difference in time scale for the experimental procedures. As mentioned previously,
fluorescence measurements occur on much faster time scale than the corresponding

triplet measurements. It is possible that the two species were therefore indistinguishable
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from one another in the triplet quenching decays, as the deactivation occurs in the

hundred of nanoseconds to millisecond time-domain.

4.3.2.2 1-Naphthyl-1-ethanol and 2-naphthyl-1-ethanol as probe molecules in
NaCh aggregates

All the data acquired in this study suggests that the naphthylethanols were located
within the secondary aggregates. In the fluorescence quenching experiments, it was of
interest to note at which concentrations of NaCh the value for the <k > (or K;,) would
decrease significantly. For the hydroxyl-substituted naphthalenes, only one large drop
was noted in this value, between NaCh concentrations of 10 mM and 20 mM. This is the
concentration at which secondary aggregates are formed. It is believed that the
naphthylethanols were not included within the primary binding site; thus, no decrease
was expected in the <k > value until secondary aggregates were present. A gradual
decrease was observed in the average quenching rate constants as the NaCh concentration
was increased from 20 mM to 40 mM.

Analyzing the fluorescence quenching rate constants for the various excited state
species from SPC separately lends further support to the naphthylethanols being located
solely within the secondary binding site. For both alcohol derivatives in the presence of
20 mM and 40 mM of NaCh the quenching rate constant for the second of the two
excited state species observed was an order of magnitude lower than in water, suggesting
it was located within the secondary binding site. In the previous section (Section 4.3.2.1)
it was noted that the k, values for the ethylnaphthalenes in the presence of primary

aggregates were two orders of magnitude lower than in water. The primary aggregate is a
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more protected environment than the secondary aggregate, which leads to lower k,

values. It is therefore reasonable to assign a decrease of one order of magnitude in the k,
value as compared to the aqueous phase to correspond to the quencher accessing a probe
molecule located within the secondary aggregate.

In general, no decrease was noted in the average fluorescence quenching rate
constant (or Kgy, value) for 1-NpOH below 20 mM of NaCh. This result suggests that 1-
NpOH did not interact with the primary aggregates. This observation was supported by
the findings in the triplet excited state data. The quenching plots for the triplet excited
state of 1-NpOH in the presence of 10 mM were linear. At 10 mM NaCh, only primary
aggregates are present, and a linear quenching plot suggests that the probe molecules
were not incorporated within or interacting with the binding site.

For 2-NpOH, a decrease was noted in the Ky value in the presence of 10 mM of
NaCh, but not at lower bile salt concentrations. The decrease in the presence of 10 mM of
NaCh was small, indeed, much smaller than the decrease observed for the ethyl-
substituted derivatives at the same NaCh concentration, suggesting that the interaction of
2-NpOH with the primary site was not the same as that of the ethylnaphthalenes. This
observation was supported by the time-resolved fluorescence results, as well as the
results in the triplet excited state quenching experiments. In the singlet state time-
resolved study, though two components were present, the k, was of the same order of
magnitude as the quenching of the probes in water for both components. For 2-NpOH in
the presence of 10 mM of NaCh, a curved quenching plot was obtained for the quenching
of the triplet excited state by nitrite. The upper value in the range obtained for the k (H)

was of the same order of magnitude as the k, in water, suggesting the probe was not fully
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incorporated within a protected site. The dissociation rate constant obtained for 2-NpOH

in the presence of 10 mM of NaCh was two orders of magnitude larger than that obtained
for the ethylnaphthalenes bound within primary aggregates, and an order of magnitude
larger than when 2-NpOH was located within the secondary site.

All these findings suggest that only a weak interaction occurred between 2-NpOH
and the primary aggregates. The most likely explanation for the weak interaction
observed is that the probe molecule was interacting with the outside of the primary
aggregate. A combination of hydrophobic interactions and hydrogen bonding may
account for the results that were observed. It is possible that the Np ring structure was
located in close proximity to the rings of the NaCh monomer. The bond distance between
the hydroxyl groups on the B and C rings within the NaCh monomer is ca. 5.3 A, while
the length of the Np molecule is ca. 5.1 A. Therefore, it is possible for the probe
molecule to be located between the two hydroxyl groups on the B and C rings of the
NaCh molecule on the outside of the primary aggregate. Further, it is likely that 2-NpOH
formed hydrogen bonding interactions with one of the hydroxyl groups of the NaCh
monomer. The hydroxyl groups are separated by 6 A; thus only one hydroxyl group per
monomer would be able to interact with the probe molecule. In the case of 1-NpOH, no
interaction was observed. The subtle changes in the structure of the molecule excluded its
interaction with the primary aggregate. Thus, no interaction occurred between 1-NpOH
and the primary aggregate, while an interaction leading to a weak protection was
observed for 2-NpOH.

In the presence of secondary aggregates ([NaCh] > 20 mM), I-NpOH and 2-

NpOH behaved similarly. This was expected, as these probe molecules were located
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mainly within the secondary aggregate. The pre-exponential factors recovered in the SPC

experiments did not change with increasing NaCh concentration above 20 mM, thus it is
likely that the partitioning of the probe molecules between the aqueous phase and the
secondary aggregate was constant. For the triplet excited state data, the values remained
an order of magnitude greater than the dissociation rate constants for the
ethylnaphthalenes in the presence of primary aggregates, supporting the fact that the
naphthylethanols were located within a less rigid binding site, that is, the secondary

aggregate.

4.3.2.3 1-Acetonaphthone and 2-acetonaphthone as probe molecules in NaCh
aggregates

To a large extent, analyzing the fluorescence data for 2-NpO was not possible. It
appeared that the ketone derivative was not included within the aggregate. No shift in the
emission spectra was noted and the Stern-Volmer constants were the same in water and in
the presence of 40 mM of NaCh. 1-NpO did not fluoresce.

As a result, the analysis for the most polar of the Np probes is based solely on
triplet excited state data. In the presence of 10 mM of NaCh, both ketone derivatives gave
rise to curved quenching plots, suggesting that the ketone derivatives did interact with the
NaCh primary aggregates. The interaction 2-NpO was similar to that observed for 2-
NpOH in the presence of 10 mM of NaCh, and thus it is believed that 2-NpO was also
interacting with the outside of the primary aggregate as described previously. This

assignment was based on the fact that the dissociation rate constant, as well as the range
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of the quenching rate constant for 2-NpO were similar to those observed for 2-NpOH in

the presence of 10 mM of NaCh.

The behaviour of 1-NpO in the presence of 10 mM of NaCh was unique. The
value for the dissociation rate constant was an order of magnitude lower than those
observed for 2-NpO and 2-NpOH in the presence of 10 mM of NaCh. The dissociation
rate constant for 1-NpO was an order of magnitude larger than those recovered for the
ethylnaphthalenes at the same host concentration. A range of values for the kq(H), similar
to the other polar probes, was recovered for 1-NpO; however, the upper limit was 1 x10*
M!s™, as opposed to the diffusional limit of 1 x10° M's™ obtained for 2-NpO and 2-
NpOH. Again, the upper limit for the quenching rate constant for 1-NpO exceeds that
observed for the ethylnaphthalenes within primary aggregates. The observations that the
dissociation rate constant, as well as the quenching rate constant are larger than those for
the ethylnaphthalenes suggests that the probe molecules are not located within the
primary binding site. The most likely explanation for these findings is that 1-NpO is
perhaps forming slightly stronger interactions with the outside of the primary aggregate,
due to the slight structural differences between the probes. As no singlet excited state
results were available for this probe molecule, the analysis must be solely based on the
triplet quenching data.

The values for the dissociation rate constants of 1-NpO and 2-NpO in the
presence of 20 mM and 40 mM of NaCh were similar to the dissociation rate constants
for the alcohol derivatives at the same NaCh concentrations. This observation is

consistent with the acetonaphthones being located within the secondary site. The
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quenching rate constant ranges for the acetonaphthones in the presence of secondary

aggregates were also similar to those of the naphthylethanols.

4.3.2.4 Summary of the findings for Np probe complexation in experiments carried
out with varying ionic strength

It was interesting to note that the decrease in the <k > for the alcohol derivatives
between host concentrations of 10 mM and 20 mM was minor compared to the decrease
observed for the <k.;> for the ethylnaphthalenes in the presence of 10 mM and 20 mM of
NaCh. The fact that the values for the ethylnaphthalenes <k > decreased by an order of
magnitude, while the naphthylethanols <k > values were only halved, suggested that the
former were located in a much more protected environment than the latter. Comparing
the average quenching rate constants in the presence of 40 mM of NaCh gave further
evidence for this interpretation. The values for the <k>s of 1-EtNp and 2-EtNp were of
the order of magnitude of 10’ M's", while the values for 1-NpOH and 2-NpOH were an
order of magnitude larger (10°M''s™).

The most obvious trend noted in the dissociation rate constants was that the
values for the alkyl substituted derivatives were of an order of magnitude lower than
those for the hydroxyl and carbonyl substituted naphthalenes. Thus, the assignment of the
ethylnaphthalenes being contained within the primary aggregate while the
naphthylethanols were contained within the secondary site is reasonable.

Previous dynamic data for bile salt aggregates are very limited. Dynamic data for
the interaction between pyrene and NaTC was previously reported in the literature.*® A

dissociation rate constant of (3.8 + 0.4) x 10°s™ was recovered by the researchers. In the



180
current study, this value falls within the same range as the values recovered for

acetonaphthones in the presence of secondary aggregates. It is difficult to relate the
previous data to the current study as the earlier work on pyrene was carried out at a NaCl
concentration of 1 M. Further, the dissociation rate constant appears to be the average
value of experiments carried out in presence of 10 mM, 15 mM, 20 mM, and 25 mM of
NaTC.* Thus a comparison of the results in this work to the previous study is not
possible to a large extent.

In another dynamic study, Thomas and co-workers attempted to estimate the
dissociation rate constant of anthracene from NaTC.* The authors estimated the lower
limit for k_ to be 3 x 10* s™'. This estimation was based on measuring the triplet-triplet
annihilation rate constant. The researchers assumed that a triplet exiting from the
aggregate would encounter a second triplet in the aqueous phase, and triplet-triplet
annihilation would occur. Based on previous research in our group, using SDS micelles,
this model is incorrect because the triplets would most likely interact with one another
within the aggregates (or micelles), and not within the aqueous phase.'” The assumption
made within the SDS micelle model is that the association rate constant is close to the
diffusion controlled limit. As a similar assumption may be made for the NaTC
aggregates, it is reasonable that triplet-triplet annihilation would more likely occur within
the NaTC aggregate than within the aqueous phase. Though this study does not directly
relate to the research in this thesis, the work is mentioned to point out the very narrow
scope of previous dynamic work carried out for bile salt aggregates.

In a study by Seret and co-workers, the lower limit for the exit rate constant of a

common syathetic dye, rose bengal, from NaTC was examined.'” The researchers found
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Table 4.17 Association rate constants for the triplet excited state of the probe molecules

located within the primary aggregate of NaCh calculated based on an aggregation number
of 4.

k,/10° (VM)
Probe 10mM of NaCh | 20 mM of NaCh | 40 mM of NaCh
1-EtNp 03202 NA NA ©
2ENp 08204 ° N/A NA ©

a)Errors represent the average deviation between the two experiments. b) Errors of
individual values from two independent experiments were taken into account. c) The

curvature in this experiment was insufficient to extract a reliable value for k,.

Table 4.18 Association rate constants for the triplet excited state of the probe molecules
located within the secondary aggregate of NaCh calculated, based on an aggregation
number of 10.

k,/10° (M's")
Probe
10 mM of NaCh 20 mM of NaCh 40 mM of NaCh
1-NpOH 7£2° 4+1°
2-NpOH 50+£30* 4+1° 3x1°?
1-NpO 3x1° 3x1° 2+1°
2-NpO 11+£8° 4+1° 4+1°

a) Errors represent the average deviation between the two experiments. b) Errors of

individual values from two independent experiments were taken into account.

The association rate constants were arrived at by assuming that the
ethylnaphthalenes were located within the primary aggregate while the naphthylethanols

and acetonaphthones were located within the secondary aggregate. The association rate
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constants in the presence of 20 mM and 40 mM of NaCh for the naphthylethanols and

acetonaphthones were all very similar. Considering these numbers were based on an

average N value, it was difficult to draw conclusions from the values recovered.

4.4 Discussion on the dynamics of probe binding to bile salt aggregates at constant
ionic strength

The data collected at constant ionic strengths gave insight into the role of ionic
strength on aggregation behavior of bile salts. Work has been done previously by other
groups on the effect of ionic strength on aggregation of bile salts (Chapter 1).27494348
Most researchers working on the effect of ionic strength with relation to bile salts were
not looking specifically at the effect of increased ionic strength on the structure of
primary or secondary aggregates, but their data can be used to support the findings of the
research in this thesis. Based on the past work carried out by the above researchers, it was
hypothesized that the increase in ionic strength of the solution causes aggregation to
occur at lower bile salt concentrations. Each cholate monomer, when dissolved in
aqueous medium, has a negative charge associated with it due to the presence of the
carboxylate group. Thus, it was hypothesized that increasing the ionic strength would
affect aggregation of NaCh considering the added counter ions would shield the
negatively charged carboxylate groups. This would allow the monomers to approach one
another in order to form primary aggregates as well as the primary aggregates to
approach in order to form secondary aggregates. The hydrophobic driving force for the
monomers in solution is the key supramolecular force involved in the formation of

primary aggregates. For the formation of secondary aggregates, it is believed that the
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main driving force is the hydrogen bonding interactions of the primary aggregates to

form secondary aggregates. The electrostatic repulsion of the carboxylate group would
counter both of the above interactions making it more difficult for the aggregates to form.

Thus, by shielding the negative charge, the favorable interactions would be enhanced.

4.4.1 Effect of ionic strength on primary aggregate formation

1-EtNp is located within the primary binding site, as discussed above (Section
3.3). The K,, values for 1-EtNp in the absence of NaCh were, as expected, unaffected by
the increase in the ionic strength of the solutions. In the presence of 3 mM and 10 mM of
NaCh, as the ionic strength was increased, there was a decrease in the Stern-Volmer
constant. Why the effect was not noted at S mM is a puzzle. Though the experiments at 5
mM were repeated under the same conditions multiple times, only a range of values was
obtained. This observation aside, it would appear that a change in the ionic strength did
affect the aggregation of the primary aggregates to a large extent, cutting the value for the
K, in half with an increase in ionic strength of 0.37 M.

The one trend in the K, values that differed from the experiments carried out at
varying ionic strengths was the onset of primary aggregation. In the varying ionic
strength experiments, and at a p = 0.2 M in the constant ionic strength experiments, tl;e
onset of primary aggregates was noted at a host concentrations of 10 mM of NaCh. At an
ionic strength of 0.03 M, aggregate formation was only noted at a NaCh concentration of
20 mM. This suggests that at low ionic strength primary aggregates did not form at 10
mM of NaCh as previously observed. At an ionic strength of 0.4 M, primary aggregate

formation was noted at a host concentration of 3 mM of NaCh. This suggested that an
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increase in the ionic strength of the solution allowed primary aggregates to be formed at

lower host concentrations. This is reasonable as the formation of primary aggregates is a
matter of balancing the hydrophobic driving force for aggregation with the electrostatic
repulsion of the negative charge on the carboxylate groups. At high ionic strength the
repulsion of the hydroxyl groups would be decreased and primary aggregation would
occur at lower bile salt concentrations.

Work done previously supports the finding that at very low ionic strength
aggregation is inhibited. Kratohvil and co-workers observed that, in the absence of NaCl,
aggregates of NaTC would not form.?® This study was done at very low bile salt
concentrations, but the findings support the observation that formation of primary
aggregates is decreased at low ionic strength. Work done by Mazer and co-workers
looked at bile salt aggregation at host concentrations lower than 11 mM,* so the
researchers were observing the effect of ionic strength on primary aggregates. Here, the
researchers’ findings suggest that at a high ionic strength, aggregates were formed at
lower concentration of bile salt. This observation is consistent with the current study
observation that primary aggregation occurs at lower bile salt concentration as the ionic
strength is increased.

Using the triplet excited state quenching results, the fluorescence findings for I-
EtNp in the presence of primary aggregates were confirmed. A decrease in the
dissociation rate constant, for 1-EtNp in the presence of 10 mM of NaCh, of more than
one order of magnitude was noted when the ionic strength was increased from 0.03 M to
0.4 M. This observation lends support to the conclusion that ionic strength was important

for the formation of primary aggregates of sodium cholate. No other significant changes
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in the dissociation rate constants were noted due to a change in ionic strength as the

NaCh concentration was increased to 40 mM.

The observation that no ionic strength dependence was noted on 1-EtNp in the
presence of 40 mM of NaCh was difficult to understand. Regardless of the host
concentration, 1-EtNp was located within the primary binding site of the NaCh
aggregates. The most likely explanation for the loss of ionic strength dependence as the
bile salt concentration was increased comes from considering the intermolecular forces
involved. Despite the fact that secondary binding sites are present, it is the primary
aggregation pattern that was of interest. As was previously mentioned, primary
aggregation is a balance between hydrophobic interactions and electrostatic repulsions.
As the monomer concentration was increased, so was the density of negative charge in
the solution. By nature, the negative charges would still repel one another, but the total
distance possible between charges would be decreased. Thus, as the negative charges
could not repel one another as easily as at lower bile salt concentration, it is possible that
the hydrophobic driving force for primary aggregation dominated, and aggregates formed
even at low ionic strength. This effect would not occur at low bile salt concentrations, as
the density of negative charges is lower, thus the electrostatic repulsion would have a
much larger effect on the system.

The comparison between data carried out at 4 = 0.2 M in the constant ionic
strength experiments with data at varying ionic strengths revealed that only the data for 1-
EtNp in the presence of primary aggregates were effected by the different sample
preparation methodology. The difference in the k_ value of two preparation methods was

small, which was reasonable because the change in ionic strength was small. The study
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at constant ionic strength showed that the data for 1-EtNp in the presence of primary

aggregates was the only data that were affected by changes in ionic strength. This being
the case, the only data that should have been affected by the change in the sample
preparation method was the data for 1-EtNp in the presence of 10 mM of NaCh. The
varying ionic strength experiments led to a higher ionic strength (0.25 M) and it has been
seen that this leads to a smaller dissociation rate constant. Thus, the findings when
comparing the differing sample preparation methods are consistent with those observed

in the constant ionic strength experiments.

4.4.2 Effect of ionic strength on secondary aggregate formation

No effect of ionic strength was observed for any of the singlet or triplet excited
state data recorded for 1-NpOH. The naphthylethanols reside solely in the secondary
aggregate. Therefore, the preliminary work carried out by this study found no effect of
ionic strength when using NaCl, on secondary aggregate formation of NaCh.

It may be hypothesized that ionic strength does not affect the structure of
secondary aggregates because electrostatic repulsions are minimal within the secondary
binding sites. Secondary aggregation is postulated to occur due to hydrogen bonding, ion-
diple and ion-ion interactions. The size of the cavity for the secondary aggregates is not
known, and as such it is possible that the negative charges of the carboxylate groups are
kept far enough apart from each other even as the secondary aggregates are formed. If
this were the case, electrostatic repulsions would be minimized as would be the need for
increased ionic strength, as added counterions would not be necessary for secondary

aggregate formation.
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The work done by McGown and co-workers has presented the most information

on the effect of counter ions on the aggregation of bile salts to date.**4* Al the work
done by these researchers is consistent with ionic strength having an effect on bile salt
aggregation in the presence of primary aggregates. The most relevant study showed that
by using sodium as the counter ion, an effect was noted at NaCh concentrations below 10
mM, whereas no effect was noted on the aggregation of secondary sites.* For sodium as
the counterion, this is consistent with our findings that only 1-EtNp in the presence of
primary aggregates was affected by an increase in the ionic strength. In the presence of
larger counter ions (Al and Tb) an effect of ionic strength was noted on secondary
aggregation®; therefore, it is likely that the effect of ionic strength on aggregation of bile

salts is also dependent upon the size and valency of the counter ion introduced.
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§ Conclusions

The main objective of this work was to understand the complexation of probe
molecules within the two distinct binding sites present in NaCh aggregates. The findings
within this study aid in the growing support for the primary and secondary aggregation

model of bile salts in solution.

5.1 Benzophenone complexation

Benzophenone and 4,4’ -dimethylbenzophenone were used to study the interaction
of probes within NaCh aggregates, as well as to gain an understanding of how
photochemical reactivity is altered for probe molecules, based on their location within the
two different binding sites. It was found that, for both ketones, the reactivity in the
presence of primary aggregates was different than in the presence of secondary
aggregates. It was also found that in the case of DMBp, the added hydrophobic moieties
affected reactivity.

In the presence of only primary aggregates, both ketones reacted similarly. Three
different populations of triplet excited states, with different reactivities, were identified.
The first of these triplet excited states was located within the aqueous phase. The other
two populations of triplet excited states were located in the primary aggregate. Most of
the triplets in the primary aggregate reacted within the laser pulse (<10 ns) to form ketyl
radicals, while some longer-lived triplets were unreactive within the laser pulse. The
long-lived triplet excited states in the primary aggregate were observed to form ketyl

radicals over 10 to 20 ps. The ketyl radicals exited the primary aggregate, and were
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observed to react in a diffusion-controlled process that occurred within the aqueous

phase.

The presence of secondary sites added complexity to the system. All the processes
occurring in the presence of primary aggregates were still present, but with the interaction
of primary aggregates to form secondary binding sites, additional reactions occurred. The
processes unique to the secondary site were observed to occur on a much faster time scale
than those occurring solely in the presence of primary aggregates. It was found that most
of the ketyl radicals were formed by the reaction of triplet excited states within the
primary aggregates. The decay of the ketyl radicals was slowed in the presence of
secondary aggregates, suggesting that the radical-radical reactions were taking place
within the secondary binding site, which is a more protective environment than the
aqueous phase. In the secondary sites, it was found that the hydrogen abstraction reaction
did not compete with self-quenching and exit of the excited state probe to the aqueous
phase. Bp was found to have a shorter residence time within the secondary site than
DMBp, leading to the conclusion that hydrophobicity changes, even small ones, lead to
changes in the complexation dynamics for probe molecules with NaCh aggregates.

Analyzing the self-quenching data for Bp suggested that a small number of NaCh
monomers are necessary in order to define both the primary and the secondary sites. It
was found that the product of N, (number of monomers in the primary aggregate) and N,

(number of primary aggregates that form the secondary site) lies between 6 and 13.
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5.2 Naphthalene complexation

The hydrophobicity of the probe molecules was found to affect probe incorporation
within the two different binding sites of NaCh aggregates. The ethyl-substituted Nps
were located within the primary binding site, while the naphthylethanols and
acetonaphthones were found to be located within the secondary aggregates. In the
absence of secondary aggregates, all of the probes, with the exception of 1-NpOH,
interacted with the primary aggregate. It is believed that the ethylnaphthalenes were
completely incorporated within the binding site, the other probes interacted with the
outside of the aggregates.

Conclusive evidence for the location of two distinct binding sites was also
presented in the comparison of both the quenching rate constants (of the singlet as well as
the triplet excited state) and the dissociation rate constants. The values for the
hydrophobic probes were found to be, on average, an order of magnitude lower than the
more hydrophilic probes. As both k_ and k, values decrease with an increase in the level
of protection, the difference of an order of magnitude suggests the probes are located in
different environments.

The position of the substituent on the Np ring was also found to have a limited
effect on the binding dynamics within the aggregate system. In general, it was found that
the dynamics when the probe was bound to either the primary site or the secondary site
were not affected by the position of the substituent. For the naphthylethanols the most
striking differences were noted in the presence of 10 mM of NaCh because 2-NpOH
appeared to interact with the outside of the aggregate, while 1-NpOH appeared to be

unaffected by the presence of NaCh. For the acetonaphthones in the presence of 10 mM
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of NaCh, 1-NpO appeared to form a stronger interaction with the outside of the aggregate

than 2-NpO. Therefore, it would appear that the position of the substituent affects its
interaction with the outside of the aggregate but not its incorporation within one of the
binding sites.

Studying the effect of ionic strength on aggregation also provided insight into the
role of ionic strength on bile salt aggregate formation. It was found that changing the
ionic strength of the solution had an effect on the primary aggregation of NaCh, but not
on the secondary aggregate formation. At low ionic strength, primary aggregates did not
form, whereas, as the ionic strength was increased, primary aggregates formed at lower

concentrations of NaCh.
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