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A bstrac t

The main objective of this research is to investigate aspects responsible for the 

dynamics of guest molecules complexed with cyclodextrins (CDs). We have shown with 

the use of a variety o f photophysical techniques that the complexation dynamics for guests 

with CDs are dependent on the structure of the guest molecule.

An assortment of photophysical methods that included steady-state fluorescence, 

UV-Vis absorption, and laser-induced optoacoustic (LIOAS) spectroscopies, in 

combination with time-resolved techniques such as single photon counting fluorescence 

and triplet-triplet absorption (T -T ^  spectroscopies were employed to obtain a detailed 

understanding o f the photophysics for fluorenones. From these photophysical 

investigations, we have demonstrated that several effects such as the nature and position o f 

substituents, and the properties of the microenvironment are responsible for the 

photophysics observed for these aromatic ketones.

The complexation of fluorenone and xanthone with CDs was investigated to obtain 

more information on how the structure of the guest molecule can affect the complexation 

dynamics of these host-guest systems. Induced circular dichroism (ICD) and picosecond 

fluorescence spectroscopy were employed to detail the structural differences observed for 

the CD complexes o f these two ketones. Equilibrium constants were observed to be larger 

for xanthone with P-CD than with fluorenone. This result suggested that a  more favorable 

complex is formed for xanthone than for fluorenone. However, in the presence of a-CD, 

fluorenone formed 2:1 host-guest complexes that were not observed for xanthone. These 

photophysical studies with additional support from theoretical calculations provided useful 

tools for understanding the structural intricacies of CD host-guest systems. These types of 

studies will be invaluable to the understanding of dynamics within supramolecular systems.



m

To expand our knowledge on the structure-dynamics relationship that exists for CD 

complexes, we investigated the complexation dynamics of charged probes with CDs. Two 

styrene derivatives, fra/ij-anethole (t-Ane) and 4-vinylanisole (4-VA), were chosen as 

precursors for the radical cations examined in these investigations. Quenching studies have 

demonstrated that the exit of the radical cations of t-Ane and 4-VA complexed with CD, 

even in the presence of alcohols, was faster than 20 ns. In addition, complexes with 2:1 

host-guest stoichiometries were unsuccessful in reducing the dissociation rate constant of 

these charged species.

From these studies we have shown that a structure-dynamics relationship does exist 

for CD host-guest systems. With the use of a variety of photophysical techniques and 

theoretical calculations, we have been able to better evaluate how the photophysics o f probe 

molecules can be explored in the study of host-guest complexation. Small changes in 

structure have important consequences on the binding efficiencies of these probes to CDs. 

This information will aid in the understanding of the structure-dynamics relationship that 

occurs in supramolecular systems.
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Dr. Peter C. Wan, Department Member (Department o f Chemistry)

Dr. Nigel J. Livingston, Outside Member (Department o f Biology)

Dr. Linda J. Johnston, External Examiner (Steacie Institute for Molecular Sciences, 
National Research Council, Ottawa, Ontario)
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1. INTRODUCTION

1.1 Photophysics

Photoinduced processes can be classified as either photophysical or photochemical 

in nature. A molecule undergoing photophysical processes will lead to a change in the 

quantum states of the molecule, but the molecule will not rearrange or fiagment In 

contrast, a photochemical process involves a change in the chemical nature of the 

photoexcited molecule with the formation of a new chemical species.

1 .1 .1  Electromagnetic Spectrum

The electromagnetic spectrum is composed of many different frequencies of 

electromagnetic radiation (Figure 1.1). Electromagnetic radiation can be envisaged in terms 

of an oscillating electric field, and an oscillating magnetic field that are perpendicular to 

each other, and to the direction of propagation. The energy of these waves is proportional

to the frequency (v), or the number of cycles per second that these waves travel through in

a certain point in space as shown in Equation 1.1, where h is Planck’s constant, equal to 

6.626 X lOr^ J s. Electromagnetic radiation can also be described in terms of the

wavelength (X), or peak to peak distance of the electromagnetic wave. The wavelength

Equation 1.1

E = hv

of an electromagnetic wave is inversely proportional to the frequency of the electromagnetic 

wave as shown in Equation 1.2, where c is the speed of light.



Equation 1.2
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Figure  1.1 The electromagnetic spectrum (Ackqxed from reference 1).

The regions of energy most often employed when investigating the photochemistry 

and photophysics of organic molecules are in the visible (Vis) and ultraviolet (UV) regions 

of the electromagnetic spectrum. These regions of electromagnetic radiation are often called

the regions of light energy. * Quantum mechanically, light is described in terms of discrete



packets of energy known as photons. This photon energy is called quanta, and the energy 

absorbed or emitted by a molecule is quantized or restricted to a series of discrete values.

1 .1 .2  Light Absorption

A photon can only be absorbed by a molecule if the energy of the photon 

corresponds to the difference in energy between two stationary states (i.e. electronic or 

vibrational) of the molecule. The photon energy or quanta required for this absorption is 

given by Equation 1.3 that describes the difference in energy between the two stationary 

states. When UV-Vis light is employed the electrcmic states of the molecule are involved in

E quation 1.3

AE = hv

the absorption. This equation is commonly referred to as the Bohr frequency condition. 

Therefore, the energy between two electronic states o f a molecule can be expressed in terms 

of a particular frequency of light However, it is more common to express these energies 

in molar quantities. Therefore, to determine the energy carried by 1 mol of photons (i.e., 

an Avogadro number of photons, called an Einstein) o f a  specific frequency or wavelength 

of light Equation 1.2 and Equation 1.3 are combined and Avogadro’s number, A/*, is 

included to give Equation 1.4. Using this expression, the energy, in kJ mol ', required to 

excite an electron from one electronic state to another can be calculated for a particular 

wavelength of lighL

Equation 1.4



1 .1 .3  Electronic States

The absorption of UV-Vis light by organic molecules causes an electron from an 

electronic state of lower energy to be excited to a previously unoccupied electronic state of 

higher energy. These electronic states can be described in two common ways. The first 

involves a description o f the electronic state in terms of its spin multiplicity. Each electron 

in a molecule has a spin angular momentum with a spin quantum number s — 1/2. An 

electron moving in an electric field gives rise to a magnetic moment, which in the (nesence 

of a magnetic field may take up one of two orientations. The magnetic moment can be 

aligned with the magnetic field or opposed to it, which gives rise to two different energy 

states of the electron that are designated by an up or down arrow, respectively. If no 

magnetic field is present there will be no difference in the electron spin energy levels, but 

the individual moments will still dictate how the electnms will interact with one another and 

with the nucleus. The spin of an electron can also be viewed in the nxxe classical 

description of the atomic structure in which the electron is viewed as a small charged 

particle that orbits the nucleus of an atom and spins on its own axis.

To differentiate between different electronic states possible for molecules, the total 

spin angular momentum possessed by the molecule is represented by the total spin quantum 

number S. This value is calculated as the vector sum of all the different spin contributions 

from each electron. For example two electrons of the same spin can either be opposed or 

parallel. If the spins are opposed then the total spin quantum number is zero. If the spins 

are parallel then the total spin quantum number is one. The spin multiplicity is given by 

(2S +1), and describes the number of expected electronic states in the presence of a 

magnetic field. Therefore, a molecule with all the electrons spin-paired have a total spin 

quantum number of zero, and a spin multipliciQr of one. These electronic states are referred 

to as singlets. A ground state singlet is abbreviated S„, and a first excited singlet state is 

abbreviated S,. If the opposite case arises, where two electrons are parallel the spin



multiplicity becomes three and these electronic states are refened to as triplets. This system

of labeling electronic states is known as the enumerative system.^

Another way of characterizing an electronic state of a molecule is to specify the 

orbitals in which the excited electron leaves from and the new orbital it enters. Various 

schemes and notations have been used to describe these transitions. The Kasha system

describes only the nature of the orbitals involved in the electronic transition.^ Symbols for 

the ground state notation are o, n, and n. Respectively, they refer to the sigma, 

nonbonding, and pi orbitals of a molecule. In the excited state the notation is shown as a* 

and n*. In organic photochemistry, the n and ic orbitals are most commonly involved in 

transitions initiated by light in the UV-Vis region of the electromagnetic spectrum. For 

example, in ketones where nonbonding electrons are readily available n,n* transitions are 

common. Whereas, in aromatic systems where there are no available nonbonding electrons 

%,n* transitions are common.

1.1 .4  Spin Forbidden Transitions

When discussing electronic transitions involved in photochemical and 

photophysical processes it is useful to understand a few of the spin selection rules. In 

particular, in a  transition where there is a preservation of the spin multiplicity or a 

conservation of spin the process is referred to as a spin allowed transition. This type of 

process is commonly characterized by large molar absorptivities. However, when there is 

a change in the spin multiplicity and disregard to the conservation of spin the process is 

referred to as a spin forbidden process. A spin forbidden process is not excluded as a 

possibility, but it often describes a considerably weaker process that is characterized by 

small molar absorptivities. One important consequence of spin forbidden processes is the 

transition from a singlet excited state to a triplet excited state (i.e., intersystem crossing) by 

way of spin-orbit coupling.



1.1 .5 Spin-orbit coupling

The dominant mechanism used to describe the intersystem crossing process of

organic molecules is spin-orbit coupling.^ This mechanism is responsible for the “flip” of 

the spin of an electron and the change in the spin multiplicity of a  molecule. One analogy to 

describe spin-orbit coupling is to envisage the motion of an electron about a nucleus in 

terms of classical Bohr-like mbits. In this model two kinds of motion are important. They 

are the movement or orbit of the electron about the nucleus, and the spin of the electron 

about its own axis. Since a moving charged particle generates a  magnetic field, both the 

orbital and spin motion of the electron generate magnetic fields. The magnetic torque 

generated from the interaction of these two fields will cause the spin of the electron to “flip” 

and it is expected that this will occur when the electron is in the region of its oifoit close to 

the nucleus because the motion of the electron and the magnetic moment should be greatest 

as the negatively charged electron approaches the positively charged nucleus. However, 

the magnetic torque generated is insufficient to cause the spin flip since the total angular 

momentum of the system must be conserved. This can only be achieved if there is a 

compensating change in the orbital angular moment This change in the orbital angular 

momentum is satisfied by the “jump” of the electron from one orbital to another (i.e. as 

between two n orbitals). Thus, it is the coupling of the change in spin and the change in 

the orbital angular momentum that allows an electron to “flip” its spin in most organic 

molecules.

1.1 .6  Spin Correlation

The energy of the triplet excited states of organic molecules is usually lower than 

their corresponding singlet excited states. This observation is a consequence of spin 

correlation and a result of the electron-electron repulsion experienced between electrons.



Triplet excited states have lower energies because the electron-electron repulsion 

experienced between the two electrons with spins parallel to one another is less than the 

repulsion experienced between two electrons with opposing spins. This is a consequence 

of the Hund’s rule of maximum multiplicity that states that the repulsion between two 

electrons occupying different orbitals is minimized if their spins are opposed because their 

motion is correlated.

1 .2  Deactivation o f Excited States

Electronically excited states typically have short lifetimes. Many different processes 

are responsible for the dissipation of the energy gained by these excited state molecules. 

This section will discuss the various pathways and the molecularity involved in the 

deactivation of excited states.

1.2 .1  Unlmolecular Deactivation Processes

Energy absorbed by a molecule can be released through many unimolecular 

processes that can be referred to as either a  radiative or nonradiative process. As will be 

discussed, this energy can also be transferred to other molecules through bimolecular

processes.

1 .2 .1 .1  The JablonskI Diagram

Electronically excited states of organic molecules may return to their ground states 

via photophysical or photochemical pathways. Photophysical pathways are unimolecular 

processes that are responsible for the dissipation of the excess energy gained by an excited 

state molecule. The following energy level diagram conveniently summarizes the different



possible types of transitions that are available to an excited state molecule undergoing 

photophysical deactivation. This diagram is known as a Jablonski diagram.^

. ISC .

Abs

4 h

Figure  1.2 Jablonski diagram. Absorption (Abs) and emission processes are indicated 
by straight arrows (F = fluorescence, P = phosphorescence, T -T ^  = 
triplet-triplet absorption), and radiationless processes are indicated by wavy 
arrows (IC = internal conversion, ISC = intersystem crossing, VR = 
vibrational relaxation).



1 .2 .1 .2  K inetics

If a population of excited state molecules, [M*], decays through a single radiative 

process, the decay of this population will return to its initial state as a function of time due 

to the spontaneous emission of radiation (Scheme 1.1). The energy of the spontaneous

Scheme 1.1

M* -----------► M + h v '

emission given as hv' is lower in energy than the photon initially absorbed by tbe ground 

state molecule M. For an individual molecule the probability o f emission is time- 

independent, and the total intensity of the emission depends on the number o f molecules in 

the excited state. However, for the spontaneous emission o f a  large number o f molecules 

in the excited state the rate of decay follows first order kinetics (Equation 1.5), where k /  is

Equation 1.5

- ^ [M * ]  = k;[M*] 
at

Equation 1.6 

[M*] = [M *],e^'

the rate constant for the first order natural fluorescence process. Integration of Equation

1.5 yields Equation 1.6, which is the first-order rate law where [M*]^ and [M*] are the 

concentrations of the electronically excited molecules immediately following excitation 

(r=0) and at a later time /, respectively. The average statistical time that the molecule spends
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in the excited state is called the natural singlet lifetime, This is given by inverse of the 

rate constant for the natural fluorescence process (Equation 1.7). The natural singlet 

lifetime can be determined using Equation 1.6, where at time t = x /, the concentration of 

excited state molecules falls to 1/e of it initial value and as a result x,® is sometimes referred 

to as the 1/e lifetime.

Equation 1.7

< 4

Experimentally, kp® is not determined as additional radiative or nonradiative 

processes contribute to the decay of the excited state concentration. Therefore, the natural 

fluorescence rate constant kp® becomes a  measured fluorescence rate constant kp. For 

example, fluorescence from the S, state o f M is in direct competition with internal 

conversion to give vibrationally excited S„ and with intersystem crossing to give a T, state. 

The rate for this decay is then given by Equation 1.8, where is the rate constant for

Equation 1.8

= k;[M*] +  kj^[M*] + ki,[M*]

intersystem crossing, and k^ is the rate constant for internal conversion. The decay of 

[M*] still follows first-order kinetics, but now the observed rate constant for the 

fluorescence is the sum of rate constants for all the possible deactivation pathways 

(Equation 1.9). With the additional deactivation pathways, a decrease in the measured
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E quation  1.9

[M*] =

lifetime will also be observed compared to the natural singlet lifetime. In addition, with 

fewer excited molecules to emit radiation the intensity of the fluorescence will also decrease 

as compared to the situation, where there is no competition between the photophysical

processes.

1 .2 .1 .3  Quantum Yields

A convenient way of describing the efficiency of photophysical and photochemical 

processes that occur for a molecule is to determine quantum yield, for the respective 

process. The quantum yield ^ o f a  process j  is defined as the number of molecules A 

undergoing that process divided by the number iiq of light quanta abscxfoed (Equation 

1.10). However, quantum yields arc more commonly used to compare the efficiency

E quation  1.10

«Q

of one process over all the processes responsible for the deactivation of the excited state 

molecules. These quantum yields can be written in either terms of rate constants, or 

lifetimes. For example, the quantum yield for fluorescence ^  in terms of rate constants

would be given as the rate constant for the natural fluorescence, kp, divided by the rate

constants for all the other deactivation pathways ]^ k j  including that of the natural

fluorescence rate constant (Equation 1.11). As shown the quantum yield of fluorescence
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can also be calculated from the product of the rate constant of fluorescence and the 

observed singlet lifetime, x,. Written in terms of lifetimes, the fluorescence quantum yield 

can also be shown as a ratio of the observed singlet lifetime to that of the natural singlet 

lifetime.

Equation 1.11

1 .2 .1 .4  Nonradiative Deactivation

Nonradiative processes o f excited state molecules involves the release of beat as 

they return to lower electronic levels. The three most comooon types of nonradiative 

transitions are vibrational relaxation, internal conversion and intersystem crossing. 

Vibrational relaxation occurs within a set o f vibrational levels in one electronic state. In 

solution, vibrational relaxation to the vibrational ground state, or zeroth vibrational level 

can be reached in times as short as I d "  s. This vibrational energy is converted to heat 

through collisions with solvent noolecules. From the zeroth vibrational level of a molecule 

in an excited electronic state the molecule can undergo further nonradiative or radiative 

processes. If the molecule returns thermally from a singlet excited state to the ground 

singlet state, the process is referred to as internal conversion since the multiplicity of the 

states involved in the transition are the same. In contrast, if the radiationless deactivation 

occurs between states of different multiplicity then this process is termed intersystem 

crossing. The selection rules for transitions between electronic states of different 

multiplicity that involve spin inversion by the spin-orbit coupling mechanism are known as

El-Sayed’s rules.^ These rules explain that spin-orbit coupling between electronic states 

with different electronic configurations are more efficient since the change in the spin of the
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electron is compensated by the change in its orbital angular momentum upon entering a 

different orbital. In contrast, spin-orbit coupling between electronic states with the same 

electronic configurations are very inefficient since the change in spin is not compensated by 

a change in the orbital angular momentum. In both internal conversion and intersystem 

crossing, a transition occurs between the lowest vibrational level of an excited electronic 

state, and an isoenergetic, but higher vibrational level of a different electronic state. Then 

through vibrational relaxation the excited state nx>lecule will cascade down to the lowest 

vibrational level of this new electronic state. These nonradiative transitions are represented 

by wavy lines in the Jablonski diagram. Vibrational relaxation is represented with vertical 

wavy lines as they move from higher to lower vibrational levels, whereas internal 

conversion and intersystem crossing are represented by horizontal wavy arrows because 

these processes occur between isoenergetic vibrational levels of different electronic states.

1 .2 .1 .5  Radiative Deactivation

Radiative processes involve the emission o f photons when an excited state molecule 

returns to its ground state. Two types of radiative transitions frequently encountered in 

photophysical studies are fluorescence and phosphorescence. Tbe most common of the 

two radiative transitions is fluorescetxx. Fluorescence is the emission of photons between 

electronic states with the same multiplicity. Fluorescence is a spin allowed transition.

Since all closed-shell molecules have singlet ground states, fluorescence is commonly 

observed from the first excited singlet state, S,. The other emissive process that is 

frequently used to characterize the triplet excited states of organic molecules is 

phosphorescence. Phosphorescence is the emission of photons between electronic states 

with different multiplicities. This is a  spin forbidden transition. As shown in Figure 1.2, 

these processes are drawn as straight vertical arrows. They are viewed in this way since 

the electronic motion within a molecule occurs at a higher frequency than the nuclear
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motion of the molecule. This is the basis of the Frank-Condon principle. ̂  Electronic 

motion has a typical frequency of co. 3 x 10‘̂  s ' that is much faster than the frequency of 

vibrational motion at cu. 3 x  10'^ s '. As a result, the frequencies of light used for 

electronic excitation are too high to allow for any change in the nuclear motion of the 

molecule during the absorption of light Thus, the nuclear coordinates of the molecule 

before excitation are virtually the same during cxcitatiort However, after excitation the 

nuclear coordinates do change and for this reason, it is the greatest overlap of the 

vibrational levels within tbe ground and excited electronic states that are responsible for tbe 

largest transition moments.

1 .2 .2  B im olecular D eactivation Processes

In addition to unimolecular processes, there are bimolecular deactivation processes 

that involve the transfer o f energy, or electrons from one molecule to another. Any external

deactivation process is called a quenching process.

1 .2 .2 .1  Q uenching o f Excited States

Fluorescence quenching is a general type of quenching that can occur by a variety 

of different mechanisms. Photophysical quenching processes that do not lead to new 

chemical species can in general be represented in Scheme 1.2, where M ’ is the ground

Scheme 1.2

M* + Q ----------- ► M'

state, or another excited state of M. If the quencher Q is the same molecule as M then this 

quenching process is referred to as self-quenching or concentration quenching. Most
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intennolecular deactivation processes are based on collisions between an excited state 

molecule M* and a quencher Q. Two other quenching mechanisms that involve the 

formation of complexes with their own photophysical features are exciplexes (MQ*) and 

excimers (MM*). These complexes represent a new chemical species with a well defined 

geometrical structure. The deactivation of these excited state conq>lexes can occur through 

a variety o f mechanisms such as fluorescence and phosphorescence, by decay into M + Q* 

that corresponds to an energy transfer (Section 1.2.2.2), by electron transfer (Section 

1.2.2.3) to give M** and Q", or M and Q^, by internal conversirm, or by intersystem 

crossing. All of these deactivation processes lead to the quenching o f the excited state M* 

and are referred to as quenching processes.

1 .2 .2 .2  E nergy T ransfer

Electronic energy transfer reactions are an important class of binoolecular 

deactivation process available to excited state molecules. Energy transfer can be subdivided 

into two main categories. It can occur through both radiative and nonradiative 

mechanisms. Of the latter type, a further subdivision can be madg to give the Coulombic or 

electron-exchange mechanisms for nonradiative energy transfer. A basic reaction used to 

describe energy transfer is Scheme 1.3 where “D” represents a donor molecule and “A” 

represents an acceptor molecule.

Schem e 1.3

D* + A -----------► D + A*

Radiative energy transfer is also called the trivial mechanism. This mechanism is 

referred to as “trivial” because the donor and acceptor molecules are a part of a two-step
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process, whereby there is no direct interaction between the two molecules (Scheme 1.4).

In radiative energy transfer, the emission of a photon from an excited donor molecule is 

followed by the absorption of the emitted photon by the acceptor molecule. The efficiency 

of the radiative energy transfer depends on a high emission quantum yield of the donor in a 

region of the spectrum where the light absorbing ability or molar absorptivity of the

Scheme 1.4

D* -----------► D + hv

hv + A ---------- ► A*

acceptor is high. This criterion is often quantified in terms of the spectral overly  integral, 

y, which is the integrated o verly  of the experimental absorption and emission curves. This 

can be described mathematically by Equation 1.12 where is the emitted light intensity of 

the donor, and e* is the noolar absorptivity of the acceptor

Equation 1.12

all as a function of frequency. In addition, the efficiency of radiative energy transfer is also 

dependent on the concentration of acceptor molecules.

As mentioned, energy transfer can take place by two distinct nonradiative pathways

known as the Coulombic and electron-exchange mechanisms.! The former is also 

proportional to the spectral overlap between the donor and acceptor molecules, but unlike 

radiative energy transfer, the nonradiative energy transfer process requires the presence of a  

specific interaction between the donor and the acceptor.
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In general, the mechanisms for nonradiative energy transfer are dependent on the 

distance between the donor and acceptor molecules. Energy transfer according to the 

Coulombic mechanism, which is also referred to as the Forster mechanism, is based on 

long-range dipole-dipole interactions between the donor and acceptor molecules. These 

interactions cause perturbations of the electronic structures o f the donor and acceptor 

molecules that are transmitted by the electromagnetic fields o f the D* and A molecules. In 

this energy transfer process, the change in dipole moment firom D* returning to its ground 

state induces a change in the dipole moment of A, giving rise to the quenching mechanism.

The distaiK» required for these dipole-dipole interactions can range fiom 20 to 100 Â.^

The interaction energy for the Coulombic mechanism is proportional to R'^^d» where R^d is 

the donor-acceptor separation. In contrast, the electron-exchange mechanism for energy 

transfer, which is also known as the Dexter mechanism, is a  short-range process that

occurs at much shorter distances (6 to 20 Â) than the Coulombic mechanism.^ The 

efficiency of the electron-exchange mechanism decreases exponentially with the R ^ . This 

mechanism requires much shorter “encounter” distances between the donor and acceptor 

since some orbital overlap is required. In both the Coulombic and electron-exchange 

mechanisms it is necessary that the total spin for the reaction is conserved. This

conservation of spin is governed by the Wigner-Witmer spin-conversion rules.^ In some 

cases, the involvement of both mechanisms can be present For example, when the 

distance between the donor and acceptor is ca. 100 Â from one another the Coulombic 

mechanism dominates. However, as the distance between the donor and acceptor 

molecules decreases the contribution to the energy transfer process by the Coulombic 

mechanism diminishes. At the same time, the contribution to the energy transfer process 

by the electron-exchange mechanism increases, and to a point where it eventually 

dominates, and the Coulombic mechanism is nonexistent

According to the Wigner-Witmer spin-conversion rules, both singlet-singlet and 

triplet-triplet energy transfer are spin allowed processes (Scheme 1.5). The naming of
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Scheme 1.5

1 n *

^D* +  ► ’D + ^A*

these reactions is classified according to the initial spin multiplicity of D* and the final spin 

multiplicity of A*. The Coulombic mechanism is predominately associated with singlet- 

singlet energy transfers since the emission efficiency for triplets is usually low. Since the 

Forster mechanism depends on the spectral overlz^ of the donor and acceptor molecules, 

triplet-triplet energy transfer does not usually occur via this mechanism. Triplet-triplet 

energy transfer by way o f the electron-exchange mechanism is a  very important type of 

energy transfer. In triplet-triplet energy transfer, an excited donor molecule in its triplet 

state transfers its energy to an acceptor molecule with a lower excited state energy. In most 

cases, this process is referred to as the quenching of the dtmor by the acceptor molecule, 

where the acceptor molecule is called the quencher. However, in situations where the 

acceptor molecule is of interest the process is referred to as pbotosensitization.

Another example of a process that involves energy transfer by the electron-exchange 

mechanism is triplet-triplet annihilation. This process is common only if a large 

concentration of triplet excited states is available (Scheme 1.6).

Scheme 1.6

^M* + ®M*  ► ^M* + M
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1 .2 .2 .3  Electron Transfer

Electron transfer is another example of a bimolecular deactivation process. It can be 

described in two different ways (Scheme 1.7). Reaction (1) of Scheme 1.7 involves the 

transfer of an electron from D* to a suitable acceptor molecule (A) with a lower reduction 

potential. Excited state molecules are better electron donors than their ground state since 

the ionization energy (IE) required to remove an electron from an excited state molecule is 

lower relative to the IE  for the ground state molecule. In addition, excited state molecules

Scheme 1.7

D* + A ------ —  D"‘ + A - '  (1)

D* + A ------ — ► D + A+ (2)

D" + A ------ — ► D + A- (3)

are also better electron acceptors since the electron affinity (EA) of an excited state molecule 

is higher relative to the EA for a ground state molecule.

Reactions (2) and (3) describe electron transfer processes between ground state 

molecules. Reaction (2) involves a hole transfer where a molecule that has lost an electron 

effectively transfers its vacancy to the acceptor molecule. This process can also be viewed 

as an electron transfer from A to D \  Reaction (3) demonstrates the typical electron 

transfer, where a negatively charged donor molecule transfers an electron to an acceptor 

molecule with a lower reduction potential. In the same way that we can view energy 

transfer as a two-step mechanism we can also view electron transfer as a two-step process 

(Scheme 1.8). This mechanism involves the photoionization of a donor molecule by either
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Schem e 1.8

hv + —
D ► D + ®soiv

®solv + A

one or more photons (hv) to yield a solvated electron ( e i n  solution. This solvated 

electron can then be trapped by a suitable acceptor molecule.

Energy and electron transfer processes are similar in many ways. To illustrate 

further how interrelated electron and energy transfer are, one can envisage electron transfer 

as the combination of electron and hole transfer (Figure 1.3).
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D" A"

Hole Transfer
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Electron Transfer
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D*

Energy Transfer

A*
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Figure 1.3 A schematic representation showing energy transfer as the combination of 
hole and electron transfer.



22

1 .2 .2 .4  Kinetics

From preceding sections, it is now clear that in the absence of photochemical 

reactions an excited state molecule M* can be deactivated through a number of different 

pathways, namely by emission, radiationless decay, or quenching (Scheme 1.9). In this

Scheme 1.9

M

M + Q

section, we will detail the kinetics of the bimolecular deactivation process, quenching. 

From Scheme 1.9 the quantum yield of fluorescence can be written as Equation 1.13. In

the absence of quencher Equation 1.13 becomes Equation 1.14. Hence the ratio ^  of the

Equation 1.13

kQ
k“ +kD + kJQ]

Equation 1.14
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quantum yield of fluorescence in the absence of quencher to that in the presence of 

quencher is given by Equation 1.15, where is the Stem-Volmer constant, which is a 

product of the excited state lifetime of M* in the absence of quencher (tJ  and the quenching

Equation 1.15

rate constant (k^). Equation 1.15 is known as the Stem-Volmer equation.^ If ^  is

plotted against the quencher concentration [Q] a straight line with a slope of k,x, will result. 

Therefore, if x, is known, then the quenching rate constant k^ can be obtained. The Stem- 

Volmer equation can also be transformed in terms of lifetimes to give Equation 1.16.

E quation 1.16 

&  = l+ V .[ Q ]

For many bimolecular systems the quenching rate constants are close to the 

diffusion-controlled rate constant (k^>. This suggests that quenching is so efficient that 

the rate-determining step becomes the actual diffusion of the molecules to form an 

encounter complex (Scheme 1.10). Under steady-state conditions we obtain

Schem e 1.10

M * +  Q M + Q
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Equation 1.17. If  we solve for the rate of formation o f the product M and apply the steady- 

state conditions while substituting in Equation 1.17, we obtain Equation 1.18. Equation 

1.19 describes the observed quenching rate constant

Equation 1.17

[M*][Q] = [M ♦ .  • -QjCk, + k ^ )

Equation 1.18

k,[M  ♦ • • -Q] = - - ^ ^ ^ -[M*][Q] = k , (obs)[M*][Q]

Equation 1.19

k robs) = -^ * ^ (Sir
kq + k ^

If kq » k . ^  then lq,(obs) = k ^  The observed quenching rate constant is equal to 

the diffusion rate constant, and will be dependent on solvent viscosity. If Iq, « k . ^  then 

kq(obs) = kqlqgg / k ^  = k^K, where K is the equilibrium constant for the formation o f the 

complex. In the latter case, the observed rate constant will be independent of solvent 

viscosity. Finally, if  k , and k ^  are of the same order o f magnitude, then k^Cobs) will be 

less than k ^  Therefore, by observing the kinetics of bimolecular quenching reactions 

under different experimental conditions (i.e., viscosity), information on the formation of 

encounter complexes can be obtained.
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1.3 Probe M olecules

1 .3 .1  F luorenone and  X anthone

The photochemical reactivity o f aromatic ketones is determined by the configuration 

of the lowest excited electronic state. For example, excited triplet ketones with n,x* 

configurations are much more reactive than triplet states with configurations in

hydrogen abstraction reactions.^ Some aromatic ketones have excited states with different

80

20

Polar Solvent

8 2

Si (n,jc*)

Nonpolar Solvent

Figure 1.4 Energy level diagram for fluorenone in polar and nonpolar solvents 
(Adapted from reference 19).
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configurations that are very close in energy. Such ketones frequently exhibit complex 

photophysics and photochemistry. Fluorenone is a particularly interesting aromatic ketone 

that has afforded such complexity. As a consequence of fluorenone having excited states 

with different configurations that are close in energy, the addition of electron-donating or 

electron-withdrawing substituents and the polarity of the solvent have an effect on the 

configuration of the lowest excited singlet and triplet states (Figure 1.4). Hence, this 

dependence strongly affects the photophysics and reactivity of fluorenone.

The complexly associated with the photophysics of fluorenone has been the topic

of many investigations. ^24 complexity arises from the relative energy of the lowest 

singlet excited electronic state (S,) with that of the upper triplet electrcmic state (T^ of 

fluorenone. The T, state o f fluorenone has a n,tc* electronic configuration that is stabilized 

by nonpolar solvents and electron-withdrawing substituents. Therefore, the magnitude of 

the Tj state stabilization with respect to the S, governs much of the photophysics observed 

for fluorenone. For example, in nonpolar solvents the energy difierence between these 

states in fluorenone is relatively small and efficient intersystem crossing is observed, 

whereas in polar solvents, the energy of the T, state is raised relative to the S, state, and the 

energy gap increases causing the efficiency of the intersystem crossing process to decrease.

This influence of solvent polarity on the configuration and energy of the S, state 

and on its relative position to the T, state has been established using steady-state and time-

resolved fluorescence studies ̂ '̂22 and laser flash photolysis.* The effect of temperature

on the photophysics of fluorenone has also been investigated.^» In nonpolar solvents, 

the fluorescence quantum yield was low, the fluorescence lifetime was short, the 

intersystem crossing quantum yield and rate constant were high, and a temperature 

dependence was observed for the latter rate constant. In polar solvents, the fluorescence 

quantum yields and lifetimes increased. The intersystem crossing quantum yields were 

much smaller than in nonpolar solvents, and no temperature dependence on the intersystem 

crossing rate constant was observed. In addition, internal conversion was a significant
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deactivation pathway for the singlet excited state in polar solvents. As mentioned, this 

behavior is primarily due to significant changes in the singlet-triplet energy gap (AE^r) in 

solvents with different polarities. In nonpolar solvents, it is believed that the T, state has 

an energy comparable to that for the S, state, and is involved in the intersystem crossing 

process. In contrast, in polar solvents the energy of the T , state is increased relative to S, 

and the T 3  state is not involved in the crossing to the triplet surface.

Quite recently studies on the role that hydrogen-bonding solvents have on the

photophysics of fluorenone have been reinvestigated.^ ̂  It has been

suggested that solvents cs^able of hydrogen bmiding increase the internal conversion by 

effectively quenching the fluorescence, and inhibiting triplet formation. The photophysics 

of fluorenone has also been suggested to be affected by the formation of intramolecular

hydrogen bonding for 1 -aminofluorenone.21 "26 However, recent investigations have 

shown that this may not be the case because the distance between the carbonyl and amino 

groups is too large. The authors suggested that the radiationless deactivation was induced 

through an intermolecular hydrogen bond between the hydroxyl hydrogen of ethanol and

the carbonyl oxygen o f the aminofluorenones.^

A variety of fluorenone derivatives substituted at the 2-position and their

photochemistry and photophysics have also been investigated. In nonpolar solvents, 

triplet state formation was the dominant process from the singlet excited state when an 

electron-withdrawing group was attached to the fluorenone moieQf, whereas an electron- 

donating substituent promoted internal conversion. In the same way that substituents affect 

the A E ^ the polarity o f the solvent employed also affects the A E ^  It was reported that the 

addition of an electron-donating group at the 2-position decreases the relative energy of the 

Sj to the T 3  increasing the Sj-T, energy gap, and lowering the efficiency of intersystem 

crossing for these compounds. In the same study, the nitro derivative was investigated, 

and displayed unique characteristics from the other derivatives in that both of its lowest
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singlet and triplet states had n,K* electronic configurations. As a result, intersystem 

crossing was suggested to occur through an intermediate triplet state with a which is 

favored according to El-Sayed’s rules for spin-orbit coupling. This was suggested as the 

reason for the high triplet yields for this compound. The quenching of fluorenones 

substituted in the 2-position by alcohols was also correlated with the change in their dipole 

moment upon excitation. It was observed that by introducing an electron-donating group 

into the fluorenone backbone, the electron densi^ on the carbonyl oxygen was increased, 

and the hydrogen-bonding-accepting power of the singlet excited state was enhanced. As a  

consequence, the quenching of the singlet excited state was more efGcient. In contrast, the 

introduction of electron-withdrawing substituents had the opposite effect These 

substituents reduced the electron density on the carbonyl o ^ g e n  and as a result decreased 

the strength of the hydrogen bonds with the alcohols. This then led to a reduction in the 

quenching rate constant of the excited stale by the solvent The importance of chaige- 

transfer character in excited states have also been pointed out to explain the changes in the 

absorption spectra and fluorescence behavior of nitro-, perester-, and

aminofluorenones.^*^^

Xanthone is an aromatic ketone, like fluorenone, that has excited electronic states

that are dependent on solvent polarity and temperature.^ This dependence arises from the 

low-lying singlet and triplet electronic levels that are close in energy and have either n,x*. 

or K,7c* electronic configurations. As a result, the triplet lifetimes of xanthone are very 

dependent on solvent polarity. It has been reported that the triplet lifetime of xanthone in 

cyclobexane is 22 ns; however, upon moving to a more polar solvent mixture of 1:1

wateriacetonitrile the triplet lifetime increases by ca. 9 fold to 17.2 ps.28 In addition, the 

tripiet-triplet absorption maximum of xanthone is very sensitive to solvent polarity with 

shifts to shorter wavelengths of over 70 run observed on going from carbon tetrachloride

(AA,^ = 655 nm) to water (AA,^ = 580 nm).28,29
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The sensitivity afforded by xanthone to its environment makes this probe a very 

good candidate for the study of supramolecular systems that are often composed of 

microenvironments that have different polarities than the bulk aqueous phase. Xanthone 

has been employed to study complexation dynamics with supramolecular systems such as 

CDs by means of the direct spectroscopic method, for which no other triplet excited state

probes are yet a v a i l a b I e . 2 9 - 3 2  7 ^  direct spectrosct^ic methodology requires two criteria.

A property of the probe must be sensitive to its microenvironment, and a driving force for 

relocation has to be created upon excitatiotL The excited triplet state of xanthone fulfills 

both of these requirements. As mentioned, both the triplet state lifetimes and tripiet-triplet

absorption spectra of xanthone are dependent on solvent polarity.^*«29 The k,k* nature of 

the lowest triplet excited state of xanthone is reqwnsible for a higher dipole moment in its 

excited state when compared to the ground state. Upon excitation, ic,ic* transitions lead to 

an increase in the dipole moment with respect to the ground state, whereas for n,x* 

transitions the reverse occurs. In the case of xanthone, the driving force for relocation is 

believed to be the large change in dipole moment experienced upon excitation to its excited 

triplet state. It is these properties of xanthone that enable one to directly observe from the 

tripiet-triplet absorption measurements the relocation of the complexed triplet state of 

xanthone from the less polar environment provided by a CD cavity to the polar aqueous 

phase. As a result, a detailed understanding of the complexation dynamics of xanthone 

with CDs and other supramolecular systems can be achieved.

1 .3 .2  Styrenes and Styrene Radical Cations

We chose to study the complexation dynamics of styrene radical cations to obtain an 

estimate of the residence time of charged organic molecules within CD cavities. This 

choice is based on the observation that the formation of radical cations of styrenes can be 

easily achieved in a two photon process (Scheme 1.11). In addition, the reactivity of these
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radical cations had been reported previously.^^38 upon laser excitation of these styrenes, 

the first photon leads to the formation of an excited state, and the second photon leads to 

photoionization and formation of radical cations and solvated electrons. The reactivity of 

these radical cations can be studied by following their transient absorption.

Scheme 1.11

( T ' —  (T '''

O ' + e

1.4  Cyclodextrins (CDs)

1 .4 .1  Properties of Cyclodextrins

A cyclodextrin (CD) is a cyclic oligosaccharide composed of D-glucopyranose units 

linked by o(l,4) bonds. The family of CDs is mainly composed of three well-known 

industrially produced cyclic oligomers that are referred to as the a-, and y-CDs. They 

are composed of six, seven, and eight D-glucopyranose units, respectively. These three 

CDs are white, crystalline, non-hygroscopic substances that take on a truncated-cone or

torus-like structure.^^*^ One rim of the CD cavity is lined (for n glucose units) with n 

primary hydroxy groups, and the other rim is lined with 2n secondary hydroxy groups.
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Figure 1.5 The structures of a -  (top) and p-CD (bottom).

The two CDs of interest in this study were the a-, and p-CDs (Figure 1.5). Both CDs are 

soluble in water with a-CD (14.5g/100 mL) having a greater solubility than P-CD (1.85 

g/lOO mL), primarily because the structure P-CD is such that a rather rigid hydrogen 

bonded structure is formed between the secondary hydroxyl groups of the adjacent 

glucopyranose units. In a-CD, the hydrogen bonding netwodc is incomplete because one 

of the glucopyranose units is in a distorted position. The cavity diameters at both ends of 

the CDs vary in size, whereas the height of the torus in both cases is unchanged (7.9 ±0.1 

Â) (Figure 1.6). The cavity diameters vary slightly from the end containing the primary 

hyroxyl groups to that of the secondary hydroxyl groups with distances of 4.7 to 5.3 Â and
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6.0 to 6.5 Â for a- and P-CD, respectively. Consequently, the volume of the cavities is 

different with ca. 174 and 262 for a- and P-CD, respectively.

Ï

F igu re  1.6 A cartoon pictorial of a CD detailing the axes for the height of the toms (A) 
and the cavity diameter (B).

1 .4 .2  Cyclodextrin Complexes

Supramolecular chemistiy has evolved into a discipline o f chemistry that 

investigates the intermolecular interactions between species, where covalent bonds are not 

established. The majority of these interactions have been of the host-guest type. CDs have 

been the most widely used molecules investigated as hosts for their potential application in 

such areas as catalysis, chromatography, dmg delivery systems, and as biomimics for

enzyme-substrate binding.39.40 CDs are seminatural products that are easily produced 

from starch by a relatively simple enzymatic reaction. They are produced in the thousands 

of tons per year using environmentally friendly technologies, and the cost of their 

production has dropped over the decades making them more acceptable for most industrial 

processes. In addition, their toxic effects are limited so that CDs can be consumed by 

humans as ingredients in drugs, foods, and cosmetics.
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In the past century, the evolution of CD technology has advanced through three 

main stages of development Initially, the study of CDs was limited to understanding their 

structure. In the second stage of CD technology, the chemical and inclusion properties of 

these molecules were heavily investigated. It was not until the 1970’s when CDs were 

deemed non-toxic, that the industrial production and widespread application of these 

systems became popular.

The momentum behind the investigations into CDs has been their ability to form 

inclusion complexes with many different types of guest molecules. In aqueous solution, 

the slightly nonpolar cyclodextrin cavity is filled with water molecules that are energetically 

not favored because o f the polar-nonpolar interactions. As a result, these cavities are 

readily favorable to exchanges with less polar guest molecules. Upon complexation, these 

less polar guests are protected from the aqueous phase and at the same time the formally 

complexed water molecules of the CD cavity are released into the bulk aqueous phase. 

These conditions describe what is known as the hydrophobic effect. In addition, van der 

Waals forces and hydrogen bonding are also responsible for the binding of guests with 

CDs.41.42

The most frequently observed CD complexes have a 1:1 host-guest stoichiometry. 

However, complexes with 2:1,1:2,2:2 and higher order host-guest stoichiometries have

been o b s e r v e d . 4 2 - 4 4  T h e  main consequences of host-guest complexes involving a poorly 

soluble guest with CDs in aqueous solution are that the concentration of the guest molecule 

in solution increases significantly, and the spectral properties (i.e., UV-Vis absorption, 

fluorescence and circular dichroism) of the guest molecule changes upon inclusion with 

CD. Consequently, CDs have been widely used in many industrial applications that 

include drug delivery in the pharmaceutical industry, as stabilizers in the food industry, 

solubilizers in the cosmetic industry, and in chromatography for their chiral and polarity 

properties
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Investigations into the probe dynamics involved with the complexation of guests 

with supramolecular systems such as CDs will continue to develop a more comprehensive 

understanding of the association and dissociation mechanisms. Most often complexation 

studies are limited to the determination of equilibrium constants in the ground state. To 

date, there have been far less examples of detailed investigations into the dynamics of guest

molecules'*^ within supramolecular systems than compared to the compilation of data that

has focused on the determination of ground state equilibrium constants.^^

Some of the initial studies on the dynamics of the host-guest systems involving 

CDs were carried out with a-CD and a series of naphthylazobenzenes using temperature-

jump relaxation methods.^ The equilibrium constants determined fw these guest 

molecules showed little variation with the structure of the guest molecules with values 

ranging from 270 to 1010 M '. However, upon close inspection of the dynamic processes 

involved, it was observed that the association rate constants varied from 2.8 M 's ' to 5.2 x 

10  ̂M 's ' and the dissociation rate constants ranged from 0.01 s ' to 1.3 x 1 0  ̂M 's  '. The 

differences in the dynamic processes were explained in terms of the desolvation of the 

guest molecules from the aqueous phase upon conq)lexation with the CD cavity and 

resolvation upon returning to the aqueous environment. The insensitivity observed from 

the equilibrium constants was attributed to the similarity in the association and dissociation 

rate constants involved with the desolvation processes. This emphasizes the point that the 

determination of equilibrium constants is not sufficient for detailing dynamic events 

occurring within these host-guest systems.

Ultrasonic relaxation techniques have also been used to determine the entry and exit

rate constants associated with the complexation of various inorganic ions with P-CD.^7 it 

was shown that the perchlorate anion (CIO/) and periodate anion (IQ/) had an association 

rate constant that was ca. 30 times larger than a varieQr of other inorganic anions that 

included iodide, thiocyanate, bromide, chloride and nitrate. These larger association rate
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constants were interpreted as a result of the larger radii possessed by the perchlorate and 

periodate ions and how this affected the solvation processes of the anions.

Bromonaphthoyl derivatives were used to study the effect o f alkyl chain length on

the complexation with CDs.^* Complexation was observed with both and y-CDs but not 

with a-CD. This suggested that the cavity afforded by a-CD was too small for the 

bromonaphthoyl moieties, yet ^>propriate for the larger CDs. The association and 

dissociation rate constants for these complexes were determined from quenching studies 

involving Co^. In the case of P-CD, the entry rate constants fw  the bromonaphthoyl 

derivatives were observed to be slightly higher for the probes with the shortest alkyl 

chains. This dependence was determined to be even smaller for the exit rate constants. In 

the case of yCD, the entry rate constants were very similar, but there was a significant 

dependence on all^l chain length with the exit rate constants. A increase in the dissociation 

rate constant of a factor of ca. 3.5 on going from the bromontqxhthoyl derivative with the 

alkyl derivative containing ten carbons to the derivative that contained only one carbon was 

observed. In addition, for the long chain derivative a biexponential decay was observed in 

the presence of quencher. This was assigned to two complexes with different structures, 

where one structure is better protected from quenchers in the aqueous phase. This 

dependence was again interpreted on the basis of the size of the guest molecule and the role 

of desolvation required for complexation, as shown for the naphthylazobenzenes discussed 

earlier. These studies were also performed using nitrite ions as the quencher. These 

studies yielded identical exit rate constants within experimental error. This demonstrates 

that the exit rate constants are independent of the quencher employed.

The complexation dynamics of xanthone with CDs was studied employing various 

methods. As discussed earlier (Section 1.3.1), xanthone is an aromatic ketone, like 

fluorenone, that has excited states that are dependent on solvent polarity. As a result, 

xanthone has been employed to study complexation dynamics with CDs by means of the 

direct spectroscopic method, for which no other triplet excited state probes are yet
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available.29-32 The direct spectroscopic methodology requires two criteria. A property of 

the probe must be sensitive to its microenvironment, and a driving force for relocation has 

to be created upon excitation. The excited triplet state of xanthone fulfills both of these 

requirements. The tripiet-triplet absorption maximum of xanthone is very sensitive to 

solvent polarity with shifts to shorter wavelengths o f over 70 nm observed on going from

carbon tetrachloride (AA__ = 655 nm) to water (A A _  = 580 nm).28,29 jt is these 

properties of the triplet excited state of xanthone that enables one to directly monitor its 

relocation from the CD cavity to the aqueous phase.

The complexation dynamics of triplet xanthcme were investigated for P-, Hp-P- and

y - C D s . 2 9 . 3 0 , 49 The association rate constants were much higher for P-CD than for y-CD, 

suggesting that the latter CD was too large to accommodate triplet xanthone. The Hp-p-CD 

has several ether groups in the place of the hydroxyl groups. This CD was observed to 

have lower association rate constants fw  triplet xanthone than with P-CD. This decrease 

was assigned to the larger cavity size created by the ether appendages. In contrast, the

dissociation rate constants were independent of the CD e m p l o y e d . 2 0 . 4 9  From these exit 

and entry rate constants the equilibrium constants for triplet xanthone were determined and 

compared with those of the ground state equilibrium constants. Those for the excited state 

were significantly smaller than those determined by fluorescence quenching experiments in 

the ground state. This provides one of the few examples, where the equilibrium constants 

for excited and ground states can vary by orders o f magnitude. In addition, it stresses the 

point that any extrapolation of excited state dynamics using parameters obtained from the

groimd state should be a v o i d e d . 20.45,49 Quenching studies have also been employed to

determine the exit and entry rate constants for triplet xanthone with CDs.2930,49 These 

were performed using high concentrations of cupric ions. The rate constants obtained from 

these studies were comparable, except for the higher exit rate constants observed for y-CD
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that was attributed to the capability of the quencher to access the probe within the CD

cavity.

In recent studies, it has been shown that the exit rate constant of triplet xanthone 

from ^  and y-CD significantly decreases in the presence of alcohols by at least a factor of

five over that in the absence of the alcohols.^^ It was suggested that these co-solvents 

could be solvating preferentially the entrances of the CD cavities. As a result of this 

preferential solvation, a barrier for the exit of the excited triplet state of xanthone Grom the 

CDs to the aqueous phase could be created. Thus, a  decrease in the dissociation rate 

constants would be observed.

To this point much of the discussicm has focused on host-guest complexes formed 

between a variety of guests and different sizes of CDs. To this end, much of the reasoning 

for differences in the exit and entry rate constants has been interpreted from size arguments 

and desolvation processes. Size restrictions on the part of the guest, or host has been 

shown to greatly favor or disfavor the association and dissociation events. However, little 

has been studied on how the structure of these host-guest complexes affects the dynamic 

events associated with complexation. Until recently, the majority of the conq)lexation 

dynamics have been studied for 1:1 host-guest complexes with CDs. In a recent study, 

quenching studies were used to determine exit and entry rate constants for a 2 : 2  host-guest

complex.^ The complexation of 1- and 2-naphthy 1-1 -ethanols (1- and 2-NpOH) with P- 

CD were studied with a variety of spectroscopic techniques. Equilibrium constants for the 

1:1 complexes of both probes with P-CD were determined using fluorescence and 'H 

NMR. From the fluorescence studies, an excimer emission for the complex of 2-NpOH at 

higher concentrations with P-CD was observed. This emission was assigned to the 

formation of a 2:2 host-guest complex. From quenching studies, employing as a 

quencher, the exit and entry rate constants were determined for the NpOHs with P-CD.

The association rate constants for the 1:1 host-guest complexes of 1- and 2-NpOH with P- 

CD were the same within experimental error, whereas the dissociation rate constant was



38

smaller by a factor o f ca. 2.5 for the 2-NpOH. It was suggested that this difference could

be explained in terms o f the structure of the complex.^® For example, if 2-NpOH is more 

deeply included in the P-CD cavity than 1-NpOH, then this difference in the structure of the 

CD complex could be the determining factor behind the decrease in the exit rate constant 

observed for 2-NpOH when compared with 1-NpOH.

In the quenching of the 2:2 complexes formed with 2-NpOH and P-CD, much less 

efficient quenching by Mn^* was observed for triplet state of 2-NpOH observed in water, 

or for the 1:1 CD complex. This protection was assigned to the encapsulation of the probes 

by two CD molecules. In such a case, for the quencher to access the probe it would have 

to enter the CD cavity from the narrower entrance as opposed to the 1:1 complexes where 

the probe is exposed to the aqueous phase and the quencher only has to interact with the 

rim of the CD in order to interact with the triplet state of 2-NpOH. It was also suggested 

that efficient quenching o f the 2:2 con^lex may first depend on the dissociation of the CD

dimer enclosing the two NpOHs.^ CDs have been used as host systems for many studies 

involving ground state host-guest complexation; however, there is still much more to learn 

about the complexation dynamics associated with these host-guest systems in the excited

state.

1 .4 .2 .1  Equilibrium Constants and the Benesi-Hiidebrand Treatment

The equilibrium constants (K ^  for CD complexes can be recovered from the 

analysis of the change in the ahswption, fluorescence, or ICD intensities with increasing 

CD concentrations. The observed intensity change (AI) is given by Equation 1.20, where 

[PJ-f is the total probe concentration and \  is related to the differences in the molar 

absorptivities, the emission quantum yields, or the molar ellipticities of the fiee and 

complexed probe in the case of the absorption, fluorescence, or ICD experiments.
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Equation 1.20

AI =
[P]t A, [CD]'

1 + [CD]'

respectively. In Equation 1.20, a n: 1 (n= l, or 2) CD:probe stoichiometry, where for n=2

no 1:1 complex is formed, is assumcd.^1 In addition, the CD concentration can be 

assumed to be constant because it is present in an excess over the probe concentration.

A linear relationship, frequently referred to as the Benesi-Hiidebrand plot,^^ is 

obtained for the double-reciprocal plot of Equation 1.20:

Equation 1.21 

1 1 1
AI [P]rAx [PJpAxK^ECD]'

The Kg, values were obtained from the non-linear fit of the experimental data to 

Equation 1.20 sirxx this plot properly weights the experimental data. However, Equation 

1 . 2 1  is very useful to check if the assumed stoichiometry is valid. If deviations from 

linearity for a plot of 1/AI against 1/[CD]' are observed this indicates that the assumed 

stoichiometry (n) is irxxxrecL

Alternatively, when a complex with 2:1 CD:probe stoichiometry is observed, the 

1:1 complex can also be present at moderate CD concentrations (Scheme 1.12). The AI

Scheme 1.12

Ki
P + CD -  PCD

Kg
PCD + CD , PCDa
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value is a function of the differences in molar absorptivities, fluorescence quantum yields, 

or molar ellipticities for the probe in solution and when incorporated into the 1:1 (A,(l)) 

and 2:1 (A^(2)) CD complexes.

Equation 1.22

^  [PlrK,A.(l)[CD] + [PlrK,K,A.(2)[CDf 
l + K,[CD] + K,K2[CDf

Equation 1.22 is reduced to Equation 1.23 when A ,(l) is equal to zero, which is the 

case when the fluorescence quantum yields are the same for the probe in water and 

incorporated in a 1 : 1  complex:

E quation 1.23

AI [Pl^K,K,A,(2)[CDf 
1 + K,[CD] +  K,K 2 [CD]

1 .4 .2 .2  Q uenching Studies

The mobility of an excited state molecule between a homogeneous phase and that of 

a supramolecular system can be investigated using an indirect method known as the

quenching methodology (Figure 1.7).^^ Using this methodology the association and 

dissociation rate constants for the excited probe molecule can be determined. In 

homogeneous solution the kinetics of an excited state molecule follows Equation 1.24

Equation 1.24

k o b s  =  k o + k , [ Q ]
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Figure 1.7 Kinetic scheme representing the excited state quenching of a probe molecule 
in the presence of a supramolecular system.

where is the observed rate constant, is the first-order rate constant for the decay of 

the excited probe in the absence of quencher, is the second-order quenching rate 

constant, and [Q] is the quencher concentration. From linear plots of k ^  against the 

concentration of quencher, can be recovered from the slope of the dependence and the y- 

intercept will be k,. Generally, in the presence of a host molecule, the plot is no longer 

linear but levels off with increasing quencher concentrations. The leveling off occurs if the 

efficiency of the quencher is reduced because the complexed probe is protected by the host 

molecule and the entry and exit dynamics of the guest with the host is of the same order of 

magnitude as k ^ . At high quencher concentrations, the decay of the excited state in the 

aqueous phase will be very fast and the exit from the host molecule will be rate

determining.'^^ The fitting of these curved plots is complex and a variety of other variables 

are introduced in Equation 1.25. The expression used to fit this data is shown in Equation 

1.25, where kp,. and kp. are the association and dissociation rate constants, respectively.
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E quation  1.25

= k . + k ,. + k ,(eff)[Q ]--------- -------------------
k „ [H ]+ k . +  k„[Q J

The rate constants k, and are for the decay of the excited state probe in the absence and 

presence of the host molecule, respectively. These values can be determined from 

independent experiments in the absence of quencher noolecules. The rate constants that 

describe the quenching of the excited state molecule by the quencher in the absence and 

presence of the host molecule are k^ and k^Ceff), respectively.

1 .4 .2 .3  Induced  C ircu la r Dichroism

A compound is ctmsidered to be optically active if  it shows the phenomenon of 

circular dichroism. Circular dichroism arises when a molecule absorbs with different molar 

absorptivities, and %, for left- and right-handed circularly polarized light, respectively 

(Equation 1.26). For linearly polarized light the direction o f the electric vector is constant

E quation  1.26

Ae = (e^ - £r)

about an axis in which the photon propagates, whereas the magnitude of this electric vector 

changes periodically. For circularly polarized light, the magnitude of the electric vector is 

constant, whereas the direction of propagation is constantly changing. When viewed 

perpendicular to the direction of propagation, the electric vector moves on a circular path, 

clockwise for right-handed circularly polarized light and counterclockwise for left-handed 

circularly polarized light Using the same viewpoint, the electric vector of linearly 

polarized light oscillates in a plane, whereas for circularly polarized light the electric vector
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forms a helix of constant pitch. The helix is right-handed if the light polarization is right- 

handed and left-handed if the light polarization is left-handed. Linearly polarized light can 

also be viewed as a superposition of right-handed and left-handed circularly polarized light 

of identical frequency and identical amplitude.

Circular dichroism is measured using a circular dichroism spectrophotometer that 

modulates a monochromatic beam of light between left-handed and right-handed circular 

polarization. A difference between and e ,a t a  particular wavelength of light produces an 

intensity that can be amplified and displayed. Circular dichroism spectra are often not 

plotted as a difference in molar absorptivities, Ae, but as a  molecular ellipticity, [6 ] 

(Equation 1.27).

Equation 1.27

[0] = 33OOAe

Although the guest molecules investigated here are achiral, in the chiral environment 

of a CD a guest molecule may exhibit induced circular dichroism (ICD). ICD spectroscopy 

has been useful in deducing the structure of CD complexes. ICD is based on the 

Kirkwood-Tinoco theory of polarizabilities that was developed for truncated cone-shaped

hosts like CDs.^^^7 Generally, the rule states that if the transition dipole moment of the 

guest chromophore is aligned parallel to the axis of the CD cavity then the sign of the ICD 

signal will be positive, whereas if the axis of the guest chromophore is aligned 

perpendicular to the cavity axis then the sign of the ICD signal will be negative. This rule 

only applies if the chromophore resides within the cavity. If the chromophore is located 

outside the cavity then the signs of the ICD signals are reversed. Ideally, the theory is also 

able to predict the magnitude of the ICD signals, but it has been recently reported that due 

to the inherent structural flexibility and deviations from radial symmetry in CDs both the
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shape and intensity of these ICD signals are affected.^* As a result, differences from 

theoretical predictions should be expected and interpretations of the ICD spectra and the 

associated structures of the CD complexes should be performed with caution.

1.5 Research Proposal

The dynamics of host-guest systems involving CDs has been explored recently.29-

31,42,43.45-50.59.60 Qur group has dedicated much o f its research efforts to attaining a

better understanding o f the dynamics involved in CD c o m p l e x e s . 2 0 . 3 1 , 4 9 , 5 0  Xanthone was

employed to study the complexation dynamics for a variety of different CDs^'3149 

because xanthone has key photophysical properties that make it very useful in the study of 

host-guest dynamics. It was shown that the equilibrium constants for triplet xanthone with 

CDs, calculated from the exit and entry rate constants, are very different from the 

equilibrium constants for the ground state. Values for the equilibrium constants of triplet 

xanthone with CDs are ca. 20,100 and > 50 times smaller than the equilibrium constants

for the ground state xanthone with P-, Hp-P- and y-CD, respectively.^ '*̂  In addition, the 

exit rate constants of triplet xanthone from P-, and y-CD were decreased significantly in the

presence of alcohols.^ ̂  It was suggested that in the presence of alcohols these co-solvents 

could be solvating preferentially the entrances of the CD cavities. As a  result of this 

preferential solvation, a barrier for the exit of the excited triplet state of xanthone from the 

CDs to the aqueous phase could be created.

In a similar study, the complexation dynamics of 1- and 2-naphthy 1-1 -ethanols (1-

and 2-NpOH) with P-CD were studied.^ Quenching studies established that the exit rate 

constants for 1:1 complexes with P-CD were smaller for 2-NpOH than 1-NpOH, 

suggesting that the shape of the molecule is important in determining the complexation
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dynamics. In addition, dissociation of a guest from a 2:2 complex 0~CD:2-NpOH) was 

shown to be slower than the dissociation from the 1 : 1  complex.

The objective of this research is to investigate, in more detail, the aspects 

responsible for the dynamics of guest molecules in CD complexes. We initially began our 

study with the development of new probes similar to xanthone that could also be used to 

study mobility on CD systems by way of the direct spectroscopic methodology. We chose 

fluorenone since the photophysics of this aromatic ketone was known to be similar to that 

for xanthone. An earlier report has shown that the triplet quantum yield of fluorenone was

low in the presence of hydroxylic solvents.^ Although this effect on the triplet quantum 

yield of fluorenone limits the ability of fluorenone as a  probe for the study of mobili^ in 

aqueous CD solutions, it was hypothesized that substituted fluorenones may have higher 

triplet quantum yields in hydroxylic solvents than the parent fluorenone. For exanq)le, a 

series of halogenated fluorenones were investigated to determine whether or not a  heavy- 

atom effect can enhance the intersystem crossing quantum yields of the fluorenone 

derivatives over that of the parent fluorenone. As a  result, a detailed photophysical 

characterization for several fluorenone derivatives was performed to achieve a better 

understanding on the role o f solvent and substituents on several photophysical parameters, 

namely the intersystem crossing quantum yields.

The second objective was to obtain more information on the structure of host-guest 

complexes, so as to understand how structural parameters can affect the complexation 

dynamics. We studied the complexation of both xanthone and fluorenone to CDs. From 

the experimental point of view, we measured the induced circular dichroism spectra for the 

complexes. In addition, we developed a picosecond fluorescence system to obtain 

additional information on the complexation environment of the probes. These studies were 

supported by theoretical calculations done by Dr. B. Mayer (University of Vienna, Vienna,

Austria) and Dr. G. Marconi (Istituto FRAE-CNR, Bolonga, ltaly).^l
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Previous studies on the dynamics of guest complexation with CDs used organic 

triplet molecules as probes. To expand our understanding on the structure-dynamics 

relationship for CD complexation, we studied the complexation dynamics of charged 

guests. Complexation and quenching studies were performed with two styrene derivatives 

that are known to form radical cations upon two photon excitation.

A variety o f photophysical techniques were employed to investigate the 

complexation dynamics of guest molecules with CDs. From these investigations, we have 

been able to better evaluate bow the pboto(*ysics of probe molecules can be explwcd in tbe 

study of bost-guest complexation. Witb tbis information, we will gain further insigbt into 

structure-dynamics relationship that exists for these bost-guest systems.
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2. EXPERIM ENTAL

2.1  R eagents

9 Fluorenone (Aldrich*, 98%), 9-fluorcnone-2-carboxylic acid (F-2CA Aldrich*, 

98%), 9-fluorenone-4-carboxylic acid (F-4CA, Aldrich*, 97%), 2-hydroxy-9-fluorenone 

(20HF, Aldrich*), 2,7-dibromo-9-fluorenone (2,7DBF, Aldrich*, 96%), 2,7-dichloro-9- 

fluorenone (2,7DCF, Aldrich*. 90%), and ort/K?-hydroxybenzophenone (Aldrich*, 99%) 

were purified by reciystallization from ethanol/water mixtures. Xanthone (Aldrich*, 97%) 

was recrystallized from ethanol. Sodium azide (Aldrich*, 99%) was recrystallized from 

water. rrons-Anethole (t-Ane, Aldrich*, 99%) and 4-vinylanisole (4-VA, Aldrich*, 97%) 

were distilled using a short-path distillation r^paratus. l,3-Dichloro-9-fluorenone 

(1,3DCF, ABC library, Aldrich*) , 2,7-difluoro-9-fluotenone (2.7DFF, ABC library, 

Aldrich*), 3-hydroxy-9-fluorenone (30HF, ABC library, Aldrich*), 4-hydroxy-9- 

fluorenone (40HF, Aldrich*, 98%), 4-methoxy-9-fluorenone (4MF, ABC library, 

Aldrich*), sodium cyanide (Aldrich* ReagentPlus™, 99.99%), tetrabutylammonium iodide 

(Sigma-Aldrich*, Flukafrromf, lon-Pair Reagent), and potassium ferrocyanide(II) trihydrate 

(Aldrich*, 99%) were used as received. a-Cyclodextrin (a-CD, Lot F  8035) and p- 

cyclodextrin (P-CD, Lots C6  034-13 and F 6080-191) were a generous gift from Cerestar 

USA, Inc. and were used without further purification. The water employed was deionized 

(Sybron-Bamstead). Acetonitrile (AC? chemicals, spectrograde), toluene (A Œ  chemicals, 

spectrograde), methanol (ACP, spectrograde), 1-pentanol (Aldrich*, 99+%), (±)-2-butanol 

(Aldrich*, 99%) and 1-butanol (Anachemia, 99.4%) were used as received.



48

2 .2  Instrum entation

2 .2 .1  UV-Vis A bsorp tion

Cary 1, or Cary S spectrophotometers were employed to measure ultraviolet and 

visible (UV-Vis) absorption spectra at room temperature. A baseline correction of air 

against air was always performed at the beginning of the day and each run was instrument 

zeroed at a wavelength where there was no absorbance for the samples. The scan rate and 

bandwidth were 200 mn/min and 2 nm, respectively. All samples were measured in 10 

mm X 10 mm quartz, long, or short stem absorbance, or fluorescence cells, or 7 mm x 7 

mm Suprasil laser cells.

2 .2 .2  Fluorescence

2 .2 .2 .1  Steady-State Fluorescence

Steady-state fluorescence spectra were obtained with a Perkin Elmer MPF-6 6 , or a 

PTIQM-2 spectrofluorimeters at (20.0 ±  0.5) °C. The emission and excitation bandwidths 

were set between 2  and 1 0  nm on both instruments in order to maximize the emission 

intensities for the different probes. All samples were measured in 10 mm x 10 mm quartz, 

long, or short stem fluorescence cells.
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2 . 2 . 2 . 2  Time-Resolved Fluorescence

2 .2 .2 .2 .1  Single Photon Counting

A PTI LS I nanosecond single photon counter (SPC) was employed to measure 

fluorescence lifetimes at (20.0 ±  0.5) °C The instrument response function was obtained 

with a suspension containing finely ground silica at the excitation wavelength employed for 

the lifetime measurements of the various sanq>les. The count accumulation was kept below 

2 % of the excitation rate, and 1 0 , 0 0 0  counts were accumulated at the channel of highest 

intensity. Decays were analyzed using the PTI software and the goodness of fit was 

judged by the value of the %̂ , and by visual inspection of the weighted residuals and the 

autocorrelation function. A approaching unity indicates that no systematic deviation 

between the experimental data and the fit exists. All the fluorenone samples were excited at 

285 nm and the emission and excitaticm slits were set such that the bandwidths were 

between 20 and 30 nm. All samples were measured in 10 mm x 10 mm square Suprasil 

fluorescence cells and were purged with nitrogen for at least 15 min to remove any oxygen 

present in solution.

2 .2 . 2 . 2 . 2  Streak Camera Detection

A picosecond fluorescence system was used to measure the fluorescence lifetimes 

of fluorenone and xanthone and CD complexes of these probes (Figure 2.1). Excitation 

pulses (< 0.2 ps) are generated from a Ti:s£q>phire laser ((2), Coherent Mira 900-F) that is 

pumped by an argon ion laser ((1), Coherent Irmova 400, 13W). The repetition rate of the 

pulse train is set with a pulse picker ((3), Coherent 9200) to values that are lower than the 

time frame being monitored by the streak camera. A small portion (< 4%) of the IR beam 

that leaves the Ti:sapphire laser and passes through the pulse picker is split by a
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Figure 2.1 Picosecond fluorescence system.

beam splitter (4) and sent into a photodiode ((5), Thorlabs Inc. 201/579-7227). The pulse 

detected by the photodiode is used to trigger the streak scope ((6 ), Hamamatsu Streak 

Scope C4334), which in turn collects information from the steak camera detector (7). The
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remaining part o f the beam is passed through a tripler ((8 ), CSK SuperTripler 8315) in 

order to obtain the UV excitation light that is directed into the sample chamber (15).

The sample was placed in a 10 mm x 10 mm square, long stem, quartz fluorescence 

cell with a flat transparent bottom. The excitation beam was redirected through the sample 

holder (9) with a prism so that the exciting light passes through the bottom face of the cell. 

This arrangement helps to minimize reflectimis from the laser light passing through the 

fluorescence cell. When fast lifetimes (< 200 ps) were measured, an iris (10) was placed in 

front of the fluorescence cell ca. 12 mm from die frtmt face of the cell at a 90* to the 

excitation source and is closed to a diameter of ca. 5 mm. This procedure was used to limit 

the area of the fluorescence cell from which the fluorescence was collected. When 

measuring short lifetimes, if the iris is not used then a broadening of the instrument 

response function and the sample signal will be observed because the light emitted from the 

bottom of the cell will be detected ca. 1 0 0  ps eariier than light emitted from the top of the 

cell (ca. 3 cm). As an additional precaution to reduce reflectitms of laser light, the 

remaining sides o f the prism and fluorescence cell that were not involved in the pathlengths 

of the laser light, or fluorescence emission were covered in black electrical tape.

The light emitted from the sample holder was collimated with a first lens (11) and 

then focused onto the slit of the polychromator by a second lens (14). The amount of light 

reaching the detector was attenuated by inserting neutral density filters ( 1 2 ) between the 

two collection lenses. All the optical components between the sample holder and the 

polychromator were tilted slightly off axis so as to prevent reflections. The entire sample 

chamber was enclosed in a metal box lined with black felt and a cardboard cutout (13) was 

placed between the two lenses in order to diminish the collection of stray light

The light collected from the sample holder was dispersed by a polychromator ((16), 

Chromex 250IS) before entering the streak camera so that a range of wavelengths can be 

monitored at the same time. The streak camera is triggered by the streak camera controller. 

The data collected by the streak camera is transferred through the controller to a Hamamatsu
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frame grabber in a Power Macintosh 7100/80 computer ((17), 32 MB Ram, 500 MB HD). 

Communication between the Macintosh and the streak camera controller was achieved 

through a GPIB interface.

The timing in the picosecond fluorescence experiments is established &om two 

sequential laser pulses (Figure 2.2). The first laser pulse (PI) triggers the photodiode.

This photodiode signal is delayed passively through an s^ropriate length o f 50 G coaxial 

(A to B) for repetition rates ranging from 1.449 to 4.717 MHz. Following this delay, the 

streak camera cwtroU» is triggered (B) and then encounters its own intrinsic delay (B to 

Q  before it signals the sweep voltage generator of the streak scope to sweep the voltage 

(C). If the delay cables are chosen accurately for the delay of the photodiode signal to the 

streak camera controller then the second pulse (P2) will fall within the detection window (C 

to D) and the fluorescence signal is measured. For lower repetition rates a delay generator

PI P2

B

L
Time

Figure 2.2 Timing diagram for the picosecond fluorescence system.

can be used to set the appropriate delays. Data acquisitions in the binary or photon 

counting modes (see below for the modes of collection) were always measured at the 

highest gain (16) of the streak camera. For each emission decay of the sample, an 

instrument response function (IRF) profile was collected by dispersing the laser light on a 

sandblasted aluminum plate that was inserted into the laser beam at the same position as the 

sample cell, or by using laser light scattered by the solvent used in the preparation of the 

sample. For short collection times, a better deconvolution was obtained when the IRF was
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measured with the cell containing solvent because both the IRF and sample traces are 

collected for emission that has the same spatial distribution.

Data was acquired using the Hamamatsu Photolumi 2.45f program. The total 

collection time ranges from 1  ns to 1 0  ms and was set so that the decay of interest was 

measured for at least five lifetimes. The fluorescence maximum was centered in the 

spectral range set on the polychromator (90-100 nm range for the two 150 nm/groove 

gratings blazed at 3(X) nm and 5(X) nm, or a 140-150 nm  range for the 100 nm/groove 

grating blazed at 450 nm). The slit of the polychromator was kept constant for the sample 

and IRF measurements. Calibration of the polychromator was performed periodically 

using the Hamamatsu software and a  mercury lamp. Samples were typically excited with 

the tripled IR laser beam, but stray doubled laser light was also present in the tripler output 

The decay kinetics can not be measured in the region where the doubled laser emission is 

detectable.

Data can be collected in the binarization, or photon counting modes, frt the 

binarization mode, the intensity of the light collected above a  set threshold is measured for 

each pixeL The collection time for this mode is faster than the photon counting mode but 

the intensity for each photon collected in the binarization mode is blurred over many pixels. 

As a result the best values are larger than unity and is directly related to each particular 

streak camera. The best value for our streak camera in the binarization mode was six.

In photon counting nxxle the photon may also be blurred over many pixels but only the 

pixel with the highest intensity is assigned a value of unity. The collection time for the 

photon counting mode is slower, however values of unity can be obtained. The 

discrimination between pixels is all carried out by the computer software written by 

Hamamatsu. In addition to the different collection modes, a correction for the sensitivity of 

the streak camera is carried out. The detection sensitivity is not constant over the whole 

area of the detector’s microchannel plate (MCP). This MCP is used to amplify the 

photoelectrons that pass through the streakscope. This correction is known as “shading”
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(set in the Hamamatsu program) and must be ^ p lie d  when the binarization mode is 

employed. The shading correction files have to be acquired for each set o f experimental 

conditions that includes the slit width and wavelength range. Such a correction is not 

necessary in the photon counting mode.

To ensure that no photon pile up occurs (i.e. detection of more than one photon per 

measurement) the number of counts per cycle (CPC) has to be calculated at the emission 

maximum. A number of sequential pulses are acquired by the streak camera (frames per 

cycle, always set at 30) beftxe the data is transferred to the frame grabber. Equation 2.1 

and Equation 2.2 are the definitions for the CPC for the binarization and photon counting 

modes, respectively. These are related to the procedure Hamamatsu employs to collect 

data.

Equation 2.1

Intensity recordedCPC (Bin) =
number of A channels * frame per cycle * number of cycles

Equation 2.2

________ Intensity recordedCPC (pc) =
number of A channels * number of cycles

The time increment between two pixels on the target of the streak camera is not a 

constant value, since it depends on the rate o f the voltage ramp applied to the streak camera. 

Each streak camera has its own calibration for each time range. The data analysis package 

from Hamamatsu interpolates the intensity data so that a constant time increment is used by 

the fitting routine. In our experience this interpolation procedure leads to deviations from 

first-order fits for standard molecules that have a monoexponential decay (e.g., anthracene 

in cyclohexane). For this reason an alternate data analysis procedure was developed. Data
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analysis is achieved with a commercial PTI (Photon Technology International) fitting 

software used on a PC computer that was adapted by PTI to fit decays with non-constant 

time increments. The PTI software can be employed to perform fits to single decays, or for 

global analysis. A Labview 4.0 (National Instruments) program (Dr. L. Netter) 

transforms the Hamamatsu raw data file into a file that can be read by the PTI fitting 

software. In this program the data and IRF files are displayed on the screen and the 

wavelength range that will be integrated for each decay profile is defined.

2 .2 .3  Induced Circular Dichroism

Induced circular dichroism (ICD) spectra were recorded with a Jasco-720 

spectropolarimeter. The scan rate, bandwidth, and integration time set for each spectrum 

was 10 nm/min, 2 nm, and 8  s, respectively. A 10 mm cylindrical quartz circular 

dichroism cell was used and all measurements were recorded at room temperature. An 

average of two, or three spectra was obtained for samples with small signals. A baseline 

was collected by recording the circular dichroism spectrum for aqueous solutions of achiral 

probes at the same parameters as the other CD solutions. These achiral probes do not have 

any circular dichroism signals but were important to record because the photomultiplier 

voltage for the baseline run in the region where these molecules absorb will be similar to 

that for the samples containing the probes and CD. In addition, an aqueous solution of the 

highest CD concentration used was also recorded to correct for the CD signals observed for 

the chiral CDs. Corrections of the spectra for these CD:probe complexes were carried out 

with three different treatments. First the baseline spectrum was subtracted from the 

spectrum o f the CDzprobe complex. Then an additional subtraction of the spectrum for the 

aqueous CD solution was applied. If the CD concentration o f the complex of interest was 

smaller than the stock CD solution then the appropriate ratio o f concentrations was applied. 

It was assumed that the CD signal was proportional to and had a linear relationship with
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concentration. Finally the spectrum was normalized to zero in a region where there was no 

CD signal present This was carried out by averaging five ellipticity values in the specific 

region and then either adding, or subtracting this value to the entire data set

2 .2 .4  Laser Flash Photolysis

2 .2 .4 .1  Transmission Measurements

The setup for transmission measurements using the laser flash photolysis system is 

shown in Figure 2.3. The two excitation sources used for this system are a Lumonics 

Excimer laser model EX-510 operated with a Xe/HCl gas mixture ((1), 308 nm, < 40 

mJ/pulse), or a Spectra Physics Quanta-Ray GCR-12 Nd:YAG laser ((2), 266 run, < 40 

mJ/pulse; 355 nm, ^  70 mJ/pulse). In the case of the Excimer laser, the laser pulse 

energies can be attenuated to less than 2 0  mJ/pulse through the use of neutral density filters 

((3), 63 ,40,25, and 10% transmission o f neutral density filters). For the YAG laser the 

flash lamp energy (i.e., intensity) can be attenuated with an external dial. The YAG laser 

beam is directly aligned onto the sample holder (i.e. (8 ) and (9) are removed) with 

occasional use of a 350 nm band-pass filter that is placed in front o f the sample holder and 

is used to diminish interference from other laser light (i.e., 532 run) that can not be 

separated entirely. In contrast, the Excimer laser beam is passed through a lens (4) and 

then reoriented using a mirror (5) and focused with the use of a spherical lens (7). A prism 

(8 ) is used to alter the direction of the laser beam so that it strikes the sample holder ( 1 0 ) at 

a 90° angle relative to the monitoring beam, after being further focused by an additional 

spherical lens (9) behind but not into the sample holder.

A 150 W  xenon lamp ((1 1), Oriel housing model 66057, PTI power supply model 

LPS-220) is used as the light source for the monitoring beam. The puiser ((12), custom
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Figure 2.3 The laser flash photolysis system set up for transmission measurements.

built. University o f Victoria) is used to create, upon triggering, a high intensity output of 

the xenon lamp for a period of 4 ms. The monitoring beam passes through a cut-off filter 

((13), no filter, 320,375,435, or 590 nm) to reduce the degradation o f the sample that 

may take place due to the constant irradiation of the sample during data accumulation. The 

beam is then focused with a lens (14) so that the focal point lies behind the sample. The 

beam then passes through a pinhole on the front face o f the sample holder. After passing 

through the sample, the monitoring beam proceeds through a focusing lens (15) to 

collimate the beam into the detection system, not before passing through another cut-off 

filter (16) to ensure that oveitones of the wavelength being monitored and scattered laser 

light are not observed by the detection system. The detection system employed is a
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photomultiplier ((18), PMT, Hamamatsu R446, five dynodes) coupled with a 

monochromator ((17), CVI Digikrom 240) which together leads to the detection of light 

intensities at fixed wavelengths. The high voltage for the PMT tube is set by a custom-built 

programmable power supply that is interfaced to the computer. Signals from the PMT are 

then sent into a baseline compensation unit ((19), ECU) that incorporates a  sample and

hold amplifier with digital memory based on a published ciicuit^^ Figure 2.4 shows 

details on how the ECU is used to obtain a kinetic trace. In the diagram, a  Xe lamp profile 

(above) is shown with the corresponding output measured by the scope (below). The 

ECU continuously ofkets the lamp signal. The lamp is pulsed at A. On receiving a trigger 

pulse (E) and before the laser pulse hits the sample (Q , the ECU holds constant the value 

of the background intensity of the Xe lamp (Vg) detected by the PMT, measured as a  dc 

output proportional to its magnitude. At this point (E), the ECU stops compensating the 

signal and subtracts the held dc value from the new voltage (bottom trace). This light

*35

I
c

Time

F igure  2.4 A schematic representation of a Xe lamp profile during the acquisition of a 
kinetic trace (above) and the resulting output from the ECU (below).
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intensity (i.e., the transient signal) is then measured with a digital oscilloscope ((2 0 ), 

Tektronix TDS 520) that is interfaced to a Macintosh Ilci computer (21).

1.6 ms

D B
133 f/S

2.4 A/S
458 ns

20 ps
-► Time

S S  BCU Excimer Q-Switch ScopePuiser Lamp

Figure 2.5 The timing diagram for transmission measurements using the laser flash 
photolysis system.

The timing for the lamp pulsing, the laser pulsing, the baseline compensation unit, 

and the oscilloscope were set by a custom-built pulse generator (millisecond delays) that 

acts as the master clock and drives a Stanford Research System delay generator model 

DG535 (nanosecond delays). The timing was set so that the "flat" portion of the 4 ms lamp 

pulse was used. The timing sequence begins with the triggering of the lamp puiser, that 

was triggered by a pulse received from the master clock (Hgure 2.5). The reference point 

(Refl) in this sequence of events was the pulsing of the lamp. A delay of 1.6 ms was 

introduced after the pulsing of the lamp before the flash lamp of the YAG and the external 

trigger for the delay generator were triggered by the master clock. The triggering of the 

flash lamp and delay generator were defined as time zero (To)- The (^-switch of the YAG 

was triggered 133 ps after Tg, which corresponds to delay A of the delay generator (A =  Tq 

4-133 ps). Delay C was used to trigger the oscilloscope 458 ns after the (^-switch o f the 

YAG was triggered (C = A + 458 ns). Delay D was responsible for the triggering of the 

BCU. The ECU was triggered 20 ps prior to the triggering of the scope and hence before 

the Q-switch of the YAG was triggered (D = C - 20 ps). The YAG laser pulses at a 

repetition rate of 1 Hz. Both the shutters in front of the YAG laser (23), in firont of the 

lamp (24) and the Excimer ( 6  and 22) were opened prior to the triggering of the lamp
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puiser. The triggering of the Excimer laser was also controlled from the master clock and 

delay generator in the same maimer as for the YAG. The only difference being that an 

additional delay, delay B, was introduced for the triggering of the Excimer. Delay B was 

set 2.385 lis prior to delay C (B  = C - 2.385 (is). Data collection occurred at a rate o f 0.3 

Hz because some time was required to allow for the capacitors of the lamp puiser to 

recharge. When a transient was monitored over a time scale k  20 ps, a  baseline shift due 

to the profile of the lamp pulse was observed. To correct for this shift, a baseline 

correction shot was measured immediately following the signal shot This cwiection shot 

was acquired in the absence of the laser pulse that was obtained by lowering the shutters 

(6, or 23). The correction shot was then subtracted from the signal shot before the 

calculation o f AA and after the data was transferred to the crxnputer.

Software written on the Labview 4.1 platform (National Instruments, Dr. L. Netter) 

subtracts correction shots, controls the experimental settings (i.e. opening and closing 

shutters and setting filter wheels), transforms voltage data tracked from the oscilloscope 

into absorbance values, averages sets of measurements and saves the data into computer 

files.

Absorbance values (AA) are equal to the negative logarithm of the ratio of light 

intensities being detected on the PMT in the absence and presence of transients. This 

relationship (Equation 2.3) assumes a linear response of the signal measured at the PMT

E quation 2.3

AA = -log< 1 -
(V„)

with the light intensity irradiating the detector. The response of PMTs is not linear. For 

this reason only small changes in light intensity are measured that corresponds to AA values 

< 0.2. As a result, an algorithm was incorporated into the program to acquire the data at a
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constant target value for Vg o f 250 mV. At wavelengths where the Xe lamp has a high light 

intensity output, the high voltage on the PMT is initially kept at 800 V, and the slit on the 

monochromator is adjusted to an experimentally determined calibration curve. Toward 

either ends of the lamp spectrum the maximum slit width o f 2000 pm  is used, and the 

voltage is increased to a value also determined by calibration. During the data acquisition

the high voltage on the PMT (n) is constantly being adjusted when the experimental Vg

value is off by more than 10% 6x>m the target Vg. From calibration data it was determined 

that relationship between the high voltage on the PMT and the target voltage was to the

power of six (i.e., Vg «  -o*; (Equation 2.4)). If the maximum voltage on the PMT is used 

and the target Vg is not reached, then the program will increase the monochromator slit

E quation  2.4

(D.M)

_Ir 6

The kinetic analysis of the decay curves was fit with a program written in C (Dr. 

A.D. Kirk, Department of Chemistry, University of Victoria) based on Levenberg- 

Marquardt algorithms and interfaced into Labview. Alternatively, Kaleidagraph (Synergy 

Software version 3.08d) was used to fit the data.

2 .2 .4 .2  Photoacoustic M easurements

The setup for the photoacoustic measurements, or laser-induced optoacoustic 

spectroscopy (LIOAS) is shown in Figure 2.6. As described above the YAG laser (1) at 

355 nm is used as the excitation source and is directed with a small prism (2) towards the
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Figure 2.6 The laser flash photolysis system set up for photoacoustic measurements.

sample holder (3). Before reaching the sample holder the laser pulse passes through a 0.8 

mm pinhole (4) and then through a potassium dichromate solution (5) that is used to 

attenuate the laser energy. Before the laser pulse reaches the sample cell a small portion of 

the laser pulse is split off with a beam splitter (6) into a photodiode (7) that is used to 

measure the relative energy of the laser. The sample cell is a 10 nun x 10 mm long stem
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quartz absorbance, or fluorescence cell that was placed on top of a piezoelectric transducer 

((8), Panametrics, model V-104-RB transducer, 2.25 MHz). Vacuum grease was used to 

improve the transmission of the heat wave generated in the cell to the transducer. The 

transducer/cell pair was placed in a home-built sanq>le holder and was not moved during 

the experiment so as to not change the s h t ^  of the measured waveform. The signal of the 

transducer was amplified ((9), Panametrics model 5670) and then recorded and averaged 

with a digital oscilloscope ((10), Tektronix TDS 520). The signal from the photodiode was 

averaged in a second channel of the oscilloscope that was all interfaced to a Macintosh Ilci 

computer (11). Software, written on the Labview 4.0 platform (National Instruments), 

was employed to synchronize the different components of the equipment and to analyze the 

data.

2 .3  Methods: Sample Preparation and Procedures

2 .3 .1  UV-Vis Absorption

2 .3 .1 .1 .1  Fluorenone

The samples for the absorption measurements o f fluorenone complexed to a -  and P- 

CD in water were prepared as follows. Saturated aqueous fluorenone solutions were 

prepared by stirring fluorenone in deionized water for at least 48 h. The solution was then 

filtered using Millipore filters (0.45 pm). The CD stock solutions containing 10 mM p~

CD, or 30 mM a-CD were prepared by dissolving the appropriate amount of CD in the 

saturated aqueous fluorenone solution. These solutions were stirred for at least 4 h. The 

CD solutions at lower concentrations were prepared by diluting the CD stock solution of 

highest concentration with the saturated aqueous fluorenone solution in 10 mL vials. 

Dilutions were performed with an Eppendorf pipettor. After dilution the vials were capped
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and sealed with Parafilm. These solutions were then inverted and allowed to shake (one 

cycle/sec, home built shaker) for at least 10 h. All absorption experiments were performed 

with the same 10 mm x 10 mm quartz absorbance cell. Samples containing the highest 

concentration o f the respective CDs were also prepared in the absence of the fluorenone and 

their absorption spectra were recorded. This data was used to correct for a small 

absorption in the CD stocks that was suggested to be due to the presence of impurities in 

the CD stocks. These corrections were achieved by subtracting the absorption spectrum for 

the respective CD from the spectrum of the samples containing fluorenone at the highest 

CD concentration. For samples that contained lower CD concentrations, a ratio of the 

lower CD concentration to the highest CD concentration was calculated and multiplied by 

the absorption spectrum of CD at its highest concentration. The resulting spectrum was 

then used to correct for the samples containing fluorenone in the presence of the lower 

concentrations o f CD in the same manner as described above.

2 .3 .1 .1 .2  S tyrenes

The samples for the absorption measurements of t-Ane and 4-VA complexed to 

both a- and |3-CD were prepared using the following procedure. Methanolic stock 

solutions (ca. 2.3 mM for 4-VA and 2.0 mM for t-Ane) were prepared and were stirred for

at least Ih. Then aqueous stock solutions (ca. 4.6 pM for 4-VA and 3.6 pM  for t-Ane) of

the styrenes were prepared from the methanolic styrene stock solutions. The solutions 

were stirred for at least 5 h to ensure the solubilization of the styrenes. The final methanol 

volume was less than 0.3 % (v/v). The CD solutions containing a- and P-CD were 

prepared in the same marmer as described above for fluorenone. In addition, the same 

corrections for CD absorbance were employed (Section 2.3.1.1,1).
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2 .3 .2  F luorescence

2 .3 .2 .1  Steady-State Fluorescence

2 .3 .2 .1 .1  F luorenones

In the determination of the steady-state fluorescence quantum yields ( f̂) for 

fluorenone and derivatives the following procedure was used. The for fluorenone in

acetonitiile was determined using quinine sulfate in IN  HgSO  ̂as a  standard.^ In turn, the 

quantum yield for fluorenone in acetonitiile was employed as a secondary standard to 

measure the quantum yields for the fluorenone derivatives. This procedure was necessary 

due to the low emission quantum yields of the fluorenones. In this respect it was more 

accurate to compare the emission of compounds thaf have similar quantum yields. In 

acetonitiile, F-2CA, F-4CA, 30H F and 20HF were excited at 375 nm; 2,7DBF, and 

2,7DCF were excited at 325 nm, 40HF, and 4MF were excited at 418 nm, and 1,3DCF, 

and 2,7DFF were excited at 347 and 400 nm, respectively. All of the fluorenone 

derivatives in toluene were excited at 360 nm. The absorbances of the solutions containing 

the standard, or the sample were adjusted to ca. 0.050 ±0.001. Oxygen was removed from 

the samples by bubbling nitrogen for at least 15 min through the solution containing the 

samples and a different cell containing solvent The absorbance was checked again and 

solvent purged with nitrogen was added with a gas-tight syringe if solvent evtqwration had 

occurred. A fluorescence spectrum was obtained for this original sample. Two more 

spectra were then collected after diluting the original sample by a factor of two and four 

with the deaerated solvent

Solvent Raman emission was observed for some fluorenones with low fluorescence 

quantum yields. For these compounds, a correction was performed to quantify the total 

area of the fluorescence spectra (Ar without any contribution from the Raman
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emission. A concentrated sample of the fluorenone derivative was prepared and its 

emission spectrum was recorded, since in this spectrum the Raman emission was 

negligible. From this spectrum a ratio of the fluorescence area where the contribution from 

the Raman emission does not appear (A,b to the total fluorescence area (Ay was 

calculated. Using this ratio and the fluorescence area from the less concentrated sample 

(AiR.<fi]ute) > ÜK total fluorescence for the compound was determined (Equation 2.5) without 

interference from the Raman emission.

Equation 2.5

L — ( a  )T ^ T .c o a c
^T. (fihie — V ^n R . dauK .

For the fluorescence experiments requiring solutions o f fluorenone complexed to a- 

and ^-CD in water, the following procedure was used. Saturated aqueous fluorenone 

solutions were prepared by stirring fluorenone in deionized water for at least 48 h. The 

solution was then filtered using Millipore filters (0.45 pm). The CD stock solutions 

containing 10 mM P-CD, or 30 mM a-CD were prepared by dissolving the sqrpropriate 

amount of CD in the saturated aqueous fluorenone solution. These solutions were stirred 

for at least 4 h. The CD solutions at lower concentrations were prepared by diluting the CD 

stock solution of highest concentration with the saturated aqueous fluorenone solution in 10 

mL vials. Dilutions were performed with an Eppendorf pipettor. After dilution the vials 

were capped and sealed with Parafllm. These solutions were then inverted and allowed to 

shake (one cycle/sec, home built shaker) for at least 10 h. All fluorescence experiments 

were performed with the same 10 mm x 10 mm quartz fluorescence cell. Samples 

containing the highest concentration of the respective CDs were also prepared in the 

absence of the fluorenone and their fluorescence spectra were recorded. This data was 

used to correct for impurities in the CD stocks that gave a small amount of fluorescence
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intensity. These corrections were achieved by subtracting the fluorescence spectrum for the 

respective CD from the spectrum of the samples containing fluorenone at the highest CD 

concentration. For samples that contained lower CD concentrations, a ratio o f the lowest 

CD concentration to the highest CD concentration was calculated and multiplied by the 

fluorescence spectrum of CD at its highest concentration. The resulting spectrum was then 

used to correct for the samples containing fluorenone in the presence of the lower 

concentrations o f CD in the same manner as described above. Since fluorenone was 

excited at 300 nm where CD shows a small absorbance, this absorbance leads to an inner 

filter effect that causes the fluorenone fluorescence intensity to be artificially lowered. 

Depending on the contributirm of CD absorbance at the excitation wavelength, this

additional correction^ was en^)ioyed.

2 .3 .2 .1 .2  S ty re n e s

The sangles used for the fluorescence measurements of t-Ane and 4-VA complexed 

to both a- and ^-CD were prepared using the following procedure. Methanolic stock 

solutions (ca. 2.3 mM for 4-VA and 2.0 mM for t-Ane) were prepared and were stirred for 

at least Ih. Then aqueous stock solutions (ca. 4.6 pM  for 4-VA and 3.6 pM for t-Ane) of 

the styrenes were prepared fiom the methanolic serene stock solutions. The solutions 

were stirred for at least 5 h to ensure the solubilization of the styrenes. The final methanol 

volume was less than 0.3 % (v/v). The CD solutions containing a- and p-CD were 

prepared in the same maimer as described above for fluorenone. In addition, the same 

corrections for CD fluorescence and the inner filter effect were employed (Section 

2.3.2.1.1).
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2 .3 .2 .2  T im e-R esolved F luorescence

2 .3 .2 .2 .1  Single Photon C ounting

2 .3 .2 .2 .1 .1  F lu o ren o n es

For fluorenone sanq>les measured using the P H  LS I nanosecond single photon 

counter (SPC), solutimis were prepared in either acetonitrile, or toluene so as to obtain an 

absorbance of ca. 0.25 (1= 10 mm) at the excitation wavelength (285 nm). All SPC 

samples were prepared in Suprasil fluorescence cells and purged with nitrogen for at least 

15 min to remove oxygen present in solution.

2 .3 .2 .2 .2  S treak  C am era D etection

2 .3 .2 .2 .2 .1  F luorenone an d  X anthone

For time-resolved fluorescence measurements using the picosecond system, 

solutions of both fluorermne and xanthone complexed to a- and P-CD were prepared in the 

following manner. Saturated aqueous ketone solutions were prepared by stirring ketones 

in deionized water for at least 48 h. The solutions were then filtered using Millipore filters 

(0.45 pm). The CD stock solutions containing 10 mM P-CD, or 30 mM a-CD were 

prepared by dissolving the s^propriate amount of CD in the saturated aqueous ketone 

solutions. These solutions were stirred for at least 4 h. The CD solutions at lower 

concentrations were prepared by diluting the CD stock solution of highest concentration 

with the saturated aqueous ketone solutions in 10 mL vials. Dilutions were performed with 

an Eppendorf pipettor. After dilution the vials were cîq>ped and sealed with Parafilm.

These solutions were then inverted and allowed to shake (one cycle/sec, home built shaker)
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for at least 10 h. All fluorescence experiments were performed with 10 mm x 10 mm 

quartz fluorescence cells and all samples were purged with nitrogen for at least 20 min to 

remove oxygen present the solutions.

2 .3 .3  Induced Circular Dichroism

2 .3 .3 .1 .1  Fluorenone and Xanthone

For induced circular dichroism (ICD) measurements, solutions of both fluorenone 

and xanthone complexed to a -  and p-CD were prepared in the same manner as described 

for the picosecond fluorescence experiments for the ketones (Section 23.2.2.2.1). All 

ICD experiments were performed in a  matched set of 10 mm cylindrical quartz cells. 

Samples containing the highest concentration of the respective CD were also prepared in the 

absence of the ketones and their circular dichroism spectra were recorded because CDs are 

chiral. These spectra were then subtracted from the respective spectra containing the 

aqueous ketones in the presence of the highest concentration o f either CD. For samples 

that contained lower CD concentrations, a ratio of the lowest CD concentration to the 

highest CD concentration was calculated and multiplied by the circular dichroism spectrum 

of CD at its highest concentration. The resulting spectrum was then used to correct for the 

samples containing the ketones in the presence of the lower concentrations of CD in the 

same manner as described above. As described earlier (Section 2.2.3), in ICD 

measurements an additional baseline spectrum was recorded for the aqueous solutions of 

ketones. Although these achiral ketones do not have any circular dichroism signals, it was 

important to measure the baseline with the ketones present because the photomultiplier 

voltage in the region where these molecules absorb will be similar to that for the samples 

containing the ketones in the presence of CDs.
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2 .3 .3 .1 .2  Styrenes

The samples for ICD measurements of styrenes complexed to a -  and |3-CD were 

prepared in the following manner. Higher styrene concentrations were required for these 

studies than for fluorescence and ground state absorption studies. Saturated aqueous 

styrene solutions were prepared by adding 2 to 3 drops o f distilled styrene to ca. 250 mL of 

deionized water and were stirred for at least 10 h. The saturated aqueous styrene solution 

was retrieved firom the bottom of the flaslc, since neat styrene that did not dissolve remained 

on the surface of the stock solution. The CD solutions containing a-, or p-CD were 

prepared in the same manner as described above for the ketones. In addition, the same 

corrections for CD circular dichroism were performed.

An additional baseline spectrum was recorded for the aqueous solutions o f sQrrenes in a 

similar manner as described for fluorenone and xanthone (Section 23.3.1.1).

2 .3 .4  L aser F lash  Photolysis

2 .3 .4 .1  T ransm ission M easurem ents

2 .3 .4 .1 .1  F luo renones

Fluorenone samples were prepared in the following manner for transient absorption 

measurements acquired with the laser flash photolysis (LFP) system. The fluorenones 

were dissolved in either acetonitrile, or toluene to achieve an absorbance of ca. 0.25 (1 = 7 

mm) at the excitation wavelength employed. All LFP samples were measured in 7 mm x 7 

mm Suprasil cells and were purged with nitrogen for at least 20 min so as to remove 

oxygen from the solution. Transient absorption spectra for the fluorenones were acquired 

using a 7 mm x 7 mm Suprasil flow cell.
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2 .3 .4 .1 .2  Styrenes

The samples for transient absorption measurements using the LFP system of 

styrenes complexed to a - and P-CD were prepared in the following manner. Saturated 

aqueous styrene solutions were prepared by adding 2 to 3 drops of distilled styrene to ca. 

250 mL of deionized water and stirring for at least 10 h. The saturated aqueous styrene 

solution was retrieved from the bottom o f the flask, since neat styrene that did not dissolve 

was observed on the surface of the stock solution. When necessary these solutions were 

diluted with deionized water to obtain an absorbance of ca. 0.25 (1 = 7 mm) ([4-VA] = 60 

liM and [t-Ane] «  50 pM) at the excitation wavelength employed. The CD stock solutions 

containing 10 mM P-CD, or 30 mM a-CTD were prepared by dissolving the appropriate 

amount of CD in the aqueous styrene solutions. These solutions were stirred for at least 4 

h. The CD solutions at lower concentrations were prepared by diluting the CD stock 

solution of highest concentration with the saturated styrene solutions in 10 mL vials. 

Dilutions were performed with an Eppendorf pipettor. After dilution the vials were capped 

and sealed with Parafilm. These solutions were then inverted and allowed to shake (one 

cycle/sec, home built shaker) for at least 10 h. For studies performed in the presence of 

alcohols as co-solvents (1% v/v), the alcohols were added to the stock solutions containing 

the styrenes in the presence of the highest concentration of CD. Samples at the lower CD 

concentrations were prepared from these stock solutions in the same manner described 

above.

In the quantum yield experiments, absorbances of the styrene samples in the 

presence and absence of CD were matched. Dilutions of the prepared stocks with either of 

the aqueous styrene, or CD stock solutions were made in the 7 mm x 7 mm Suprasil cells 

until absorbances were matched to within ca. 5%. These styrene samples were not purged 

with nitrogen because the radical cations generated upon laser excitation are not quenched
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by oxygen.^ Transient absorption spectra were acquired using a 7 mm x 7 mm Suprasil 

flow cell to ensure that each laser shot irradiated a fresh sample of styrene solution.

In the quenching experiments, Eppendorf pipettors were used to dispense 2 mL 

aliquots of the styrene samples into the 7 mm x 7 mm Suprasil cells for precise 

determinations of quencher concentrations. Quencher solutions (TBAI, NaN,, or NaCN) 

were prepared in deionized water at high concentrations ([TBAI] ^  0.02 M, [NaN,] <0.1 

M and [NaCN] < 1.15 M). In addition, all samples were purged with nitrous oxide (NjO) 

for at least 20 min to avoid interference from the absorption due to solvated electrons.

2 .3 .4 .2  Photoacoustic Measurements

2 .3 .4 .2 .1 .1  Fluorenones

When photoacoustic measurements were acquired with the LFP system, stock 

solutions of both the unknown fluorenone sample and standard (prtho- 

hydroxybenzophenone) were prepared with matched absorbances between 0.100 and 

0.150 in a 10 mm x 10 mm long stem quartz absorbance, or fluorescence cell. The cell 

was then placed into a brass assembly and not removed until the end of the experiment 

Any changes in the aligrunent of the cell with respect to the laser beam led to changes in the 

waveform of the photoacoustic signal. Such changes indicated that the contact between the 

cell and the piezoelectric transducer had changed, which meant that the acoustic signals 

measured for the unknown and the standard were no longer relative. If such a change 

occurred the results were discarded. Washing of the cell was performed with the cell in 

place using a peristaltic pump. Alternate solutions (ca. 3 mL) of the standard and unknown 

were placed in the cell. For each experiment, data for three standard and two unknown 

samples were measured.
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2 .3 .5  Data Analysis

2 .3 .5 .1  Fluorescence Q uantum  Yields

The fluorescence quantum yields were calculated by employing Equation 2.6 that 

includes the dq)cndence of the standard (s) and unknown (u) samples on the absorbance 

(A), solvent refiractive index (n), the integrated areas for the emission spectra (I), and the

known flucxescence quantum yield of the standard The values for the three different

concentrations were averaged for each experiment and the standard deviation was reported 

for the average of experiments performed on diflerent days.

Equation 2.6

2 .3 .5 .2  P hotoacoustics

Photoacoustic techniques have their basis in calorimetry and follow energy balance 

equations. If  the lifetime of an excited triplet state is longer than the response time o f the 

transducer, the energy stored in the triplet state is not released during the measurement 

This leads to a reduction in the signal’s amplitude. The product of the intersystem crossing 

quantum yield and the triplet energy (Ef) can be obtained from Equation 2.7, the 

energy balance equation, where h, v,, and v, are Avogadro’s number, Planck’s

Equation 2.7

+  oN^hv  ̂ +<I>UcEt
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constant, the frequency for the excitation wavelength, and the average frequency for the 

fluorescence, respectively. Since fluorescence was only a minor decay pathway, the 

frequency corresponding to the wavelength with maximum intensity in the fluorescence 

spectrum was employed. The parameter a  corresponds to the ratio between the signal 

intensity for the unknown sample and the signal intensity for a standard that releases the 

absorbed energy as heat into solution. The standard employed was ortho-

hydroxybenzophenone.^ The signal amplitude was measured between the first maximum 

and minimum of the transducer signal. A linear relationship between the signal anq>litude 

and the laser energy was observed for the sample and the standard solutions. The signal 

amplimde was measured at different laser energies to ensure that the above linearity was 

encountered and to determine a more precise value for a . The parameter a  was calculated 

fmm the ratio of the slopes for the linear relationships.

After data collection, the absorbance of each sample was recorded, and the fraction 

of light absorbed was calculated as shown in Equation 2.8. This was performed to ensure 

that the dependence on the amount of light that irradiated the sample was taken into account 

for the slopes obtained. The slope for the dependence o f the signal with the relative laser 

energy was divided by f ^ .  The corrected slope values for the unknown and standard were 

averaged and the value of a  was calculated.

Equation 2.8

fabs = 1- 10-^
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3. FLUORENONE PHOTOPHYSICS - RESULTS AND DISCUSSION

3.1 S tructu re  and  Derivatives

Fluorenone is an aromatic ketone that is composed o f two benzene groups fused to 

a flve-membered ring containing a carbonyl group (Figure 3.1). A total of ten fluorenone 

derivatives (listed below) were studied to compare and contrast how the substituent, the 

substitution patterns, and microenvironment affect the photcqdiysics of the fluorenone.

Figure 3.1 Fluorenone

2,7-dibrom o-9-fluorenone (2,7D BF) 
l,3odichlorc-9*fluorenone (1,3D C F) 
2y7*dichioro*9-fluorenone (2,7D C F) 
2,7*difluoro-9-fluorenone (2,7D FF) 
9>fluorenone>2>carboxylic acid (F-2CA) 
9-fluorenone-4-car boxy lie acid (F -4CA)
2-hydroxy-9-fluorenone (20H F )
3-hydroxy-9-nuorenone (3 0H F )
4-hydroxy<9-fluorenone (4 0H F )
4>methoxy-9-fluorenone (4MF)

A series of halogenated fluorenones at the two and seven positions were studied, so as to 

determine how heavy atoms affect the photophysics of fluorenone. A comparison based on 

substitution pattern was also investigated for the chlorinated derivative. The hydroxy and 

carboxylic acid derivatives were studied to compare how the position of the substituent on 

the aromatic ring affects the photophysics of fluorenone. These latter molecules also have 

the ability to form hydrogen bonds with protic solvents. A 4-methoxy substituted 

derivative was also investigated to detail the effect an electron-donating substituent has on
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the photophysics of the parent fluorenone molecule. An electron-donating substituent is 

one which can donate electron density into the k  orbitals of the aromatic molecule through 

resonance. In contrast, an electron-withdrawing molecule is one which withdraws electron 

density from the ic-system through resonance.

3 .2  Fluorescence Spectra and Quantum Yields

The fluorescence spectra of flumenone and its derivatives were very broad. This 

broadening is representative of overlapping vibrational transitions and solvent 

reorganization. The fluorescence emission maxima for the fluorenone derivatives in 

acetonitrile and toluene (Figure 3.2 and Figure 3.3) were observed between 460 and 560 

nm. The emission maxima of the fluorescence spectra were sensitive to the polarity o f the 

solvent, the nature o f the substituents, and the substitution pattern on the fluorenone.
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Figure 3.2 Normalized fluorescence spectra for fluorenone in toluene (I) and acetonitrile 

(H).



77

>»

1
C

1
ca
go
Z

M
CI
I
CD

g
O
Z

500 600 700
W avelength /n m

Figure 3.3 Normalized fluorescence spectra for 2.7DFF (A) and 2,7DBF (B) in toluene 

(I) and acetonitrile (II).
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A table of values containing the fluorescence maxima, and quantum yields for the 

fluorenones in acetonitrile and toluene is shown below (Table 3.1). Acetonitrile and 

toluene were used since they represent solvents of high and low polarity, respectively. The 

dielectric constant for acetonitrile is ca. 36 and toluene is ca. 2. For three of the fluorenone 

derivatives: F-4CA, F-2CA and 1,3DCF, there was a  shift in the fluorescence maxima to 

shorter wavelengths in both acetonitrile and toluene when conq>ared to the unsubstituted 

fluorenone. All the other derivatives show fluorescence maxima that were observed at

T able 3.1 Fluorescence quantum yields and emissitxi maxima of fluorenone derivatives 
in acetonitrile and toluene.*

Compounds
^ / n m

Acetcxiitrile
<l»p/i(r^ A ^ /n m

Toluene

FL 510 2.7 ± 0 .2  (3) 490 0.98 ± 0 .0 6  (3)

2 ,7 D F F 545 0.36 ± 0 .06  (2) 525 1.6 ± 0 .1  (3)

2 ,7 D C F 530 2.4 ± 0 .2  (6) 510 6.0 ± 0 .5  (3)

1 ,3 D C F 495 <0.26 (3) 460 0.020 ±  0.008 (3)

2 ,7 D B F 530 0.9 ±0 .1  (5) 510 0.96 ± 0 .05  (3)

2 0 H F 535 0.22 ± 0.05  (3) 535 1.0 ± 0 .1  (3)

3 0 H F 510 3.2 ± 0 .4  (3) 500 <1.2 (3)

4 0 H F 530 2.8 ± 0 .2  (3) 500 4.9 ± 0 .3  (3)

4M F 530 2.9 ± 0 .2  (3) 510 6.7 ± 0 .5  (3)

F-2C A 490 3.2 ± 0 .2  (3) 470 0.87 ± 0 .02  (3)

F-4C A 500 1.4 ±0.1  (3) 485 <0.28 (3)

performed twice, the errors were c^culated as average deviations, while odier errors 
correspond to standard deviations. The numbers in parenthesis correspond to the number 
of independent experiments performed. Errors for arc ±  5 nm.
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longer wavelengths than the parent fluorenone. The fluorescence quantum yield of 

fluorenone in acetonitrile was determined using Equation 2.6 (Section 2.3.5.1), and

quinine sulfate in 1 N H^SO^ as a standard.^ The quantum yield was determined to be 

0.027 ±  0.002, and was found to be within experimental error to previously reported

values that ranged between 0.029 and 0.034.819,22 ^11 the other quantum yields were 

determined using fluorenone in acetonitrile as a secondary standard. This procedure led to 

more precise values since the integrated areas of the emission intensity for the derivatives 

were of comparable magnitude to that of fluorenone. The fluorescence quantum yield of

fluorenone in toluene was the same as determined previously (0.0097).9 Upper limits were 

given for the fluorescence quantum yields of the fluorenones, where biexponential decays 

were observed since the presence of an additicmal component with a long lifetime increases 

the intensity of the steady-state spectrum.

3 .3  Fluorescence Lifetimes

The fluorescence lifetimes fw  fluorenone and derivatives were determined firom 

single photon counting measurements (Table 3.2). Fluorenone in acetonitrile had a 

monoexponential fluorescence decay (Figure 3.4). The previously repotted fluorescence

l i f e t i m e s 8 > 9  of 18.7 and 21.5 ns were comparable to the lifetime of 16.5 ±  1.5 ns that we 

obtained. The decay for fluorenone in toluene was also monoexponential with a lifetime of

3.6 ±  0.5 ns, and comparable to the 3.0 ±  0.2 ns reported previously.9

The fluorescence decays for 20HF in acetonitrile, and both 1,3DCF and F-2CA in 

toluene could not be measured by single photon counting. Either low fluorescence 

quantum yields or low solubility made these measurements imattainable. In the case of 

1,3DCF in acetonitrile (Figure 3.5) and F-4CA in toluene, a biexponential decay was 

observed. The short-lived components with preexponentials > 0.96 were the largest 

contributors to the biexponential decays, whereas the contribution of the long-lived
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Table 3.2 Fluorescence lifetimes of fluorenone derivatives in acetonitrile and toluene.*

Compounds Acetonitrile
%/ns

Toluene
x /n s

FL 16.5 ±  1.5 (5) 3.6 ±0 .5  (4)

2 ,7D F F 4.4 ± 0 .4  (2) 10.3 ±0.3  (2)

2 ,7D C F 8.5 ±  1.2 (2) 13.9 ± 0 .4  (2)

1 ,3D C F 1.1 ± 0 .1  and 9.6 ±0.1^ (2) c

2 ,7D B F 2.7 ±0 .1  (2) 1.7 ± 0 .2  (3)

2 0 H F c 4.3 ±0 .2  (2)

3 0 H F 13.5 ± 0 .5  (2) 2.7 ±  0.5 and 7.5 ±  0.8*’ (3)

4 0 H F 7.0 ± 0 .5  (2) 8.4 ± 0 .6  (3)

4M F 6.0 ±0 .1  (2) 10.1 ±0.3  (2)

F-2C A 9.1 ± 0 .8  (2) c

F-4CA 8.4 ±0 .1  (2) < Ins and 4.0 ± 0.3** (2)

performed twice, the errors were (^culated as average deviations, while oflier errors 
correspond to standard deviations. The numbers in parenthesis correspond to the number 
of independent experiments performed, (b) Biexponential decays, (c) Compounds with 
low quantum yields, or not sufflciently soluble for reliable measurements to be obtained.

components to the decays were very small. The long-lived component in 1,3DCF was 

assigned to a unknown impurity in the compound As the fluorescence quantum yield for 

1,3DCF in acetonitrile is low, any fluorescence intensity observed from a trace impurity 

will be relatively more pronounced than for fluorenone compounds with higher 

fluorescence quantum yields. In the case of F-4CA in toluene the long-lived component 

was not attributed to an impurity but to the possible formation of dimers or aggregates o f F- 

4CA since a monoexponential decay was observed for F-4CA in acetonitrile. It is possible 

that the formation of dimers, or aggregates of F-4CA are responsible for the



81

LogI —
Time /n s 80

40 
Time /  ns

Figure 3.4 Single photon counting fluorescence decay of fluorenone in acetonitrile. The 
residual for the fit is shown in the inset Decay I is for the fluorenone 
fluorescence and decay n  is the instrument response function.

biexponential decay as these assemblies will have different photophysical parameters than 

for the monomer. The formation of dimers or aggregates is conceivable considering the 

higher sample concentrations (ca. two fold) required for single photon counting 

measurements when compared to steady-state fluorescence measurements. Although the 

contribution of the long-lived species is small with respect to the preexponential factors for 

the fluorescence decay, it may still have a significant contribution to the total fluorescence 

intensity. The firaction of the total fluorescence intensity observed for either species is 

dependent of its fluorescence quantum yield, which is directly proportional to its 

fluorescence lifetime. Therefore, it is not surprising that a component with a longer lifetime 

will have a more significant contribution to the total emission intensity of the steady-state 

spectrum than described by the preexponentials for the fluorescence decay. As a result, the
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F igure  3.5 Single photon counting fluorescence decay of 13DCF in acetonitrile. The 
residual of the fit for two exponentials is shown in the inset The decay 
labeled I is for the fluorescence of 13DCF and the decay labeled H is the 
instrument response function.

quantum yields measured for 1,3DCF in acetonitrile and F-4CA in toluene were taken as 

upper limits.

In the case of 30HF in toluene, a nonexponential decay was also observed that was 

fitted to the sum of two exponentials with similar pre-exponential factors (A, = 0.64, =

0.36). However, the fluorescence decay of 30HF in acetonitrile fits well to a 

monoexponential f it As for F-4CA in toluene, the biexponential decay observed for 30HF 

in acetonitrile was attributed to the possible formation of dimers or aggregates o f 30HF.



83

3.4  Time-Resolved A bsorption Spectra o f the T rip le t Excited States

Laser flash photolysis was used to measure the transient absorption spectra of the 

triplet state for fluorenone and its derivatives in acetonitrile and toluene. The triplet states 

of these compounds absorbed in three main regions (Figure 3.6). The first occurred in the 

300-350 nm region, a  second in the 400-500 nm region and a third in the 550-700 nm 

region. Triplet decays were measured at the absorption maxima in the 400-500 nm region 

(Table 3.3). The decay of the triplet was monitored in the different wavelength regions and 

the same transient kinetics were observed (the inset of Figure 3.6 shows the decay at one
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Figure 3.6 Transient absorption spectra of fluorenone in acetonitrile at several delays
after the laser pulse: 7 (I), 17 (H), 34 (IQ), and 43 |is (IV). The inset shows 
the decay of the triplet excited state monitored at 425 nm. Transient 
absorption data was not collected in the region of the laser excitation 
wavelength (355 ± 1 5  nm).
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wavelength). The transient absorption spectra were also monitored at different delays after 

the laser pulse, and no spectral shifts were observed. These similarities suggest that only 

one transient species was present upon excitation. In some cases, a second-order 

contribution attributed to triplet-triplet annihilation was observed for the decay of the 

fluorenone derivatives. This process occurs when two excited triplet states of the same 

molecule interact leading to their deactivaticm to the ground state. The contribution of 

triplet-triplet annihilation was reduced by decreasing the laser power used for excitation.

Table 3.3 Triplet-triplet absorption maxima and triplet lifetimes for the fluorenones in 
acetonitrile and toluene.*

Compounds Acetonitrile
\ _ / n m Xf/Hs

Toluene
\ _ / n m Xf/ps

FL 430 23 430 7

2,7D FF 435 28 450 18

2,7D C F 460 19 460 21

1,3D CF 460 8 460 19

2,7D B F 470 8 470 22

2 0 H F 450 16 455 3

3 0 H F 400 2 380 23

4 0 H F 425 16 490 24

4M F 440 19 445 18

F-2CA 450 12 b b

F-4CA 420 8 440 9

(a) All maximum determinations are an average of at least two determinations. Errors for 
are ± 5 nm. (b) Not available due to low solubility.
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This reduction in laser power lowers the population of triplets generated, and decreases the 

probability of this process. The triplet lifetimes of the fluorenones were typically longer

than 5 ps. The triplet lifetimes were very sensitive to residual amounts o f oxygen present

in solution and varied somewhat between different experiments. As a  result, the lifetimes 

listed (Table 3.3) are representative o f values measured from experiments in which the least 

amount of oxygen was present Transient absorption signals were observed for all 

fluorenone derivatives except for F-2CA in toluene, which had limited solubility in this 

solvent.

3 .5  Laser Induced Optoacoustics

Optoacoustic measurements were used to determine the intersystem crossing 

quantum yields of the fluorenones. However, these measurements are possible provided 

that the triplet lifetimes of the molecules are longer than the response time of the transducer. 

This assures that the energy stored by the molecules in their triplet states has not been 

released as heat before the measurements can be made. Under our experimental conditions, 

the time after which the acoustic wave was generated frrom laser excitation, referred to as 

the acoustic transient time (tJ , was calculated to be ca. 300-340 ns by

Equation 3.1 

R

employing Equation 3.1, where R is the radius of the laser beam (0.4 mm) and u, is the 

speed of sound in the solvent used (1.17 x 10  ̂m s ' and 1.30 x 10  ̂m  s ' for toluene and

acetonitrile,^ respectively). The heat generated for times shorter than the acoustic transient 

time is called prompt heat. This prompt heat will contribute to the total amplitude of the
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signal observed for the triplet states of the fluorenones. For example, in the case of 30H F 

in acetonitrile, where the triplet lifetime was short (ca. 2 ^s), ca. 15% of the signal 

amplitude measured for the acoustic wave was due to prompt heat, and not due to the 

energy that was stored in the triplet state. However, in the case o f fluorenone in toluene, 

where the triplet lifetime was longer (ca  7 ps), the crmtribution of prompt heat for the

observed acoustic wave decreased to ca  5%. Therefore, the negative <t>uĉ  values

observed for 30H F in acetonitrile and 20HF in toluene may be a  result of the error 

introduced into the amplitude of the acoustic wave from the prompt heat generated after 

laser excitation. Nevertheless, the contributions of prompt heat to the total amplitude of the

acoustic values for all the fluorenones were within the error limits calculated for the

values (Table 3.4).

The values of were determined using the energy balance equation (Equation

2.7) that include the value a  that is obtained from linear plots of the amplitude of the 

transducer signal with respect to the laser energy for a standard and the unknown (Figure

3.7). The product was used to compare the differences and similarities in the

intersystem crossing quantum yields for the fluorenone derivatives because the individual 

triplet energies for the derivatives are not known. As a result, we used the triplet energy

for the parent fluorenone for the calculation of the product so that a reasonable

comparison for the intersystem crossing quantum yields could be made. The signals for 

each of the derivatives in each of the solvents were compared to a standard, onho-

hydroxybenzophenone^^ that is known to release all its absorbed energy as heat. For these 

experiments, the laser energy at 355 nm was attenuated by directing the laser beam through 

an aqueous potassium dichromate solution. By varying the concentration of the potassium 

dichromate solution, we were able to observe a linear relationship between the amplitude of 

the photoacoustic signal measured and the relative laser energy employed. If the linear
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F igu re  3.7 Dependence of the photoacoustic signai for the standard o / t ^
hydroxybenzophenone (upper trace) and 4MP in toluene (lower trace) with 
the relative energy of the laser pulse. The inset shows a typical waveform 
and the arrow indicates where the amplitude was measured.

plots deviated considerably from the origin, or a  change in the waveform was observed 

within one set of experiments, the data were considered unreliable and were not used to

determine the values.

The values were affected by the substitution pattern and the solvent polarity.

The precision of these values decreased as the values became smaller since this product is 

related to the difference in slopes between the standard and the compound of interest 

Therefore, any value below 5 kcal mol ' could not be reported with confidence because the 

errors in the measurements were of the same magnitude. Considering this error value, and 

a Ej. of CO. 50 kcal mol ', a lower limit of ca. 0.1 for the fluorenone values was set and
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Table 3.4 Product o f the intersystem crossing quantum yield and triplet energy (kcal/mol) 
for fluorenone derivatives in acetonitrile and toluene.*

Compounds Acetonitrile Toluene

FL 17 ± 3  (4) 36±1 (2)

2 ,7D F F 4 ± 2  (3) 0 ± 2  (2)

2 ,7D C F 7 ± 2  (5) 11 ± 1  (3)

1 ,3D C F 47 ± 3  (3) 43 ± 2  (2)

2 ,7D B F 3 2 ± 4  (5) 28 ± 2  (2)

2 0 H F 2 ± 2  (4) -7 ± 5  (3)

3 0 H F - 1 ± 2  (4) 29 ± 6  (3)

4 0 H F 3 ± 3  (3) 13 ± 1  (3)

4M F -2 ± 3  (4) 1 6 ± 8  (5)

F-2C A 2 3 ± 1  (3) b

F-4C A 21 ± 3  (4) 36 ± 3  (3)

performed twice, the errors were c^culated as average deviations, while oÂer errors 
correspond to standard deviations. The numbers in parenthesis cmresporxl to the number 
of independent experiments performed, (b) not soluble.

only values above this limit were considered reliable measurements. The triplet energies of 

fluorenone have been measured from its phosphorescence spectra at low temperatures (77

K). In methylcyclohexane-isopentane (5:1)^7 and ethanol^^ the triplet energies were 

determined to be 53.3 and 50.4 kcal mol \  respectively. We were unable to detect any low 

temperature phosphorescence with our experimental set-up. The inability to detect

phosphorescence for fluorenone has been reported by others,^ and is probably due to the 

low phosphorescence quantum yield o f this compound. Using the values reported for 

fluorenone in polar and nonpolar solvents, the ̂  values for fluorenone were calculated to 

be 0.34 ±  0.06 in acetonitrile and 0.68 ±  0.02 in toluene (Table 3.5). These values



89

compare well with previous studies that reported <|).̂  values of 0.46 ± 0.04 and 0.48 in

acetonitrile and 0.88 ±  0.08 in toluene.®*  ̂ The differences observed between the 6gc values 

reported earlier and those we measured are probably a reflection of the different techniques 

used to determine these values. Again, it should also be noted that the <t>uc values we

recovered from the product of determined from the experimental measurements,

were calculated assuming the triplet energy for all the derivatives was equal to that reported 

for fluorenone in toluene and acetonitrile. Until the triplet energies for the other fluorenone 

derivatives are determined experimentally, this is the best assumption we can make. From 

our values for the fluorenones (Table 3.5), we were able to calculate the internal 

conversion quantum yields using Equation 3.2. In addition, the fluorescence (kp), 

intersystem crossing (kj^ and internal conversion (k ^  rate constants were calculated (Table

3.6 and Table 3.7) from the relationship shown in Equation 3 3 , where x, is the observed

singlet lifetime of the respective fluorenones that is commonly referred to as the 

fluorescence lifetime of the molecule.

E quation  3.2

4>ic =  1 -  4»F -

E quation  3.3
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Table 3.5 Intersystem crossing and internal conversion quantum yields for fluorenone
derivatives in acetonitrile and toluene.*

Compounds Acetonitrile

♦isc

Toluene

FL 0.34 ±  0.06 0.63 ±  0.06 0.68 ±  0.02 0.31 ± 0 .0 2

2 ,7 D F F <0.1 > 0.9 <0.1 > 0.9

2 ,7D C F 0.14 ±0 .04 0.84 ±  0.04 0.21 ±  0.02 0.73 ±  0.02

1,3D C F 0.93 ±  0.26 0.07 ±  0.02 0.81 ±  0.40 0.19 ± 0 .4 0

2 ,7 D B F 0.64 ±  0.08 0.35 ±  0.08 0.53 ±  0.04 0.46 ±  0.04

2 0 H F < 0.1 > 0 .9 <0.1 > 0 .9

3 0 H F < 0.1 > 0.9 0.54 ±0.11 0.45 ±  0.09

4 0 H F <0.1 > 0 .9 0.24 ±  0.02 0.71 ±  0.02

4M F < 0.1 > 0 .9 0.30 ±0.15 0.63 ± 0 .15

F-2C A 0.46 ±  0.02 0.51 ±  0.02 b b

F-4C A 0.42 ±  0.06 0.57 ±  0.06 0.68 ±  0.06 0.32 ±  0.06

2FF * 0.16 0.83 0.72 0.26

2MF ‘ 0.05 0.95 0.16 0.83

F -2 N O / — — 1.0 0

F 2 N H / — 0.02 0.98

obtained in the values, (b) not soluble, (c) firom reference 1 0 . (d) from reference 1 2 .
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Table 3.6 Fluorescence, intersystem crossing and internal conversion rate constants for
fluorenone derivatives in acetonitrile.*

Compound

k p / 1 0 «s-‘

Acetonitrile

K J  1 0 ® k j/ 1 0 ® s'*

FL 1 . 6  ± 0 . 2 2 1 ± 4 38 ± 5

2 ,7 D F F 0 . 8  ±  0 . 2 < 23 > 2.0 X  10*

2 ,7D C F 2.8 ±  0.5 16 ± 5 9 9 ±  15

1 ,3D C F <2.4^ (8.5 ± 2 .5 )x  10*® >64®

2,7D B F 3.3 ±  0.4 (2.4 ±  0.3) X 10* (1.3 ±  0.3) X  10*

2 0 H F c c c

3 0 H F 2.4 ±  0.3 < 7 .4 > 6 7

4 0 H F 4.0 ±  0.4 < 14 > 1.3 X  10*

4M F 4.8 ±  0.3 < 17 > 1.5 X  10*

F-2C A 3.5 ±  0.4 5 1 ± 5 56 ± 5

F-4C A 1.7 ±0.1 50 ± 7 6 8 ± 7

2 F F “ 1.4 15 77

2M F“ 1.7 30 6 . 8  X 1 0 *

obtained in the quantum yield and iketime measurements, (b) shortest lifetime was 
employed for the calculation, (c) lifetime was not available, (d) from reference 1 0 .
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Table 3.7 Fluorescence, mtersystem crossing and internal conversion rate constants for
fluorenone derivatives in toluene."

Compound

kp /  1 0 ® s ‘

Toluene 

1 0 ® s ' k,J 1 0 ® s '

FL 2.7 ±  0.4 (1.9 ±  0.3) X 10^ 8 6  ± 3

2,7D F F 1 . 6  ± 0 . 1 < 9 .7 > 87

2,7D C F 4.3 ±  0.4 1 5 ± 2 53 ± 2

1,3D C F c c c

2,7D B F 5.7 ±  0.7 (3.1 ±  0.4) X 10^ (2.7 ±  0.6) X 10*

2 0 H F 2.3 ±  0.3 < 2 3 > 2 . 1  X 1 0 *

3 0 H F d d d

4 0 H F 5.8 ±  0.8 2 9 ± 3 85 ± 6

4M F 6 . 6  ±  0.4 3 0 ± 1 6 2 ±  15

F-2CA c c c

F-4CA > 2 . 8  ® >6 . 8  X 1 0 *® > 3.2 X 10* ®

2 F F ' 2 . 0 67 24

2 M F ' 2 . 2 31 1.9 X 10*

F -2N O / 0 > 2 . 0  X 1 0 * 0

F -2 N H / 1.3 25 1 . 2  X 1 0 *

obtained in the quantum yield and lifetime measurements, (b) shortest lifetime was 
employed for the calculation, (c) lifetime was not available, (d) nonexponential decay was 
observed, (e) from reference 1 0 . (f) from reference 1 2 .
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3 .6  D iscussion

The photophysics of fluorenone is very sensitive to solvent polarity, substitution

and substitution pattem s.^^ This sensitivity arises from the low-lying singlet and triplet 

energy levels that are close in energy and have either n,ic*. or x,ic* electronic 

configurations. The electronic configurations o f the lowest energy levels in fluorenone 

vary depending on the polarity of the solvent (Figure 3.8). In polar solvents, the lowest
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F igu re  3.8 Energy level diagram for fluorenone in polar and nonpolar solvents 
(Adapted from reference 19).
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singlet and triplet energy levels of fluorenone have electronic configurations, whereas

in nonpolar solvents the lowest singlet state has a n,rc* electronic configuration.^^ 

Accompanying the ordering o f the electronic configurations of the singlet and triplet states 

are the relative differences in energy between the singlet and triplet states. For example, in 

polar solvents the energy o f the T, state is higher than the S, stale. However, in nonpolar 

solvents the n,n* states are stabilized and as a result the T , state is lower than the S, state.

It is the changes in the ordering of the electronic levels, and the relative differences in 

energy between them that is resptmsible for the complex (Aoto^ysics that has been

observed for fluorenone in solvents of varying polarities.**l®*^3*^^*^^ '̂22

In addition to solvent effects, the dependence of the phott^ysics of fluorenone

with substitution has also been r e p o r t e d . ^ '̂^2,15,21,23 The dependence with substitution 

varies with the electronic nature of the substituent For molecules with n,x* 

configurations, the dipole moment of the excited state is lower than the dipole moment of 

the ground state. In contrast molecules with n,ic* configurations have dipole moments 

which are higher than the dipole moments of the respective ground state. In the excited 

state, the presence of an electron-donating substituent on an aromatic molecule with a 

configuration lowers the energy of that electronic state. Upon excitation an electron from a 

Tz orbital is excited to arc* orbital, which results in the an electron deficienticsystem. This 

electron deficient it orbital is stabilized by electron-donating substituents that delocalizes 

electron density through resonance into the it system of the aromatic molecule. In contrast, 

a n,x* transition is stabilized by the presence of electron-withdrawing groups since upon 

excitation an electron rich tc orbital is formed. In addition, the position and number of the 

substituents has also been shown to affect the photophysics of fluorenone. This former 

aspect of substitution details the relative effect that the location of the substituent has on the 

photophysical properties of fluorenone, whereas the latter addresses the role of additive 

effects of multiple substituents on the fluorenone photophysics.
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Many of the changes that are observed in the {rfiotO[rfiysics for fluorenone can be 

discussed in terms of the relative positioning of the lowest singlet excited state with that of 

the T 3 state of fluorenone. As mentioned, the T, state of fluorenone has a n,x* 

configuration that is stabilized by nonpolar solvents and electron-withdrawing substituents. 

Therefore, the magnitude of the T , stabilization with respect to the S, governs much of the 

photopbysics observed for fluorenone. For example, in nonpolar solvents the energy 

difference between these states in fluorenone is relatively small and efficient intersystem 

crossing is observed, whereas in pcriar solvents, the energy of the T, level is raised relative 

to the Sp and the energy gap increases causing the efficiency of the intersystem crossing 

process to decrease.

The presence of heavy atoms on a  molecule enhances spin-orbit coupling, and leads 

to an increase in the intersystem crossing rate constant This heavy-atom effect, as the 

name implies, depends on the mass o f  the atom. For exanyle, a  largo* effect would be 

expected for a molecule containing a  bromine atom than that of a molecule with a chloine. 

In our study, a comparison of the intersystem rate constants for three dihalogenated 

substituents was performed. The three fluorenone derivatives were 2,7DFF, 2,7DCF, and 

2,7DBF. The rate constants for the intersystem crossing for 2,7DCF and 2,7DBF in both 

acetonitrile and toluene followed the expected trend. With an increase in the size of the 

halogen, an increase in the intersystem crossing rate constant was observed. However, the 

differences in the intersystem crossing rate constants fw  2,7DFF and 2.7DCF were not as 

well correlated with the heavy-atom effect because the internal conversion process for 

2,7DFF played a much larger role in the photophysics than for 2,7DCF.

In the case of the halogenated fluorenones, an additional comparison was made 

between 2,7DCF and another dichloro derivative, 1,3DCF, to examine the effect that the 

positioning of the halogens has on the photophysics of these two structural isomers.

Similar effects have also been observed for a number of a m i n o f l u o r e n o n e s . 2 1 . 2 3  jjj 

acetonitrile, the radiative rate constant for 3-diaminofluorenone was an order of magnitude
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faster than 4-diaminofluorenone. In both toluene and acetonitrile, we observed a much 

higher intersystem crossing rate constant for 1,3DCF than 2.7DCF. This suggests that the 

proximity of the heavy atoms to the carbonyl moiety in 1,3DCF is important in enhancing 

the intersystem crossing process. In fact, the intersystem crossing rate constant for 

1,3DCF is even greater than 2,7DBF for which a larger heavy-atom effect is expected.

Differences in the photophysics between the parent fluorenone and the halogenated 

fluorenones were also observed. For the halogenated fluorenones, increases in the internal 

conversion and intersystem crossing rate constants influenced the changes observed in the 

intersystem crossing quantum yields. For example, in the case of 2,7DFF in both 

acetonitrile and toluene, the increase in the internal conversion rate constant was more 

pronounced than the enhancement of the intersystem crossing rate constant, and as a result 

the quantum yield for intersystem crossing was lower for 2,7DFF than observed for the 

parent fluorenone. In addition to the electron-withdrawing fluoro substituents, not even the 

nonpolar solvent in toluene was sufficient enough to stabilize the T, state of 2,7DFF to 

bring this n,7c* state closer in energy to the S, in order to enhance the intersystem crossing 

process. To a lesser extent, a similar effect was also observed for 2,7DCF. In contrast, 

for 2,7DBF in acetonitrile, the heavy-atom effect predominates, and the intersystem 

crossing quantum yield was higher than fluorenone. To explain further the photophysics 

of these derivatives, the fluorescence, internal conversion, and intersystem crossing rate 

constants are all competing processes. The efficieiK:y of these processes are defined from 

their quantum yields. With the sum of the quantum yields equaling unity, if the quantum 

yield for one process decreases, then the quantum yields for one, or both of the other two 

processes will increase. The extent of this increase will depend on the rate constants for 

each process. A larger rate constant will contribute to a larger quantum yield when 

comparing processes for the same molecule. These exchanges between the deactivation 

pathways were observed in the case of 2,7DCF when compared with the parent 

fluorenone.
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In the case of l^DCF, we were not able to determine any of the rate constants in 

toluene due to the low fluorescence quantum yield that also precluded the determination of

Tj. However, a significant decrease of the fluorescence quantum yield for 1,3DCF was

observed in acetonitrile. Furthermore, similar values for the internal conversion and 

intersystem crossing quantum yields for 1,3DCF were observed in acetonitrile and toluene. 

The similarities in the quantum yields, regardless of solvent, and the low fluorescence 

quantum yield in acetonitrile suggested that in toluene both the intersystem crossing and 

intemal conversion rate constants increased with respect to fluorenone. This implies that 

the T3 state, which is already better stabilized in toluene, was also lowered with respect to 

the S,, and involved in the intersystem crossing process.

For 2,7DFF, the value for the fluorescence rate constant was smaller than 

fluorenone in both solvents, whereas the intemal conversion rate constant increased 

significantly in acetonitrile. The latter observation suggests that substitution in the 2- and 

7-positions of fluorenone enhances the intemal conversion deactivation pathway at the 

expense of fluorescence and intersystem crossing. The changes in the rate constants for

2,7DFF when compared to fluorenone were more pronounced than observed for 2FF,^^ 

demonstrating that the substituent effects are additive. In the case of 2,7DFF, the 

intersystem crossing rate constant was smaller in toluene than in acetonitrile, whereas for 

2FF the trend was reversed. This observation suggested that the additional fluorine led to 

an increase in the energy gap between S, and T,. This is counterintuitive since in the 

presence of an additional electron-withdrawing substituent, the T, state should be more 

stabilized than for 2FF and even more than the parent fluorenone. However, the T, state 

also appears to be imimportant for the intersystem crossing of 2,7DCF and 2,7DBF in 

toluene since the values for the intersystem crossing rate constants were similar to those 

observed in acetonitrile, whereas in the parent fluorenone and 2FF both the intersystem 

crossing rate constants increased in toluene when compared with acetonitrile. Therefore,
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the additional halogen must increase the probability of the intemal conversion process at the 

expense of the intersystem crossing process, and only by the way of the heavy-atom effect 

can these halogenated compounds intersystem cross efficiently to the triplet state. It is 

interesting to note that only for 2,7DBF in acetonitrile, 2FF in toluene, and 1,3DCF in both 

solvents are the intersystem crossing quantum yields larger than for fluorenone in the 

respective solvents. As discussed earlier, the latter was attributed to the proximity of the 

halogens to the carbonyl moiety.

In a report by Biczdk et al. , ^ 2  th ^  compared a variety of fluorenone derivatives in 

toluene with the substituents in the 2-position. These authors observed that fluorenones 

substituted with electron-withdrawing substituents (i.e., nitro, methyl ester) had 

intersystem crossing rate constants that were two orders of magnitude greater when 

compared with fluorenones substituted with electron-donating substituents (i.e., methoxy, 

amino). In contrast, the intemal conversion rate constants were larger for the fluorenones 

substituted with electron-donating groups when compared to fluorenones substituted with 

electron-withdrawing substituents. In toluene, we observed a similar trend for 20H F 

when compared with fluorenone. The rate constant for intersystem crossing decreased by 

an order of magnitude for 20H F when compared with fluorenone. In the same manner as 

described above, the intemal conversion rate constant increased by over two orders of 

magnitude for 20H F when compared with the parent fluorenone.

The comparison of the photophysics of hydroxyfluorenones substituted at different 

positions was not very useful because in several cases only upper limits for the intersystem 

crossing quantum yields were obtained because the excited singlet lifetimes could not be 

measured, or the decays were biexponential. Only for 40H F in both acetonitrile and 

toluene was a monoexponential fluorescence decay measured. The intersystem crossing 

rate constant for 40H F in acetonitrile decreased slightly when compared with fluorenone. 

However, in toluene the rate constant for intersystem crossing for 40H F decreased by ca. 

six fold when compared with the parent fluorenone. This observation suggests that the T 3
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state does not participate in the intersystem crossing process since in toluene we would 

expect a lowering of the T, state of 40HF that would favor intersystem crossing. Since the 

decrease in the intersystem crossing rate constant was lower for 40HF in toluene when 

compared to fluorenone, the intersystem crossing rate constant fw 40H F  in acetonitrile 

should be the same order of magnitude, or less than was observed when compared with 

fluorenone. Therefore, the T, state does not participate in the intersystem crossing process. 

In addition, the hydroxy group of 40HF in toluene should help to destabilize n,rc* state in 

T3 , thereby increasing the S,-T, energy gs^ when compared with fluorenone.

The effect of substituents that are not heavy atoms, and occupy the same position 

on the fluorenone moiety were compared with 40H F, 4MF, and F-4CA. The hydroxy and 

methoxy substituents are electron-donating, whereas the carboxy acid substituent is 

electron-withdrawing. The photophysics for the electron-donating derivatives were very 

similar to one another. In acetonitrile, the photophysics was dominated by the substantial 

increases in the internal conversion rate constants. In toluene, the internal conversion rate 

constants were smaller than in acetonitrile such that intersystem crossing was a competitive 

process. However, the intersystem crossing rate constant in toluene was much smaller 

than for the parent fluorenone, which suggested that the Si-T, energy gap was larger for 

electron-donating substituents when compared to fluorenone. This is consistent with the 

generalization that a n,x* configuration, as in the case of T,, is destabilized in the presence 

of electron-donating substituents. When our data was compared with those reported

previously for 2MF, the intersystem crossing rate constants in both solvents were similar 

to those in 4MF, again indicating that the T, level was not involved in the intersystem 

crossing process. However, the internal conversion rate constants were much higher for 

2MF. This increase could be due to the proximity of the electron-donating substituent to 

the carbonyl moiety. Increased rates of internal conversion have also been observed for the

3- and 4-aminofluorenones,21.23 ^nd l-aryl-fluorenones,!^ where charge -transfer 

mechanisms have been used to describe the enhanced rates of internal conversion when
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compared with the parent fluorenone. We did not observe any results that would suggest a 

charge-transfer mechanism for the photophysics of the fluorenones investigated.

F-4CA and F-2CA have electron-withdrawing substituents that stabilize excited

states with n,xc* configuration. As a consequence, the intersystem crossing rate constant

increased for F-4CA in toluene since the Sj-T, energy gap will decrease due to the 

stabilization of the T, state when compared with that of fluorenone. In addition, the rate 

constant for internal conversion was ca. four times higher than that observed for 

fluorenone. These increases in the intersystem crossing rate constants for F-4CA are 

similar to those observed for 2,7DBF when compared with fluorenone. F-2CA behaved in 

a similar fashion as F-4CA in acetonitrile, and no significant increase of the internal 

conversion rate constant was observed when compared to fluorenone.

We have shown with additional examples that the photophysical properties of 

fluorenone are very dependent on the polarity of the solvent, and the nature and position of 

the substituents on the fluorenone moiety. In most cases, the photophysics of fluorenone 

with respect to solvent and substituent effects can be rationalized in terms of the stability of 

the n,7i* T3 state with respect to the lowest singlet state. However, generalizations should 

be made with caution since conqtensating effects do occur, especially as the size of the 

substituent increases. For the first time, a detailed investigation on a series of halogenated 

fluorenones was performed. Intersystem crossing rate constants were shown to be 

consistent with the heavy-atom effect, and the proximity of the halogens to the carbonyl 

moiety was shown to be important in enhancing this effecL In addition, these 

dihalogenated fluorenones were shown to have very different properties than observed for 

a monosubstituted fluorenone. These differences were assigned to compensating effects 

observed from increasing rates for internal conversion for the dihalogenated fluorenones. 

These compensating effects were also used to explain some of the photophysical properties 

observed for the hydroxy and carboxy lie acid derivatives, which have been studied for the 

first time. As discussed, comparisons of the photophysics of the hydroxyfluorenones were
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not very informative since in most cases only upper limits for the intersystem crossing 

quantum yields were obtained because the excited singlet lifetimes could not be measured 

or the decays were biexponential. For those that were measurable, these examples 

provided additional comparisons for the photophysics of fluorenone derivatives with 

electron-donating substituents to that of the parent fluorenone. The carboxy lie acid 

fluorenone derivatives provided further examples of the effect of electron-withdrawing 

substituents on the photophysics of fluorenone. In addition, enhanced intersystem 

crossing quantum yields were observed fw  these derivatives in acetonitrile over that of the 

parent fluorenone.

The largest increase in the intersystem crossing quantum yield for a fluorenone 

derivative over that of the parent fluorenone was observed for 1,3DCF in acetonitrile. As a 

result, 1,3DCF was further en^loyed in the study of probe mobility in the presence of CDs 

with the LFP system. Unfortunately, the larger intersystem crossing quantum yields 

observed in acetonitrile were still not sufBcient for a  detailed study of the dynamics of 

fluorenone derivatives in aqueous CD systems. As yet, no fluorenone derivatives have 

been observed to have measurable triplet absorption signals with suitable signal to noise 

ratios in aqueous solution. Nevertheless, this investigation into the photophysical 

properties of fluorenone derivatives has contributed to the general study on the complexity 

of fluorenone photophysics by demonstrating that several effects such as the nature and 

position of substituents and the properties of the microenvironment are responsible for the 

relative energies between different excited singlet and triplet states of these aromatic 

ketones.
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4. FLUORENONE/XANTHONE BIN D IN G  TO CYCLODEXTRINS

4 .1  G round  State Absorption

This chu te r describes the complexation of fluorenone to cyclodextrin. In the case 

of xanthone, most of the characterization o f the complexation to cyclodextrins has been

previously describcd.29-31.49^9 The picosecond experiments we performed on this system 

complement the previous work.

The ground state absorption spectra o f fluorenone changed in the presence of P-CD. 

A small enhancement of the fluorenone absorbance was observed upon increasing the 

concentration of P-CD. This behavior suggested that fluorenone formed a complex with 

the CD cavity. However, these changes were too small to be used in the determination of
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F ig u re  4.1 Corrected absorption spectra of fluorenone in the presence of a-CD at the 
following concentrations (mM): (a) 0, (b) 10, (c) 20 and (d) 30. The inset 
shows an enlargement of the spectra between 290 and 340 run.
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equilibrium constants for these ground state complexes. In contrast, in the presence of a- 

CD a significant sharpening of the absorption bands and a decrease in the absorption 

spectra was observed at concentrations of a-CD greater than 10 mM (Figure 4.1). This 

result also suggested the formation of a complex between fluorenone and a-CD. In 

addition, an isosbestic point was not detected, which indicates that more than one type of 

complex was formed (Figure 4.1).

The UV-Vis absorption spectrum of xanthone was also affected in the presence of 

CD. Previous reports have shown that increasing amounts of p-CD in the presence of

xanthone causes a decrease in absorption intensity of xanthone.^ From these changes in 

absorbance, the equilibrium constant for the complexation of xanthone to p-CD was

determined to be 1500 M  '.^9 The effect on the xanthone absorption spectra is smaller 

when a-CD is added. As a result, equilibrium constants could not be determined precisely 

&om the absorption data.

4 .2  Steady-State F luorescence

The fluorescence quantum yield and emission maximum of fluorenone are 

dependent on solvent p o l a r i t y 1 1  « 13, M,16-20,22 general, the fluorescence quantum

yields are less than 0.04 (Section 3.2). In nonprotic solvents the fluorescence lifetimes and 

emission quantum yields o f fluorenone increase with solvent polarity. However, in protic 

solvents the fluorescence quantum yields for fluorenone were much smaller due to

hydrogen bonding with the solventH*1^1^18,21-25 Interactions with the solvent, such as 

hydrogen bonding, provides an additional deactivation pathway that results in an increase 

in the internal conversion quantum yield for fluorenone and thus reduces the fluorescence 

quantum yield. The fluorescence quantum yield for fluorenone in ethanol was reported to

be 1.5 X 10’̂ .^ We also observed a very weak emission in ethanol, but no emission was
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Figure 4.2 Conected fluorescence spectra of fluorenone in the presence of different a- 
CD concentrations (mM): (a) 0, (b) 1, (c) 2, (d) 3, (e) 5, (f) 6 , (g) 9, (h) 12, 
(I) 18, and (j) 30.

observed in water under the same experimental conditions. This result suggests that the 

fluorescence quantum yield for fluorenone in water is less than 1.5 x 10*̂ .

In the presence of low concentrations of a-CD (< 5 mM), a very small increase in 

the fluorescence intensity was observed. However, in the presence of high concentrations 

of a-CD (> 5 mM), there was a significant increase in the fluorescence intensity. The 

maximum for the fluorescence of fluorenone at high a-CD concentrations was at ca. 525 

nm (Figure 4.2). Based on this concentration dependence with the emission intensity, the 

increase was assigned to the formation of a 2:1 host-guest complex (see below). The 

addition of p-CD only led to a small enhancement in the emission intensity. This result 

suggests that fluorenone is fairly exposed to water when complexed to P-CD.

The equilibrium constants for the complexation of fluorenone to cyclodextrins were 

determined from changes in the fluorenone emission intensity. The changes in the 

fluorenone fluorescence intensities were plotted against the concentrations of a-CD. 

Equation 1.20 was used to fit the experimental data. This equation can be employed when
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either a 1:1, or a 2:1 host-guest stoichiometry is assumed. Acceptable fits with Equation

1.20 assuming 1:1, or 2:1 host-guest stoichiometries were not obtained. This indicated that 

multiple equilibria were present The presence of multiple host-guest stoichiometries can 

be verified with the use o f Equation 1.21. Equation 1.21 is the double-reciprocal plot of

Equation 1.20, and is often referred to as a Benesi-Hildebrand plot^^ When the inverse of 

the changes in the emission intensities are plotted against the inverse of the CD 

concentrations a  linear plot will be observed if the host-guest stoichiometries are assumed 

correctly. Fits to Equation 1.21 for the changes in fluorescence intensity for fluorenone in 

the presence of a-CD were not linear (Figure 4.3), when either a 1:1, or 2:1 stoichiometry 

was assumed. Hence, neither the sole formation of 1:1 nw  2:1 host-guest stoichiometry

«?
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1 / [a-CD] 2 /1 0 5  m -2

Figure 4.3 Double-reciprocal plot for the variation of the fluorenone fluorescence 
intensity at 525 nm in the presence of different a-CD concentrations, 
assuming a 2 : 1  host-guest stoichiometry.
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was observed. In such a case. Equation 1.22 was employed to fit the experimental data 

This equation assumes the presence of both 1:1 and 2:1 host-guest stoichiometries in 

solution. However, the fits to Equation 1.22 were still not optimal, so an additional 

assumption was made. It was observed that only a  small difference in the fluorescence 

intensities of fluorenone in the presence of low concentrations of a-CD was observed when 

compared to fluorenone in water. This small difference in intensity suggests that the 

fluorescence quantum yields for fluorenone in water and for fluorenone present in a 1 : 1  

complex are similar. This assumption was used to reduce Equation 1.22 to Equation 1.23. 

The fits were improved (Figure 4.4), but the errors for the recovered values of K, and 

were still large. To analyze these equilikium constants further, several combinations for K, 

and Kg were obtained when the value for one of the equilibrium constants was fixed in

A1

0 3.20.8 1.6
[a-CD] /10-2 M

2.4

Figure 4.4 Nonlinear fît of the corrected fluorenone fluorescence intensities at 525 nm 
with various a-CD concentrations. The solid line corresponds to the fit 
obtained from using Equation 1.23.
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Equation 1.23 and the other equilibrium constant was allowed to float The individual 

equilibrium constants varied considerably with K, = 1-50 M ‘ and = 8700-200 M’*. 

However, the product o f K.Kg for these fits was (9.3 ±  0.6) x 10  ̂M \  The reasonably 

constant value recovered for K,K2  suggests that the individual equilibrium constants could 

not be precisely detennined from the flucxescence dara Such a situation is often observed 

when multiple equilibria are present for the CD con^kxes and when the equilibrium 

constants themselves are of the same order of magnitude.

Flucxescence and ICD spectroscc^ have been previously employed to characterize 

the complexes between xanthone and a -, P-, y -  and h y d r o x y p r o p y i  p-C D s.29.30 Binding 

is strongest with hydroxypropyl-P- (1800 ±  100 M'')30 followed by P- (1100 ±  200 M'

Y- (220 ±  30 M ‘)30 and a-CD (50 ±  8  M'*)29. These equilibrium constants are 

obtained from the fits to plots for the fluorescence, or ICD intensity changes with CD 

concentrations (Equation 1.20). For all con^>lexes, a 1:1 host-guest stoichiometry is 

assumed. This stoichiometry is confirmed by linear double-reciprocal plots as described

above.

4 .3  Picosecond Fluorescence

Picosecond fluorescence experiments were only performed for fluorenone in the 

presence of high a-CD concentrations (> 20 mM). No appreciable fluorescence intensity 

was observed at lower a-CD concentrations (Section 4.2). In the presence of high a-CD 

concentrations, the fluorescence decay observed was fitted to a sum of two exponentials 

(Figure 4.5). As a background correction, an aqueous solution o f a-CD was measured 

under the same experimental conditions. An appreciable amount of fluorescence was 

observed for the a-CD solution. For the fit to the biexponential decay of fluorenone in the 

presence of a-CD, the component with the largest preexponential term (A, = 0.63) had a 

lifetime of ca. 1.5 ns. This short-lived decay was assigned to fluorenone present in the 2:1
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Figure 4.5 Time-resolved fluorescence decay of fluorenone in the presence of 30 mM a- 
CD fitted to the sum of two exponentials. The inset shows the residuals for 
the f i t  Decay I is the fluorescence for fluorenone and decay II is the 
instrument response function.

host-guest complex. The second and longer-lived component (ca. 5 ns and = 0.37) was 

assigned to an artifact of the experiment since similar lifetimes were recovered from the fits 

for both this long-lived component and for the a-CD solution in the absence of fluorenone. 

This artifact could be due to an impurity present in a-CD, or related to the detection of 

background light Nevertheless, this artifact was particularly noticeable since the 

fluorescence quantum yield of fluorenone in water is low.

Picosecond fluorescence experiments were also performed for the xanthone 

fluorescence in the presence of a - and P-CD. It has been previously reported that xanthone

in water has a fluorescence lifetime that occurs in the subnanosecond time domain.^

However, no accurate lifetime determinations were made.29 With the use of the 

picosecond fluorescence system, the decay of xanthone in water was shown to be
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monoexponential with a lifetime o f 750 ±  50 ps (Figure 4.6, (A)). In the presence of 8  

mM of P-CD, the fluorescence decay was multiexponential and was fitted to the sum of 

three exponentials with lifetimes of 50-80 ps, 600-800 ps, and 3-5 ns (Figure 4.6, (B)). 

The largest preexponential term (> 0.80) was associated with the 50-80 ps lifetime 

component, and it was assigned to the emission of xanthone in a  1:1 P-CD complex. The 

species with a lifetime of 600-800 ps and a preexponential of ca. 0.15 was assigned to the 

emission of xanthone in water since this lifetime was similar to that observed in pure water. 

Both of these species displayed time-resolved emission spectra with maxima between 390 

and 400 nm that were characteristic o f xanthone fluorescence. A long-lived conqwnent 

with a preexponential of < 0.05 was also observed. Similar to the case for fluorenone in 

the presence of a-C D , this emission bad no defined spectrum and was assigned to an 

artifact of the experiment because it was observed when a solution containing only p-CD 

was measured. As discussed earlier, this emission could be due to an inq>urity present in 

P-CD, or related to the detection o f background light In addition, if the emission is due to 

an impurity in P-CD, it would be noticeable in the presence of xanthone since this ketone 

also has a low fluorescence quantum yield in water.

In the presence of 30 mM a-CD, the fluorescence decay o f xanthone was 

adequately fitted to a monoexponential decay with a lifetime that was close to that observed 

for xanthone in water. This suggests that xanthone is not very well protected firom the 

aqueous phase when it is complexed with a-CD, or analogous to fluorenone complexed to 

P-CD, the fluorescence quantum yields for the complexed xanthone and xanthone in water 

may be similar.
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F igure  4.6 Time-resolved fluorescence decays of xanthone in the absence (A) and
presence (B) o f 8  mM p-CD fitted to one exponential (A) and the sum of 
three exponentials (B), respectively. The residuals for the fits are shown in 
the insets. The decays labeled I are the fluorescence of xanthone and the 
decays labeled II are the instrument response functions.
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4 .4  Induced C ircu la r Dichroism

ICD has been used to determine equilibrium constants for xanthone complexed to

a-, p-, and y-CD.29 In addition, ICD has been used as a  qualitative tool to provide

structural information on the association of these probes with C D s . ' ^ 3 , 5 3 , 5 5 - 5 8 , 6 8 - 7 0  T h e  

ICD spectra for fluorenone in the presence of a- and p-CD displayed opposite signals in the 

spectral region investigated (Figure 4.7). In the case of a C D , a small negative signal 

followed by a small positive signal was observed. In the case of P-(ZD, only a positive 

signal was observed. The change in the Quorenone ICD intensity with increasing p C D  

concentrations was fitted to Equation 1.20 assuming a 1:1 host-guest stoichiometry (Figure 

4.8). The recovered equilibrium constant from the fit was 450 ±  50 M ' from four 

independent experiments. The stoichiometry fw  this complex was also confirmed from 

linear double-reciprocal plots (inset of Figure 4.8). For a-CD, the change in the 

fluorenone ICD intensity was monitored for two ICD bands; one at 296 run and the other at 

330 nm. The two bands were representative of two different host-guest stoichiometries for 

the CD complexes. The changes in the ICD intensity observed at 296 and 330 run were 

fitted reasonably well to double-reciprocal plots (Equation 1.21) when 1:1 and 2:1 

stoichiometries were assumed, respectively. However, due to the large errors in the 

nonlinear fits the K, and Kj values for the C D  complexes with fluorenone were not 

recovered with any precision.

ICD measurements for xanthone in the presence of a- and P-CD were also 

performed and opposite signals in the long and short wavelength regions were observed 

(Figure 4.9). In the case o f P-CD, the values for the equilibrium constants using Equation

1.20 and assuming a 1:1 stoichiometry were lOCX) ±  200 and 1200 ± 300 M ' for 

measurements made at 262 and 350 nm, respectively. These values agree well with those

determined p r e v i o u s l y  .29 The 1:1 stoichiometry of this complex was also confirmed from

linear double-reciprocal plots.
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Figure 4.7 Fluorenone ICD spectra in the presrace o f 8  mM ^-CD and 30 mM a-CD.
The inset shows the ICD spectra of fluorenone in the presence of various 
concentrations of a-CD (mM): (a) S, (b) 15, (c) 20, and (d) 30.
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Figure 4.8 Nonlinear fit of the ICD signal at 320 nm  for fluorenone in the presence of 
various P-CD concentrations. The solid line corresponds to the fit obtained 
fh>m using Equation 1.20. The inset shows the double reciprocal plot for 
the same data.
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Figure 4.9 Xanthone ICD spectra in the presence of 8  mM j3-CD and 30 mM a-CD 
The inset shows the double reciprocal plot for the xanthone ICD signal at 
262 nm at various P-CD concentrations.



115

4 .5  D iscussion

The equilibrium constants obtained from the changes in the absorption, steady-state 

fluorescence, and ICD intensities for guest molecules, such as xanthone and fluorenone, 

complexed with CDs provides detailed information on the e£Bciency of the formation of 

these complexes. ICD has also been shown to provide valuable information about the

structural parameters associated with host-guest systems involving C D s . ^ 3 * 5 3 , 5 5 - 5 8 , 6 8 - 7 0  

From a collaboration with theoretical chemists (Dr. B. Mayer, University of Vienna, 

Vienna, Austria and Dr. G. Marconi, Istituto FRAE-CNR, Bolonga, Italy), we have gained 

additional support for our photophysical studies with calculations that describe the 

structures of the CD complexes with fluorenone and xanthone. In addition, picosecond 

fluorescence measurements have provided additional photophysical information to better 

describe the excited states of these host-guest systems.

Since the equilibrium constants obtained for these host-guest complexes are 

associated with the entry, and exit rate constants o f these ground state complexes, a better 

understanding of the equilibria present in these host-guest assemblies will lead to a better 

understanding of the dynamics involved in such systems. Understanding the dynamics of 

these systems can provide valuable mechanistic information that can not be detailed entirely 

from equilibrium constants alone. From our studies on the ground state complexation, the 

picosecond fluorescence studies, and the calculations used for the structural determination 

of these ketones to CDs, it is hoped that we can better comprehend how dynamic processes 

evolve from host-guest associations.
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4 .5 .1  The Com plexation o f Xanthone with CDs

Fluorescence and ICD spectroscopy have been previously employed to

characterize the complexes of xanthone and a-, p- and y-CDs.^^'^'^^ The largest 

equilibrium constants for xanthone and CDs has been observed for P-CD (1100 ±  200 M

'), followed by y ,  and a-CD,29 suggesting that the best fit is with P-CD. For a-CD, the 

size of the cavity is too small, whereas for y-CD, the cavity size is too large to complex 

xanthone efficiently. The same trend in equilibrium constants was observed for fluorenone 

complexed to a-, and P-CD. However, fluorenone also formed 2:1 host-guest complexes 

at higher a-CD concentrations.

The fluorescence decay for xanthone in the presence o f P-CD was biexponential. 

This was expected since the fluorescence quantum yields for xanthone in water differed 

from that of xanthone in a  1:1 host-guest complex with P-CD. This assunq>tion is made 

because a fluorescence quantum yield of a molecule is directly proportional to its singlet 

lifetime. Therefore, a decrease in the fluorescence quantum yield will affect the singlet 

lifetime accordingly. The biexponential decay was composed o f a short-lived species with 

a lifetime of ca. 50-80 ps and a second component with a lifetime of ca. 600-800 ps. The 

longer-lived species was assigned to the decay of xanthone in water, for which a lifetime o f 

ca. 750 ps was measured independently. The short-lived component was assigned to the 

decay of the 1:1 complex o f xanthone to P-CD. These assignments were consistent with 

the decrease observed for the steady-state fluorescence intensity when xanthone was

complexed to CDs.29

The behavior observed for the excited singlet decay for xanthone complexed to P- 

CD parallels that observed for the incorporation of xanthone in anionic and cationic 

micelles, where a substantial shortening of the lifetime from ca. 600 ps to that of ca. 67 ps

was observed when this ketone was associated with the micellar environment.^ ̂  The
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photophysics of xanthone is similar to that observed for fluorenone (Section 3.6). As in 

fluorenone, the photophysics of xanthone is complex since the lowest singlet and triplet 

energy levels have different electronic configurations that are close in energy. 

Consequently, the photophysics o f xanthone is very dependent on the polarity of its 

microenvironment The intersystem crossing rate constant for xanthone has been shown to

depend on the solvent polarity.^ In alcohols and other organic solvents such as 

cyclohexane, the observed growth for the triplet state, which is directly related to the

excited singlet decay, is shorter than 2 0  ps.72 in the presence of water, we observed an 

increase in the singlet lifetime of xanthone that was over one order of magnitude larger 

when compared to the lifetimes rqwrted in alctAols. These measurements demonstrate that 

the polarity of xanthone’s microenvironment has a significant effect on its photophysics. 

Complexation of xanthone with P-CD reduced the excited singlet lifetime of xanthone from 

ca. 750 ps to ca. 65 ps, which is very similar to that observed for xanthone in the presence

of micelles.'^ ̂  This suggests that the ketone is somewhat protected from water. However, 

this measured value was still longer than the lifetimes observed in alcohols, suggesting that 

the polarity sensed by the complexed xanthone was in the polarity range between alcohols 

and water.

The binding of xanthone to a-CD is much less efficient than for P-CD as shown by

the lower equilibrium constant (50 ±  8  M ').29 in the complex with a-CD, xanthone will 

be more exposed to the aqueous phase because the cavity size of a-CD is smaller than p- 

CD. A multiexponential decay was expected for the xanthone fluorescence in the presence 

of a-CD since the steady-state emission intensity of xanthone in water decreased in the 

presence of a-CD. However, a monoexponential decay with a lifetime close to that of 

xanthone in water was observed. To explain this observation, the fluorescence intensity of 

xanthone in water and in the presence of high concentrations of a-CD was measured. A 

decrease of ca. 20% in the fluorescence intensity upon complexation at the highest a-CD
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concentration employed (30 mM) was observed. This decrease led to a ratio of lifetimes 

for xanthone in water to that complexed with a-CD of 1.25. This ratio may be too small to 

observe a difference in the fluorescence lifetimes for xanthone given the experimental errors 

associated with the time-resolved measurements. For this reason, the excited singlet 

lifetime for the complexed xanthone was suggested to be close to the lifetime of xanthone in 

water, and the decay was adequately fitted to a monoexponential function. This 

observation supports the assignment that xanthone is quite exposed to water when 

complexed with a-CD, whereas in the case of p-CD the shorter lifetime observed for 

xanthone when complexed to pCD would be expected, since the guest is better protected 

from water.

These assignments on the photophysics o f xanthone complexed with CDs were also 

supported by the calculated structures (Figure 4.10) obtained for the host-guest systems 

from a collaboration with theoretical chemists. In the case of xanthone complexed with a- 

CD (Figure 4.10 (A)), xanthone is not tightly bound to the interior of the CD cavity, and 

the molecule is mostly exposed to the aqueous phase. This exposure of xanthone to water 

could account for the small decrease observed in the steady-state fluorescence intensity 

upon the addition o f a-CD. It also supports the monoexponential decay observed for the 

excited singlet lifetime of xanthone when complexed to a-CD from the picosecond 

fluorescence measurements. A similar structure is also observed when xanthone is 

complexed with p-CD (Figure 4.10 (B>). Once again the xanthone guest is not deeply 

included into the P-CD cavity and the ketone is still fairly exposed to the aqueous phase. 

However, the picosecond fluorescence results have shown that the inclusion of xanthone 

into the P-CD cavity must be greater than a-CD for xanthone to experience an appreciable 

difference in its microenvironment, as shown from the observed biexponential decay. This 

deeper inclusion has also been suggested from the larger equilibrium constants associated 

with P-CD than for a-CD complexation.
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F igure  4.10 Calculated structures for the 1:1 complexes of xanthone with a-CD (A) and 
P-CD (B). (B. Mayer and G. Marconi, from reference 61)

4 . 5 . 2  The Complexation of Fluorenone to CDs

In the case of fluorenone, the equilibrium constant for the complexation with P-CD 

could only be determined from the ICD spectra since we only observed small changes in 

the absorption spectra, and only weak fluorescence for fluorenone in the presence of P-CD. 

Previously reported ICD and fluorescence studies verify that fluorenone does form



1 2 0

complexes with p-CD.25,73 xhe fluorescence quantum yield of fluorenone in P-CD bas

been reported (2.4 x 1 0 ' ^ ) . 7 3  in  addition, the reported fluorescence quantum yields for 

fluorenone in hydroxylic solvents are of the same order of magnitude, and quite low ((1.5 -

2.5) X 10 ̂  for ethanol to 1-octanol, respectively).^ Therefore, the lack of fluorescence 

observed in our experiments, and those published earlier suggests that fluorenone is either 

exposed to water, or its carbonyl group is hydrogen bonded to the hydroxyl groups of the 

CD rim when complexed to p-CD. Although we were unable to measure the excited singlet 

lifetime of fluorenone in water, or in the presence of P-CD, a lifetime of 1.2 ns for

fluorenone in pCD is reported.^ The fluorescence lifetimes have also been reported for 

fluorenone in ethanol, 1 -pentanol and 1 -octanol with respective values of 0 .8 , 1 . 1 , and 1 . 2

n s .^  These measurements suggest that fluorenone is experiencing a polarity similar to 

alcohols, and may be somewhat exposed to water. From the ICD experiments, the 

complexation of fluorenone with P-CD occurs with a 1:1 host-guest stoichiometry similar 

to the case for xanthone. This observation was supported with linear double-reciprocal 

plots for the changes in the ICD intensities with the change in P-CD concentrations. The 

equilibrium constant for complexes of P-CD with xanthone is higher (1100 ±  200 M ') than 

with fluorenone (450 ±  50 M ‘), indicating that complex of P-CD to xanthone is more 

favorable than that of fluorenone. Similar to the stmctures calculated for xanthone, 

fluorenone is also shown (Figure 4.11) to be quite exposed to the aqueous phase.

The complexation of fluorenone with a-CD is more complex than the behavior 

observed for xanthone. At low a-CD concentrations, the absorption spectrum of 

fluorenone only changes slightly. However, at higher concentrations (> 10 mM) the 

absorption bands of the fluorenone spectrum sharpen significantly. The absorption spectra 

of fluorenone in water, or ethanol were observed to be quite broad, yet the absorption for 

the same spectral region in acetonitrile, or toluene was sharp. The sharpening of the



1 2 1

F igure  4.11 Calculated structures for the 1:1 complexes of fluorenone with a-CD (A) 
and P-CD (B). (B. Mayer and G. Marconi, from reference 61)

absorption bands observed at high a-CD concentrations indicates that fluorenone is fairly 

well protected from interactions with water molecules, and more specifically, hydrogen 

bonding with hydroxylic solvents. This result is consistent with the formation of a 2:1 

host-guest complex of fluorenone with a-CD. In addition, the lack of an isosbestic point 

also suggests that other complexes, such as the 1:1 complex are present. Isosbestic points 

observed in absorption spectroscopy are often associated with the presence of an 

equilibrium formed between only two different species in solution.
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From the fluorescence experiments, it was observed that at low a-CD 

concentrations (< 10 mM) the fluorescence intensity was quite weak, but upon increasing 

concentration of a-CD an increase in the emission intensity was observed. This lag in 

fluorescence intensity increase upon the addition of a-CD is consistent with the formation 

of a 2:1 complex. The fluorenone fluorescence maximum, as discussed earlier (Section 

3.2), shifts from 490 nm in toluene to 5 10 nm in acetonitrile. In ethanol, the fluorescence

maximum shifts even further to longer wavelengths at 550 nm.l 6  The emission maximum 

for the complex of Oumcnone with a-CD was observed at 525 nm, suggesting that the 

polarity sensed by fluorenone is less than that for ethanol. This result is consistent with the 

assignment that fluorenone is in a fairly nonpolar environment In additicm, the lifetime for 

fluorenone at high a-CD concentrations was determined from picosecond fluorescence 

experiments to be ca. 1.5 ns, which is similar to the lifetime reported for fluorenone in 1-

octanol (1.2 ns), but larger than that reported for fluorenone in ethanol (0.8 n s ) .^  These 

measurements suggest that the decay of fluorenone in hydro^tylic solvents is accelerated in 

the presence of stronger hydrogen bonding solvents. Therefore, the longer lifetime

Figure 4.12 Calculated structure for the 2:1 complex of fluorenone with two a-CDs. 
(B. Mayer and G. Marconi, from reference 61)
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observed in the presence of a-CD indicates that fluorenone is not extensively hydrogen 

bonded in the 2:1 complex. In addition, the formation of a 2:1 complex is consistent with 

our lifetime measurements, where water molecules can not be positioned between the two 

CD units to participate in hydrogen bonds with the guest

The presence of more than one complex between fluorenone and a-CD at high CD 

concentrations was also suggested from the dependence of the change in the fluorescence 

and ICD intensities with increasing CD concentrations. From the ICD measurements, 

double-reciprocal plots were linear but in two different spectral regions. One spectral 

region shows linear plots when a 1 : 1  complexation stoichiometry was assumed, whereas 

the other region is only linear when a 2:1 host-guest stoichiometry was assumed. From 

fluorescence measurements, the double-reciprocal plots were nonlinear when either a 1 : 1 , 

or 2:1 complexation stoichiometry was assumed. For the latter, the formation of the 2:1 

complex was efflcient since the lower limit for the Kj value is around 200 M '. The 

calculated structures for a 2:1 host-guest complex for fluorenone with two a-CDs (Figure 

4.12) is also consistent with our suggestions that fluorenone is well protected from the 

ability to form hydrogen bonds with the water molecules that causes a decrease in the 

excited singlet lifetime of fluorenone.

It is noteworthy, that the formation of 2 : 1  host-guest complex of xanthone with a- 

CD was not observed from either photophysical studies, or calculations. However, 

fluorenone was observed to form higher ordered complexes with a-CD. This difference 

could be related to the observation that in the 1 : 1  host guest complexes with fluorenone the 

guest is more exposed to water than in the case of xanthone. As a result, this greater 

exposure may provide a more t^propriate binding site to the second a-CD that is not 

afforded by xanthone.
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4 . 5 . 3  Complexation Structure and Dynamics

The relationship between the structure and dynamics of host-guest systems has not 

been well characterized. Previous studies for the complexation dynamics of CD complexes 

have focused mainly on the arguments o f guest size, and solvation properties to explain the

rate constants for entry and exiL'*^»^^"^ While these reports successfully demonstrate the 

effect of size, and solvation on host-guest complexation with CDs, they do not detail the 

intricacies of host-guest structure, and its affect on the association and dissociation rate 

constants. In our studies, we examined the conq>lexation of two aromatic ketones with 

CDs. Fluorenone and xanthone were chosen as probes because their photophysics is very 

dependent on the polarity of their envirorunenL In addition, the structural differences 

between these two molecules are very small. This property allowed us to detail how small 

structural changes in the guest molecules can have a large impact on the observed 

photophysics, and insight into the effect o f structure on the dynamics o f these CD 

complexes.

The complexation dynamics of triplet xanthone with CDs has been well

e s t a b l i s h e d . 2 9 . 3 0 , 4 9 , 5 9  Recently, the exit and entry rate constants have been reported for

the triplet states of 1- and 2-naphthy 1-1 -ethanols (1- and 2-NpOH) with P-CD.^ 

Comparing the entry and exit rate constants for these probes with p-CD we find that 

although the entry rate constants are within experimental error of each other, the exit rate 

constants are quite different For the NpOHs, the exit rate constant for 2-NpOH from P- 

CD is CO. three times slower than the exit o f the 1-NpOH. This difference in the exit rate 

constants was suggested to be a result o f  the differences in the structure of the host-guest 

complexes. It was proposed that the slower exit of 2-NpOH may be a reflection of a 

deeper inclusion into the CD cavity than the 1-NpOH that may only be interacting with the 

rim of the P-CD. The exit of triplet xanthone from p-CD is ca. 17 times faster than the exit 

of 1-NpOH from P-CD. It was suggested that the structure of the xanthone/CD complex
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may also be responsible for the fast exit However, based on the reported photophysical 

studies on the complexation of xanthone with p-CD, it is unlikely that a weaker interaction, 

or a significant difference in the location of xanthone in the p-CD complex could be 

responsible for the larger exit rate constants over that o f the NpOHs. In fact, the ground 

state equilibrium constant of xanthone with P-CD is higher than that observed for the

N p O H s . 3 0 . 5 0

To detail the structure-dynamics relationship, we employed ICD, and picosecond 

fluorescence studies. It was shown that these two techniques are far more superior than 

absorption, and steady-state fluorescence methods fw  obtaining information on the 

complexation of probes with CDs. From the ICD. and picosecond fluorescence studies we 

observed very different photophysics for Quorentme, and xanthone when complexed with 

CDs. Namely, the observation that 2:1 host-guest complexes were observed for 

fluorenone with a-CD, but not for xanthone. It was suggested from theoretical 

calculations, that the reasoning lies with the deeper inclusion of xanthone into a-CD than 

fluorenone, which is more exposed to the aqueous phase, and more susceptible to binding 

with a second a-CD. This difference for the formation of higher ordered complexes will 

affect the dynamics of the guest from the CD. The exit rate constant of guest from a 2:1 

host-guest complex is expected to be slower than that of a 1:1 host-guest complex. The 

difference in dynamics for higher ordered complexes was observed for the exit rate

constant of 2-NpOH from a 2:2 host-guest complex with P-CD.^O To better understand the 

reasons for the differences in complexation and dynamics of host-guest complexes with 

CDs more examples will have to be investigated. In addition, these investigations will have 

to include more detailed studies into the stmcture of these complexes. We have shown that 

ICD, time-resolved fluorescence studies and calculations of host-guest complexes provide 

useful tools for understanding the structural intricacies that are responsible for significant 

changes in the photophysics, and ultimately, the complexation dynamics of host-guest 

systems.
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5. THE COM PLEXATION OF STYRENES AND T H E IR  RADICAL 

CATION DYNAMICS W ITH CYCLODEXTRINS - RESULTS AND 

D ISC U SSIO N

5.1  S truc tu re  and  Derivatives

The two styrene derivatives that were chosen for this study are the 4- 

methoxystyrene, which is commonly called 4-vinylanisole (4-VA) and the P-methyl-4- 

methoxystyrene, which is also referred to as /ronj-anethole (t-Ane) (Scheme 5.1). These 

molecules are the precursors to the radical catitms we have investigated.

5 .2  Photogeneration of Radical Cations

The radical cations of styrenes are generated when the precursor styrenes are

photoexcited with a laser.^^7 From laser power dependence studies the formation of the 

radical cations occurs via a biphotonic mechanism whereby the first photon generates an 

excited state and the second photon causes the ejection o f an electron from the excited state 

molecule (Scheme 5.1). In our investigations we generate the radical cations with the use 

of an Excimer laser at 308 nm.

5 .3  Com plexation of t-Ane and  4-VA to a -  and  p C y c lo d ex trin

5 .3 .1  G round  state  A bsorption

The absorption spectra of both the styrenes are similar. Their absorption spectra are 

broad and the maxima are at approximately 260 nm. In the presence of a- and P-CD the
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absorption spectra of the styrenes were not significantly different, although there was a 

slight increase in the total absorption in the region below ca. 350 nm that was due to 

absorption of the CDs. Since the changes in absorbance were small upon the addition of 

CD, the determination of equilibrium constants fiom this data was not considered reliable. 

In addition, if the increases observed were only due to the CD absorption then equilibrium 

constants can not be extrapolated from these absorbance differences.

5 .3 .2  Steady-State Fluorescence

4-VA and t-Ane were fluorescent Both 4-VA and t-Ane in water had broad 

fluorescence spectra with similar maxima at ca. 323 nm. Upon the addition of a-, or P-CD 

to these styrenes the fluorescence intensity increased, but to different extents. 4-VA in the 

presence of a-CD exhibited a slight sharpening o f  the emission band and a very small shift 

of ca. 5 run of the maximum to longer wavelengths. The fluorescence intensity increases 

by ca. six fold upon going from 0 to 30 mM a-CD (Figure 5.1).
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Figure 5.1 Corrected fluorescence spectra of 4-VA in the presence of different a-CD
concentrations (mM): (a) 0, (b) 0.75, (c) 1.5, (d) 2.5, (e) 5, (£) 7.5, and (g) 
30.

In the presence of P-CD, the fluorescence spectra of 4-VA also experiences a 

sharpening of the fluorescence band and a small shift of ecu 5 nm to longer wavelength. 

The fluorescence intensity of 4-VA increases by a factor of ca. three fold upon going from 

0 to 10 mM P-CD (Figure 5.2). The fluorescence of t-Ane in the presence of a-CD also 

increased ecu two fold (Figure 5.3). In this case, there was a slight sharpening o f  the 

fluorescence band and a shift in the fluorescence maximum of ecu 5 nm to shorter 

wavelengths. For t-Ane, when P-CD was added there was very little change in the 

fluorescence intensity. The t-Ane fluorescence intensity was only ecu 10% higher in the 

presence of 10 mM P-CD and no apparent shift or sharpening of the spectrum was 

observed. This result indicates t-Ane may not be complexed very efficiently to p CD, or 

that the quantum yields for fluorescence for t-Ane in the presence and absence o f P-CD 

were very similar.
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Figure 5.2 Corrected fluorescence spectra of 4-VA in the presence of different P-CD
concentrations (mM); (a) 0, (b) 0.5, (c) 1, (d) 2, (e) 3, (f) 4, (g) 6  and (h) 8 .

From the fluorescence experiments, where the changes in the fluorescence intensity 

were large upon the addition of CD, equilibrium constants were determined from nonlinear 

fits using Equation 1.22, where both a 1:1 and a 2:1 complexation stoichiometries were 

assumed (Figure 5.4). In the complexation studies for both 4-VA and t-Ane with a-CD, 

the double reciprocal plots were not linear when either 1 : 1 , or 2 : 1  host-guest 

stoichiometries were assumed (Figure 5.5). This suggests that both 1:1 and 2:1 (ZD 

complexes were present in solution. The recovered values for K, and Kj were 110 ±  30 M 

' and 1500 ± 700 M ' for 4-VA and 400 ±  30 M ' and 1800 ± 700 M ‘ for t-Ane, 

respectively, using Equation 1.22. These values correspond to average of two experiments 

and the errors quoted correspond to average deviations. The statistical errors obtained from 

the fits of the experimental data to Equation 1.22 were of the same order of magnitude as



130

«ca>
c

340 380300 420
Wavelength /  nm

Figure 5.3 Conected fluorescence spectra of t-Ane in the presence of different a-CD 
concentrations (mM): (a) 0, (b) 0.5, (c) 1, (d) 2, (e) 3, (f) 12, and (g) 30.

the average deviations. As shown, the errors in these recovered values were large. This is 

often the case when multiple equilibria are occurring for the CD complexes and when the 

equilibrium constants themselves are similar. In addition, both styrenes were excited at 

260 nm where CD shows a small absorbance. This absorbance should lead to an iimer

filter effect that causes the styrene fluorescence intensity to be artificially lowered.^ An 

attempt to correct for this effect was made, but due to the uncertainty of the CD absorption 

at 260 nm no improvement in the quality of the fits, or for the uncertainties of the recovered 

equilibrium constants was observed. In addition, the values for K, and did not change 

significantly after the correction was performed.
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Figure  5.4 Nonlinear fit of the conected 4-VA fluorescence intensity (323 nm) variatioii 
with the a-CD concentration. The solid line corresponds to the fit obtained 
from using Equation 1.22.

The changes in the fluorescence intensity for 4-VA in the presence of p-CD were 

fitted to Equation 1.20 for the determination o f equilibrium constants assuming a 1:1 host- 

guest stoichiometry (Figure 5.6). Linear double-reciprocal plots support this assumption 

(inset of Figure 5.6). The recovered equilibrium constant for 4-VA using Equation 1.20 

was 700 ± 30 M '. As discussed previously, the changes in the fluorescence intensity for t- 

Ane in the presence of P-CD were too small for any reliable determination of equilibrium 

constants.
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Figure 5.5 Double-reciprocal plots for the variation of the 4-VA fluorescence intensity at 
323 nm in the presence o f different a-CD concentrations fora 1:1 (A) and 
2:1 (B) a-CD:4-VA stoichiometry.
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Figure 5.6 Nonlinear fit of the corrected 4-VA fluorescence intensity (324 nm)
variation with the P-CD concentration. The solid line corresponds to the fit 
obtained from using Equation 1.20. The inset shows the double-reciprocal 
plot for the same data.

5.3 .3  Induced Circular Dichroism

ICD spectra were measured for t-Ane and 4-VA in the presence of a- and P-CD. 

This method provided additional support for the complexation of these probes to CDs. 4- 

VA in the presence of a - and P-CD did not show strong ICD signals in the spectral region 

measured. A weak signal with a low signal to noise ratio was observed in the 300 nm 

region. However, in the case of t-Ane strong ICD signals were detected for both a- and P- 

CD (Figure 5.7). In the presence of P-CD a positive signal at ca. 308 tun and a negative 

signal at ca. 304 nm were observed. The positive signal observed at ca. 307 run in the 

presence of a-CD was less intense; however, a negative signal observed at ca. 303 nm was
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of comparable magnitude as that shown in the presence of p-CD. These results confirm 

that t-Ane forms complexes with both CDs.

40
P-CD

o

-20

300 320
W avelength /  nm

340

Figure 5.7 Corrected ICD spectra of t-Ane in the presence of 8  mM P-CD and 30 mM 
a-CD.

5.3 .4  Time-Resolved Transient Absorption Spectra

The biphotonic ionization of the styrenes in aqueous solution leads to the formation 

of their radical cations and solvated electrons (Scheme 5.1). These radical cations show 

absorption in two regions, one between 320-390 run and the other between 520-660 run. 

The maxima for the absorption bands for the radical cations of 4-VA and t-Ane were 

observed at 360 and 380 run, respectively. The transient absorption band at longer 

wavelengths for both radical cations had maxima at ca. 600 nm. These absorption spectra

are similar to those previously reported in 4:1 water-acetonitrile mixtures.^ Both of these
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Figure  5.8 Transient absorption spectra for the photolysis of 4-VA in water at 85 ns (O) 
and 740 ns (A) delays after the laser pulse.

bands were repotted to be due to the same transient, since they decayed with the same 

transient lifetimes. Aerated solutions were used because the 4-VA and t-Ane radical cations

are not significantly quenched by oxygen.^ Upon the photogeneration of the radical 

cations with an Excimer laser at 308 nm, solvated electrons were formed that absorb 

somewhat throughout the whole spectrum with larger absorptions above 600 nm (Figure 

5.8). The absorption o f these solvated electrons was observed at short delays after the 

laser pulse, which corresponds to lifetimes in the nanosecond time domain. In aerated

aqueous solutions the concentration of oxygen is low, at ca. 0.29 m M .^ These 

concentrations are too low to act as efficient quenchers for the solvated electrons. Previous

studies^ were mainly carried out in watenacetonitrile mixtures, where the concentration of 

oxygen is higher. As a result, solvated electrons may be more efficiently quenched in 

watenacetonitrile mixtures than that of aqueous solutions. However, solvated electrons in
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the presence of acetonitrile are known to form an equilibrium between stable monomer and

dimer radical anions.33 These radical anions have very broad and weak absorption in the 

transient regions investigated in previous studies and is most likely the reason for the lack 

of transient absorption due to solvated electrons. In our studies, the kinetics for the 

transient absorption of both styrenes in the 600 nm region displayed a double exponential 

decay. Of the two exponential decays, the longer-lived decay was assigned to the decay of 

the radical cations. The lifetimes for the radical cations of 4-VA and t-Ane were ca. 2 and 

ca. 20 ps, respectively. The fast decay in each of the kinetic traces was assigned to the 

decay of the solvated electron. This decay had lifetimes of ca. 230-250 ns. To avoid the 

detection of solvated electrons, the solutions were purged with nitrous oxide (NjO). NjO 

is known to efficiently trap solvated electrons with a rate constant of (9.110.2) x lO’ M 's'

Solvated electrons were generated independently in the photolysis of K^Fe(CN)g in

nitrogen purged solutions.^^ The lifetime of the solvated electron when K^Fe(CN)g was 

excited at 308 nm was 860 ns.

The transient absorption spectra for the radical cations of t-Ane and 4-VA did not 

change in the presence of a-, or P-CD. However, the lifetime of the 4-VA radical cation 

did increase from ca. 2 to 8  ps in the presence of a-CD but was unchanged in the presence 

of P-CD. The initial yield of radical cation formation (AA_ )  is proportional to the AA 

value immediately after the laser pulse. The A A ^  values for the 4-VA radical cation 

formation were somewhat higher in the presence of both CDs than in water. In the case of 

t-Ane, the radical cation lifetime in the presence of both CDs were the same as those 

observed in aqueous solution and similar AA^ .  values were measured in water and in the 

presence of both CDs.
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5 .3 .5  Quenching Experiments

The mobility of an excited state molecule between a homogeneous phase and that of 

a supramolecular system can be investigated with an indirect method known as the

quenching methodology.^^ This methodology is used to determine the association and 

dissociation rate constants for probe molecules with a- and P-CD. In homogeneous 

solution, the kinetics of probe molecules follows Equation 1.24, and linear quenching plots 

are observed. In the presence of host molecules, the quenching plots are frequently no 

longer linear, but level off with increasing quencher concentrations. The leveling off 

occurs because the quenching effrciency o f  the quencher is reduced due to the protection 

provided to the complexed probe by the host molecule. At high quencher concentrations, 

the decay of the excited state in the aqueous phase will be very fast, and the exit of the 

excited state from the host molecule will be rate limiting.

In the study of the complexation dynamics of radical cations with a- and P-CD, the 

quenching methodology was employed to determine the entry and exit rate constants for

radical cations with CDs. The direct spectroscopic methodology^^ was not employed 

because no significant changes were observed for the transient absorption spectra of the 

styrene radical cations in the absence and presence of the CDs. Three different quenchers 

were used to study the mobilier o f  these radical cations. Iodide, in the form of 

tetrabutylammonium iodide (TBAl), sodium azide (NaN,), and sodium cyanide (NaCN) 

were chosen as quenchers because these ions remain primarily in the aqueous phase and the 

latter two and other halides, such as chloride and bromide, were previously shown to react

with styrene radical cations.^ All the quenching experiments were performed in the 

presence of NjO so as to avoid interference from the absorption due to solvated electrons 

and all decays for the radical cations followed a monoexponential function (Figure 5.9) for 

all the quencher concentrations employed. Quenching plots, employing Equation 1.24, 

were observed to be linear (Figure 5.10). A  summary of the recovered quenching rate
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Figure 5.9 Decay of the radical cation of 4-VA in water purged with NjO. The kinetic 
trace was monitored at 600 nm.

constants (k^) for iodide and cyanide in the presence o f various CD  concentrations for the 

radical cations are tabulated (Table 5.1). When quenching experiments were carried out in 

the presence of CD a downward curvature was expected because a  large fraction of the 

styrenes were complexed at high CD concentrations, and most of the radical cations should 

be generated within the CD cavities. However, for the radical cations in the presence of 

CDs only linear quenching plots were observed for all the quenchers employed in the 

presence of different CD concentrations. The decays were always monoexponential in the 

presence of CD. In the case of 4-VA, a decrease in the quenching rate constant was 

observed in the presence of 30 mM a-CD, whereas in the presence of 8  mM P-CD no 

decrease was observed. A more detailed investigation was performed on the effect of CD 

concentration on the quenching rate constant for t-Ane. The quenching rate constants for t- 

Ane in the presence of a variety of P-CD concentrations were within experimental error of 

the rate constants measured for t-Ane in aqueous solution. The same result was observed
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Figure  5.10 (a) Iodide quenching plots observed at 600 nm for t-Ane radical cation in 
the absence (O) and presence (♦) of 30 mM a-CD . (b) Cyanide quenching 
plots for the 4-VA radical cation in the absence (O) and presence (♦) of 30 
mM a-CD and (A) 10 mM P-CD.
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T able 5.1 Quenching rate constants determined from the slope of the quenching plots
for the 4-VA and t-Ane radical cations by iodide and cyanide.*

Styrene [CD] /  mM k , /  10° M 's ' 

I-

k, / 10° M 's ' 

CN~

t-Ane no CD 7.3 ±  1.1 (6 )
—

a -C D /10 8 . 2  ±  0 . 6  ( 1 )
-

a -C D /30 3.5 ±  0.6 (2)
—

p-CD / 8
9.6 ±  0.4 (1)

—

4-VA no CD 18.0 ±  2 . 0  (2 ) 3.6 ±  0.05 (2)

a -C D /5 — 4.0 ±  0.3 ( 1 )

a -C D /30 14.0 ±  0.4 (3) 3.5 ±  0.3 (2)

P-CD / 8
17.0 ±  0.3 (1) —

P -C D /10 — 3.3 ±  0.2 ( 1 )

and to average deviations for experiments p e if o m ^  twice. For experiments performed 
once the errors correspond to the statistical deviations for the linear fit of the quenching 
data. The numbers in parenthesis correspond to the number of independent experiments 
performed.

for t-Ane in the presence of the low concentrations of a-CD, but a significant lowering of 

the quenching rate constants were observed for the higher a-CD concentrations. In the 

case of azide, the quenching rate constants for 4-VA and t-Ane in water were (1.06 ± 0.02) 

X 10'° M ' s ' and (6.10 ± 0.05) x 10® M ' s ', respectively, and were of the same order of



141

magnitude as observed for iodide. No change in the slope of the quenching plots with 

azide was observed for both styrenes in the presence of 30 mM a-CD when compared to 

the plots in water. The quenching o f the 4-VA radical cation by cyanide was three orders 

of magnitude less efficient than the quenching by iodide and azide. Cyanide quenching 

was performed for the 4-VA radical cation in the presence o f a -  and P-CD, but no 

differences in the quenching rate constants were observed from those determined in 

aqueous solution. The quenching plots were not as linear (r =  0.983 - 0.986) as observed 

in the case of iodide, or azide because at the high cyanide concentrations used the 

magnitude of the radical cation signal decreased due to the absorption of laser light by the 

quencher. Therefore, as the signal to noise ratio decreased the precision in the lifetime 

measurements decreased. The quenching of t-Ane by cyanide was not studied because for 

this radical cation the quenching effrciency was smaller than that for 4-VA. As a  result only 

an estimate of the quenching rate constant was obtained ( «  S x 1 0  ̂M 's^ ) .

The quenching of the t-Ane and 4-VA radical cations by TBAl was also studied in 

aqueous and a-CD solutions in the presence of alcohols. All decays followed a 

monoexponential function and the quenching plots were linear. For both 4-VA and t-Ane 

in aqueous solution, the quenching rate constants in the presence of the alcohols were the 

same as those observed in the absence o f the alcohols (Table 5.2). For 4-VA in the 

presence of 30 mM a-CD and 1- and 2-butanol the same quenching rate constants were 

observed as in the absence of the alcohols. However, in the case o f 1 -pentanol a  slight 

increase in the quenching rate constant was observed for 4-VA in the presence of 30 mM a- 

CD. In the case of t-Ane in the presence of 30 mM a-CD, the quenching rate constants in 

the presence of 1 -butanol and 1 -pentanol were slightly higher than was observed in the 

absence of the alcohols. Equilibrium constants for the complexation of the styrene 

precursors to CDs in the presence o f alcohols were not determined since no alcohol effect 

was observed from the quenching studies. However, equilibrium constants for the 

complexation of xanthone to y-CD have been shown to increase in the presence of
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alcohols.^ ̂  As discussed earlier, the exit rate constant of triplet xanthone from P- and y-CD 

significantly decreases in the presence of alcohols by at least a factor of five than that in the

absence of the alcohols A ̂  It was suggested that preferential solvation of the alcohols at the 

rim of the CD cavities could create a barrier for the exit of the triplet xanthone from the 

CDs. As a result, a decrease in the dissociation rate constants would be observed.

Table 5.2 Quenching rate constants by iodide for t-Ane and 4-VA in aqueous and a- 
CD solutions in the presence of alcohols.

Alcohol 

( 1 % v/v)

k , /  lO’ M V

0 mM a-CD 

4-VA t-Ane

30 mM a-CD 

4-VA t-Ane

No Alcohol* 18.0 ± 2 . 0  (2 ) 7.3 ±  1.1 (6 ) 14.0 ± 0.4 (3) 3.5 ±  0.6 (2)

1-Butanol ** 17.6 ±  0.3 8 . 1  ± 0 . 2 14.3 ± 0.4 5.9 ±  0.2

2-Butanol *’ 17.7 ±  0.4 — 13.9 ± 0.2 —

1-Pentanol ** 16.2 ±  0.3 8.3 ±  0.2 15.6 ± 0.2 6.0 ±  0.3

twice. The numbers in parenthesis corresponds to the number of independent experiments 
performed, (b) Errors correspond to the statistical deviations for the linear fit o f the 
quenching data from one experiment.

5 .3 .6  Q uantum  Yield Experim ents

One possible reason for the absence of a downward curvature in the quenching 

plots for the radical cations in the presence of CDs is that the radical cations generated 

within the CD cavity may be reacting with the CD immediately and can not exit from the 

CD into the aqueous phase. To test this hypothesis, the relative quantum yields for the
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formation of the radical cations and the solvated electrons were determined for the radical 

cations in aqueous and CD solutions. For the determination of the radical cation to solvated 

electron ratio for the styrenes, the transient absorption of the styrenes were measured. The 

radical cations absorb in the ultraviolet and visible regions, however, the ultraviolet region 

also contains absorption due to photoproducts generated as a result of the photoionization 

process. Therefore, the absorptions of the radical cations were measured at 600 nm, where 

there was no contribution from photoproducts. The solvated electrons absorb throughout 

the ultraviolet and visible regimis, including the 600 nm region, but the abswption is

strongest at ca. 700 nm,75 where there is no contribution from the absorbance of the radical 

cations. This was ccmfirmed from transient absorption spectra measured in the presence of 

nitrous oxide. As mentioned earlier, nitrous oxide is known to cfGcicntly trap solvated

electrons.^'* The relative yield of radical cation formation was measured at 600 nm, where 

there were contributions from radical cations, and solvated electrons in the absorfoaiKe 

value observed. An internal standard was employed in order to separate the contributions 

for each species from the total absorbance at 600 nm. The internal standard used was the 

absorption of the solvated electrons at 700 nm. Independently, the transient absorption 

spectra for solvated electrons generated in the photolysis of K^FefCN)^ were measured 

(Figure 5.11 (A)). From these experiments, the ratio of the solvated electron absorption at 

600 and 700 nm (AAgg^/AA^ was determined to be 0.637 ±  0.004 (three experiments).

By employing the ratio for the solvated electron absorption at 600 and 700 nm and the 

measured absorbance for the solvated electron at 700 run, the contribution of the solvated 

electron absorption at 600 nm was calculated for the transient absorption spectrum of a 

radical cation (Figure 5.11 (B)). Consequently, the absorbance at 600 nm for the solvated 

electron was subtracted from the total absorbance, which equals the absorbance due to the 

radical cation. From these two absorbance values the ratio of radical cation to solvated 

electron was determined.
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Equation 5.1

4 > r c  _  (A A ^-0 .637A A ^) £.(700)
4> c  £ r c ( 600 )

Included in this ratio is the dependence of the yields on the molar absorptivities for 

both species (Equation 5.1). This treatment was performed since only in the case o f the t- 

Ane radical cation is the molar absorptivity known and reported to be 10,960 cm ' in

acetonitrile at 600 nm.^^ For the 4-VA radical cation the value for the molar absorptivity is 

not known. In water the molar absorptivity for solvated electrons has been reported to be

19,000 cm ' at 720 nm.7^ In addition, the values for the molar absorptivities of the radical 

cations were not expected to change with the complexation to CDs since no shifts in the 

transient absorption spectra were observed in the presence of the CDs. For this reason, the 

ratio of e values were assumed to be constant and thus the ratio of relative yields was 

proportional to the absorbances o f the radical cations measured at 600 nm and the solvated 

electron absorbance at 700 nm.

The measured ratios for the quantum yields of radical cation to solvated electron 

formation in water were 0.66 ±  0.22 (six experiments) and 0.46 ±0.11 (thirteen 

experiments) for the radical cations of t-Ane and 4-VA, respectively. The difference in 

these values is due to the different molar absorptivities of the radical cations at 600 nm. If 

the reported molar absorptivities for the t-Ane radical cation and the solvated electron are 

employed in Equation 5.1 then the ratio for the quantum yields of the t-Ane radical cation to 

solvated electron becomes ecu l .I .  This is in agreement with the assumption that upon the 

formation of one radical cation, one solvated electron is also formed. In each experiment, a 

smaller radical cation to solvated electron ratio was always observed for the radical cations 

generated in the presence of CD than in aqueous solution. However, the absolute values 

for the ratio of radical cation to solvated electron yield between experiments on different 

days varied considerably for the samples containing CDs. Therefore, the errors for the
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Figure 5.11 Transient absorption spectra for the photolysis of a K^FeCCNjgOHjO
deaerated aqueous solution ((A), with delays of 400 ns (a), 1.5 ps (b), 3.0 
ps (c) and 4.5 ps (d) after the laser pulse) and an aerated solution of 4-VA 
in the presence of 30 mM a-CD ((B), with delays of 2 (a), 6  (b), 13 (c), 
and 18 ps (d) after the laser pulse).
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averaged values are quite large. Nonetheless, it was apparent that the ratio did decrease for 

both styrene radical cations as the concentration of a-CD was increased (Table 5.3). The 

effect of P-CD on the ratios was not as large as observed in the case of a-CD.

Table S.3 Ratio for the relative yield of radical cation and solvated electron fonnation 
in the absence and presence of a - and P-CD.*

[CD] /  mM

t-A ne

4»ac /  4».

4-VA

No CD 0 . 6 6  ± 0 . 2 2  (6 ) 0.46 ±0.11 (13)

a -C D /0.5 0.55 ± 0.01 (2) _

a-C D /1 0.49 ± 0.07 (4) 0.40 ± 0.01 (2)

a-C D /5 0.47 ±0.12  (4) 0.33 ±  0.01 (2)

a-CD/10 0.42 ±0.15 (4) 0.25 ±  0.08 (7)

a-CD n o 0.45 ± 0.12 (4) 0.26 ±  0.06 (4)

a-CD n o 0.35 ± 0 .14  (6 ) 0.33 ±0.15 (13)

p-CD/2 0.50 ± 0.02 (2) 0.61 ±  0.04 (2)

P-CD / 8 0.45 ± 0.14 (2) 0.52 ±  0.08 (2)

(a) Errors correspond to standard deviations for experiments performed more than twice 
and to average deviations for experiments performed twice. The numbers in parenthesis 
correspond to the number of intfependent experiments performed.
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5 .4  D iscussion

In the study of the complexation of styrene derivatives to CDs two different aspects 

were examined. The first objective was to investigate the dynamics of the radical cations 

photogenerated from the precursor styrenes in the presence of CDs. The complexation 

dynamics of other probes with CDs were first studied using temperature-jump and

ultrasonic relaxation methods.'*^>^*^^ From these studies, it was established that the exit 

and entry rate constants for molecules in their ground state are not reflected in their 

equilibrium constants. Furthermore, it has been established that the determination of entry, 

and exit rate constants for excited state molecules can not be ex trt^ la ted  fiom ground state

equilibrium constants.^*^^ Other studies investigating the dynamics of guest molecules 

within CDs have also been reported to achieve a better understanding into the dynamics of

these host-guest systcms.'*^'^*'^-^ This understanding of the dynamics associated with 

host-guest systems will make CDs more useful in such {^plications as catalysis, drug

delivery, and chromatography

The second objective in this study was to establish whether, or not the presence of 

alcohols affects the complexation dyntunics of radical cations with CDs. Recently, it was 

shown that the exit rate constant of triplet x{mthone from |^and y-CD significantly

decreases in the presence o f tdcohols.^ ̂  It was suggested that in the presence of alcohols, 

these co-solvents could be solvating preferentially the entrances of the CD cavities. As a 

result of this preferential solvation, a  barrier for the exit of the triplet xzmthone from the 

CDs to the aqueous phase could be created. Thus, a decrease in the dissociation rate 

constants would be expected. Studies into the effect of tdcohols on the complexation 

dynamics of additional CD host-guest systems could have important implications for 

general applications of CDs in drug delivery, and separation technology. Alcohols are

known to act as nucleophiles with radical cations.34 Thus, if preferential solvation is
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involved in the mechanism for the dissociation of guest molecules from CDs, then we 

should expect to observe an effect from the interaction of styrene radical cations with the 

alcohols as they exit the preferentially solvated CD cavities.

5 .4 .1  Ground State Complexation Efficiency

Before the dynamics of the serene radical cation con^)lexation can be investigated, 

the complexation efficiencies of the precursor serenes with a -  and P-CD have to be 

determined. Fluorescence spectroscopy was en^loyed to determine the complexation 

efficiencies of the styrenes to the CDs. Increases in both the fluorescence of t-Ane and 4- 

VA were observed in the presence o f a-CD, which indicates that the styrenes have formed 

complexes with the CD. Accompanied with the increase in intensity was a sharpening of 

the fluorescence band and small shift o f the emission maTimum to shorter wavelengths. 

These spectral changes are also indicative of CD conqrlexation. In the presence of P-CD, 

4-VA exhibited large increases in flumescence intensity with a sharpening of the 

fluorescence band and a  shift of the fluorescence maximum to shorter wavelengths. In the 

case of t-Ane, only very small changes in the fluorescence intensity were observed. This 

may suggest that complexation with P-CD is inefficient, but it may also indicate that the 

fluorescence quantum yield for t-Ane is similar in water and in the complex with P-CD.

Induced circular dichroism (ICD) was also employed to provide additional 

information on the complexation of the styrenes to both CDs. ICD was very helpful in 

supporting the assignment for the complexation of t-Ane to p-CD, since complexation for t- 

Ane and P-CD could not be confirmed from the fluorescence studies. ICD signals were 

observed for t-Ane in the presence of P-CD. This indicates that the achiral t-Ane molecules 

are interacting with the chiral environment of the CD cavity, which suggests the 

complexation of t-Ane to P-CD. ICD signals were also observed for t-Ane in the presence 

of a-CD.
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From the fluorescence spectra obtained for the styrenes with a - and P-CD both the 

host-guest stoichiometries and the equilibrium constants for the different stoichiometries 

were determined. The host-guest stoichiometries were confirmed from the double 

reciprocal plots for the inverse of the change in fluorescence intensity against the inverse of 

the CD concentration. The double reciprocal plots for t-Ane and 4-VA in the presence of a- 

CD showed that both 1:1 and 2; 1 host-guest stoichiometries were present The formation 

of complexes with stoichiometries higher than 1:1 is not unusual and has been observed for

a number of guest molecules.^2-44 Xhe introduction o f a second CD is often observed 

when the guest molecule is not completely included in the first CD. In effect the second 

CD caps the exposed portion of the guest molecule not included by the first CD. The 

formation of a 2:1 complex provides better protection of the guest molecule from the 

aqueous environment This often leads to an increase in the fluorescence quantum yield 

and lifetime of the guest molecule. For example, guest molecules that do not fluoresce in 

an aqueous environment, such as fluorenone, show fluorescence when complexcd to two 

molecules of a-CD (Section 4.2). In addition, in the complexation of pyrene to ^-CD it 

was observed that the fluorescence lifetime of the 1:1 complex was similar to that measured

in water, whereas a significant lengthening of the lifetime was measured for 2:1 complex.^ 

The observation of higher order complexes in the case o f the styrenes with a-CD suggests 

that in the 1:1 host-guest complex the serene molecule is not completely included into the 

a-CD cavity and that part of the styrene molecule is exposed to the aqueous phase. 

Therefore, a 2:1 complex is formed that provides additional protection from the aqueous 

phase for the 1:1 host-guest complex with a-CD. In the case of P-CD, which has a larger 

cavity, a styrene molecule may include deeper into the cavity, and not provide enough of a 

surface for the binding of a second CD. The changes in the fluorescence intensities for the 

1:1 complexes of the styrenes with P-CD were smaller than the fluorescence changes 

observed for the 2:1 complexes of the styrenes with a-CD. The absence of significant 

changes in the fluorescence intensities for styrene in the presence of P-CD shows that a 2:1
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complex is not forming for this CD. However, the absence of large changes in the 

fluorescence intensities of the styrenes in the presence of |S-CD may also indicate that the 

fluorescence quantum yields for the styrenes in water, and complexed in the 1:1 and 2:1 

complexes with P-CD are similar. However, based on the fluorescence studies 

demonstrating the formation of 2:1 complexes of the styrenes with a-CD, it is unlikely, that 

similar fluorescence parameters would differ so significantly in the case for the emission of 

the styrenes in P-CD. In fact, the small changes in fluorescence for the styrenes in the 

presence of P-CD would suggest that the styrenes are somewhat exposed to water when 

complexed to this CD.

The equilikium constants measured for the 2:1 complexes of both t-Ane and 4-VA 

with a-CD were higher than for the 1:1 complex to a-CD. Therefore, the fraction of 

styrene that was complexed to a-CD will be highest for the 2:1 complexes. From the 

equilibrium constants obtained from fluorescence studies, the fraction of styrenes bound in 

the different host-guest stoichiometries and in water were determined. For exan^le, the 

fractions of 4-VA free in solution, involved in a 1:1 and 2:1 complex at 5 and 30 mM a-CD 

were 0.17, 0.10,0.73 and 0.007, 0.022,0.97, respectively. In the presence of P-CD, a 

1:1 stoichiometry was observed for the complex with 4-VA. The fraction of 4-VA 

complexed to 2 and 10 mM p-CD was 0.58 and 0.88, respectively. In the case of t-Ane, 

only a small enhancement in fluorescence was observed in the presence of P-CD. One 

explanation for this could be that t-Ane was not forming complexes with P-CD. However, 

as discussed, circular dichroism demonstrates that t-Ane is interacting with the chiral 

environment of p-CD. The small enhancement in the fluorescence of t-Ane in the presence 

of P-CD may either be a result of the exposure of t-Ane to water and not deeply included in 

the P-CD cavity, or it may reflect similar fluorescence quantum yields for t-Ane in water 

and in a 1:1 complex with P-CD.
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5 .4 .2  Radical Cation Lifetimes and Transient Absorption Spectra

The complexation of 4-VA to a-CD led to a increase in the lifetime of the radical 

cation. It has been shown on previous accounts that the radical cation of 4-VA are 

efficiently quenched by the precursor styrene of 4-VA. This self-quenching process results 

in a shortening of the radical cation lifetime in homogenous solution. The observed rate 

constant, assuming that no self-quenching occurs when 4-VA is complexed to CD, can be 

calculated using Equation 1.24, where k, = 1.25 x 10̂  s'* (the lifetime in the presence of

CD), kq = 1.1 X 10̂  M'* s'* in acetonitrile^, and the [4-VA] =  60 pM. The calculated rate 

constant (1.9 x 10̂  s'*) is comparable to the experimentally observed rate constant (5 x 10̂  

s'*). The effect that a-CD has on the radical cation lifetime can be explained by a 

sequestering of the 4-VA radical cation within the CD cav i^  from the aqueous phase. As a 

result, this leads to a reduction in the effective firee styrene concentration in the aqueous 

phase, and to a smaller degree of self-quenching. In the presence of P-CD, no lengthening 

of the radical cation lifetime of the 4-VA was observed. From  earlier discussions, this 

could be explained by the larger fraction of 4-VA bound in a-CD  solutions when compared 

with the fraction bound in the presence of P-CD. As a result, a smaller fraction of 4-VA 

radical cation was sequestered by P-CD from the aqueous phase, and a larger effective free 

concentration of 4-VA would be available to the self-quenching process than was observed 

for 4-VA in a-CD. As a result, no reduction in the degree o f  self-quenching would be 

expected, and no increase in the radical cation lifetime would be observed. However, the 

fraction of 4-VA bound even at a 2 mM p-CD was greater than 50%. This suggests that 

there is an additional quenching mechanism responsible for the absence of an observed 

increase in the radical cation lifetime. One possibility is that the 1:1 host-guest complex of 

4-VA and P-CD may be able to participate in the self-quenching process. This seems 

reasonable considering that from fluorescence studies it was suggested that the styrenes are 

not well protected from the aqueous phase in the presence o f  p-CD. In the case of t-Ane,
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the reported self-quenching rate constant in acetonitiile (< 1 x 10* M*‘ s'*)^ is much lower 

than 4-VA in acetonitrile. As a result, self-quenching will be very inefficient at the t-Ane 

concentrations (ca. 50 pM) employed in these experiments. Consequently, the 

complexation of t-Ane to either CD did not affect the lifetime of the t-Ane radical cation.

The complexation of t-Ane and 4-VA to a- and P-CD did not lead to any spectral 

changes in the transient absorption spectra of the respective radical cations. A change in 

transient absorption spectra of the radical cations complexed to the CDs in comparison with 

the radical cations in water would be expected if the complexed radical cations have 

different molar absorptivities than the radical cations in water. As discussed earlier 

(Section 1.3.1), the excited triplet state o f xanthone is observed to have a  spectral shift of 

C O . 20 nm in its transient absorption spectra at short times after the laser pulse. This shift 

was assigned to the relocation of xanthone from the less polar CD cavity to the more polar

aqueous phase,^^ and a result of the changes in the molar absorptivities for the different

microenvironments.

5 .4 . 3  Radical Cation Quantum Yields

CDs are composed of glucose units and for this reason they contain alcohol 

functionalities that are located at both entrances of the CD cavity. One would expect that 

the radical cations would be more reactive towards the CDs than the solvent because 

alcohols are better nucleophiles than water. Although the reactivity of both radical cations

towards methanol measured in acetonitrile/water mixtures is low (<3 x 10* M 's  ')^^, one 

can not rule out that the effective concentration at the rim of the CD is high enough for a 

reaction to occur between the radical cations and the CD. As discussed, in the presence of 

CDs the lifetimes of the radical cations were either unchanged, or lengthened suggesting 

that the radical cations in the aqueous phase do not react to a significant extent with the 

CDs. However, these lifetime measurements do not necessarily reflect the reactivity of the
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radical cations when complexed to the CD cavity if such a reaction occurs during the laser 

pulse (ca, 15 ns). The absorption of solvated electrons was used as an internal standard to 

estimate the amount of radical cations that reacted with the CD cavities during the laser 

pulse. The photoionization of the styrenes leads to the formation of a radical cation and an 

electron. As a result, the ratio of the absorbances for the radical cations and solvated 

electrons at 600 nm in aqueous solution are present in a 1:1 concentration ratio of these two 

transients. As discussed earlier, this assumption is supported for the case of t-Ane, where 

the molar absorptivities for the radical cation and solvated electron are known and a ratio of 

CO. 1.1 was determined by incorporating the e values mentioned above (Section 5.3.6) into 

Equation 5.1. From N^O experiments, there was no absorptitm observed for the radical 

cations at 700 run. Independently, the ratio of the absorption o f solvated electrons at 600 

and 700 tun was determined. Employing this ratio to the absorption of solvated electrons 

measured at 700 nm, the absorption due to solvated electrons at 600 run in the presence of 

the styrene radical cations was determined, and the ratio for the relative yield of radical 

cation to the yield of solvated electron was calculated. Although the errors for the average 

of the ratios measured are high, in the presence of a-CD it was observed that the relative 

yield for the radical cation formation decreased with respect to the solvated electron yield. 

This result suggests that some o f the radical cations are reacting with the CD during the 

laser pulse. This suggestion can only be made if one assumes that the yield of solvated 

electron is constant in the absence or presence of CDs. If solvated electrons were being 

trapped by the CD cavities, and the radical cations were not reacting with the CDs then one 

would observe an increase in the ratio of the quantum yields. In addition, if the solvated 

electron were reacting with the CDs, a decrease in the transient lifetime of the solvated 

electron at 700 nm would be observed in the presence of CDs. In either case, no 

experimental evidence was found to suggest that the yield of solvated electron or lifetime 

differed in the presence or absence of CDs.
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In addition to the decrease in the ratio for radical cation formation to that of solvated 

electron in the presence of CD, a decrease of this ratio was observed to enhance as the a- 

CD concentration was increased. This suggests that the decrease in the ratios are directly 

related to the firaction o f styrene complexed to a-CD. As discussed earlier, at a-CD 

concentrations greater than 4 mM, more than 75% of 4-VA was bound to a-CD either as a 

1:1, or a 2:1 complex. At least 85% of bound 4-VA was in the form of a 2:1 complex at 

this CD concentration. As a result, a larger decrease in the ratio for the 4-VA radical cation 

to solvated electron would be expected at the higher concentrations of a-CD than observed 

at the lower concentrations of a-CD, if the radical cations were reacting with the CD. The 

effect of CD concentration on the decrease in the ratio of quantum yields was much less 

significant with increasing concentrations of P-CD. This may stem firom the observation 

that the fiaction of 4-VA complexed to P-CD was smaller than the fraction complexed to a- 

CD, as observed from the equilibrium constants determined fix>m fluorescence 

experiments. In addition, the absence of 2:1 complex formation for 4-VA may also be 

responsible for the smaller decrease in the ratios upon increasing concentrations of P-CD. 

With an additional CD present in the 2:1 complexes of 4-VA with a-CD, it would be 

expected that the probability of a radical cation reacting with the CD cavity would increase 

by two fold. This possibility is not available for the complexes of 4-VA formed with p- 

CD.

It is difficult to quantify from these ratio measurements the percentage of the radical 

cations that react with the CDs because the errors in the ratios are large. However, a 

conservative estimate is that significantly less than 50% of the radical cations react with the 

CD during the laser pulse. This estimate is in agreement with the AA_. values measured at 

600 nm. In the presence of CDs, the AA^ , values did not change significantly (within 

15%). However, we have shown that at a-CD concentrations greater than 4 mM, more 

than 75% of 4-VA was bound to a-CD. For this reason, if  all the radical cations formed 

within the CD cavities reacted with the CD before exit into the aqueous phase then a much
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more substantial decrease of the relative yield of the radical cations and of the A A ^  values 

would have been observed. This is particularly true in the case of 4-VA in the presence of 

30 mM a-CD where more than 99% of the styrene molecules are complexed, for which 

98% of the bound 4-VA is in the form of a 2 :1 complex. In this case if the reaction of the 

radical cation and the CD was occurring during the laser pulse then no signal for the radical 

cation should have been observed. This is clearly not the case. The same argument can be 

made for t-Ane because the equilibrium constants of this styrene with a-CD are higher than 

for 4-VA, which means the firaction of radical cation bound to the CDs will be larger. 

Transient absorption signals were also observed in the microsecond time domain for the 

radical cations in the presence of  ̂ -CD; therefore, as in all cases, only a small percentage 

( «  50%) of the radical cations react with the CDs before exciting into the aqueous phase. 

The exit of the radical cation from the CD cavity into the aqueous phase is expected, since 

this relocation is probably driven by the formation of a charged guest More specifically, 

the positively charged radical cation can not be efficiently solvated by the interior o f the CD 

cavity. Therefore, as the radical cation explores the volume of the CD cavity it will get 

close to the rim of the CD cavity and as soon as it encounters water molecules and a  more 

hydrophilic enviromnent the radical cation will exit into the aqueous phase.

5 .4 .4  Radical C ation  Quenching Studies

The dynamics of the styrene radical cations complexed to CDs could not be 

determined using direct spectroscopic studies because the transient absorption spectra for 

the radical cations in water were the same as in the presence of the CDs. For this reason, 

quenching studies were performed with anions that primarily reside in the aqueous phase.

Previously, anionic quenchers have been used in quenching studies with CDs.^®*^*^® In 

this study, iodide in the form of tetrabutylammonium iodide, as well as azide and cyanide 

in the form of their sodium salts were chosen as quenchers. The quenching rate constants
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for t-Ane and 4-VA radical cations by these quenchers have not been previously reported in 

pure water. However, azide, cyanide, chloride and bromide were previously employed as

nucleophiles to quench these radical cations in neat acetonitrile and 4; 1 wateracetonitrile.^ 

The quenching rate constants for the radical cations by iodide (Table 5.1) and azide in water 

were equal to, or slightly higher than the diffusional rate constant in this solvent (6.5 x lO’

M * s'* at 20 *Q .^  The quenching rate constant for cyanide (Table 5.1) was much less 

efficient, and not diffusion-controlled. However, the diffusional rate constant in water may 

be higher considering that additional Coulombic interactions may enhance the rate of 

diffusion of the anionic quenchers to the positively charged radical cations.

For the quenching methodology to become applicable, it is necessary that the 

quenching mechanism involves contact between the guest (radical cation) and the quencher. 

In these studies, all of these anions are nucleophiles and can react with the serene  radical 

cations through nucleophilic addition. However, electron transfer should also be 

considered when the quenching rate constants are higher than the diffusional lim it The 

reason for such a precaution is that a quenching rate constant can only be higher than the 

diffusional rate constant in a specific solvent if there is an additional quenching process that 

is of the same order of magnitude, or larger than the diffusion-controlled rate constant. 

These larger rate constants will only be observed if the quenching process can occur at a 

distance larger than that o f an encounter complex. Electron transfer is such a  process. It

has been established that the reaction of styrene radical cations in acetonitrile with azide^

and olefins^* can involve electron transfer. Furthermore, in our studies electron transfer 

can also be involved in the quenching mechanism if the standard potential for the quencher 

is lower than the standard potential of the styrene radical cations. Such a case would 

involve a favorable, or exergonic electron transfer from the quencher to the radical cation. 

An example of such a reaction is the quenching of the radical cation of 4-VA by iodide.

The potential (E°) for this redox reaction (Scheme 5.2) can be calculated by subtracting the
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Scheme 5.2

E' /V

4-VA ' + e -  ,  —  4-VA E'i = < 1.49

1/2 I2 + e~ ..t I 5*2 = 1.2

4-VA''* + I" ,  4-VA + 1/2 I2

E' = E'i - E*2 = <0.29

oxidation potential of the iodide (Ej") from the reduction potential of the radical cation 

(£,°). In acetonitrile, the half-wave standard potentials versus the saturated calomel

electrode (SCE) for the t-Ane and 4-VA radical cations are 1.39 and 1.49 V, respectively.3* 

In water, the standard reduction potentials for the styrene radical cations will decrease 

because the radical cations are stabilized in water. Hence, the standard potentials reported 

in acetonitrile can be considered as the upper limits for the standard potentials in water.

The standard potential versus the SCE for iodide, azide and cyanide in acetonitrile are 0.9,

1.2, and 1.3 V, respectively.^^ In water, the standard potentials versus the SCE for the

quenchers increase to 1.2, 1.6, and 1.7 V for iodide, azide and cyanide, respectively.^^ 

From these standard potentials, the net potential for the redox reaction can be determined.

In our example, the standard potential of the 4-VA radical cation in water versus the SCE is 

given as < 1.49 V. Under the same conditions, the standard potential for iodide is given as

1.2 V.80 In this redox reaction (Scheme 5.2), the reduction is occurring with the radical 

cation of the 4-VA accepting an electron to return to the neutral styrene precursor. The 

oxidation occurs as the iodide gives up an electron to the radical cation and as a result 

becomes neutral iodine. For the oxidation, the sign of the standard potential is reversed 

before the potentials o f each half reaction are added. The net result is a positive standard
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potential of < 0.29 V. Equation 5.2 describes the relationship between the &ee energy 

change (AG°) of a chemical reacticm to the potential difference (E°) between the two half

Equation 5.2

AG° = -nE E °

reactions. Consequently, we observe a net positive potential for a redox reaction, which is 

indicative of a exergonic reaction with a AG” > -28 U  mol '. This demonstrates that the 

quenching of the radical cation of 4-VA by electron transfer could be favorable for the case 

of iodide. However, if  the potential for the reduction of the 4-VA radical cation in water is 

lower than estimated, then the reaction will be less exergonic, and will even become 

endergonic if the reduction potential for the radical cation is smaller than 1.2 V.

If long-range electron transfer is a part of the quenching mechanism for the radical 

cations by the quenchers employed then the quenching methodology breaks down in its 

assumption that there must be an encounter complex formed between the quencher and the 

radical cation. If this long-range process is present then at high quencher concentrations a 

quenching plot with a downward curvature will not be observed since the exit of the guest 

from the CD cavity will not be the rate-determining step in the quenching mechanism.

Under the assumptions of the quenching methodology, the quenching efficiency is defined 

as the ability of the quencher to form an encounter complex with the guest molecule. If the 

quenching mechanism involves long-range electron transfer then quenching can occur at a 

distance before the guest exits the cav i^ . In such a case, it would be impossible to 

differentiate between the quenching mechanism resulting from the formation of an 

encounter complex with the exit of the radical cation from the CD  cavity, and quenching by 

long-range electron transfer of the radical cation complexed to the CD.

Cyanide was used as a quencher to eliminate the possibility of long-range electron 

transfer. From calculations using the standard potential for cyanide as a quencher in the
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redox reaction with either of the radical cations, it is shown that electron transfer with this 

anion is an endergonic process that makes this quenching process less favorable than 

anionic quenchers with lower standard potentials. More importantly, the quenching 

efficiency of the radical cations by cyanide was ca. three orders of magnitude smaller than 

that of iodide and azide. The quenching of the radical cations by anionic quenchers 

parallels the kinetics of bimolecular quenching mechanisms (Section 1.2.2.4), where the 

observed quenching rate constant is described by Equation 1.19. For the quenching 

reaction, if we assume that the lifetime of an encounter complex (k^g) for the radical cation 

and the cyanide ion is ca. 100 ps (ca. 1 x 10'° s '), a k ĵ„ of ca. 1 x 10‘° M ‘ s ', and a 

kq(obs) of ca. 1 x 10’ M ' s ', the quenching rate constant (k^) will be ca. 1 x 10’ s ', 

which translates into a lifetime of ca. 100 ns. This demonstrates that even if the free energy 

for the redox reaction were exergonic, quenching by long-range electron transfer will not 

be present since the quenching rate constant for the reaction is of the magnitude that an 

encounter complex will be formed. Consequently, long-range electron transfer was 

eliminated as a possible mode of quenching for the radical cations by the anionic quenchers 

employed.

As discussed earlier, when the quenching methodology is employed to determine 

the entry and exit rate constants of a guest with CDs, the complexed guest molecule is 

protected from the quencher in the bulk phase. At high quencher concentrations, a 

quenching plot with a downward curvature is generally expected because the rate limiting 

step corresponds to the exit of the guest firom the CD cavity, and the quenching efficiency

of the complexed guest.'*^ No curvature was observed for the quenching plots of both 

radical cations in the presence of CDs. There are two possible explanations for this 

behavior. Either the exit of the radical cation is fast, or the quencher has access to the 

radical cation within the CD cavity. It is important to note that linear plots were observed in 

the presence of a-CD for experimental conditions, where most of the styrenes are 

complexed with two CDs. In a recent study of the complexation dynamics of 2-naphthyl-
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1-ethanol (2-NpOH) with P-CD, where complexes with 1:1 and 2:2 stoichiometries were 

formed, it was observed that the ratio for the quenching efficiency of the excited triplet state 

of 2-NpOH by Mn^* in water to that of 2-NpOH in a 1:1 complex was between six and

ten.50 This suggested that the protection provided by P-CD was approximately an order of 

magnitude better than in the homogeneous aqueous solution. Assuming the ratio of the 

quenching efficiencies for 2-NpOH with P-CD ina 1:1 host-guest complex by Mn^* is 

similar to that of cyanide for a 1:1 host-guest complex, we would expect a similar ratio in 

the quenching efficiencies for the radical cations in the presence o f a-CD. This was not the 

case. To further exemplify that the quenching of the radical cations by cyanide occurs in 

the aqueous phase, in the case of the 2:2 complexes of 2-NpOH with P-CD, a significantly 

larger ratio for the quenching efficiencies was observed at ca. 500 when compared to 2-

NpOH in water.^ Therefore, if we were to assume a comparable decrease of the 

quenching efficiency by Mn^* for a  2:2 host-guest complex with the quenching efficiency 

by cyanide for a 2:1 complex, then the ratio of quenching efficiencies for the radical cations 

in the presence of a-CD would be expected to be significantly smaller than observed in 

water. Since no reduction in the quenching efficiencies by cyanide o f any magnitude was 

observed for the radical cations complexed to a-CD, the linear quenching plots indicate that 

the radical cations being quenched reside in the aqueous phase.

The quenching of the radical cations in the aqueous phase can either be due to the 

fast exit of the radical cations from the CD cavities, or to a  fast reaction of the radical 

cations with the CDs. The latter possibility was excluded, since the decrease in the relative 

radical cation to electron yields were small compared to the fraction o f styrene bound to the 

CD cavities. Hence, the linear quenching plots are due to the fast exit of the radical cations 

from the CD cavities, and the exit lifetime has to be smaller than the time resolution of the 

equipment (< 20 ns). In the case of cyanide, one may argue that the quenching plots at the 

high concentrations of quencher may show some curvature. To investigate this possibility, 

an attempt was made to fit the experimental data to Equation 1.25. In doing so, the value
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for kp̂  was fixed, and the values for k,(eff) were varied. From these fits, values for the 

exit rate constant (k^J were recovered. From the best fits of the experimental data, the exit 

rate constant was estimated to be > 1 x 10̂  s ' that corresponds to a radical cation lifetime 

within the CD complexes of less than 100 ns. As discussed earlier, this fast exit is 

probably driven by the fact that a charged guest molecule is formed in the photoionization 

process of the styrene.

The fast exit observed for the radical cations from a- and P-CD could have been 

expected for the 1:1 complexes since the fluorescence experiments indicated that the 

styrenes were somewhat exposed to the aqueous phase. However, it is surprising that 

even for the 2:1 complexes with a-CD the exit of the radical cation was fast especially since 

the dissociation of a  2:2 complex between pCD  and 2-nrq)hthyl-l-ethanol was estimated to

occur in the millisecond time-domain.^ One possibility for the fast exit of the styrene 

radical cations is that they exit th ro u ^  the CD entrance that is rx)t involved in the 

complexation of the second CD. A second possibility is that the formation of a charged 

guest leads to a very fast dissociation of the two CDs. This latter explanation would mean 

that the dynamics of CD complexes with higher stoichiometries spans more than four 

orders of magnitude. To differentiate between these two possibilities one would have to 

ensure that the complex involving two CD molecules has the narrower entrances exposed to 

the aqueous phase and that the charged guest is too large to exit through the narrower 

opening.

It is noteworthy, that for t-Ane in the presence of high a-CD concentrations the 

quenching rate constant decreased by a factor of ca. two. Linear quenching plots with 

smaller slopes than observed for measurements in aqueous solution are the first indication 

that the dynamics of complexation is competing with the quenching process. This can be 

seen from the derivative of Equation 1.25 with respect to [Q] to give Equation 5.3. Since 

the rate constant for the decay of the radical cations in water is much smaller than the
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Equation 5.3

= k (eff) + ------- ----------------------
d[Q] (kpJH ] +  k„ +  k^[Q J)

product of the entry rate constant and the CD concentration (i.e., kg «  kp„[H]), and the 

quencher concentration is small for the initial slope (i.e., [(^  -> 0), Equation 5.3 becomes 

Equation 5.4. From this expression, we can see that the initial slope obtained from linear

E quation 5.4

slope = k (eff) +
kpJH]

quenching plots in the presence of different concentrations of CD can be useful in 

determining the effective quenching rate constants for the radical cations complexed with 

CDs. More importantly, it demonstrates that the observed decrease in quenching rate 

constant for 4-VA at high a-CD concentrations is most likely an indication that 

complexation dynamics are competing with the quenching process. Furthermore, since the 

lower quenching efficiency was only observed at the high a-CD concentrations, this 

suggests that the exit from the 2:1 complex is responsible for the observed decrease in the 

quenching rate constants. The smaller effect observed for 4-VA could be due to a decrease 

in steric hindrance associated with the absence of the ^-methyl substituent when compared 

with t-Ane. However, a more detailed study would have to be performed for t-Ane at 

various CD concentrations before a  quantitative assessment could be made on the decreases 

observed for the quenching plots of t-Ane at high concentrations o f a-CD.
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5 .4 .5  The Effect of Alcohols

As outlined earlier, the second objective in this study was to establish whether, or 

not the presence of alcohols affects the complexation dynamics of radical cations with CDs. 

It has been shown that the exit rate constant of triplet xanthone from p-and y-CD

significantly decreases in the presence of alcobols.^1 It has been suggested that the 

alcohols may be preferentially solvating the entrances of the CD cavities. If this was the 

case for the dynamics of radical cations with CDs, we would also expect to see a decrease 

in the exit rate constants.

The addition of alcohols did not affect the quenching behavior for the 4-VA radical 

cations in the presence of the CDs. The small increase observed in the quenching rate 

constants for t-Ane in the presence of a-CD could be explained by a  slight inhibition of the 

formation of the 2:1 CD complexes with t-Ane, which would lead to easier access for the 

quencher to the guest molecule. Unfortunately, the results in the presence of alcohols are 

inconclusive because the exit of the radical cation is fast Even if there is an alcohol effect 

given the time-resolution of our kinetic measurements, a decrease in the exit rate constant 

may not be detectable. The dissociation rate constants observed for xanthone complexed to 

P- and y^CD was decreased by at least a factor of five in the presence of alcohols.

Assuming a similar effect with the radical cations we might expect to see an increase in the 

radical cation lifetime exiting the CD from ca. 20 ns to that of ca. 100 ns, and as a result a 

detectable transient for this exit may be observable. However, this is not the case. This is 

surprising, considering that 2:1 complexes of the radical cations with a-CD are present 

when compared to the 1:1 host-guest complexes reported for xanthone with p- and y-CD. 

The higher order stoichiometries should lead to slower exit rate constants of the radical 

cations and hence increase the probability of an alcohol effect, yet as observed from the 

quenching studies there is no concrete evidence to support this hypothesis.
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5 .4 .6  The Dynamics o f Charged Guests

We have shown that the exit of charged guests from CDs is very fast These 

studies demonstrate that there is a large driving force for the exit of radical cations from 

CDs. This has been observed for xanthone, which exhibits a large change in its dipole

moment upon excitation.^^ In order to better understand the dynamics of these systems, 

host-guest assemblies that will impede the exit of the guest, and consequently lower the 

dissociation rate constant o f the guest from the host molecule will have to be employed. 

Either the guest or host could be synthetically altered such that the exit of the guest from the 

host molecule will be sterically hindered. Another way of achieving a better understanding 

of the fast dynamics associated with these systems would be to employ time-resolved 

instrumentation crq>able o f measuring transient events on shorter time scales.

5 .4 .7  Applications In Drug Protection

As mentioned earlier, CDs have been employed in drug delivery systems. These 

CD systems have also been investigated for their ability to protect drugs from 

photodecomposition. In this respect, the incorporation of drugs into CDs may lead to a 

decrease in the quantum yield of photodecomposition of the drugs, or to a change in the 

degradation mechanism and production of less toxic by-products. The photodegradation of

some drugs, such as ketoprofen and suprofen^l *3 have been shown to form ionic 

intermediates. Since reactive intermediates of these drugs may be responsible for some of 

the undesirable side effects, it is necessary to understand how efficiently CDs bind to these 

species. We have demonstrated that the residence time of these charged guests in CDs is 

very short even in the case of 2:1 host-guest complexes. This observation has a direct 

impact on the usefulness of CDs as protective molecules for drugs which photodegrade and 

can lead to phototoxic effects. If an intermediate of the encapsulated drug is a charged
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species, then the degradation process may not be inhibited by the presence of CDs since the 

residence time of our charged guests was very short. In this respect, CDs wül only be 

useful in protecting drugs from photodegradation if the photochemistry of the drug 

molecule is altered by the complexation to CD, so that no charged intermediates are formed.

5.4 .8  Concluding Remarks

In this investigation, we have shown firom the fluorescence experiments that both t- 

Ane and 4-VA form complexes with both a- and P-CD. In the case of a-CD, it was 

observed that both complexes with 1:1 and 2:1 stoichiometries were present, whereas for 

P-CD only 1:1 complexes were formed. Quantum yield studies have shown that the 

reaction of the radical cations with the CDs was a  minor decay pathway for these 

intermediates. Quenching studies have demonstrated that the exit of the radical cations of t- 

Ane and 4-VA complexed to CD, even in the presence of alcohols, was faster than 20 ns.

In addition, complexes with 2:1 host-guest stoichiometries were also unsuccessful in 

reducing the dissociation rate constant of these charged species. These results suggest that 

charged guest molecules formed within the CD cavities have a very short residence time 

within these complexes.
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6. C O N C L U SIO N S

We investigated in greater detail, several aspects of the complexation dynamics of 

guest molecules with CDs. CDs have been the focus of many studies as host systems for 

their potential application in such areas as catalysis, chromatogn^hy, drug delivery

systems, and as biomimics for enzyme-substrate binding.^^*^ To achieve success in these 

areas of application, a better understanding o f the relationship between structure and 

dynamics for these host-guest systems is required. We have shown with the use of a 

variety of photophysical techniques and in collaboration with theoretical calculations that 

the complexation dynamics for guests with CDs are very dependent on the structure of the 

guest molecule.

Our initial studies began with a detailed analysis of the photophysics o f fluorenone. 

This probe molecule was chosen since the (Aotophysics of this aromatic ketone was known 

to be similar to xanthone. A detailed photophysical characterization for several fluorenone 

derivatives in different solvent polarities was performed to obtain a better understanding of 

the role of substituents and solvent on several photophysical parameters. These 

photophysical studies were performed with the use of steady-state fluorescence, UV-Vis 

absorption, and laser-induced optoacoustic spectroscopies. In addition, time-resolved 

techniques that included single photon counting fluorescence and triplet-triplet absorption 

spectroscopies were implemented to further characterize the photophysics of these 

molecules. From these investigations, we have demonstrated that several compensating 

effects are responsible for the observed photophysics. This combination o f effects derived 

from the nature and position of substituents, and the properties of the microenvironment are 

responsible for the inherent photophysics o f  these molecules.

The complexation of fluorenone and xanthone to CDs was investigated to obtain 

more information of how the structure of the guest molecule can aflect the complexation 

dynamics of host-guest systems. Induced circular dichroism and picosecond fluorescence
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spectroscopy were employed to detail the structural differences observed for the CD 

complexes of these two ketones. We found that the slight difference in the chemical 

structure of these ketones has a large impact on the photophysics within CD complexes. 

Furthermore, these studies were complemented with theoretical calculations that provided 

additional insight into the aspects responsible for the observed photophysics. For the 1:1 

host-guest complexes of xanthone and fluorenone with ^CD, a higher complexation 

efficiency was observed for xanthone with p-CD than for fluorenone with P-CD, which 

suggests that the complexation of xanthone is favored over that of fluorenone. The 

calculations for the 1; 1 complexes of these aromatic ketones also suggested that xanthone 

forms a deeper inclusion complex than fluorenone. In addition, picosecond fluorescence 

results demonstrated that the inclusion of xanthone into the P-CD cavity must be greater 

than fluorenone since xanthone experienced an appreciable difference in its 

microenvironment, as indicated from its biexponential fluorescence decay. This protection 

afforded by the complex of p-CD to xanthone was not observed in the case for fluorenone. 

This result suggested that fluorenone was not as well protected from the aqueous 

environment in its complex with P-CD than in the case for xanthone.

Steady-state and picosecond fluorescence measurements were performed for 

fluorenone in the presence of high concentrations of a-CD. Under these experimental 

conditions, fluorenone was observed to form a  2:1 complex with a-CD. However, in the 

case of xanthone no higher ordered complexes were observed. These observations were 

also supported by theoretical calculations. These differences in the photophysics for 

xanthone and fluorenone with a-CD are a result o f the inherent structural differences 

between these ketones.

We have shown that ICD, and time-resolved fluorescence studies in combination 

with theoretical calculations of these host-guest complexes provide useful tools for 

understanding the structural intricacies that are responsible for significant changes in the 

photophysics of these systems. As a  result, we have demonstrated that structure is
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important to the photophysical characterization of CD host-guest systems. To this end, 

these types of studies will be invaluable to the understanding of dynamics within 

supramolecular systems.

To further expand our knowledge on the structure-dynamics relationship that exits 

for CD complexes, we investigated the complexation dynamics o f charged probes with 

CDs. Two styrene derivatives, t-Ane and 4-VA, were chosen as precursors for the radical 

cations investigated in these studies. From steady-state fluorescence measurements, these 

styrene molecules were observed to form 1:1 and 2:1 complexes with a-CD. Quenching 

studies have demonstrated that the exit of the radical cations of t-Ane and 4-VA complexed 

to CD, even in the presence of alcohols, was faster than 20 ns. In addition, the exit of the 

radical cations was favored over the reaction of these reactive intermediates with CDs, 

which was demonstrated firom quantum yield experiments for these systems. Even 

complexes with 2:1 host-guest stoichiometries were unsuccessful in reducing the 

dissociation rate constant of these charged species.

From these studies we have established that a structure-dynamics relationship does 

exist for these host-guest complexes. With the use of a variety o f photophysical techniques 

and in a collaboration with theoretical calculations, we have illustrated how the 

photophysics of probe molecules can be used to explore host-guest complexation. Minor 

changes in structure have significant effects on the photophysics and binding efficiencies of 

these probes with CDs. Ultimately, these structural differences are responsible for the 

dynamics associated with these systems. From these investigations on the complexation of 

guest molecules with CDs, we have obtained a  better understanding of the structure- 

dynamics relationship that exists for these host-guest complexes. This information will not 

only enhance the applicability of CDs in areas of practical importance, but more 

importantly, this comprehension will aid in our understanding of the structure-dynamics 

relationship that exists between more complex supramolecular systems.
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