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Abstract

This thesis describes two projects involving novel applications of physical
organic chemistry.

The first project involved investigation into a series of nitrile-substituted benzyl
radicals and their remarkable persistence and attenuated reactivity towards oxygen.
Following the characterization of these species by time-resolved spectroscopic
techniques, we anticipated that, through radical-radical recombination reactions, they
could successfully employed in carbon-carbon bond formation via the application of the
Persistent Free Radical Effect (PFRE).

In general, radical-radical coupling reactions are inadequate for organic synthetic
purposes as they tend to yield complex product mixtures. However, this restriction may
be circumvented through use of the PFRE, a kinetic phenomenon that leads to cross-
product formation in coupling reactions between persistent and transient radicals.

It is possible to exploit this effect as a synthetic tool through the use of a “radical
buffer”, in which persistent radicals are generated thermally from dimeric derivatives
of the aforementioned persistent carbon-centred radicals. If a transient radical is then
introduced photochemically, it will recombine selectively with the persistent radical
species. This process is demonstrated in the steady-state photolysis and laser flash
photolysis studies of dibenzyl ketone with 2,2,3,3-tetraphenylsuccinonitrile to produce
2,3,3-triphenylproprionitrile. Therefore, by carefully choosing persistent/transient
radical pairs, this method may be applied as a simple and effective alternative for more
complex organic syntheses.

In subsequent experiments, we found that, along with novel carbon-carbon bond
formation, involvement of the persistent carbon-centred radicals could also be applied
to other systems, such as the photodecomposition of a pesticide, and the trapping of
peroxyl and hydroperoxyl radicals.

The second project investigated the use of pyrene fluorescence quenching as a

technique to detect electron-deficient compounds. The photophysical properties of
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Abstract

pyrene in dilute and concentrated solutions have been a topic of intense research
interest for many years and the dynamic equilibrium between the monomer and
excimer forms has been largely elucidated. However, the effect of certain fluorescence
quenchers on the ratio of emission from the two species remained largely unexplored.
Time-resolved and steady-state fluorescence techniques were employed to study the
quenching behaviour of concentrated pyrene solutions. It was found that certain
quenchers, namely electron-poor compounds, were able to efficiently quench both the
monomer and excimer species, with bimolecular quenching rate constants approaching
diffusion control. As a consequence, by monitoring the monomer-to-excimer
fluorescence ratio, it is possible to identify and quantify these compounds. Therefore,
this characteristic allows for potential security-related applications, including the
detection of explosives and for rapid screening of complex samples suspected of
containing explosives.

The concept of differential monomer-to-excimer fluorescence quenching was
then extrapolated to other systems that we found intriguing. For example, it was found
that, in addition to nitroaromatics, molecular oxygen also quenches both species with
rate constants approaching diffusion-control; thus, this methodology can also feasibly
be applied to sensing dissolved oxygen. As well, we explored the effect of constrained
media on differential quenching, including the use of gas-permeable silicone films and
supramolecular materials (zeolites), both heavily-loaded with pyrene, with the idea that
these materials could potentially be developed as cheap and disposable sensor

materials.
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Chapter 1. Introduction

In the last decade, the field of physical organic chemistry has witnessed leaps in
innovation and a shift from basic to applied research: taking fundamental concepts of
physical organic chemistry and applying them to exciting areas such as supramolecular
chemistry, molecular recognition, materials chemistry and nanotechnology.

This thesis describes two successful applications of physical organic chemistry.
The first project investigated the possible application of a kinetic phenomenon to
deliberate and selective carbon-carbon bond formation mediated by radical-radical
recombination reactions. The second project involved employing knowledge about
pyrene, a highly-studied fluorophore, to a novel methodology to detect electron-

deficient materials.

1.1 Organic Synthesis Mediated by the Persistent Free Radical Effect

In general, radical-radical coupling reactions are considered to be inadequate for
organic synthetic purposes as they tend to yield complex product mixtures. However,
this restriction may be circumvented via the use of the Fischer-Ingold Persistent Free
Radical Effect (PFRE), a kinetic phenomenon that leads to cross-product formation in
coupling reactions between persistent and transient radicals. This section will describe
persistent radicals, dimers prepared from persistent carbon-centered radicals, the

operation of the PFRE, and how the PFRE may be applied to practical organic synthesis.
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1.1.1. Defining ‘Persistence’

When describing typical carbon-centred radicals, the adjective “stable” is
frequently employed to indicate the relative potential energies of the radical species. For
example, Scheme 1.1 illustrates the stabilities of the primary, secondary, and tertiary
radicals generated from homolytic cleavage of the various C-H bonds in 1-
methylbutane.! Of these three reactions, the greatest energy must be supplied to
produce the primary alkyl radical; this radical thus has the greatest potential energy.
Since the relative stability of a chemical species is inversely proportional to its potential

energy, the secondary and tertiary radicals are therefore more stable radicals.

H H
I [ ]

H3C—?—-CH2—CH3 E—— Hac—clz—CHz—CHz + He AH° = 1° C-H BDE = 100 kcal/mol
CHg CH3
'r 'r

H3C—Cl)—CH2-—CH3 _ Hac—clz—CH—CH3 + He AH° = 2° C-H BDE = 96.3 kcal/mol
CH3 CH3
T

Hac—CI:—CHz—CHa Hac—clz—CHz—CHa He AH° = 3° C-H BDE = 93.6 kcal/mol
CHgs CH3

Scheme 1.1. Primary, secondary, and tertiary alkyl radicals generated from 1-
methylbutane. BDE = bond dissociation energy.

In general, there are four factors which contribute to the thermodynamic stability

of radicals:2

1. Hyperconjugation: usually used to explain alkyl radical stabilities, this effect is

interpreted as the interaction between a singly-occupied 2p orbital at the carbon



Introduction
L ]

radical centre with the filled o and empty o* of a C-H (or a C-C) bond on an alkyl
substituent. Increasing the number of substituents increases this stabilization,
resulting in the trends illustrated in Scheme 1.1.

2. Mesomerism: this effect is observed for radicals in which the unpaired electron is
conjugated with unsaturated systems (e.g. allylic or benzylic radicals), thus allowing
for multiple resonance structures to be drawn. In general, radical stabilization
increases with the number of its possible resonance forms.

3. Hybridization: this refers to the effect of hybridization at the carbon radical centre,
where destabilization increases with the s character of the orbital. For example, in the
phenyl radical, the unpaired electron is in a sp? orbital, and so is considerably less
stable than a dialkylmethyl radical, where the electron is in a pure p orbital.

4. Captodative effect: this is observed for radicals with two substituents, XReY, capable
of exerting electronic effects, where the stabilization energy contributed by these
groups is not strictly additive (i.e. Es (XR*H) + Es(HR*Y) = Es(XR*Y)). When the two
substituents are of the same type (both electron-donating or electron-withdrawing),
the resulting stabilization energy is less than the sum of the two effects taken
individually; this is referred to as an antagonistic effect. Conversely, if one group is an
electron-donor while the other is an electron-attractor, the stabilization is greater
then the sum of the two separate effects; this is referred to as a synergistic or

captodative effect.
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While one of these effects affords a radical some stability, a combination of two
or more provides significant stabilization for a carbon-centred radical, thus weakening
the relevant C-H bond.

Unfortunately, for many years, the term ‘stable’” was also applied to radicals that
displayed unusually long lifetimes. This led to a degree of ambiguity regarding the
kinetic parameters of certain radical species. For example, primary, secondary, and even
tertiary benzylic radicals are considered to be stable radicals due to their multiple
possible resonance structures. However, benzylic radicals are generally not long-lived
species: these radicals usually undergo self-termination reactions at close to the
diffusion-controlled limit.3

In an effort to avoid confusion when applying adjectives to certain carbon-
centered radicals, Ingold and Griller proposed in 1976 the usage of the term “persistent”
to describe radicals with significantly longer lifetimes than a methyl radical under
similar conditions.* Conversely, those radicals that display rapid decay can be
accurately designated as “transient’ radicals. Ingold and Griller thus stated that the term
‘stable’ is more appropriately a thermodynamic parameter, and suggested that
‘stabilized” radicals Re are those whose C-H bond strength is less than that of the C-H
bond strength of the corresponding alkane analogue.

Ingold and Griller then established the two general criteria for a persistent
radical to be attenuated self-reaction (i.e. resistance to recombination) and an attenuated
reactivity with oxygen (so that they may be prepared and handled under general

laboratory conditions).
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The classic example of a persistent carbon-centred radical is the triphenylmethyl
radical, first described by Gomberg in 1900 (Scheme 1.2).5 This radical exists in solution
in equilibrium with its head-to-tail dimer, where the persistence of this and other

similar radicals have been attributed to electronic and steric factors.

Scheme 1.2. The persistent triphenylmethyl radical co-exists in solution with its head-to-tail dimer.

1.1.2. Carbon-Centred Radicals and Persistence

Recently, the Scaiano group investigated several lactones and cyano-substituted
compounds as potential antioxidants (Scheme 1.3).6- These molecules all behaved as
excellent H-donors: the benzylic C-H bonds in 1 and 4 were readily abstracted by tert-
butoxyl radicals with rate constants on the order of ~107 M-'s-1. For the radical species
generated from the coumaranone derivatives 2 and 3, the observation of a kinetic
solvent effect on the rate of hydrogen abstraction led to the conclusion that the active H-
donor was actually the enol form, with O-H abstractions comparable to the benzylic C-
H bonds.10

Surprisingly, the resulting carbon-centered radicals were remarkably long-lived,

with half-lives in the hundreds of microseconds, and they displayed a greatly
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attenuated reactivity towards oxygen (i.e. essentially negligible on the time scale of laser
flash photolysis). The results for radical 1 and other a-cyanobenzylic radicals are

described in Chapter 3 of this thesis.

Scheme 1.3. Persistent carbon-centered radicals investigated in the Scaiano group.

Geometry optimization calculations revealed that these radicals were generally
planar and spin distribution calculations showed that the heteroatoms contributed
significantly to the overall spin density. In some cases, this contribution was as much as
25%, with less than 50% spin density at the carbon radical centre itself. Therefore, it
was proposed that there are essentially five factors which influence radical persistence
and electrophilic attack by oxygen: 1) resonance stabilization, 2) unpaired spin
delocalization on a heteroatom, 3) favorable stereoelectronic effects (e.g. planarity), 4)
the presence of electron-withdrawing and/or electron-donating groups (especially in
cases in which the captodative effect is operating), and 5) steric effects. This list is not in
order of importance nor is it a checklist: it is the combination of some or all of these
criteria which render a carbon-centered radical persistent and/or unreactive towards

oxygen.
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1.1.3. Dimers of Persistent Carbon-Centred Radicals

Dimers of the persistent carbon-centered radicals shown in Scheme 1.3 were

prepared from their corresponding monomers (Scheme 1.4).11

el O

———t 2 NC d
(L a

Scheme 1.4. Dimers prepared from the persistent carbon-centered radicals are in

thermal equilibrium with the radical species.

The UV-visible absorption spectra revealed that, in toluene solution, the dimers
are in thermal equilibrium with the radical species. Frenette et al. determined that these
molecules have bond dissociation energies of 15-26 kcal/mol and an average bond
length of 1.6A for the central C-C bond. Thus, even at room temperature, a small

fraction of the radical species will be present in equilibrium with the dimer.

Absorbance

300 320 340 360 380 400
Wavelength (nm)

Figure 1.1. UV-visible absorption spectrum of the a-cyanodiphenylmethyl radical,

generated thermally from its respective dimer. Adapted from Reference 12.
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Most interestingly, these dimers showed no significant decomposition upon
prolonged irradiation or heating while in solution. This apparent stability was
attributed to the fact that the radical species are unreactive towards molecular oxygen
and virtually unreactive towards possible side reactions such as hydrogen abstraction
from solvents like toluene. Thus, the usual fate of the radicals is to simply recombine to
reform the dimer; the term dynamic stability was used to describe this behaviour.!
Ultimately, it was this characteristic that led us to investigate how the dynamic stability
might be affected by the introduction of a second radical species, and the resulting

product distribution from radical-radical recombination reactions.

1.1.4. Radical-Radical Recombination Reactions

Radical-radical recombination reactions are not generally considered to be useful
for organic synthesis purposes because these termination reactions tend to yield
complex mixtures of products.l? For example, consider the free radical combination
reactions involving two different radicals, A* and Be. Ignoring all other possible side
reactions (rearrangements, fragmentations, hydrogen abstractions, etc.), this system can

lead to three different combination products, as shown in Scheme 1.5.

AA

Be + Be — BB

A* + Be — AB

Scheme 1.5. Free radical combination reactions.
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In these reactions, we normally expect the cross-combination reaction (forming

AB) to reflect statistics as the geometric mean of the self-reaction rate constants!3-15, i.e.
Koy =2k Ky (1.1)
In general, radical-radical reactions are very fast when they involve unhindered radical
centers leading to the formation of a strong sigma bond, making the reaction highly
exothermic. In solution, the maximum rate constant achievable is one quarter of the
diffusion-controlled rate constant (~1010 M-1s1), reflecting spin statistical factors.l® In
these cases (i.e. kaa = ks = V4 kair ) the observed product ratio would reflect simple
statistics, where [AA]:;[BB]:[AB] would equal 1:1:2. Thus, even in the simplest of
systems, the maximum yield of a cross-reaction product is only 50%. Therefore, due to
these limitations, radical-radical recombination reactions are generally not considered
to be useful synthetic tools. However, we hypothesized that such reactions could prove
practical by applying the kinetic phenomenon known as the Fischer-Ingold Persistent

Free Radical Effect.

1.1.5. The Fischer-Ingold Persistent Free Radical Effect (PFRE)

In 1985, Hanns Fischer was intrigued by some unusual experimental
observations, such as the photochemical behavior of methylcobalamine: it was
essentially photostable in the absence of radical traps, but highly unstable in the
presence of methyl radical scavengers (Scheme 1.6)17. If methyl radicals are formed,
why is ethane not a significant product? A discussion with Keith U. Ingold proved
illuminating for Fischer, and led to a significant contribution to the field of physical

organic chemistry.

10
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No radical trap

With CO, a methyl radical trap

«CH; + CO ——> «CCHg
05 -CHs

o . s

Scheme 1.6. Methylcobalamine is photostable in solution in the absence of methyl radical traps,

but forms acetylcobalamine in the presence of carbon monoxide.

In his seminal 1986 paper, Fischer credited his discussion with Ingold for the
mechanistic suggestion that led to today’s understanding of the Fischer-Ingold
Persistent Free Radical Effect.!® Fischer took the concepts underlying Ingold’s
suggestion and developed a full kinetic model for the interpretation of experimental
data. In a 2001 review on this kinetic phenomenon and its applications!?, Fischer went
further in his acknowledgment of previous, independent descriptions of the effect by
Bachmann?® and Perkins?!.

The PFRE is a kinetic phenomenon that controls product formation in systems
involving radical-radical recombination reactions. It is normally examined in systems
where transient (T®) and persistent radicals (P*) are generated simultaneously,

frequently from a single precursor:

Souce ——= T. + P (1.2)
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We would expect these radicals to undergo the following recombinations:

Te  + Pe — T-P cross-reaction
k
T + T —I s 17
k self-reaction
Pe 4 p. —FP° _  pp

Scheme 1.7. Radical-radical recombinations involved in the PFRE.

However, by definition, persistent radicals are resistant to dimerization, or self-reaction.
Thus, the rate constant for the self-reaction of Pe, kpp, must be very small relative to the
rate constants for the other two reactions, or:
Koz > Ky (13)
It is this inequality that establishes the conditions necessary for the operation of
the PFRE: each time two T* radicals undergo self-reaction, there is a corresponding
accumulation of two unreacted Pe radicals. As a result, the concentration of persistent
radical increases rapidly in the system; the sole reaction pathway available to these Pe
radicals is the cross-reaction with Te. Since the rate of the cross-reaction is directly
proportional to the concentration of Pe,

Raterp = kpp|T][ Pe] (1.4)
the cross-reaction accelerates, suppressing the self-reaction of T¢ to form T-T. The end
result is the dominant formation of the cross-reaction product, T-P. Thus, the system is
‘self-adjusting’ in that the accumulation of P* continues until the kinetic condition
favouring cross-reaction is established. After this point, T* and Pe are consumed in

stoichiometric amounts.
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This can be seen graphically in Figure 1.2: T-T is formed initially, but then its

concentration remains constant when T-P begins to form ([P-P] remains small through

the whole reaction).

TP
C
.0
®
k=
3
5 TT
(&)
PP
Time

Figure 1.2. Schematic representation of the PFRE at short timescales. Note that [T-P]
increases when the self-reaction to form T-T is suppressed; [P-P] remains very small at all

times.

The operation of the persistent free radical effect thus inspired us (and others) to
realize that indeed, radical-radical recombination reactions can be used in effective
organic synthesis, as long as we require the radical intermediates to be disciplined: in
other words, we have some knowledge regarding the kinetic behaviour of these species.
The Fischer-Ingold persistent free radical effect has since been applied to several
systems,!% 2230 including living free radical polymerization,?!-38 and more than likely,
there are dozens of reactions buried in the literature that could benefit from re-

interpretation based on the Fischer-Ingold effect.
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1.1.6. The Synthetic Concept

Inspired by the operation of the persistent free radical effect, we devised a novel
synthetic method for selective carbon-carbon bond formation mediated by radical-
radical recombination reactions. Although the PFRE is normally examined in systems
where the two different radicals are generated simultaneously from a single precursor,
in this technique, the supply of persistent and transient radicals was independently
controlled: persistent radicals were produced thermally from their aforementioned
dimers while transient radicals were generated in situ photochemically, as shown in the
modified PFRE scheme below.

kdiss

K
P-P (dimer) Pe + P o —-if:—
kpp
2w -co
v -
T T Te + Te
krT
Te + To _ = I
k
T + P ——— TP

Scheme 1.8. Modified PFRE scheme, where the persistent and transient radicals

are generated thermally and photochemically, respectively.

As shown in Scheme 1.8, transient radicals can be generated from Norrish Type I
cleavage and subsequent decarbonylation from a symmetrical ketone.1® In this case, we
used dibenzylketone (DBK) as the source of transient radicals. The photochemistry of
DBK is well-known:3% 40 steady-state photolysis in toluene using UVB lamps leads to
1,2-diphenylethane (DPE) as the only significant product, formed by combination of

two benzyl radicals according to Scheme 1.9.
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CHye
Ph” N Ph v 5 kT ~Ph
o A< 325 nm
€O DPE

Scheme 1.9. The photochemistry of dibenzylketone.

Therefore, by combining the photoreaction of Scheme 1.9 and the thermal
equilibrium of Scheme 4, we obtain a simple, yet effective one-pot synthesis of 2,2,3-

triphenyl-propionitrile, TPP, as illustrated in Scheme 1.10.4

CN CN A CN
Ph Pho o —=_ 5 /.Lph
Ph Ph CN
TIPS Ph——CH,Ph
Ph
hv TPP
2 PhCH,*
Ph/\n/\Ph oo 2

0o
DBK

Scheme 1.10. Organic synthesis using the PFRE. Benzyl radicals are produced
photochemically from DBK, while diphenylcyanomethyl radicals are generated
thermally from the dimer, TPS.

A sort of “radical buffer” results, with the persistent radicals trapping the
transient radicals to form the cross-reaction product, while the dimer (through the

equilibrium of Scheme 1.4) keeps the supply of radicals available. Although other

examples of synthesis employing the PFRE are described in the literature, we believe
this method to be the first to involve C-C bond formation through independent control

of persistent and transient radicals.
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1.2 Detection of Electron-Deficient Compounds by Pyrene Fluorescence
Quenching

The photophysical properties of pyrene in dilute and concentrated solutions
have been the topic of intense research interest for many years and the dynamic
equilibrium established between the monomer and excimer forms has been largely
elucidated. However, the effect of certain fluorescence quenchers on the ratio of
emission from the two species remained largely unexplored. Investigation revealed that
electron-deficient molecules interact with the charge-transfer excimer complex as well
as the pyrene monomer. This characteristic allows for the potential identification and
quantification of electron-deficient compounds, leading to possible security-related
applications, including the rapid screening of complex samples suspected of containing
explosives. This section will introduce the basic photophysical properties of pyrene, its

interactions with electron deficient molecules, and possible analytical applications.

1.2.1. The Fluorophore Pyrene

Pyrene is a rigid, planar alternant polycyclic aromatic hydrocarbon (PAH) that
has received intense and widespread attention as a practical fluorophore because it
offers several advantages: it absorbs strongly in the UV region (with extinction
coefficients on the order of 10* M-1s1), it fluoresces intensely (with a quantum yield ®r
~0.65), it has a fairly long-lived singlet excited state (up to 475 ns in dilute solutions),
and the intensities of the bands in its fluorescence spectra are sensitive to the polarity of
its environment.*? As well, pyrene exists in equilibrium with an excited-state complex,

known as the excimer (vide infra), in moderately concentrated solutions. Consequently,
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pyrene and its derivatives appear in thousands of research articles, representing an
unmatched range of sensing and reporting applications that would be impossible to list
here.

As a result of such extensive and insightful research, the photophysical
properties of pyrene are well-established. Figure 1.3 shows the normalized absorption
and fluorescence spectra of a dilute (4 uM) solution of pyrene in ethanol. The fine-
structured bands in the fluorescence spectrum correspond to emission from the first
singlet excited state of pyrene, IPy*. In general, the fluorescence spectra of PAHs are
mirror images of the absorption spectra, where the 0,0 band (representing absorption
and emission between the lowest vibrational levels of the ground and excited states of
the molecule) may or may not be present in the fluorescence spectrum due to self-
absorption.1¢ 43 Planar, rigid PAHs fluoresce quite strongly (®r > 0.5) relative to their
non-planar counterparts due to their less efficient radiationless deactivations from the
singlet excited state.

The n* — 7 emission spectrum of pyrene shows five well-resolved major vibronic

bands between 370 and 400 nm. These peaks are usually labeled L, II, III, IV, and V.

17



Introduction

§ I

% III vy
= v
E] E 1t

c

[

2 |

E 360 380 400
8

3 J

8 L‘-.—

N

©

E

[o]

p=d

250 300 350 400 450 500 550
Wavelength (nm)

Figure 1.3. Normalized absorption (®) and fluorescence (O) spectra of pyrene, 4pM in

ethanol. Inset: Zoom view of the 0,0 band region.

As mentioned above, the fluorescence spectra of PAHs are often sensitive to
solvent polarity: the intensity of the first vibronic band (I) undergoes significant
enhancement with increasing solvent polarity relative to the third band (III) due to
coupling of the electronic and vibronic states. Measurement of the ratio of emission
intensities of the vibronic bands (I/III) in different solvents leads to the formation of the
so-called Py-scale of solvent polarity.45 46 As a result, pyrene or similar derivatives are

frequently used to probe local polarity, such as within lipid bilayers or micelles.#”

1.2.2. The Pyrene Excimer

In 1955, Forster and Kasper were the first to report the fluorescence spectra of
moderately concentrated solutions of pyrene showing two distinct emission bands.*8 49
The fine structured band below 400 nm corresponds to emission from the singlet

excited state monomer, IM*.42 The broad, structureless band centered around 470 nm is
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emission due to the formation of ‘excited dimers’, or excimers, a term first introduced in

1962 by Stevens.50

20
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Figure 1.4. Fluorescence spectra of pyrene solutions in cyclohexane, normalized at 392 nm.
(a) 1x104 M (b) 1x10- M (c) 3.25x10- M (d) 5.5x10- M (e) 7.75x103 M (f) 1x10-2 M. The band appearing

around 480 nm corresponds to the pyrene excimer. From Reference 59.

The excimer 'E* is a relatively stable excited-state charge-transfer complex
between one excited molecule of pyrene and another in its ground state, where the
distance between the two pyrenes is roughly equivalent to that between layers of

graphite (~3 to 4 A)e
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Scheme 1.11. Excimer formation in moderately concentrated solutions of pyrene.

The pyrene excimer is a collision complex, stabilized by a charge-transfer
interaction relative to an analogous collision between two ground-state pyrene

molecules. This can be explained via simple molecular orbital interaction theory (Figure

1.5).16.43
. .
’ .
. AN . Y

. ~ . .

’ ~ ’ .
_ P e P
~ ~

~ e N L

. ’ ~ ’
~ ’ ~ ’
s .
~
N ’
N ’
—
4 A ’ ~
. . . ~
’ . ’, A\]
’ ~ v ~
¢ ¢ .
’ . ’ .

. . . Y
. . . Y
~ AN

.~ Pl AN Pid

N v AN ’
-~ ’ ~ ’
~ .
.~
N .
N ’

Py (Py-Py) Py py* 1(Py-Py)* Py

no net stabiliziation net stabilization = two electrons

Figure 1.5. Molecular orbital interactions between two ground

state pyrenes versus a ground state with an excited state pyrene.

When two ground-state pyrenes approach each other, two electrons are
stabilized and two electrons are destabilized, leading to no net gain in energy, and thus

the molecules dissociate. However, in the excimer, three electrons are stabilized and
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only one electron is destabilized, resulting in an overall stabilization of two electrons.
This corresponds to a binding energy for the pyrene excimer of 38-42 kJ/mol in non-

viscous solvents.51-54

1.2.3. The Monomer-Excimer Equilibrium

Since the 1950s, the monomer-excimer equilibrium has been thoroughly
investigated, in both solution and the solid state.? 5558 Using a variety of steady-state
and time-resolved spectroscopic techniques, researchers have made the pyrene excimer
one of the most well-understood excited-state species. This section serves to highlight a
fraction of the mound of data regarding the pyrene monomer-excimer equilibrium that
has been amassed in the intervening decades.

Scheme 1.12 displays the formation and deactivation pathways for the monomer
(M) and excimer (E) forms of pyrene. The initial observation that the ratio of excimer to
monomer fluorescence (F/Fyv) was directly proportional to the solution’s concentration
led to the realization that formation of the excimer species was not due to excitation of
ground state dimers (also confirmed by absorption spectra). Forster demonstrated that
excimer formation was also proportional to the solvent viscosity, illustrating that

excimerization is indeed a diffusion-controlled process.:4°

21



Introduction

M + hv, 2M + hvs
kM T kE T
hv, KtwdM] . km = ka + ZKnrM
M — IM*= . = 1g*
krev ke = K€ + ko
ko™ l Kne® l
M 2M

Scheme 1.12. Decay pathways for the monomer (M) and excimer (E) forms of pyrene;

k¢ = fluorescence rate constant, k,r = sum of rate constants for non-radiative processes.

Under photostationary conditions (where d['M*]/dt = d{'E*]/dt = 0), the

following equilibrium relations are obtained:

__TE* Kk
UMMk, +kg (15)

where ke is the observed decay rate constant for the excimer species including both
radiative and nonradiative pathways. For a 4 mM solution of pyrene, Birks determined
the rate constants for excimerization and de-excimerization, kpu and kres, to be 7x10° M-
Is1 and 0.6x107 s, respectively.#? In solution at room temperature, he also found that
the decay of the excimer species is approximately three times faster than the rate of de-
excimerization (kg ~ 2x107 s). Thus, the photostationary requirements are not met and
the monomer-excimer equilibrium is not established under these conditions.

However, at higher temperatures, a dynamic equilibrium is possible, with
excimers dissociating to regenerate ground state and excited state pyrene molecules.

This dynamic equilibrium is possible when

k
>>kyoky K, —>-22 (1.6)

rev

ksl M*].k
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This condition is satisfied above a critical temperature T., which depends on the
excimer binding energy and solvent viscosity. For most compounds in low viscosity
solvents, T¢ is below room temperature; for pyrene, however T¢ is at or above room

temperature, as illustrated by Birks’ observations.4?

1.2.4. Pyrene Fluorescence Quenching

Along with using the I/IIl band intensities to indicate solvent polarity and
excimer formation to monitor solvent viscosity, pyrene fluorescence quenching has also
been used as an effective analytical tool. Some recent applications in analytical
chemistry include: detecting NO in NO-releasing oxygen-sensing polymer films,>°
probing the heterogeneous microenvironments of the C18 stationary phase in capillary
electrochromatography,®® and measuring intracellular = molecular oxygen
concentrations.6!

Deactivation of the pyrene monomer and excimer singlet excited states is
regulated by the competition between radiative and non-radiative pathways. While the
rate constant for fluorescent decay (kr) is largely insensitive to the molecular
environment, rate constants for non-radiative processes are readily influenced by
perturbations resulting from interactions between pyrene and solvent or quencher
molecules. Thus, increasing the strength or number of these interactions results in more
efficient non-radiative decay and hence the observed fluorescence quenching.

For PAHs, the most widely accepted theory for fluorescence quenching involves
an electron- or charge-transfer mechanism, where the fluorophore acts as an electron

donor or acceptor in a complex with the quencher.6? In this mechanism, the fluorophore
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and quencher encounter each other in solution and undergo partial or full electron
transfer. A rapid back electron transfer then occurs, returning the fluorophore and its
quencher back to their respective ground states.®3

The charge transfer is illustrated in Figure 1.6A using frontier molecular orbital
theory: an electron-donating quencher (Qp) undergoes partial or full electron transfer
from its HOMO to the half-filled HOMO of Py* while an acceptor quencher (Qa) will
engage in partial or full electron transfer from the half-filled LUMO of 'Py* to its
LUMO. Therefore, the efficiency of quenching is proportional to the ionization potential
of Qp or the electron affinity of Qa. In general, nitro-substituted compounds are known
to selectively quench alternant polycyclic aromatic hydrocarbons (by acting as the
electron acceptor) whereas alkyl amines act as electron donors and quench non-
alternant PAHs.%4-68

While the pyrene monomer is readily quenched by both electron rich and
electron poor substrates in polar media according to the above mechanism, the pyrene
excimer is said to be stabilized against electron-transfer quenching. This is illustrated in
Figure 1.6B: for the excimer, Qp undergoes partial or full electron transfer to y> while
Qa undergoes partial or full electron transfer from 3. Since > is raised and s is
lowered relative to the HOMO and LUMO of the pyrene monomer, respectively,
electron transfer to Y2 or from 3 will thus be more difficult for the excimer species for a

given quencher.®®
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Figure 1.6. Fluorescence quenching by electron donating (Qp) and electron-accepting (Qa) quenchers:

(A) Pyrene monomer. (B) Pyrene excimer.

The research described in this thesis revealed that a certain class of highly-
electron deficient compounds, namely nitroaromatics, effectively does quench excimer
fluorescence. Since these nitrated molecules are known and used for their explosive
properties, we anticipated that a detection method based on excimer fluorescence

quenching would have potential security applications.

1.2.5. Explosives

Explosives are a class of highly energetic materials. The decompositions of these
materials are extremely exothermic chain reactions, releasing enormous amounts of
heat and gas, typically within a fraction of a second.

Prior to the middle of the nineteenth century, explosive materials were limited to
naturally-occurring nitrate or perchlorate salts. Christian F. Schonbein’s accidental
discovery of nitrocellulose in 1846 led to the development of other nitrated materials,

such as shock-sensitive nitroglycerin (later modified into a stable form as dynamite by
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Alfred Nobel). Towards the turn of the century, progress in the field of organic
chemistry led to the discovery of nitroaromatic explosives, such as picric acid (1) and
2,4,6-trinitrotoluene (2). Today, the majority of commercial or military-grade explosives
use hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX, 3) or octahydro-1,3,5,7-tetranitro-

1,3,5,7-tetrazocine (HMX, 4) as the primary explosive.

OH CHa
O,N NO,  OoN NO, OpN. o~ N0z O2N. |~ N2
. ¢ )
1 N\/N\
NO, NO, NO, O,N NO,
1 2 3 4

Scheme 1.13. Common explosive organic compounds.

While energetic materials are the result of several different kinds of functional
groups (such as perchlorates or peroxides), the vast majority of commercially available
or military-grade explosives use nitrated derivatives as the primary explosive. Since the
nitro group is highly electron-withdrawing, these are, in general, electron-deficient
compounds. However, the methods used to detect these materials do not take
advantage of this common trait; instead, detection technology often relies on time-of-

flight mass spectrometry or chromatographic techniques.

1.2.6. Explosives detection

Explosives detection methods can, in general, be divided into two separate
categories. ‘Real-time’ detection methods are those associated with security

applications, such as landmine clearance or airport security. In these methods,
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quantification and/or identification of the explosive is often not critical. Instead, these
are screening techniques, where a simple yet accurate positive or negative response for
the presence of explosive materials is desired. Alternatively, laboratory detection
methods are normally associated with ‘after-the-fact’ applications such as forensic
investigations or environmental monitoring. In these cases, accurate quantification and
identification of the explosive compound is highly desirable.

The research described in this thesis may contribute to the development of a
novel laboratory detection method that could complement or even replace current

accepted techniques.

1.2.7. The EPA8330 Method

The most commonly used laboratory protocol for the detection of nitroaromatic
and nitramine compounds is known as the EPA8330, developed by the U.S.
Environmental Protection Agency.”0 7! In this method, water, soil, or sediment samples
(following the appropriate sample preparation techniques) are injected into a reverse-
phase HPLC with UV-visible absorption detection. Similar methods employ capillary
liquid chromatography to separate and identify sample mixtures.”? Table 1.1 shows the
explosive compounds and their approximate detection limits.”3

Although sensitivity is high, it is a time-consuming technique, requiring up to
three calibrations per operational day. Also, it offers little selectivity towards electron-

deficient compounds, especially when these compounds are part of complex mixtures.
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Table 1.1. Explosive compounds and their approximate detection limits for the EPA8330 method.

From reference 74.

Compound Abbreviation Approx. Detection

Limit (ug/L)

Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine HMX 13.0
Hexahydro-1,3,5-trinitro-1,3,5-triazine RDX 0.84
1,3,5-Trinitrobenzene 1,3,5-TNB 0.26
1,3-Dinitrobenzene 1,3-DNB 0.11
Methyl-2,4,6-trinitrophenylnitramine Tetryl 4.0

Nitrobenzene NB 6.4

2,4,6-Trinitrotoluene TNT 0.11
4- Amino-2,6-dinitrotoluene 4-Am-DNT 0.060
2-Amino-4, 6-dinitrotoluene 2-Am-DNT 0.035
2,4-Dinitrotoluene 2,4-DNT 0.31
2,6-Dinitrotoluene 2,6-DNT 0.020
2-Nitrotoluene 2-NT 12.0
3-Nitrotoluene 3-NT 8.5

4-Nitrotoluene 4-NT 7.9

1.2.8. A Modification to EPA8330 Method

In 2001, McGuffin and Goodpaster illustrated a possible modification to the
EPA8330 method.%> Following separation by HPLC, they introduced a constant flow of
the fluorophore pyrene via a mixing tee. They replaced the absorption
spectrophotometer with a fluorescence spectrophotometer, thus monitoring the
emission from pyrene at ~390 nm. As the components of the sample eluted from the
column, they quenched the fluorescence signal, resulting in inverted chromatograms
(Figure 1.7). By monitoring fluorescence quenching instead of UV-visible absorption,
improved sensitivity was achieved, along with a significant increase of the signal-to-

noise ratio.
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Figure 1.7. Comparison of the sensitivity of UV-visible and fluorescence quenching detection methods
with a 3.0 mg/ mL solution of explosives and their degradation products. (1) RDX, (2) HMX, (3) 1,3-DNB,
(4) 1,3,5-TNB, (5) NB, (6)2-Am-4,6-DNT, (7) 2-Am-2,6-DNT, (8) 2,4-DNT, (9) 2,6-DNT, (10) 2,-NT, (11) 4-
NT, (12) 24,6-TNT, (13) 3-NT, AND (14) Tetryl. Adapted from Reference 66.

McGuffin and Goodpaster concluded that their method represented a significant
improvement over the conventional technique, noting that previously ambiguous
signals were readily resolved. For example, the domestically manufactured military-
grade explosive C4 uses RDX as the primary explosive. However, it also contains a trace
amount of HMX, introduced during the synthesis of RDX. Using the fluorescence
quenching technique, this residue of HMX in the commercial explosive was easily
identifiable and quantifiable. Thus, the authors remarked that this method could be

particularly useful for identification of post-blast residues in forensic investigations.
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1.2.9. Potential Analytical Application of Pyrene Fluorescence Quenching

Following our investigation into the interactions between electron-deficient
molecules and the pyrene monomer and excimer, we thus realized that, by recording
the monomer fluorescence quenching concurrent with acquisition of the monomer-to-
excimer fluorescence ratio (Fm/Fg) clear discrimination between general and electron-
deficient quenchers would be possible. Experimentally, this would require the use of a
multiwavelength fluorescence detector (such as a diode array), rather than a single
wavelength detector. We anticipate that, while this method responds to all electron-
deficient molecules (thus leading to false positives), it would not lead to false negatives,
and as such, represents an attractive screening technique for security-related

applications.

1.3 Summary

While the two concepts of physical organic chemistry outlined in this chapter
seem utterly dissimilar, in essence, this thesis describes two successful applications of
‘weakly-bound dimers’. In the first case, covalently bonded dimers of persistent carbon-
centered radicals are used in the deliberate and selective carbon-carbon bond formation
mediated by the Persistent Free Radical Effect. The second case involves employing
fluorescence quenching of the excited-state dimer of pyrene to develop a novel
methodology to detect electron-deficient materials. Ultimately, these two projects
demonstrate how fundamental concepts of physical organic chemistry may be applied

to practical uses, from organic synthesis to molecular detection.
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Chapter 2: Experimental Methods and Materials
2.1 Time-Resolved Spectroscopy
2.1.1. Introduction

In this section, a brief overview of time-resolved spectroscopic techniques will be
provided, in order to familiarize the reader with the instrumentation used throughout
this thesis. For physical organic chemists, directly observing reaction intermediates via
the use of time-resolved spectroscopy has proved invaluable in the elucidation of
reaction mechanisms. The Scaiano Group’s laser facility has a variety of lasers available
as excitation sources, and the capacity to observe fleeting intermediates via their
transient absorption and emission, monitored on either the nanosecond and picosecond
timescale.

Table 1 lists the parameters for the three pulsed lasers used as excitation sources

in this thesis.

Table 2.1. Pulsed lasers available at the Scaiano Group Laser Facility and referenced in this thesis.

Average Power Average pulse
Laser Wavelength (nm) (m]/ pulse) duration
Surelite Nd:YAG?
(fourth harmonic) 266 <20 6ns
Lumonics EX-530 308 50-100 ~8 ns
Excimer
Surelite Nd:YAG2
(third harmonic) 355 <2 6ns

aYAG is Yttrium Aluminum Garnet.
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2.1.2 Laser Flash Photolysis: Historical Development

Laser flash photolysis (LFP) is a spectroscopic technique used to observe
transient species that have been generated following pulsed laser excitation of
corresponding precursors. Put very briefly, the laser flash photolysis experiment is
analogous to that of a very fast spectrophotometer.

Flash photolysis was first introduced by Norrish and Porter using a flash lamp as
excitation source and they later shared the 1967 Nobel prize for their pioneering
research.1* While Norrish and Porter’s original system operated on the microsecond to
millisecond time scale, the discovery and advancement of pulsed lasers in the early
1960s quickly led to the development of flash photolysis on the nanosecond time scale
(nLFP): within a few years, Porter* 5, Kosonocky®, and Lindqvist’ had all reported on
the use of a pulsed laser as an excitation source. In the early days of LFP, the majority of
‘home-assembled’ systems used nitrogen or ruby lasers and the generated species were
monitored using well-established pulse radiolysis detection systems. Subsequent
advances in computer technologies led to the developments of the first computer-
controlled laser flash photolysis system in the late 1970's by Scaiano and Small at the
University of Notre Dame.?1